Received: 14 April 2020

Revised: 19 June 2020

Accepted: 10 July 2020

DOI: 10.1096/1j.202000886R

RESEARCH ARTICLE

?ASE‘BJOURNAL

Mgs1 protein supports genome stability via recognition of
G-quadruplex DNA structures

Theresa Zacheja' | Agnes Toth™® | Gabor M. Harami'

| Qianlu Yangs’6 |

Eike Schwindt' | Mihaly Kovacs*” | Katrin Paeschke” | Peter Burkovics®

]Department of Oncology, Hematology and Rheumatology, University Hospital Bonn, Bonn, Germany

zBiological Research Centre, Institute of Genetics, Szeged, Hungary

3Doctoral School of Biology, Faculty of Science and Informatics, University of Szeged, Szeged, Hungary

*ELTE-MTA Momentum Motor Enzymology Research Group, Department of Biochemistry, E6tvos Lorand University, Budapest, Hungary

5Department of Biochemistry, Biocenter, University of Wuerzburg, Wuerzburg, Germany

®Department of Biochemistry and Molecular Biology, School of Basic Medical Sciences, Nanjing Medical University, Nanjing, China

"MTA-ELTE Motor Pharmacology Research Group, Department of Biochemistry, E6tvos Lorand University, Budapest, Hungary

Correspondence

Katrin Paeschke, Universititsklinikum
Bonn, Medizinische Klinik III, Venusberg-
Campus 1, Gebédude 13, 30G029 Bonn
53127, Hungary.

Email: katrin.paeschke @ukbonn.de

Peter Burkovics, Institute of Genetics,
Biological Research Centre, Temesvari krt.
62, 6726 Szeged, Hungary.

Email: burkovics.peter@brc.hu

Funding information

Emmy-Noether Program of the Deutsche
Forschungsgemeinschaft; EC | European
Research Council (ERC), Grant/Award
Number: 638988-G4DSB; NSFC |
National Natural Science Foundation of
China-Yunnan Joint Fund (NSFC-Yunnan
Joint Fund), Grant/Award Number:
31700716; Nemzeti Kutatasi, Fejlesztési és
Innovacids Hivatal (NKFI Office), Grant/
Award Number: 119361, 116072, ERC_
HU117680 and 123989; E6tvos Lorand
Tudoményegyetem (ELTE), Grant/Award
Number: 4.2.1/BOP 6072

Abstract

The integrity of the genetic material is crucial for every organism. One intrinsic at-
tack to genome stability is stalling of the replication fork which can result in DNA
breakage. Several factors, such as DNA lesions or the formation of stable secondary
structures (eg, G-quadruplexes) can lead to replication fork stalling. G-quadruplexes
(G4s) are well-characterized stable secondary DNA structures that can form within
specific single-stranded DNA sequence motifs and have been shown to block/pause
the replication machinery. In most genomes several helicases have been described
to regulate G4 unfolding to preserve genome integrity, however, different experi-
ments raise the hypothesis that processing of G4s during DNA replication is more
complex and requires additional, so far unknown, proteins. Here, we show that the
Saccharomyces cerevisiae Mgs1 protein robustly binds to G4 structures in vitro and
preferentially acts at regions with a strong potential to form G4 structures in vivo.
Our results suggest that Mgs1 binds to G4-forming sites and has a role in the main-

tenance of genome integrity.
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1 | INTRODUCTION
Precise DNA replication is essential for the preservation of
genome stability. DNA lesions, topological stress, nucleotide
pool depletion, or stable secondary DNA structures are the
major sources of replication stalling which can lead to DNA
breaks and consequently genome instability.l

G-quadruplex (G4) structures are stable secondary
DNA structures, which can be formed by Hoogsteen G-G
base pairing within specific guanine-rich single-stranded
(ss) DNA regions as reviewed in several publications.z'4 In
silico and in vitro studies have revealed that over 700 000
regions in the human genome have strong potential to fold
into G4 structures.’™ Similarly, there are over 500 poten-
tial intrachromosomal G4 motifs in the Saccharomyces
cerevisiae genome.g’10 Different topologies of the G4
structure have been described in vitro (parallel, antipar-
allel, or hybrid); however, the biological relevance of
these different conformations is not understood yet.3’4
Regardless of topology, G4 structures were demonstrated
to act as regulatory elements during transcription or telo-
mere maintenance.'''® Additionally, due to their stability,
G4 structures can challenge DNA replication and must be
unfolded by proteins (eg, helicases).'”! In the absence of
regulating proteins, the replication fork stalls at G4 motifs,
leading to deletions or mutations.?*>* Whereas the precise
replication of G4 motifs is essential, it is not clear how
the replication machinery recognizes these obstacles and
how and why replication sometimes stalls approaching G4
motifs.?**>*® The most prominent group of G4 unfold-
ing proteins are helicases.'” Among the best character-
ized helicases, that unfold G4 DNA structures efficiently,
are Pifl, Sgsl, and Hrql helicases in yf:ast,22’23’27'31 and
WRN, BLM, and FANCJ helicases in humans >33
Mutation or deletion of these genes is linked to increased
genome instability and is associated with elevated cancer
risk in humans.'*3*%7 Nonetheless, the observed nega-
tive effects on genome stability in the absence of these
helicases are not exclusively due to changes in G4 main-
tenance. Accumulating data suggest that specialized heli-
cases act in the processing of G4 structures during specific
processes (eg, Sgsl unwinds G4 during transcription, and
BLM inhibits recombination at G4 motifs in transcribed
genes).lo’38 Based on the amount of potential G4 struc-
tures in most genomes and the lack of severe phenotypes
in the absence of various individual helicases it has been
suggested that members of the same protein family are
able to compensate for each other’s loss in G4 unfolding
to some extent.”? In S. cerevisiae there are two members
of the RecQ family (Sgsl and Hrql), and one member
of the Pifl family (Pifl) which recognize G4 structures
in vitro, 222430313940 Although both helicase families
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function in the preservation of genome stability,ﬂ’24 they

have been implicated to regulate G4 structures during
different processes. Sgsl regulates G4 formation and, in
turn influences transcription,lo’41 whereas Pifl regulates
G4 structures during S phase and supports DNA repli-
cation and prevents genome instability (mutations, dele-
tions).?'?* One idea is that supporting proteins dedicate
the fate of the given helicase to a specific process, this
thought is supported by the finding that Mms1 supports
the binding of Pifl to a set of G4 motifs located on the
lagging strand template of DNA replication.?

The yeast Mgsl (Maintenance of genome stability 1)
protein belongs to a highly conserved AAA™* ATPase fam-
ily42 and it is homologous to the Escherichia coli RarA
(also known as MgsA)43 and human WRNIP1 (Werner
Interacting Protein 1).** Mgs1, as well as its human homo-
log, plays a crucial role in genome maintenance.**** Cells
lacking Mgs1 show an elevated rate of mitotic recombination
and Mgs1 overexpression sensitizes cells to DNA damag-
ing agents, such as MMS, HU, and UV-light.42’45’46 Despite
the various published phenotypes related to nonphysiolog-
ical levels of Mgsl45’46 the exact function of Mgsl is not
clear. However, based on previous findings Mgs1 has mul-
tiple roles in the preservation of genomic integrity.‘u"ﬁ'5 !
Mgs1 has been shown (i) to function in a special pathway
of post-replicative DNA repair,45’46’48’5 2 (ii) to contribute to
the maintenance of proper DNA topology,“’47 and (iii) to
Okazaki fragment maturation.* Moreover, Mgsl interacts
with DNA polymerase 8, leading to the postulation of two
additional models. In the first model, Mgs1 supports the
removal of DNA polymerase 6 from the replication fork by
physically interfering with the ubiquitylated PCNA-DNA
polymerase 0 interaction.*®° In the second model, Mgsl
becomes indispensable for cell survival through a currently
unknown biochemical mechanism in which both the Rad6-
dependent DNA damage tolerance and homologous recom-
bination pathways are blocked.*® It is also known that the
function of Mgs1 and WRNIP1 is linked to RecQ helicases.
This is based on the fact that WRNIP1 physically interacts
with one of the human RecQ helicases, called WRN>34
and in yeast the sgs/A mgslA double mutant shows a slow-
growth phenotype and elevated number of recombination
events.*>*

In this work, via combination of in vitro and in vivo anal-
yses we demonstrate that Mgs1 is a novel G4-binding protein
supporting genome stability. Biochemical analyses allowed
us to identify Mgsl as a novel binder of G4 structures. In
vivo Chromatin Immunoprecipitation (ChIP) experiments
confirm these in vitro observations, by showing that Mgsl
binds to G4 motifs in yeast. A combination of gross chromo-
somal rearrangement (GCR) assays, ChIP, and growth anal-
ysis of Mgs1 deficient cells in the presence and absence of
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TABLE 1 Sequences of DNA oligonucleotides used in gel shift and fluorescence anisotropy experiments

Name Type Sequence (5'-3')* Label

MYC (c-Myc2345) G4 TGAGGGTGGGTAGGGTGGGTGCGTCTGCGGCTGGCTCGAGGC 5 FITC
Control GTGAGATGTTGACCATGGGTGCGTCTGCGGCTGGCTCGAGGC 5" FITC or Cy3
GC-rich control TGAGTGTGAGTGGTGTGAGAGCGGCGGCGGCTGGCGCGAGGC 5" FITC
C-rich control ACTCCCACCCATCCCACCCACGCAGACGCCGACCGAGCTCCG 5" FITC

Complementary strand

Note: Guanines involved in G4 structure formation are in bold.

PhenDC;, a G4-stabilizing agent, revealed that the binding of
Mgsl at G4 motifs is linked to changes in helicase expression
and genome stability events.

2 | MATERIALS AND METHODS
2.1 | cDNA cloning, protein expression, and
purification

The cDNA encoding full-length yeast Mgsl protein was
cloned into the pENTR4 Gateway entry vector (Thermo
Fischer, Waltham, MA, USA) using Ncol and EcoRI re-
striction enzymes (Thermo Fischer, Waltham, MA, USA),
resulting in pBP298 plasmid. For Mgsl protein expression
the Mgsl cDNA was cloned in fusion with N-terminal glu-
tathione S-transferase (GST) tag under the control of the
S. cerevisiae galactose-inducible phosphoglycerate promoter
using the Gateway cloning system (Invitrogen, Waltham,
MA, USA), which resulted in pBP309 plasmid.

The Mgs1 protein was overexpressed in the protease-de-
ficient BJ5464 yeast strain. Cells were grown to stationer
phase in synthetic medium lacking leucine to select for the
plasmids. The cultures were diluted 10-fold in fresh medium
lacking dextrose, but containing 2% of lactic acid and 3% of
glycerol. This was followed by overnight incubation with
addition of galactose to 0.2% of final concentration. Cells
were harvested and disrupted after a 10-hour incubation at
30°C in buffer P (20 mM Tris-HCI pH 7.5, 1 mM dithio-
threitol (DTT), 0.01% v/v Nonidet P-40, 10% v/v glycerol)
supplemented with 1 M of NaCl, 5 mM of EDTA, and
protease inhibitor mixture (Roche Applied Science, Basel,
Switzerland). After centrifugation, the supernatant of the
cell extract was loaded onto glutathione-Sepharose (GE
healthcare, Chicago, IL, USA) columns. First, the column
was washed with buffer P + 1 M NaCl followed by wash-
ing with buffer P + 500 mM KCI. The GST-Mgs1 protein
was eluted with 20 mM of reduced glutathione in buffer P
supplemented with 500 mM of KCl. Mgsl-containing
fractions were concentrated with Microcon-30 (Merck
Millipore, Burlington, MA, USA), frozen in liquid nitro-
gen, and stored at —80°C.

TTTGCCTCGAGCCAGCCGCAGACG =

2.2 | Preparation of DNA molecules

DNA sequences of the oligonucleotides used for gel shift and
fluorescence anisotropy experiments are listed in Table 1.
DNA substrates were prepared by heating of the applicable
oligonucleotides (500 nM concentration) at 95°C for 5 min-
utes and cooling overnight to room temperature in buffer A
(25 mM Tris-HCI pH 7.5, 50 mM KCI). All DNA substrates
were stored at 4°C.

2.3 | Gel shift assays

Different concentrations of purified GST-Mgs! (as indicated
in the figures) were incubated with 50 nM of fluorescein-
and/or Cy3-labeled DNA substrates in buffer R (25 mM
Tris-HCI1 pH 7.5, 150 mM KCl, 1 mM DTT, 20 ng/uL. BSA)
for 15 minutes at 25°C. In the experiments testing the ATP
and Mg”* dependence of the interaction buffer R was sup-
plemented with 1 mM of ATP and 5 mM of MgCl,. Samples
were run on a 4% native polyacrylamide gel in 0.5 X TB
(45 mM Tris-borate) buffer, and imaged using a Typhoon
Trio Imager (GE Healthcare, Chicago, IL, USA). The bind-
ing efficiency was calculated from band intensities from the
shown picture measured using ImagelJ software.

2.4 | Fluorescence anisotropy measurements
Measurements were carried out in buffer B (50 mM Tris-HCI
pH 7.5, 90 mM KCI, 5 mM EDTA). 5’ fluorescein labeled
DNA molecules at 10 nM concentration were titrated with
increasing concentrations of Mgs1 at 25°C. Fluorescence an-
isotropy was measured in a Synergy H4 Hybrid Multimode
microplate reader (BioTek, Winooski, VE, USA).

2.5 | ATPase assay

Steady-state ATPase experiments were carried out in
buffer C (50 mM Tris-HCI pH 7.5, 50 mM KCl, 50 mM
NaCl, 5 mM MgCl,, 50 pg/mL BSA) by using a pyruvate
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kinase-lactate dehydrogenase (PK-LDH) coupled assay
(14 U/mL PK, 20 U/mL LDH, 1 mM ATP (Roche Applied
Science, Basel, Switzerland), 1| mM phosphoenol pyruvate,
200 pM NADH) at 25°C. Time courses of NADH absorb-
ance (g349 = 6220 M~ em™") were followed in an Infinite F
Nano+ microplate reader (Tecan, Midnnedor, Switzerland).

2.6 | Data analysis

Means + SEM values are reported in the paper, unless other-
wise specified. Sample sizes (n) are given for the number of
ensemble in vitro measurements performed using independ-
ent protein preparations (biological replicates, n = 3 unless
otherwise specified). Data analysis was performed using
Origin 8.0 (OriginLab corp).

2.7 | Strains, constructs, and media

All yeast strains used are listed in Table 2. All experimental
strains are derivatives of the RAD5+ version of W303 (a gift
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from R. Rothstein) or the YPH background. Deletion strains
harboring eliminated entire ORFs were created as published
previously.55 Epitope tagging to generate Mgs1-Myc13 was
carried out as described previously.56 The mutation of the G4
motif on Chromosome VI was created using the Cre-LoxP
system as previously described.”®

2.8 | Gross chromosomal rearrangement
(GCR) assay

The GCR assay was performed as previously described”’
with minor modifications. Briefly, per strain seven different
colonies were grown for 48 hours. After washing, cells were
plated in different dilutions on two plates: One reference
plate (rich media YPD) and one selective FOA/CAN plate.
On the reference plate, all cells will grow, on the selective
plate only those will grow which lost, by an GCR event,
both counter-selectable markers. Colony formation on both
plates was used to determine the GCR rate via fluctuation
analysis using FALCOR and the MSS maximum likelihood
method.>®

TABLE 2 List of yeast strains used in .
. Strain Genotype Source
this study

W303 MATa ura3-1 trpl-1 leu2-3,112 his3-11,15 ade2-1 R. Rothstein
canl-100 ybpl-1 RAD5+

MBY49 MATa ura3-52 lys2-801_amber ade2-101_ochre 2
trplA63 his3A200 leu2A1 hxtl3::URA3

SG64 MATa ura3-52 lys2-801_amber ade2-101_ochre 2
trplA63 his3A200 leu2Al hxtl3::URA3
prb1::G4(Chrl)- LEU2

QL12 MATa ura3-52 lys2-801_amber ade2-101_ochre This study
trplA63 his3A200 leu2A1 hxtl3::URA3
mgsl::TRP1

QL2, QL17, QL21, MATa ura3-52 lys2-801_amber ade2-101_ochre This study

QL22, QL23 trplA63 his3A200 leu2Al hxt13::URA3

prbl::G4(Chrl)- LEU2 mgsi::TRP1

QLO W303 mgs1A::TRP1 This study

KW200 MATa ura3-52 lys2-801_amber ade2-101_ochre 2
trplA63 his3A200 leu2Al hxtl3::URA3
prbl::NG(ChrVIII)- LEU2

KW203 MATa ura3-52 lys2-801_amber ade2-101_ochre 26
trplA63 his3A200 leu2Al hxtl3::URA3
prbl::GR(Chrl)- LEU2

QLI15 MATa ura3-52 lys2-801_amber ade2-101_ochre This study
trplA63 his3A200 leu2Al hxt13::URA3
prb1::NG(ChrVIII)- LEU2 mgs1::TRP1

QL16 MATa ura3-52 lys2-801_amber ade2-101_ochre This study
trplA63 his3A200 leu2A1 hxtl3::URA3
prbl::GR(Chrl)- LEU2 mgsl::TRP1

QL24, QL25,QL26  W303 Mgs1-Myc13::TRP] This study

TZ25 W303 Mgs1-Myc13::TRP1, G4 Chr IV mut-LoxP This study
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TABLE 3 Primer sequences for gPCR analysis after ChIP

qPCR Primer Location primer G4 motif of interest near qPCR primer
KW75/76 Chr IV, control CGAAGTATACCGTGCGTC
AGCTTCTTGCTGCTCTATG
KW 77/78 Chr XITII, control GAGGACGAAACGATTGATG
AGATAATGAGCCACGGTAC
KW 73/74 Chr I, control TTCCACGTAGCAGTCCTC
GAGGCCTCCGGAATTTTG
KW 70/71 Chr V, control AAATCCCACCACATCCATC
AACGTATACGTCGATGATAC
TZ22 Chr IV, GAACGTCAATATGTAGCGG
GACTTAGGATGACTGATGG GGATGGAAGGGTTGTAGCTGG
KW61/KW62 Chr VIG4, G4 mut  TGCATAGTTCTTAGGTCTTC GGGGCACACGTGCGGGAGTTTCAAAGGGG
CAGAATAGTGGGGTTCAGGGG
GTATAGCAGTGACGCGTG GGCGCACACGTGCGCGAGTTTCAAAGGCG
CAGAATAGTGCGCTTCAGCCG)
KW278/KW279  Chr XI, G4 ACTAGGTCTCTTAGCTCTC GGGAACTGGTCTCTTGGGCTAAAGG
TTTTGAACACGTTCTACGAG
KW195/KW196  ChrXIlla, G4 GCTTCAGCCTGGGGTAAC GGGGCGGCCAAGGTACTGG
GGCACCATTAGATTCACCAC
KW63/KW64 ChrXIIIb, G4 AAGGTAATGGAGGTGCATC GGGGCGGCCAAGGTACTGG
CTCCGCCATCTCTTGTAC
KP 173 Chr XV, G4 CATAGTTTACCGCCTTTACC GGCGGAGGAGG
GGGAATGGAAATGGATTGC

Note: that, here only the closest G4 motif is indicated but at most cases additional G4 motifs were mapped within the shearing range of the experiment (average
fragment size 1000 bp). The G-tracts of the G4 motifs are highlighted in bold. Underlined G4 tracts were mutated in the used cre-loxP system to avoid G4 formation.

2.9 | Multiplex PCR samples = 0.5%). ODy, was recorded at the same time points
as in the case of control strains.
In brief, genomic DNA isolated from S. cerevisiae strains

that survived the GCR events were analyzed by multiplex

211 |

PCR using published primers”* and the following cycling
parameters: initial denaturation for 5 minutes at 95°C, 35 cy-
cles of 95°C for 30 seconds, 56°C for 30 seconds, and 72°C
for 45 seconds, and a final extension at 72°C for 10 minutes.
PCR products (10 pL per reaction) were run at 90 V on 2.5%
of agarose gels containing ethidium bromide and visualized
by ultraviolet transillumination.

210 | Growth assay

Overnight cultures of S. cerevisiae cells were grown and
used to inoculate to ODg, 0.15. After the first 90 minutes
the ODg, was recorded every 60 minutes until OD ~1.5 was
reached. The doubling time was calculated by the following
formula: 4 = (logOD,—1ogOD )/(1)=11); Lgoupling time = 1N/}
PhenDC; (10 pM final concentration, from 2 mM stock in
DMSO) was added in YPD culture when inoculated. As con-
trol DMSO was used (same concentration as within PhenDC;

Chromatin Immunoprecipitation
(ChIP)

ChIP of asynchronous yeast cells was performed as de-
scribed. % Anti-Myc antibody (Clontech monoclonal ab
#631206) was used in the experiments. gPCR analysis was
performed on a Roche Biocycler using the amount of DNA
in ChIP and input for quantification. qPCR primers are listed
in Table 3. The ChIP experiment was repeated for at least
three biological replicates at each locus. In all cases the per-
centage signal (IP) was normalized to the amount of input
and compared to values (IP/input) of wild-type samples.

2.12 | Yeast one-hybrid screen

The yeast one-hybrid screen was performed as previously
described® using the Matchmaker Gold Yeast One-Hybrid
Library Screening (Clontech, Kyoto, Japan). Briefly, a G4
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motif from chromosome IX (G4;x) was cloned into the
S. cerevisiae Y1HGold genome as described in the manual.
As a control bait, a mutated G4 motif (mut-G4x,) was cloned
using the same method. The minimal inhibitory concentra-
tion of aureobasidin A (AbA) was determined and screen was
performed using yeast cDNA library (DUAL hybrid cDNA
library). Positive hits were re-striked on selective plates and
plasmids of library were isolated, cloned, and sequenced.

3 | RESULTS
3.1 | Mgsl is a G-quadruplex DNA-binding
protein

In a yeast one-hybrid screen (manuscript in preparation)
using a G4 motif as bait, we identified, among others,%’59
Mgs1 as a potential novel G4-binding protein. Mgsl did
not interact with the control bait (a mutated G4 motif, that
cannot form G4 structure). Based on this screening hit, we
purified Mgs1 protein from yeast with an N-terminal GST-
tag (Figure 1A). To confirm G4 DNA binding by Mgs1, we
performed gel shift assays using a 5’-fluorescein-labeled
ssDNA molecule comprising the so-called Myc234560 in-
tramolecular G4 motif of the c-MYC promoter (Table 1).
Based on previous findings, the c-MYC DNA sequence
forms a stable G4 structure in the presence of KCL® In our
substrate the G4 structure is formed at the 5’ end, which
is followed by a 3’ ssDNA region 21 nt. Throughout this
manuscript we will refer to this molecule as MYC ssG4.
The purified Mgs1 protein was incubated with MYC ssG4
or with a control ssDNA molecule in which the G4-forming
guanine bases of the Myc2345 region were replaced with
other nucleobases to prevent the formation of G4 structure®
(Table 1). In both cases the formation of DNA-protein com-
plexes was observed (Figure 1B). In the case of the G4 DNA
sample, DNA-protein complexes appeared at lower Mgsl
concentrations than in the control DNA sample (Figure 1B).
These results indicate a stronger binding to the G4 structure
than to the control ssDNA by Mgsl.

Several studies demonstrated that Mgsl is part of the
replication and replication fork-coupled repair machiner-
ies. ¥ 404851 Therefore, we tested its binding affinity to par-
tial duplex DNA substrates containing either the Myc2345
G4-forming sequence (MYC dupG4) or a non-G4-forming
control sequence. Substrates were generated by annealing
an oligonucleotide complementary to the 3" ssDNA region
of MYC ssG4 or to the control ssDNA molecule (Table 1).
Ultimately, these structures mimic the primer-template junc-
tion of a stalled replication fork in the presence or absence
of an intramolecular G4 structure. In agreement with ssDNA
experiments, we observed preferential binding to the G4-
containing DNA structures by Mgs1 (Figure 1C).
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To verify specific G4 binding, we also carried out competi-
tion gel shift assays in which the 5’-fluorescein-labeled MYC
ssG4 (Figure 1D) or MYC dupG4 molecules (Figure 1E) and
5'-Cy3-labeled versions of the control DNA molecules were
both present in the same reaction in equimolar amounts. As
expected, Mgsl showed higher binding affinity to the G4-
containing substrates even in the presence of the control
substrate. These data further support the finding that Mgsl
specifically binds to G4 structures in vitro.

In addition to gel shift experiments, we precisely de-
termined the dissociation constants (K;) of Mgsl for G4
binding in fluorescence anisotropy titration experiments
(Figure 2A,B, and Table 4). In agreement with the gel
shift experiments, we observed preferential binding to
G4-forming substrates. Whereas previously published
data about the WRNIP1, the human homologue of Mgsl,
indicated multimerization of WRNIPl,61 our obtained
binding curves of Mgsl-DNA interaction were suffi-
ciently described by a simple hyperbolic equation. Thus,
we observed no signs of cooperativity in DNA bind-
ing in anisotropy experiments. Binding to MYC ssG4
(Kq =7 + 2 nM) and dupG4 (K; = 24 + 4 nM) was deter-
mined to be relatively strong, whereas in the case of con-
trol ssDNA (K; = 68 + 7 nM) and partial duplex DNA
molecules (Ky = 72 + 15 nM)), that is, in the absence of the
G4 structure, the affinity decreased by ~10 and ~3 times,
respectively (Figure 2A,B and Table 4). Statistical analysis
(Student’s 7 test) showed a significant difference in Mgs1-
DNA binding between G4 and all control substrates, both
in single-stranded (P value < .001, control compared to
G4) and partial duplex (P value < .05; control compared
to G4) form.

To test whether Mgsl1 distinguishes between guanine-rich
(GC-rich) and G4-forming DNA strands, we tested the binding
to other control oligonucleotides which GC-content is equal
to the MYC ssG4. Besides the GC-rich control, binding to
the complementary strand of the MYC ssG4 was also tested,
this cytosine-rich strand conceivably might form an i-motif
structure. 5263 Binding to both the GC-rich (single-stranded:
Ky = 275 + 85 nM; partial duplex: K; = 189 + 29 nM)
and the C-rich complementary strand (single-stranded
K4 =249 + 33 nM; partial duplex: Ky = 110 + 20 nM) DNA
substrates was weaker compared to the G4-forming DNA sub-
strate (Figure 2A,B and Table 4). Statistical analysis (Student’s
t test) showed a significant difference between binding affinity
of G4 and all control substrates, both in single-stranded and
partial duplex form (P values < .05 compared to G4). To fur-
ther strengthen the specific G4 binding of Mgsl, we tested
its binding to the G4-forming DNA substrate in the presence
of Li* ions. It has been previously published that the forma-
tion of G4 structure is weaker in the presence of Li* jons.%*
67 Binding efficiency to MYC ssG4 in the presence of LiCl
(K4 = 23 + 4 nM) was more than three times weaker than in
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Mgs1 has robust G4-binding activity. A, Coomassie-stained SDS-PAGE (10% acrylamide) of purified yeast GST-Mgs1 protein

(Mgs1 66.6 kDa; GST 26.9 kDa). B,C, Gel shift experiments carried out in the presence of (B) MYC ssG4 and control ssDNA or (C) MYC dupG4
and MYC dup control partial duplex DNA as indicated. D,E, Competitive gel shift experiment carried out in the presence of (D) FITC-labeled
MYC ssG4 (green) and Cy3-labeled control ss DNA (red) or (E) FITC-labeled MYC dupG4 and Cy3-labeled MYC dup control partial duplex
DNA as indicated. The samples were run on 4% of native polyacrylamide gel
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FIGURE 2 Mgsl specifically binds to G4 structures in vitro. Results of fluorescence anisotropy titration experiments using A, single-stranded
and B, partial duplex MYC G4 (black), control (red), GC-rich control (green), and C-rich (blue) DNA molecules. Solid lines are best fits to a
hyperbolic binding equation, for which the Hill cooperative binding equation was used as the simple hyperbolic binding model was insufficient

to describe the observed sigmoidal shape of the binding curve. Error bars represent fitting error (n = 3, unless otherwise specified). Significances
were calculated based on the Student’s 7 test. (A) P value compared to G4: control P value < .001; P values GC-control and C-rich control p < .05.
(B) P value compared to G4: control, GC-control, and C-rich control P values < .05. C, Results of fluorescence anisotropy titration experiments
using MYC ssG4 (black) and control DNA molecules (red) in the presence of 75 mM LiCl and 15 mM KCI. Solid lines are best fits to a hyperbolic
binding equation, for which the Hill cooperative binding equation was used as the simple hyperbolic binding model was insufficient to describe the
observed sigmoidal shape of the binding curve. Error bars represent fitting error (n = 3). Significance was calculated based on the Student’s ¢ test, P
value compared to G4: control P value < .05

3.2 | The Mgs1-G4 interaction is ATP-

the presence of K" ions, whereas in the case of control ssDNA

(K4 =49 + 4 nM) the binding strength was similar than in the
KCl buffer (Figure 2C and Table 5). We have to note here, that
the protein was purified in KCl-containing buffer, therefore, in
these experiments besides 75 mM LiCl 15 mM KCI was also
present in the reaction buffer. DNA substrates for these exper-
iments were prepared in LiCl-containing buffer.

independent and does not alter the ATPase
activity of Mgs1

Previous studies showed that Mgsl has an inherently low
ATPase activity which is slightly stimulated by single-
stranded, double-stranded, or partial dsDNA.# Thus, it is
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TABLE 4 Determined K, values [nM] from Figure 2A,B
DNA-type K, + fitting error [nM] Biological replicates P value (compared to G4)
myc Single-stranded G4 T+2 4
Control 68 +7 5 <.001
GC-rich control 275 + 85 3 <.05
C-rich control 249 + 33 3 <.05
myc Partial duplex G4 24 +4 3
Control 72+ 15 3 <.05
GC-rich control 189 + 29 3 <.05
C-rich control 110 £ 20 3 <.05
TABLE 5 Determined K, values [nM] from Figure 2C
DNA-type K, + fitting error [nM] Biological replicates P value (compared to G4)
myc Single-stranded G4 23 +4 3
Control 49+ 4 3 <.05
in principle possible that different nucleotide-bound states ~ TABLE 6 Measured and normalized values of Mgs] ATPase

of Mgs1 have altered binding properties to the G4 structure.
However, we did not observe any difference in gel shift ex-
periments monitoring binding of Mgsl to the MYC ssG4
and dupG4 in the absence or presence of | mM ATP and
5 mM MgCl, (Supplementary Figure 1A,B) indicating that
DNA binding is not influenced by Mgs1 ATPase activity. In
order to precisely quantify how the presence of a G4 struc-
ture influences the ATPase rate we used a NADH-coupled
ATPase assay.”® In agreement with previous findings,
the ATPase activity of Mgsl was found to be relatively
slow (4.07 + 1.83 min_l). Addition of saturating amounts
(0.5 uM) of control ssDNA or MYC ssG4 stimulated the
ATPase activity by 1.5 + 0.4 and 1.6 + 0.4 times, respec-
tively (Supplementary Figure 1C and Table 6). Similarly,
both MYC dupG4 and the control partial duplex stimulated
the ATPase activity by 2.4 + 0.3 and 2.2 + 0.2 times, re-
spectively (Supplementary Figure 1C and Table 6). These
results indicate that the presence of the G4 structure does
not influence ATPase activity. Interestingly, partial du-
plexes increased the Mgsl ATPase activity to a greater ex-
tent than did ssDNA (Table 6), however, based on Student’s
¢ test analysis, the values did not differ in a statistically sig-
nificant manner (p = 0.82). Nevertheless, it must be noted
that even the DNA-stimulated ATPase activity of Mgsl
(5.29 + 2.03 min~" and 6.27 + 3.48 min~" for ss and partial
duplex DNA, respectively) is very slow compared to yeast
G4-unwinding helicases as Sgs1 (~80-200 s™H® and Pif1
(~15s7H.70

Taken together, the above observations indicate that Mgs1
binds to G4-containing DNA both in the absence and pres-
ence of ATP; however, the G4 structure does not alter the
weak stimulatory effect of DNA on Mgsl ATPase activity.

activity from Supplementary Figure 2C.

DNA-type ATP/min Normalized

Mgs1 alone 4.07 +1.83 1

MYC ss cont 5.79 + 1.85 1.5+04

MYC ss G4 529 +2.03 1.6+04

MYC dup cont 7.16 + 3.57 22+02

MYC dup G4 6.27 + 3.48 24+0.3
3.3 | Mgsl is associated with G4-prone

regions in vivo

Several publications indicated that the function of Mgsl1 is
linked to DNA replication.”**® Additionally, it is known that
G4 structures slow-down replication, affect transcription, and
other polymerase-driven processes.71 Therefore, we assessed
whether Mgsl is related to replication fork progression at G4
motifs. To test this, we analyzed the growth of yeast cells
in which we deleted MGSI (mgslA). In this experiment the
doubling time was experimentally determined for wild-type
and mgsIA strains (90.8 + 1.1 and 98.0 + 1.8 minutes, re-
spectively). This result revealed that Mgs1 deletion alone did
not change the growth significantly (Figure 3A). However,
if cells are treated with a G4-stabilizing ligand (PhenDC3),72
mgslA cells grew slower (114.5 + 4.0 minutes) compared to
treated wild-type cells (91.6 + 2.1 minuutes), indicating that
Mgsl is necessary for proper cell growth when G4 structures
are stabilized by PhenDC; in vivo. We note that, PhenDC;
was dissolved in DMSO to ensure that the obtained growth
defect is not due to DMSO addition, as a control wild-type
and mgsIA were treated with DMSO alone. These control
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FIGURE 3 Mgsl binds to G4 DNA structures in vivo. A, Growth analysis of S. cerevisiae wild-type cells (WT) and cells lacking Mgs1
(mgslA) in the presence or absence of the G4-stabilizing ligand PhenDCj5. Due to the fact that PhenDCs; is resolved in DMSO cells were treated
with the same concentration of DMSO (0.5%). All growth analyses were performed using three biological triplicates. Significances were calculated
based on the Student’s ¢ test (**P values < .001). B-D, Mgs|1 binding to different control regions and different G4 motifs located at different

yeast chromosomes (Control I, Control IV, Control V, Control XIII; Chr IV, Chr VI, Chr XI, Chr XIIla, Chr XIIIb, Chr XV). Tested chromosome
is indicated by Roman number. B, Mgs1 binding to selected regions in asynchronous growing cells. All G4 regions are significantly enriched

(**P values < .001) compared to the controls. C, Mgs1 binding to different regions in the yeast genome, in this background the G4 motif from
Chromosome VI was mutated in such manner that it lost the ability to form G4 structures. Similarly, to previous experiments Mgs1 binds to the G4
from Chromosome IV and XI but less to the mutated one from chromosome VI. Statistical analysis using the Student’s 7 test between Chr VI G4
and Chr VI mut revealed a *P value < .01) D, Mgs1 binding in the presence of PhenDC;. In all Mgs1-Myc ChIP experiments data were determined
after ChIP and qPCR and normalized to input DNA. E, Mgs1 binding in wild-type, pifl-m2, and sgs/ A yeast strains. Binding was normalized to
the binding of Mgs1 in the wild-type yeast cells. For all ChIP experiments significances were calculated based on the Student’s ¢ test (**P values

<.001 * P value < .01). All presented data are plotted as the mean plus or minus one standard deviation of three biological replicates
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experiments did not show significant changes in growth com-
pared to untreated cells (91.2 + 1.2 and 95.0 + 2.2 minutes,
respectively).

Our in vitro findings lead to the speculation that Mgs1
can bind directly to G4 and that this effect could be direct.
To test whether Mgs1 also binds to G4 motifs in vivo, bind-
ing to six selected G4 motifs and to four control regions (as
indicated in Figure 3B) were analyzed by ChIP. G4 motifs
have been previously identified by computational analysis
or in different ChIP experiments.9’23’26 For the ChIP experi-
ment, Mgs1 was endogenously tagged at the C-terminus with
Myc13. Asynchronously growing log-phase cultures express-
ing Myc-tagged Mgsl were processed for ChIP followed by
quantitative real-time PCR (qPCR) (Table 3). As controls,
regions that were unable to form G4 structures as predicted
by previous in silico analysis and experimental publica-
tions,”*® were chosen. As anticipated from the in vitro data,
we observed strong binding to all six G4 motif-contain-
ing regions (Figure 3B) and weak binding to the controls.
Comparing the extent of Mgsl binding, we observed a 2.3-
7.5-fold increase in the binding of Mgsl at G4 motifs over
the control regions (Table 7). To further strengthen the con-
clusion that Mgs1 binds to G4 motifs in vivo, we mutated
a G4 motif on Chromosome VI (GGGGCACACGTGCGGG
AGTTTCAAAGGGGCAGAATAGTGGGGTTCAGGGG to
GGCGCACACGTGCGCGAGTTTCAAAGGCGCAGAAT
AGTGCGCTTCAGCCG) using the Cre-loxP system. Mgs1
binding to this region was measured after ChIP and analyzed
by qPCR. These data revealed that Mgs1 binding to the mu-
tated G4 is twofold reduced (Figure 3C, Chr VImut), in com-
parison to the unaffected G4 motif on Chr IV and XI in the
same strain background (Figure 3C and Table 8). Also, the
binding was significantly lower in comparison to the original
G4 on Chr VI (Figure 3B,C, column Chr VI). Before, we ob-
served that cells lacking Mgs1 showed a growth defect in the
presence of PhenDC5. To get a more direct answer if Mgsl
is acting at stabilized G4s after PhenDC; treatment, we mon-
itored Mgsl binding to G4 motifs after PhenDC; treatment.
At all six G4 motifs more Mgsl binding could be detected,
whereas no changes were observed at the controls (Figure 3D
and Table 9). In summary, the qPCR results indicate that
Mgs1 preferentially binds to G4 motifs in vivo.

In yeast the G4-unwinding helicases, Pif1 and Sgsl have
also been implicated to support DNA replication and other
events that promote genome stability.zz’B’n’80 So far, the human
homolog of Mgsl, called WRNIP1 has been shown to interact
with the WRN RecQ helicase.*>* But so far, no evidence of
genetic interaction between Mgs1 and Pif1 has been published.
We tested if Mgs1 binding to G4 is influenced by Pif1 or Sgsl.
For this experiment, we created Myc-tagged Mgsl strains in
which either SGS/ is deleted, or PIF1 is mutated in such a way
that only the mitochondrial isoform is expressed (pif] -m2).8
ChIP and qPCR analysis of these strains revealed that Mgsl

ZACHEJA ET AL.
TABLE 7 Determined IP/input values from Figure 3B
Biological
qPCR region IP/input STEDV replicates
Control I 0.0020 0.0008 3
Control IV 0.0017 0.0011 3
Control V 0.0030 0.0009 3
Control XIII 0.0029 0.0012 3
Chr IV 0.0121 0.0009 3
Chr VI 0.0078 0.0008 3
Chr XI 0.0111 0.0007 3
Chr XIIIa 0.0151 0.0006 3
Chr XIIIb 0.0099 0.0012 3
Chr XV 0.0099 0.0011 3

TABLE 8 Determined IP/input values from Figure 3C mutated
strains

Biological
qPCR region IP/input STEDV replicates
Control 1 0.0022 0.0008 3
Chr VI mut 0.0042 0.001 3
Chr IV 0.0101 0.002 3
Chr XI 0.011 0.001 3

Note: See Table 7. for the values for the original strain.

TABLE 9 Determined IP/input values from Figure 3D

Biological

qPCR region IP/input STEDV replicates
Control I 0.0019 0.0007 3
Control IV 0.0018 0.0011 3
Control V 0.0034 0.0011 3
Control XIII 0.0031 0.0012 3
Chr IV 0.022 0.0011 3
Chr VI 0.013 0.0008 3
Chr XI 0.019 0.0006 3
Chr XIIIa 0.021 0.0005 3
Chr XIIIb 0.012 0.0016 3
Chr XV 0.021 0.002 3

binding is significantly reduced in pifl-m2 strains compared
to Mgsl binding in wild-type (Figure 3E). Binding of Mgsl
in sgsIA cells shown no significant changes compared to the
wild-type (Figure 3E). These results indicate that the presence
of Pifl supports Mgs1 binding, whereas Sgs1 binding has no
impact on Mgs1 binding to selected G4 regions.

In summary, the growth defect in cells lacking Mgs1 after
PhenDC; treatment and the reduced binding of Mgsl to G4
motifs in PIF] mutant cells, further strengthen the argument
that Mgs1 binds and functions at G4-prone regions in vivo.
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TABLE 10 Sequences of GCR insert

GCR strain Insert

G4 (Chr I)

G4 (Chrl,,,)

G-rich (Chr I)
Non-G-rich (Chr VII)

= 12657
FASE‘BJOURNALJ—

GGGGTGGGGTGTTACTGATGAGAATTGGGGGAATTTTGAGATAATTGTTGGG
CGCGTGCGCTGTTACTGATGAGAATTGGCGGAATTTTGAGATAATTGTTGGG
ATGGTGGTCATCTCAGTAGATGTAGAGGTGAAAGTACCGGTCCATGGCTCGGT
CTAATCTTTCAGCGTTGTAAATGTTGGTACCCAAACCCAATTGTCTACAAGTTTCCTTAGC

The G-tracts of the G4 motifs are highlighted in bold. Underlined G4 tracts are mutated to avoid G4 formation in the assay. See 22 for more information on strains.
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FIGURE 4 Mgsl has an important function in the stability of G4-prone DNA regions. A, GCR analysis of wild-type (black) and mgsiA
(white) strains with different inserts (no insert, G4-forming, G-rich, non-G-rich, and G4 mutated). Cells lacking Mgs1 have slightly higher GCR

rate than WT. The wild-type rate of GCR events is approximately 1 x 107'% events per generation. Statistical analysis using Student’s 7 test

compared to WT determined a P value below 0.01 using the G-rich and mutated insert (*P value < .01), but very low P values (**P value < .005)

with the G4 motif as an insert. B, ChIP of yH2Ax at five different G4 motifs and a control region. ChIP was performed in wild-type and mgsiA

cells. After immunoprecipitation, the associated DNA (IP), was normalized to input DNA (IP/input) and plotted. ChIP was performed in three

biological replicates. IP/input values in mgs/ A cells were normalized to IP/input of wild-type cells. The difference between four (except XIIIb)

tested G4 regions compared to the control was significant based on the two-tailed Student’s 7 test (**P values < .001).

3.4 | Mgsl deletion results in elevated
number of genome rearrangements at G4 sites

It has been shown that deletion of MGS]I results in elevated
number of genome rearrangements.‘u’45 To test if the addi-
tion of G4-prone regions affects genome instability in mgs/A
cells, we performed a genetic assay that measures GCRs.
GCRs, including deletions, inversions, and translocations
arise by many different mechanisms.*” Using a previously
published GCR assay,22 we quantitatively analyzed G4-
dependent genome instability in the absence of MGS/ and
compared this to the GCR events of control regions. In this
assay the GCR rate was measured by the simultaneous loss
of two counter-selectable markers (URA3, CANI), which are
located downstream of the nonessential PRBI locus. The
GCR rate was determined via fluctuation amalysis.58 To test
the effect of Mgs1 on GCR events in the presence of G4 struc-
tures, we performed GCR analysis in wild-type and mgs/A
cells harboring different DNA sequence inserts. Four differ-
ent inserts were used: a G4 motif from Chr I (G4-LEU2), a

G-rich region which cannot form G4 from Chr I (GR-LEU2),
a non-G-rich region from Chr VII (NG-LEU2), as well as a
mutated version of the G4 motif from Chr I (G4mut-LEU?2)
(Table 10). These regions were inserted into the yeast ge-
nome on the left arm of Chr V, replacing the nonessential
PRBI gene. The two counter-selectable markers (URA3 and
CANT1) are placed downstream of the PRBI region. If the
inserted DNA region stimulates genome instability, both
markers are lost and cells will grow on the selective plate.
Cell growth will be monitored on rich- and selective-plates
which will be used to calculate the GCR rate via fluctua-
tion analysis. The GCR rate in the wild-type “no insert” cells
was approximately 1 X 107'° events per generation,22 and
none of the inserts affected this rate in wild-type background
(Figure 4A and Table 11). Upon MGS1 deletion, the GCR
rate did not increase significantly in the “no insert” or “non-
G-rich insert” cells, but the “G-rich insert”, as well as the
“G4mut insert” slightly, but not significantly, elevated the
number of GCR events. Importantly, the insert with a poten-
tial to fold a G4 structure increased the GCR rate sevenfold
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G-rich Non G-rich ;FABFI.JE liA Determined GCR rates
Genotype  No insert G4 insert G4 mutated  insert insert rom Fagure
Wild type 0.89 + 0.09 1.11 £ 0.19 1.10 + 0.004 1.21 £ 0.28 1.01 £0.10
mgslA 1.01 +0.19 7.27 + 1.01 2.07 £ 0.32 2.49 + 0.39 1.58 +0.20

(Figure 4A and Table 11). PCR analysis of strains with a
GCR event showed that mostly DNA deletions occurred in
the absence of MGSI at G4 inserts (Supplementary Figure
2). From 20 colonies that grew on the GCR plates, 55% lost
the fragments labeled as 1, 2, 3, and 4, 10% lost fragment 1
and 65% of the assessed colonies lost the CANI gene. In the
remaining 35%, all six DNA segments were still detectable.
These observations indicated that Mgs1 supports genome sta-
bility at G4 motifs. Similar results were detected earlier in
GCR analysis at G4 motifs in the absence Pif1 helicase.”* To
this date, we cannot state how and why these deletions occur
at G4 inserts.

Based on the high frequency of deletion events observed
in the GCR assay, we tested if the absence of Mgs1 resulted in
an elevated amount of DNA double strand breaks (DSB). We
measured the presence of phosphorylated H2A (yH2A), usu-
ally used as a regional marker for DSB *° by ChIP and qPCR.
gqPCR analysis using the same primer pairs as in Figure 3B
revealed that binding of YH2A is more frequent at four out of
five tested G4 motifs (Chr XIIIb is not significant, due to the
high standard deviation, according to Student’s ¢ test) com-
pared to wild-type (Figure 4B) indicating that overall more
DNA damage, likely DBSs, occurred in mgsA cells.

4 | DISCUSSION

Genome-wide located G4 motifs show ambivalent char-
acteristics in vivo. On the one hand, they exert important
regulatory functions in basic cellular processes, such as
transcription, translation, recombination, and replication.84
On the other hand, G4 structures present obstacles for the
replication machinery and, consequently, they can cause
replication fork stalling and might induce DNA breaks and
consequently induce genome instability.zo’zl’m'25 The mech-
anism of replication through G4 structures is not clear yet,
although the number of known G4-unwinding helicases is
increasing. Both 3’-5" and 5’-3’ helicases are potentially in-
volved in the replication of G4 motifs, as suggested by their
ability to unwind G4 structures in vitro. 5’-3" helicases, such
as Pif1 in yeast and FANCJ in human, were found as potent
G4 structure-unwinding helicases.'” Human WRN and BLM
proteins (3-5’ directionality) were also shown to be able to
unwind G4 structures.*? How these helicases gain their speci-
ficity for targets and processes is not understood. It is known
that proteins support helicase function such as the human

WRNIP1 protein, a homologue of yeast Mgsl1 that interacts
with WRN helicase.**>* How WRNIP supports the function
of WRN helicase is not clear yet. So far, this interaction has
not been studied in the light of G4 unwinding.

In this study, we have described the G4 DNA binding
activity of Mgsl. The interaction was identified in a ge-
nome-wide yeast one-hybrid screen and the binding in vivo
was proven via ChIP and qPCR experiments in which DNA-
bound Mgs1 was enriched at selected endogenous G4 motifs
(Figure 3). Moreover, EMSA and fluorescence anisotropy
assays supported the specific G4 binding of Mgs1 (Figures 1
and 2). Importantly, Mgsl preferentially bound the G4-
structure-containing substrates compared to the control, both
in single-stranded and partial duplex form. Quantitative fluo-
rescence anisotropy measurements showed 3- 10-fold differ-
ence in the binding affinity between the control, the GC-rich,
C-rich, and G4-DNA substrates.

The finding that Mgs1 binding was significantly reduced
in a pifl-m2 background was unexpected. This finding leads
to the idea that Pif]1 somehow stimulates the binding of Mgs1
to the analyzed G4 sites. This phenomenon could be ex-
plained by the physical interaction between the two proteins.
Unfortunately, we were not able to detect any physical inter-
action between Mgs1 and Pifl. Our data leads to the assump-
tion that the recruitment of Mgsl to the G4 sites needs the
functional Pifl helicase itself. This is underlined by the fact
that in pifl-m2 cells more G4 structures are formed and repli-
cation stalls,23 however, less Mgs1 is bound. One speculation
could be that Mgs1 supports Pifl function at G4 regions. The
cooperation mechanism between the Mgsl and Pifl at G4
sites is not clear yet, and needs further analysis in the near
future. Although it is possible that they are cooperating either
in G4 unwinding or by supporting replication restart together,
or controlling/stabilizing the replication fork at G4 sites. This
hypothesis is supported by GCR analysis showing that in the
absence of Mgsl, similarly to Pifl deficient cells, more GCR
events were detected at G4 insert compared to control regions
(Figure 4). The importance of Mgsl at G4 sites is further
strengthened by the data that in the absence of Mgsl also
high levels of YH2A occur at G4 sites, indicating that without
Mgsl more DNA damage occurs at G4 sites. Similarly, in
the absence of Pif1 (also in S. pombe), more YH2A and DNA
damage is detected at G4 sites. >

There are several observations, such as the physical in-
teraction of Mgsl with ubiquitylated PCNA and the syn-
thetic lethal phenotype of mgsIA radl8A strain, which
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demonstrate that Mgsl has a tight connection to stalled
replication forks,*2:46:48:5051 Taking into consideration that
human WRNIP1 interacts with DNA polymerase 6 and in-
creases its processivity and initiation frequency,61 Mgsl
emerges as a possible candidate to assist in the replication
of G4-prone DNA regions in a Pifl dependent manner.
The data presented here supports this hypothesis; cellular
growth is reduced in mgsIA cells after treatment with the
G4-stabilizing agent PhenDC5. These data represent an ad-
ditional indication that Mgs1 contributes and assists proper
replication of G4 regions and that without Mgs1 G4 stabili-
zation is a particular risk for cells (Figure 3). These growth
changes are further underlined by our finding that treatment
with PhenDC; results in stronger binding of Mgsl to se-
lected G4 regions (Figure 3D) showing the need of Mgsl
function at these stabilized G4s. Pif1 was shown to support
DNA replication at G4 on the lagging strand.”* At the lag-
ging strand Pifl processivity is increased by its interaction
to PCNA. It could be that PCNA is the so far missing link
that stimulates Mgs1 binding to Pifl targets. Although our
finding only suggest the cooperation between Mgs1 and Pif1
in the processing of G4 structures, it is possible that they
might cooperate in other cellular processes as well, Okazaki
fragment maturation,****” rDNA replication,*’”** and res-
cuing of the stalled replication forks, > 4348505173, 74.87.89 5 g
their role in these processes is already know. Further anal-
ysis of the role of these proteins in the mentioned cellular
processes would be interesting.

The importance of Mgs1 for the proper maintenance and
replication of G4 motifs was demonstrated in GCR assays,
which showed a remarkable increase in the frequency of
GCR events at G4 motifs in mgsIA cells. Contrarily, at sites
containing G-rich (but not G4-prone) and control sequences,
the GCR frequency was only slightly increased, which under-
scores the specificity of Mgs1 to G4 structures in the case of
the observed GCR events (Figure 4A). The increased insta-
bility at G4-prone regions caused by the loss of Mgsl1 is also
corroborated by the previously published observation where
the increased rDNA recombination frequency in mgs/ A strain
has been shown.*’ Although Mgs1 exerts a DNA-dependent
ATPase activity,*? we found that the presence of the G4 struc-
ture does not stimulate its ATPase activity to a higher extent
than does the control DNA. Based on these findings, we pro-
pose structural rather than catalytic function of Mgs1 in the
preservation of genomic stability at G4-prone regions.
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