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ABSTRACT

The Saccharomyces cerevisiae Sgslp helicase localizes
to the nucleolus and is required to maintain the integrity

of the rDNA repeats. Sgslp is a member of the RecQ
DNA helicase family, which also includes Schizo-
saccharomyces pombe Rqhl,andthe human BLM and
WRN genes. These genes encode proteins which are
essential to maintenance of genomic integrity and
which share a highly conserved helicase domain. Here

we show that recombinant Sgs1p helicase efficiently
unwinds guanine—guanine (G-G) paired DNA. Unwinding

of G-G paired DNA is ATP- and Mg 2*-dependent and
requires a short 3 ' single-stranded tail. Strikingly,
Sgslp unwinds G-G paired substrates more efficiently
than duplex DNAs, as measured either in direct assays

or by competition experiments. Sgslp efficiently
unwinds G-G paired telomeric sequences, suggesting
that one function of Sgs1p may be to prevent telomere—
telomere interactions which can lead to chromosome
non-disjunction. The rDNA is G-rich and has consider-
able potential for G-G pairing. Diminished ability to
unwind G-G paired regions may also explain the
deleterious effect of mutation of Sgs1 on rDNA
stability, and the accelerated aging characteristic of
yeast strains that lack Sgsl as well as humans
deficient in the related WRN helicase.

INTRODUCTION

9,10). Among the other eukaryotic helicases in this family are
Schizosaccharomyces pomBghlp (1); the human BLM
helicase, deficient in Bloom’s syndrom&2); and the human
WRN helicase, deficient in Werner's syndromé&)( Mutations

in E.coli RecQ S.pombdRghl and the human WRN arikl.M

genes all result in hyperrecombination and genomic instability;
and the human genetic diseases, Bloom'’s syndrome and Werner’s
syndrome, are associated with frequent development of malig-
nancies {1,14-18). Like Sgslp 1), WRN localizes to the
nucleolus in rapidly dividing cells.§,20).

Sgslp21), BLM (22) and WRN £3-25) are all ATP-dependent
helicases which unwind duplex DNA witht3 directionalityin
vitro. The RecQ family helicases are to some extent functional
homologs, as eitheBLM or WRN can suppress the hyper-
recombination characteristic 8gsimutant yeasts). Moreover,
yeast strains deficient in Sgs1p exhibit premature aging that may
be analogous to the premature aging characteristic of the human
genetic disease, Werner’s syndror (

Eukaryotic cells contain a variety of helicases active on duplex
DNA, RNA-DNA hybrids and RNA (reviewed &6,27). It is of
considerable interest to understand why, despite the presence of
these many helicases, the RecQ family helicases are of such
unique importance to genomic stability. Specific interactions with
other proteins are likely to contribute to the critical functions of
Sgslpin genomic stability. TB&SIgene was identified initially
as an extragenic suppressor of the slow growth phenotype
characteristic of yeast deficient in topoisomerase Ill, and the
SGSJprotein product, Sgs1p, was shown to interact directly with
topoisomerase Il14). Yeast strains deficient itop3 display

TheSaccharomyces cerevisia&Sigene encodes a helicase thatpleiotropic effects including DNA hyperrecombination and

is essential for maintaining genomic stability. The protein produsthromosomal missegregatieh48,29). Sgs1p also interacts with
of SGS1 Sgsip, localizes to the nucleus and is particularljopoisomerase 1120), a topoisomerase essential for faithful
concentrated within the nucleolus),(where ribosomal DNA chromosome segregation during mitosis and meigsj81).
(rDNA) transcription and rRNA processing occi8). Mutation Substrate specificity is also a critical determinant of helicase
of SGS1results in defective chromosome segregation, anfilinction. We have recently demonstrated that recombinant BLM
increased mitotic and illegitimate recombinatidnq). Consistent helicase (rBLM) can unwind DNAs in which guanine—guanine
with the nucleolar localization of Sgs1GS1lis critical to  (G-G) pairing stabilizes interstrand interactior#2)( These
maintenance of the rDNA repeatSgsideficient cells are experiments used as model substrates G4 DNA, in which G-G
characterized by increased rDNA recombinatigib)( and  pairing stabilizes interactions between four DNA strands. The
accumulation of extrachromosomal rDNA circles containing onBLM helicase was shown to unwind G4 DNA 10-20-fold more
or more rDNA repeatsy. efficiently than duplex substrates, as measured both in direct
Sgslp belongs to a DNA helicase family of which theunwinding assays and in competition experiments. Furthermore,
prototypical member i&scherichia coliRecQ 8, reviewed in  G-G paired substrates are not unwound by at least one other very
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potent helicasé.coliRecBCD. These results suggested that G-@/ethylation interference and protection

paired DNAs may be natural substrates of BLM and related S )
helicasesn vivo, and that failure to unwind G-G paired DNAs For methylation interference assays, eéhd-labeled single-
may cause or contribute to the genomic instability characteristiiranded oligonucleotides were methylated with DMS prior to G4
of cells deficient in RecQ family helicases. DNA formation. Samples were first heated at@4or 3 min,

We have now asked wheth8rcerevisiaeSgslp can unwind chilled on ice to ensure complgte denaturation, then incubated
G-G paired DNA. We have studied the activity of recombinantvith 0.1% DMS in buffer containing 50 mM sodium cacodylate,
protein (amino acid residues 400-1268), which carries the PH 7.0, 1 mM EDTA for 15 min at room temperature. DNA was
central helicase domain that is highly conserved among Rec&hanol precipitated, washed with ethanol, used to form G4 DNA
family members. Here we report that, like the related BLMRNd/or G2 DNA as described above, purified, precipitated,
helicase, Sgs1p not only unwinds G-G paired DNA substrates bigsuspended in 1Qd of 1.0 M piperidine, heated at 90 for
is considerably more active on G-G paired than on standa®® min, then lyophilized, washed with 26 deionized water
duplex substrates. We show that Sgslp unwinds G-G pair&dice, resuspended in formamide loading dye and resolved on a
structures formed from G-rich telomeric repeats, raising th&6% polyacrylamide, 7 M urea denaturing gel. For methylation
possibility that impaired ability to disrupt telomere—telomereProtection, gel-purified G4 DNA, GZDNA or ssDNA were
interactions may contribute to the chromosome non-disjunctidieated with DMS and resolved by electrophoresis on an 8%
characteristic d8gsImutants. Th&.cerevisiaeDNA consists of ~ acrylamide gelin 05TBE, 10 mM KCI. Bands were excised and
several hundred tandem repeats of a 1.3 kb transcription unit. TRBIAS eluted, precipitated, and cleaved with 1.0 M piperidine at
rDNA repeats are G-rich on the top (non-template) strand ar@$”C for 30 min. Samples were then resolved by 16% denaturing
therefore have considerable potential to form G-G paireBolyacrylamide gel electrophoresis.
structures. A critical role for Sgslp in unwinding G-G paired
rDNA may cause or contribute to the dramatic effect of mutatiop, .;
of SGSl1on rDNA stability, which results in premature aging Pelicase assays
(1,6). Analogous activity of the WRN helicase may contribute torruncated recombinant Sgs1 protein carrying the central conserved
accelerated aging characteristic of Werner's syndrome. helicase domain (residues 400-1268 of the full-length 1447

residue polypeptide) was over-expressedSinerevisiaeand
purified as described2(). Helicase activity was assayed by

MATERIALS AND METHODS monitoring unwinding of G-G paired or duplex DNA substrates
to single-stranded oligonucleotides. Reactions were carried out in
Formation of G-DNA and duplex DNA substrates buffer containing 50 mM Tris—HCI, pH 7.4, 2 mM MgCP mM

ATP, 50 mM NaCl and 10ag/ml BSA at 37C for 20 min (unless

The following deoxyoligonucleotides were used in this study: Scc-Ptherwise indicated), terminated by addition of SDS/proteinase K to
AACTTGTGTGGGTGTGTGTGGGTGTGTGT: Scc, AACTTG- final concentrations of 0.5% and 0.5 mg/ml, respectively, and
TGTGGGTGTGTGTGGG; TP, TGGACCAGACCTAGCAG- incubated at 37C for 15 min longer. Samples were resolved on
CTATGGGGGAGCTGGGGAAGGTGGGAATGTGA; OX-1T, 8% non-denaturing-polyacrylamide gels in>0BBE, 10 mM
ACTGTCGTACTTGATATTTTGGGGTTTTGGGGAATGTGA: KCI. Gels were dried and exposed for autoradiography or
OX-1, ACTGTCGTACTTGATATTTTGGGGTTTTGGGG; H1, scanned and quantitated by a phosphoimager. For assays of

GCATCGGCTTCCCAACTAGCTTTTTTTTTT: K1, TTTTT- unwinding kinetics, DNA was equilibrated in the reaction buffer
TTTTTTTTTTTTTTITT T T T T TTTTTGCTAGTTGGGAAGCC- at 37°C for 10 min, and the reaction was initiated by addition of
GATGC. Sgslp and terminated by addition of EDTA to a final concentration

Formation of G4 DNA and GZ2DNA from TP, OX-1 and ©0f 10 mM. The quantities of Sgs1p and DNA in each experiment
OX-1T, and duplex DNA by annealing H1 and K1, wasare specified in the figure legends.
performed as described4,33). Formation of G-G paired DNAs
from Scc and Scc-T was carried out by incubating oligonuclegyeg T
tides at 2-3 mg/mlin TE (10 mM Tris—HCI, pH 7.4, 1 mM EDTA)
containing 1 M NaCl for G4 DNA formatiog¢) or 1 MKClfor  Formation of G-G paired DNA substrates
G2 DNA formation @5) at 37C for 48 h. After incubation,
samples were diluted 1:5 with 10 mM Tris—HCI, pH 7.4, 1 mMGuanine-guanine interactiors/j can promote the association of
EDTA, 12.5 mM KClI and 2.5% glycerol, and DNAs resolved orDNA or RNA strands which contain runs of three or more
a 8% non-denaturing polyacrylamide gel (29:1 polyacrylamideconsecutive guanine residugd,86,38). The structures that can
bisacrylamide) run in 06 TBE (50 mM Tris—borate, pH 8.2, be produced by G-G pairing are distinguished by strand
0.5 mM EDTA) containing 10 mM KCI at°€, at 5-8 V/cm. stoichiometry, strand orientation and conformation of glycosidic
Bands corresponding to G4 DNA, G2NA and single-stranded bonds, and include four-stranded parallel G4 DNA or antiparallel
DNA (ssDNA) were identified according to their relative two-stranded G2DNA (Fig. 1A and B; reviewed i89). In G-G
mobility by UV-shadowing or autoradiography and excisedpaired DNA, the ring N7 bonds with the exocyclic amino group
DNAs were eluted from the crushed gel slices by soaking in T& a neighboring guanine, and is inaccessible to methylation, so
containing 50 mM NaCl and 20 mM KCl at room temperature foG-G pairing can be readily verified by DMS probiig)( In this
8-12 h, precipitated with ethanol, washed, and stored 4C-20 study, several different synthetic deoxyoligonucleotides, including
DNA was labeled as describ&t®), and G-G pairing was verified Scc, Scc-T and OX-1T, were used to form both G4 DNA arid G2
by assaying characteristic protection of the guanine N7 fromNA, and G-G interactions were confirmed by DMS modification
methylation with dimethylsulfate (DMS}6). (Fig. 1C).
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Sgslp unwinds G4 DNA

To ask if Sgs1p can unwind G-G paired DNA, purified Sgs1p was
incubated with G4 DNA formed from the Scc-T oligonucleotide,
which carries TG_3 repeats like those found @.cerevisiae
telomeres (reviewed i40), and unwinding was monitored by
non-denaturing polyacrylamide gel electrophoresis. Figére
shows that the fraction of G4 DNA unwound increased with time,
and complete unwinding was evident by 10 min. This time course
is similar to that of G4 DNA unwinding catalyzed by rBLM
helicase §2).

Sgslp is a '3to 5 DNA helicase that requires a shoft 3
single-stranded region to function on duplex DNA)( We
compared unwinding of two G4 DNA substrates, one formed
from Scc-T, which has a 7 nt @&il, and the other formed from
Scc, which has a blunt&nd. The tailed substrate, G4 -Scc-T, was
completely unwound during 20 min incubation with Sgslp at a
1:100 molar ratio of Sgs1p helicase to G4 DNA, while there was
no unwinding of the blunt substrate G4-Scc even at 40-fold higher
enzyme:DNA ratios (Fig2B). The dependence of unwinding
upon a 3 single-stranded tail is also a characteristic of rBLM
C helicase §2).

Both Mg?* and ATP were required for G4 DNA unwinding,

Scec Sce-T Scc Sce-T OX-1T and the non-hydrolyzable ATP analog, ABRdid not support the
'_.'q: ':' e '—"t unwinding reaction (Fi®2C). No unwinding occurred when both
z2 = Z % Z ATPYS and ATP were present. Af® also inhibits Sgslp
3 3 ~ = unwinding of duplex DNA in the presence of ATR), The most
hO @O ao 2306 straightforward explanation for this observation is thatysS'B

Analyses of other helicases have found that non-hydrolyzable
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a competitive inhibitor with higher affinity for Sgs1p than ATP.
? e
]

r ha.. [t. [a“ s nucleotides may have higher affinities for the enzyme than
- SR - R - hydrolyzable analog<{).
L = o 3 We also assayed unwinding activity of Sgslp on several
b - [E additional G4 DNAs, G4-TP, G4-OX-1T and G4-OX-1. Both
E a [: g ] OX-1T and OX-1 carry two repeats ofGy, the telomeric
- - sequence of the ciliat@xytricha G4 DNA formed from either
Wb [ will have a 5 single-stranded region, but only G4-OX-1T will
have a free '3single-stranded tail. Sgs1p unwinds G4-TP and
S b o G4-OX-1T, but not G4-OX-1, which lacks a tail (Fig. 2D).
" These observations further confirm that Sgs1p is% Belicase
- e which requires a short single-strandéth8 for activity (see also
Fig. 2A) (21). They also demonstrate that G4 DNA unwinding is
& independent of DNA primary sequence.
- - Sgsilp unwinds G2DNA
X When G-G paired DNA is formed in the presence tfréther
than Nd as the major monovalent cation, the predominant
| — g w8 products are hairpin dimers in which the two strands are
e antiparallel, referred to as GRNA (33,34,41) (Fig. 1B). As in

G4 DNA, the guanines in G2DNA display characteristic
protection from DMS probingFig. 1C), but G2 DNA migrates
significantly faster than G4 DNA on non-denaturing gel electro-
Figure 1. G-G paired DNAs. &) Guanine residues interact via Hoogsteen phoresis. The minor species (asterisks ingjig the preparation
pairing to form a G-quartet, a cyclic planar array (left); strand association!> I|kely_to be due to formatlo_n of an |some_r .In which adj.acent
mediated by G-G pairing is further stabilized by stacking of G-quartets (right). G-G paired strands adopt a different glycosidic conformation, as
(B) G-G paired DNA as four-stranded parallel G4 DNA (left) and as an has been reported by othefd)

antiparallel hairpin dimer, G2DNA (right). (C) Methylation interference Kinetic analysis of Sgslp unwinding of G2NA substrates
analysis of?P-labeled G4 DNA formed from oligonucleotides Scc and Scc-T formed from oligonucleotide OX-1T showed that the fraction of
(left); methylation protection of GDNA prepared from oligonucleotides Scc di d i | ith ti d |
and Scc-T (center); and methylation protection of G4 DNA andBB& Gz DNA unwoun. Increase !nea':y wit t'lm?, an ComP ete
prepared from oligonucleotide OX-1T (right). The guanine residues involved Unwinding was evident by 7 min (FigA). This time course is

in G-G Hoogsteen pairing are bracketed. similar to that of G4 DNA unwinding by Sgslp (FigA).
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Figure 2.Unwinding of G4 DNA by Sgs1pA) Kinetics of G4 DNA unwinding32P-labeled G4 DNA formed from the Scc-T oligonucleotide (100 nM) was incubated
with Sgs1p (8 nM) for the times indicated, and samples resolved on an 8% non-denaturing gel (inset). The graph shawsdhé&&&iA unwound at each time.
Mobilities of G4 DNA and ssDNA are indicated in each paf|Sgs1p-dependence of G4 DNA unwindi##p-labeled G4 DNA (100 nM) formed from the Sce-T
or Scc oligonucleotides was incubated with the indicated amount of Sgs1p and products analyzed by gel electrGplatd3iNA(unwinding activity requires
Mg2* and ATP32P-labeled G4 DNA (100 nM) formed from the Scc-T oligonucleotide was incubated with Sgs1p (8 nM) in the presence or absdhéd Bf 2

2 mM ATPYS or 2 mM Md@*, as indicated [¥) 3-5 helicase activity of Sgs1p on G4-DNA substrates. Unwinding assays of Sgs1p (0.4%™)abreled G4 DNA
substrates (2.5 nM) prepared from oligonucleotides TP, OX-1T and OX-1.

Complete unwinding was evident at a protein:DNA molar ratidNA was assayed in the presence of unlabeled competitor. These
of 1:20 (Fig.3B, left). GZ DNA formed from the oligonucleotide experiments showed that unwinding of TP-G4 DNA was
OX-1, which lacks a single-stranded tail, was not unwound bgliminished 75% in the presence of a 5-fold molar excess of
Sgslp (Fig3B, right). Like duplex21) and G4 DNA unwinding TP-G4 DNA, and abolished at 10-fold molar excess; but that the
(Fig. 2C), G2 DNA unwinding required Mg and ATP, and was H1/K1 duplex fork did not compete for TP-G4 DNA unwinding
not supported by ATYS (Fig.3C). even at a 20-fold molar excess (F8). Conversely, unwinding
of the H1/K1 duplex fork was diminishé@5% in the presence
G-G paired DNA is a better substrate for Sgslp than of a 1-fold molar excess of TP-G4 DNA, and abolished at 2-fold
duplex DNA molar excess (Fig4C). These results establish that Sgslp
preferentially unwinds G-G paired DNA.
We compared Sgs1p unwinding of G-G paired DNA and standard
Watson—Crick duplex DNA in both direct assays and competitioPlSCUSSlON
experiments, using as substrate a synthetic duplex ‘fork’ wit
single-stranded’3and 5 tails generated by annealing oligonucleo-We have shown that purified recombinant Sgslp helicase
tides H1 and K1. Sgslp did not completely unwind the forkinwinds G-G paired DNA. Like Sgslp unwinding of duplex
substrate, even at protein:DNA ratios greater than 1:14Rjg. DNA (21), Sgs1p unwinding of G-G paired DNA requires’a 3
Sgslp-catalyzed unwinding of the H1/K1 fork substrate isingle-stranded tail and is dependent upon the presence?df Mg
therefore considerably less efficient than unwinding of G-Gnd ATP in the reaction. Strikingly, Sgslp unwinds G-G paired
paired DNAs (compare Fig8 and3B). The preference for G-G substrates at least 10-fold more efficiently than it unwinds duplex
paired substrates was further established in competition experimestsbstrates. This suggests that G-G paired DNAs may be natural
in which unwinding of radiolabeled H1/K1 duplex fork or TP-G4targets for the Sgs1p helicdsevivo.
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| ! ; Figure 4.Sgs1p preferentially unwinds G4 DNA)(Sgs1p activity on duplex
————— . DNA substrate32P-labeled H1/K1 duplex fork DNA substrate (2.5 nM) was
incubated with the indicated amount of Sgslp and products analyzed by gel
electrophoresis. Mobilities of the duplex fork substrate and the single-stranded
unwinding product are indicated at the leB Competition assay of unwinding
of 32P-labeled G4 DNA formed from the TP oligonucleotide in the presence of
unlabeled G4-TP or H1/K1 duplex. Unwinding products were resolved by gel
electrophoresis, the fraction of unwound substrate quantitated by phosphoimager
and graphed as percentage of maximal unwindiDgCompetition assay of
unwinding of32P-labeled H1/K1 duplex fork DNA substrate in the presence of
unlabeled G4-TP or H1/K1 duplex. Quantification as in (B).
Figure 3. Unwinding of G2 DNA by Sgslp. &) Kinetics of G2 DNA Enzymes of the RecQ helicase family have drawn considerable

unwinding.32P-labeled G2DNA prepared from the OX-1T oligonucleotide ~ attention because they play key roles in maintaining genomic

(50 nM) was incubated with Sgs1p (4 nM) for the times indicated, and sample: tability (8-10). SGSlappears to be the orRecQfamily gene
resolved on an 8% non-denaturing gel (inset). The graph shows the fraction e : :
G2 DNA unwond at each time. Mobiities of G4 DNA. ENA and ssoiA 1N S.cerevisiae Other RecQ family helicases that have been

are indicated in each paneR)(Sgslp-dependence of GANA unwinding. identified in eukaryotic Ce_lls includ&.pombeRghl _and the
32p-labeled G2DNAs prepared from oligonucleotides OX-1T (20 nM) or human BLM and WRN helicase$1-13). These proteins share
OX(-jl 25 n'}/l) V(\;etr)e Inclublated Vr\?th Fg lbndlt_:a(t‘ed amount on;§8+951dp andseven conserved helicase motifs but differ in their C- and
products analyzed by gel electrophorest. Ynwinding requires an ~ . ;
ATP.32P-labeled G2DNA prepared from the OX-1T oligonucleotide (10 nM) N ter.mml (9r,li_|.0).h'_|'here apfpea}IrS tk()) be unus_ur%ﬂc\:/lonsexgtll\lon of
was incubated with Sgs1p (4 nM) in the presence or absence of 2 mM ATF](,u“Ctlon within this gene family, because et or

2 mM ATRyS or 2 mM M@, as indicated. A species that migrates between G4 can suppress the hyperrecombination phenotype of $epdt
DNA and G2 DNA on the gel is indicated by an asterisk. mutants '()
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Figure 5. A model for formation of G-G paired DNA structures in rDNA and telomefgsl€lomeres. In essentially all eukaryotic chromosomes, the G-rich strand
of the telomere extends to form a shote8 which is the primer for telomerase. Intermolecular G-G pairing could result in chromosomal non-disjuB)atiaA(

The eukaryotic rDNA contains one G-rich strand, which has the potential to form non-Watson—Crick structures stabilizetdringGFedigure shows how such structure
might form during rDNA replication (above) or transcription (below). Open and closed circles denote guanines. Diagramai&dGi@igiures show for simplicity
interactions involving guanines that are closely spaced. Formation of G-G paired stiueiveesould involve DNA spanning hundreds of nucleotides or more.
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The Sgslp preparation used in these experiments wasspontaneously in solution was first established nearly 40 years
truncated fragment containing amino acids 400-1268 of the&go, when concentrated solutions of GMP were found to form a
wild-type 1447 residue polypeptid€lj. We used truncated gel upon storage ar€ (47). For the experiments described in
Sgslp in part because it is difficult to purify intact, full-lengththis manuscript, high yields of G4 DNA were produced by
Sgslp at yields useful for detailed biochemical analysis. Imcubation of synthetic oligonucleotides at°60for 48 h, but
addition, we have recently shown that, like Sgslp, recombinagynthetic oligonucleotides form G4 DNA spontaneously under
human BLM helicase preferentially unwinds G-G paired DNAsyormal storage conditions; typically, preparations of synthetic
(32). These results raised the question of whether ability tgjigonucleotides which have G runs in their sequences will
unwind G-G paired DNAs might be a general property of the,niain a few percent G4 DNA. G-G paired structures are very
eukaryotic RecQ helicases. Truncated Sgs1p contains the cenidhie once formed. For example, thedf the TP oligonucleotide
conserved helicase domains. As truncated Sgs1p and full-len duplex DNA is <75C, while thé T, of GA-TP is >90C (34).

{Eé"(\jﬂe?;??gﬁiggaer&jsnsgnv‘]fi;‘rdriggoe;ﬁ.ggi;% Drl:IA sg_t;}strﬁegp eferential unwinding of a G4 DNA substrate is therefore unlikely
. : ry for recognit unwinding O 92 refiect relative thermodynamic stabilities of G4 and duplex DNA.
paired DNA therefore reside within the central region containin

the helicase domains. This central region is highly conserv though G-G paired DNA has not been c_jlrectly obseimedo
among RecQ family helicases, so it is likely that other helicas € reason may be that. cells contain hehcases, such as Sgsip an
of this family, including the WRN helicase deficient in Werner’s M, which are very active on G-G pgured substrates. .
syndrome, will prove to unwind G-G paired substrates. In yeast, two chromosomal domalns_are notably G.-I‘ICh, the
Formation of alternative, non-Watson—Crick structures i¢€lomeres and the rDNA. (In mammalian cells, the immuno-
thought to contribute to genomic instability in the expansions dilobulin heavy chain switch regions comprise a third G-rich
triplet repeats that can lead to a variety of neurologicihromosomal domain.) We suggest that formation of G-G paired
deficiencies 42 and citations therein). G-rich DNA has an Structures may cause or contribute to the genomic instability and
analogous potential to form alternative structures stabilized Bjyperrecombination phenotypes characteristic of cells lacking
G-G pairing during cellular processes that unwind the DNARecQ family helicases. Mechanisms by which this may occur in
duplex, including transcription, recombination or replicationS.cerevisiaere outlined in Figur®, and discussed below with
ssDNAs which contain runs of three or more consecutive guaninespect to the phenotypesSgsimutants.
residues readily self-associut®itro to form structures stabilized by ~ Essentially all eukaryotic telomeric repeats contain one G-rich
G-G pairing 83,34,3843-46). That G-G interactions occur strand which extends to form a short tail at then@ of telomere
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and which primes telomere extension by telomerase (reviewedlis
48-52). Intermolecular G-G pairing between the tdils of
different telomeres may resultin chromosomal non-disjunction ip,
the absence of an appropriate unwinding activity (b4g9. We

Yu,C.E., Oshima,J., Fu,Y.H., Wijsman,E.M., Hisama,F., Alisch,R.,
Matthews,S., Nakura,J., Miki,T., Ouais,S., Martin,G.M., Mulligan,J. and
Schellenberg,G.D. (199&cience272 258-262.

Hanada,K., Ukita,T., Kohno,Y., Saito,K., Kato,J. and Ikeda,H. (1997)
Proc. Natl Acad. Sci. USA4, 3860-3865.

have shown that Sgs1p can unwind G-G paired structures formegl Scappaticci,S., Cerimele,D. and Fraccaro,M. (1BB®). Genet 62,

by telomeric repeats. The absence of this activity could result in the
chromosomal non-disjunction characteristic of strains deficient it
Sgsip £9). 17

The rDNA of essentially all eukaryotes is G-rich on the
non-template strand and has considerable potential for G-88
pairing. InS.cerevisiagmutation ofSGSIldestabilizes the rDNA
repeats 1,4,5), which results in premature aging).(While the
complementary strand in the Watson—Crick duplex wouldg
normally protect the G-rich strand from intrastrand G-G pairing,
the duplex is transiently denatured during replication ang!
transcription (Fig5B). The denatured G-rich strand may then2
form G-G paired structures which are normally unwound by
Sgs1, but which in the absence of Sgs1 unwinding activity mussg
be eliminated by recombination. This would account for the
accumulation of rDNA circles irSgslmutant strains. The 24
nucleolar localization of Sgslpl)(is also consistent with g
preferential activity of Sgsip on the G-rich rDNA.

RecQ family helicases are highly conserved within the helicas®
domain. The human WRN helicase, which is a member of this
family, localizes to the nucleolus in rapidly dividing cell§,20).
Our observations that both BLN3Z) and Sgs1 actively unwind
G-G paired DNAs raise the interesting possibility that impaireds
G-G unwinding activity of WRN helicase could contribute to or30

19

cause the accelerated aging characteristic of Werner’s syndror‘é?.
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