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The Full-length Saccharomyces cerevisiae Sgs1 Protein Is a
Vigorous DNA Helicase That Preferentially Unwinds

Holliday Junctions®
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The highly conserved RecQ family of DNA helicases has mul-
tiple roles in the maintenance of genome stability. Sgs1, the sin-
gle RecQ homologue in Saccharomyces cerevisiae, acts both
early and late during homologous recombination. Here we pres-
ent the expression, purification, and biochemical analysis of
full-length Sgs1. Unlike the truncated form of Sgs1 character-
ized previously, full-length Sgs1 binds diverse single-stranded
and double-stranded DNA substrates, including DNA duplexes
with 5'- and 3’-single-stranded DNA overhangs. Similarly, Sgs1
unwinds a variety of DNA substrates, including blunt-ended
duplex DNA. Significantly, a substrate containing a Holliday
junction is unwound most efficiently. DNA unwinding is cata-
lytic, requires ATP, and is stimulated by replication protein A.
Unlike RecQ homologues from multicellular organisms, Sgs1 is
remarkably active at picomolar concentrations and can effi-
ciently unwind duplex DNA molecules as long as 23,000 base
pairs. Our analysis shows that Sgs1 resembles Escherichia coli
RecQ protein more than any of the human RecQ homologues
with regard to its helicase activity. The full-length recombinant
protein will be invaluable for further investigation of Sgsl
biochemistry.

DNA helicases are ATP hydrolysis-driven translocases that
separate the two strands of duplex DNA. They are found in all
living organisms and perform essential functions during repli-
cation, transcription, and repair of DNA. The RecQ family
belongs to superfamily 2 of helicases, which was named after
the founding member from Escherichia coli (1). Budding yeast,
Saccharomyces cerevisiae, possesses a solitary RecQ helicase,
Sgs1 (2, 3). Strains deleted for SGSI are sensitive to genotoxic
agents, such as methylmethane sulfonate, have reduced life
span, show increased chromosome missegregation, and display
mitotic hyperrecombination phenotype. Whereas most pro-
karyotes and unicellular eukaryotes express a single RecQ
homologue, multicellular eukaryotic organisms possess several
family members (reviewed in Ref. 4).

The general interest in this group of helicases was raised after
the discovery that mutations in at least three of the five human
homologues, BLM, WRN, and RECQ4, are linked to genetic
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disorders (5-7). When mutated, the resultant genetic abnor-
mality causes Bloom, Werner, and Rothmund-Thompson syn-
dromes, respectively. The affected individuals are character-
ized by a rapid onset of cancer, accelerated aging, growth
abnormalities, and other defects (reviewed in Ref. 8). At the
cellular level, the RecQ proteins maintain genomic stability
through various mechanisms, including important roles at var-
ious steps of double-stranded DNA (dsDNA)? break repair (9).

In E. coli, the RecQ protein is a helicase that acts on both
partially and fully duplex DNA (10). It initiates homologous
recombination via the RecF pathway by processing a dsDNA
molecule to provide a 3'-terminated single-stranded (ssDNA)
that is used by the RecA protein for homologous pairing (11,
12). The RecF pathway is the major homologous recombination
pathway for ssDNA gap repair, and in the absence of the
RecBCD enzyme, the RecF pathway can completely assume the
responsibility for the repair of dssDNA breaks (reviewed in Refs.
13 and 14). Because RecQ can act on a wider variety of DNA
substrates than RecBCD (11), it can initiate homologous re-
combination on substrates that are not suitable for RecBCD
(14-16). Moreover, not only can the RecQ helicase promote
recombination, but it can also disrupt joint molecule interme-
diates in vitro (11, 13), thereby contributing to recombination
fidelity (17) and to recombinational repair without crossing
over. Finally, RecQ has the unique capacity to functionally
interact with topoisomerase III to promote the catenation and
decatenation of dsDNA (18 -20).

A number of these characteristics are conserved among
eukaryotic homologues. Mutation of S. cerevisiae SGSI rescues
the slow growth phenotype of strains lacking topoisomerase I1I
(Top3), and both factors interact genetically and physically (2).
The sgsIA, top3A, and sgsIA top3A mutants accumulate re-
combination-dependent cruciform structures at replication
forks that encountered a damaged template (21). Human and
Drosophila BLM also interact with their cognate topoisomer-
ase, Topo Ille, in vitro (9). The heterodimer can migrate and
“dissolve” the double Holliday junctions that arise during
homologous recombination, producing non-crossover recom-
bination products (22—24).

In addition to processing of recombination intermediates by
dissolution, Drosophila BLM promotes synthesis-dependent

2 The abbreviations used are: dsDNA, double-stranded DNA; HRDC, helicase
and RNase D C-terminal; MBP, maltose-binding protein; nt, nucleotide(s);
RPA, replication protein A; ssDNA, single-stranded DNA; SSB, single-
stranded DNA-binding protein; PMSF, phenylmethanesulfonyl fluoride;
NTA, nitrilotriacetic acid.
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strand annealing (SDSA), a recombination pathway that also
leads to non-crossover products (25). RecQ family members are
also believed to suppress illegitimate recombination by un-
winding aberrantly paired DNA molecules at regions of limited
homology (17, 26). Finally, very recently, both human (BLM)
and yeast (Sgsl) RecQ homologues were shown to promote
5’-end resection at dssDNA break sites to form 3’-ssDNA tails, a
key early step in homologous recombination (27-30).

Although all RecQ helicases unwind DNA with a 3'—5’
polarity, they differ markedly with respect to activity and sub-
strate specificity. The E. coli RecQ helicase is active on a wide
variety of duplex DNA substrates (11), whereas the multicellu-
lar eukaryotic RecQ homologues are typically less robust, and
each has apparently specialized to bind and unwind distinct
structures (31-35). Our understanding of the function of the
yeast Sgs1 helicase is based almost exclusively on genetic stud-
ies because attempts to obtain full-length protein were unsuc-
cessful (36). The existing biochemical analyses used only the
central Sgs1 fragment containing residues 4001268, whereas
the full-length protein comprises 1447 amino acids. This frag-
ment of Sgs1, containing the helicase domain, has strong pref-
erence for binding and unwinding DNA substrates with
3'-ssDNA tails (36, 37). However, the missing N- and C-termi-
nal domains mediate interactions with the binding partners
Top3 (2) and Rad51 (38), respectively, which are important to
function in vivo. Moreover, the missing domains might mediate
additional interactions with DNA and, thus, contribute to sub-
strate binding interactions. Specifically, the Sgs1 fragment lacks
the helicase and RNase D C-terminal (HRDC) domain impli-
cated in conferring DNA substrate specificity (39, 40). The
HRDC domain in BLM is essential for dissolution of double
Holliday junctions (24), implying that the full-length Sgs1 will
be indispensable for proper mechanistic analysis.

In this study, we expressed and purified full-length Sgs1 pro-
tein using the baculovirus expression system. We demonstrate
that the recombinant protein possesses unexpectedly high lev-
els of ATPase and helicase activities and that it can unwind a
wide variety of duplex DNA molecules. Notably, the full-length
Sgs1 helicase shows a marked preference for unwinding DNA
with a Holliday junction.

EXPERIMENTAL PROCEDURES

Expression Plasmids—The sequence coding for both the mal-
tose-binding protein (MBP) tag and PreScission protease cleav-
age site was amplified by PCR using pMal-P vector (modified
pMal-c2x vector from New England Biolabs) as the DNA tem-
plate and DNA oligonucleotides PC11 (CGCAAATCGGATC-
CCATATGATGAAAATCGAAGAAGGTAAACTG; BamHI
site underlined) and PC12 (CGCAAATCGCTAGCGGGC-
CCCTGGAACAGAACTTCCAG; Nhel site underlined). The
PCR product was then digested with BamHI and Nhel restric-
tion endonucleases and cloned into the BamHI and Nhel
restriction sites in pFB-GST-BLMh10 (22), creating pFB-MBP-
BLMh10. The sequence coding for the glutathione S-transfer-
ase tag was replaced by that coding for the MBP tag in this step.
Next, the SGSI coding sequence was amplified by PCR using
DNA oligonucleotides PC1 (CTCTGAACTCGAGCTGGAA-
GTTCTGTTCCAGGGGCCCGCTAGCGGATCCATGGTG-
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ACGAAGCCGTCACATAAC; Nhel site underlined) and PC2
(CGCAAATCCTCGAGCCCGGGTCACTTTCTTCCTCTG-
TAGTGAC; Xhol site underlined) and S. cerevisiae wild type
genomic DNA (strain S288C, Research Genetics). The reaction
product was digested by Nhel and Xhol endonucleases and
cloned into pFB-MBP-BLMh10, creating pFB-MBP-Sgs1. The
sequence of the DmBLM gene was replaced by that of full-
length SGS1 in this step. Finally, the sequence coding for the C
terminus of SGSI was amplified by PCR using oligonucleotides
PC55 (CGGCTTCCAGCAATGGGATTGC) and PC56 (CGC-
AAATCCTCGAGCCCGGGTCAATGGTGATGGTGATG-
GTGATGGTGATGGTGCTTTCTTCCTCTGTAGTGAC;
Xhol site underlined, sequence coding for decahistidine tag in
boldface type). The amplified DNA fragment was digested by
KasI and Xhol restriction endonucleases and cloned into KasI
and Xhol sites in pFB-MBP-Sgs1. This step added the C-termi-
nal decahistidine tag to the SGSI sequence, creating pFB-MBP-
SGS1-His. The sequence of SGSI was verified by sequencing.
The plasmid (pFB-MBP-SGS1K706A-His) coding for the
ATPase-dead mutant, Sgsl (K706A) was obtained by using
QuikChange II XL site-directed mutagenesis kit (Stratagene)
according to the manufacturer’s recommendation, using the
mutagenic primers PC57 (CTTATGCCAACAGGGGGTGG-
CGCCTCTCTTTGCTATCAACTTC) and PC58 (GAAGT-
TGATAGCAAAGAGAGGCGCCACCCCCTGTTGGCAT-
AAG), and verifying the unique change by sequencing. All
restriction endonucleases were purchased from New England
Biolabs. The enzyme used for PCRs was ExTaq (Takara Bio).
Expression and Purification of Recombinant Proteins—MBP-
Sgsl protein was expressed using the pFB-MBP-Sgsl-His
vector and the Bac-to-Bac baculovirus expression system
(Invitrogen) in Sf9 cells, according to the manufacturer’s rec-
ommendations. The protocol describes purification from 3.2
liters of Sf9 cell culture. Pellets of Sf9 cells expressing MBP-Sgs1
were frozen 52 h after viral infection and stored at —80 °C. All
subsequent steps were performed on ice or at 4 °C. Cells were
thawed and resuspended in 3 pellet volumes of lysis buffer (50
mM Tris-HCI, pH 7.5, 1 mm dithiothreitol, 1 mm EDTA, 1:400
protease inhibitor mixture (Sigma P8340), 1 mm phenylmeth-
anesulfonyl fluoride (PMSF), 30 ug/ml leupeptin). Cells were
incubated for 20 min with gentle agitation, and then 2 pellet
volumes of ice-cold 50% glycerol were added to the sample.
Next, 5 M NaCl (6.5% of the total solution volume) was added
dropwise to the sample, and the solution was incubated for 30
min with gentle agitation. The soluble extract was obtained by
pelleting the insoluble material at 58,000 X g for 30 min. Amy-
lose resin (8 ml; New England Biolabs) was pre-equilibrated
according to the manufacturer’s recommendations in a dispos-
able plastic column (Thermo Scientific) and batch-wise incu-
bated with the cleared protein extract for 1 h. The resin was
extensively washed batch-wise, at first, and then in the column
with wash buffer (50 mm Tris-HCI, pH 7.5, 5 mMm 3-mercapto-
ethanol, 1 M NaCl, 10% glycerol, 1 mm PMSF, 10 pug/ml leupep-
tin). MBP-Sgs1 was eluted with 20 ml of elution buffer (50 mm
Tris-HCL, pH 7.5, 5 mm B-mercaptoethanol, 300 mm NaCl, 10%
glycerol, 1 mm PMSEF, 10 ug/ml leupeptin, and 10 mm maltose).
Protein concentration in the eluate was estimated using the
Bradford method with bovine serum albumin as a protein
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standard, and the recombinant PreScission protease was added
to the sample (12 pg of protease per 100 ug of protein) to
remove the MBP tag. The sample was incubated for 3 h. Next,
0.5 g of Bio-Rex70 resin (Bio-Rad) was pre-equilibrated with
elution buffer, and batch-wise incubated with the sample for 15
min. Flow-through was collected by loading the slurry into a
plastic disposable column, and imidazole was added to a final
concentration of 20 mm. Ni*>"-NTA-agarose (1 ml; Qiagen) was
pre-equilibrated with elution buffer supplemented with 20 mm
imidazole, added to the sample, and incubated for 1 h. The
sample was then applied on a disposable plastic column;
washed with 20 ml of NTA buffer A1 (50 mm Tris-HCL, pH 7.5,
5 mM B-mercaptoethanol, 1 m NaCl, 10% glycerol, 1 mm PMSF,
10 pug/ml leupeptin, 58 mm imidazole) and 5 ml of NTA buffer
A2 (50 mm Tris-HCI, pH 7.5, 5 mm B-mercaptoethanol, 150 mm
NaCl, 10% glycerol, 1 mm PMSF, 10 ug/ml leupeptin, 58 mm
imidazole); and eluted with 4 ml of NTA buffer B (50 mm Tris-
HCI, pH 7.5, 5 mM B-mercaptoethanol, 150 mm NaCl, 10% glyc-
erol, 1 mm PMSF, 10 ug/ml leupeptin, 400 mm imidazole). Sgs1
protein was then dialyzed overnight against 1 liter of dialysis
buffer (50 mm Tris-HCI, pH 7.5, 5 mm B-mercaptoethanol, 300
mm NaCl, 50% glycerol, 0.5 mm PMSF, 1 pug/ml leupeptin), flash
frozen in liquid nitrogen in small aliquots, and stored at —80 °C.
Protein concentration was determined by the Bradford
method, using bovine serum albumin as a protein standard. A
typical purification yielded ~100-200 ug of Sgsl protein at a
final concentration of ~600-900 nM. The catalytically inactive
Sgsl (K706A) mutant was purified identically; the yield was 400
pg, and the final concentration was 1.54 um. Sgsl tested nega-
tive for nuclease contamination in reactions carried out in heli-
case buffer (see below) without ATP and with 10 mm magne-
sium acetate, on the Y-structure oligonucleotide substrate
during a 60-min incubation at 30 °C. E. coli SSB and S. cerevi-
siae replication protein A (RPA) were purified as described pre-
viously (18, 41) and were shown to have the reported ssDNA
binding stoichiometries.

Nucleic Acid Substrates—DNA oligonucleotides were pur-
chased from Sigma, purified by polyacrylamide gel electro-
phoresis, and **P-labeled with T4 polynucleotide kinase (New
England Biolabs) at their 5’-end, if necessary. Unincorporated
nucleotides were removed using MicroSpin G25 columns (GE
Healthcare). The substrates were prepared by heating the oli-
gonucleotides at 95 °C and slow gradual cooling to room tem-
perature in STE buffer (10 mm Tris-HCL, pH 7.5, 1 mm EDTA,
and 100 mm NaCl). The sequences of the oligonucleotides were
as follows: X12-3, GACGTCATAGACGATTACATTGCTA-
GGACATGCTGTCTAGAGACTATCGC; X12-4NC, GCGA-
TAGTCTCTAGACAGCATGTCCTAGCAAGCCAGAATT-
CGGCAGGCTA; X12-4 C,GCGATAGTCTCTAGACAGCA-
TGTCCTAGCAATGTAATCGTCTATGACGTC; X12-3 SC,
TTGCTAGGACATGCTGTCTAGAGACTATCGC; X12-4
SC, GCGATAGTCTCTAGACAGCATGTCCTAGCAA). The
oligonucleotides that were radioactively labeled are indi-
cated with an asterisk below. The Y-structure substrate con-
tained a 31-bp dsDNA region and both 5'- and 3'-ssDNA arms
19 nucleotides (nt) in length, and it was prepared by annealing
X12-3* and X12-4 NC oligonucleotides. The 3’-overhang sub-
strate contained a 31-bp dsDNA region and a 3'-ssDNA 19-nt
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tail, and it was prepared by annealing X12-3 SC* and X12-4 NC.
The 5'-overhang substrate contained a 31-bp duplex region
and a 5'-ssDNA 19-nt tail, and it was prepared by annealing
X12-3* and X12-4 SC. The long dsDNA substrate was 50 bp in
length, and it was prepared by annealing X12-3* and X12-4 C
oligonucleotides. The short dsDNA substrate was 31 bp in
length and was prepared by annealing of X12-3 SC* and X12-4
SC oligomers. The long ssDNA substrate was the 50-nt oligo-
nucleotide, X12-3* and the short single-stranded substrate was
the 31-nt oligonucleotide, X12-3 SC*. The oligonucleotides
used to prepare the single Holliday junction substrate were
identical to those described previously (42).

Substrates using ¢X174 DNA were prepared by annealing a
66-nt oligomer, PC63 (AGTGTTAACTTCTGCGTCATGGA-
AGCGATAAAACTCTGCAGGTTGGATACGCCAATCAT-
TTTTATC), to ¢$X174 virion ssDNA (New England Biolabs).
The oligonucleotide is complementary to ¢pX174 at nucleotides
5357-36 (36). To prepare the undigested, circular substrate, the
PC63 oligonucleotide was **P-labeled at the 5’ terminus. To
prepare the 5'-labeled linear substrate depicted in Fig. 7, the
PC63 oligonucleotide was 3?P-labeled at the 5’ terminus and
annealed to ¢X174, and the resulting duplex was digested with
Pstl. To prepare the linear 3'-labeled substrate, the PC63 oligo-
nucleotide was first annealed to ¢X174, the duplex was
digested with Pstl, and the 3'-end was labeled using Klenow
fragment of DNA polymerase I (New England Biolabs) and
dGTP and [a-3?P]dATP nucleotides. The reaction resulted in
extension of the duplex region by 4 nt.

Helicase Assays—Helicase assays (15-ul volume) were car-
ried out with oligonucleotide-based substrates (0.15 nm mole-
cules) or ¢pX174-based substrates (1 nm molecules) in helicase
buffer (20 mm Tris acetate, pH 7.5, 2 mm magnesium acetate, 2
mwMm dithiothreitol, 100 wg/ml bovine serum albumin, 2 mm
ATP). Where indicated, the helicase buffer was supplemented
with E. coli SSB or S. cerevisiae RPA, which were present at a
3-fold molar excess (with regard to saturation of the ssDNA
upon complete unwinding reaction) for the oligonucleotide-
based substrates, or a 1.5-fold molar excess for the $pX174-
based substrates. For each single-stranded binding protein,
ssDNA saturation is defined by the DNA-binding site size (~16
nt/SSB monomer and ~20 nt/trimeric RPA) (43, 44). Reactions
were assembled on ice, briefly equilibrated at room tempera-
ture, and initiated by adding the indicated concentrations of
Sgs1. Helicase assays with A phage-based DNA substrates were
carried out similarly to those with ¢$X174-based substrates,
except that the DNA substrate concentration was 0.05 nM mol-
ecules (per full-length A DNA), and the ATP concentration in
helicase buffer was 3 mm. Reactions were incubated for 30 min
at 30 °C and terminated with 5 ul of stop buffer (150 mm EDTA,
2% SDS, 30% glycerol, 0.1% bromphenol blue) for 30 min at
30 °C. When the radioactively labeled oligonucleotide sub-
strates was used, the stop buffer also contained a 20-fold con-
centration excess of the identical but unlabeled oligonucleo-
tide, to prevent spontaneous reannealing of the unwound
substrate strands after the reaction termination. Time course
reactions were carried out identically, except the initial reaction
volume was 150 pl, and 15-ul aliquots were added to 5 ul of
stop buffer at the indicated time points. Products of the reac-
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tions with oligonucleotide-based substrates were analyzed by
10% polyacrylamide (acrylamide/bisacrylamide ratio 19:1) gel
electrophoresis in TBE buffer (89 mm Tris borate, 2 mM EDTA).
Products of the reactions with ¢$X174-based substrates were
analyzed by 1% agarose gel electrophoresis in TAE buffer (40
mM Tris acetate, 1 mm EDTA, pH 8.4). The gels were then dried
on DE 81 paper (Whatman), exposed to a storage phosphor
screen, and scanned using a Storm imaging system (Molecular
Dynamics). Data quantification was performed using Image-
QuaNT software (Version 5.2, GE Healthcare).

Electrophoretic Mobility Shift Assays—The electrophoretic
mobility shift assays to characterize the binding of Sgs1 to var-
ious DNA substrates (0.15 nM molecules) were carried out sim-
ilarly to the helicase assays with oligonucleotide-based sub-
strates, except that ATP was omitted from the binding buffer.
The complexes were mixed with 3 ul of loading buffer (50%
glycerol, 0.1% bromphenol blue) and were immediately ana-
lyzed by 6% polyacrylamide gel electrophoresis in TBE buffer at
room temperature. Data were quantified using ImageQuaNT
software based on the disappearance of the substrate band.

ATPase Assay—This assay was based on a reaction in which
the regeneration of hydrolyzed ATP is coupled to the oxidation
of NADH, which can be monitored spectrophotometrically in
real time. The assay and data evaluation is described in Refs. 45
and 46. The reaction buffer contained the indicated concentra-
tions of Sgs1 and, unless specified otherwise, 1 um (nucleotides)
nucleic acid cofactors, 1 mm ATP, 25 mm Tris acetate, pH 7.5, 1
mM magnesium acetate, 0.1 mm dithiothreitol, 1 mm phos-
phoenolpyruvate, 25 units/ml pyruvate kinase (Sigma), 25
units/ml L-lactate dehydrogenase (Sigma), and 200 um NADH
(Sigma). Reactions were assembled on ice, briefly equilibrated
at 30 °C, and initiated by adding Sgs1. Control reactions con-
tained all components except for Sgs1 and did not show any
significant change in absorbance over the time course of the
reaction. The kinetic parameters were calculated using Prism
software (Version 5.0 for Mac, GraphPad Software).

RESULTS

Purification of Full-length Sgs1—The full-length SGSI gene
was fused with the sequence coding for MBP to add an N-ter-
minal affinity tag. The MBP sequence was separated from SGS1
by a PreScission protease cleavage site. Full-length Sgs1 was
expressed using the Bac-to-Bac expression system in Sf9 cells
and purified by affinity chromatography using an amylose resin
(which binds MBP-tagged proteins with high affinity). The ini-
tial purifications yielded full-length MBP-Sgs1 protein that
contained large amounts of Sgs1 truncation products (data not
shown). To circumvent this problem, we fused a decahistidine
tag at the C terminus of the MBP-Sgs1 construct (Fig. 14). The
affinity tags did not alter the protein’s ability to complement
methylmethane sulfonate sensitivity of a sgsIA mutant when
expressed from the yeast expression vector, pYES2 (data not
shown). The fusion protein construct was expressed in Sf9 cells,
and the MBP-Sgs1-His, , was isolated first using amylose affin-
ity chromatography. The MBP-tagged fusion protein was then
cleaved by PreScission protease, and Sgs1 was further purified
using Ni*"-NTA-agarose (Qiagen). The full-length protein
used for the biochemical characterization in this study con-
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FIGURE 1. Purification of full-length Sgs1 protein. A, diagram of SGS7 con-
structs. The recombinant protein was expressed in Sf9 cells with an N-termi-
nal MBP tag and a C-terminal His,, tag. During purification, the MBP tag was
removed using PreScission protease (PP). Consequently, the resulting Sgs1
protein contained only the C-terminal His,, (710xhis) tag. B, a representative
Sgs1 purification showing fractions analyzed by SDS-PAGE. The positions of
the recombinant constructs are indicated on the right, and the molecular
masses of protein size markers are shown on the /eft. The gel was photo-
graphed after staining with Coomassie Brilliant Blue. C, fractions from the
purification of the mutant, Sgs1 (K706A) protein analyzed by SDS-PAGE.

tained only the C-terminal His, , tag and is denoted as Sgs1 (Fig.
1, A and B). The recombinant protein had a molecular mass of
166 kDa and migrated at ~200 kDa on a 6% polyacrylamide gel.
The typical purification of Sgs1 (Fig. 1B) yielded ~100-200 ug
of protein at a final concentration of ~600-900 nMm. We also
produced catalytically inactive Sgs1 by mutating the conserved
lysine (Lys”°) in the Walker A motif to alanine (47). The result-
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ing Sgs1 (K706A) mutant was purified exactly as the wild type
protein (Fig. 1C).

Inthe Absence of ATP, Sgs1 Helicase Binds to a Broad Range of
DNA Substrates—W e first analyzed the ability of Sgs1 to bind a
diverse set of DNA substrates, using electrophoretic mobility
shift assays (Fig. 2, A and B). In the absence of ATP, Sgs1 formed
stable protein-DNA complexes with all of the substrates tested,
although the binding to a “Y-structure” DNA substrate that
contained a duplex DNA region (31 bp) and both 5’- and
3'-ssDNA tails (19 nt) showed the highest affinity (based on the
midpoint, K, ~ 0.1 nm), and the binding to the blunt-ended
dsDNA showed the lowest affinity (K, ~ 3 nm) (Fig. 2, A and B).
The binding to substrates containing either a 5'- or 3’-ssDNA
overhang was almost indistinguishable (Fig. 2, A and B). These
results are in stark contrast to those obtained previously with
the truncated Sgsl protein, which bound exclusively to
3'-tailed DNA (36, 37). This difference suggests that the addi-
tional N- and C-terminal domains in the full-length protein
potentiate DNA binding and allow the protein to bind to a
wider variety of substrates. As expected, the Sgsl (K706A)
mutant possessed DNA binding activity similar to that of the
wild type protein (data not shown).

Purified Full-length Sgs1 Possesses ATP Hydrolysis Activity
That Is Stimulated by either ssDNA or dsDNA—The ATPase
activity of the full-length Sgs1 protein was analyzed in the pres-
ence of various DNA cofactors. Sgsl displayed a vigorous
ATPase activity (Table 1) with all of the DNA substrates tested.
The greatest stimulation was observed using a four-way (Holli-
day) junction substrate, although the longer $X174 ssDNA was
as effective. Nearly as effective (~60—65%) were the Y-struc-
ture DNA, fully ssDNA, and ¢X174 dsDNA (Table 1). Both the
tailed duplex DNA and the dsDNA oligonucleotide substrates
stimulated Sgs1 only about one-third as well as the Holliday
junction substrate.

To obtain the kinetic parameters for ATP hydrolysis, we ana-
lyzed the ATPase activity stimulated by poly(dT), which is
devoid of secondary structure, as a function of increasing ATP
concentration (Fig. 34). The ATPase activity was hyperbolic in
ATP concentration, and a fit to the data yielded V,,,, = 1.28 =
0.03 um/s and K, = 43 = 3 um. Given that the Sgs1 concentra-
tion was 5 nm, the apparent k_,, is 256 = 6 s~ ', which is an
apparent ATP turnover number that is 10-fold greater than
E. coli RecQ (48) and is comparable with that of the vigorous
helicase, RecBCD (49). RPA inhibited the ATPase activity
of Sgsl by ~30% (Fig. 3A). As expected, the defective Sgsl
(K706A) mutant showed no ATPase activity (Fig. 34).

Next, the DNA concentration was varied (Fig. 3B), resulting
in the following kinetic parameters: V.. = 1.31 * 0.10 uMm/s,
K,, = 61 = 11 nm, and an apparent k_,, = 263 = 125~ ". Finally,
when poly(dT), at a concentration (160 nm) that was greater
than the K, was used, the rate of ATP hydrolysis increased
linearly with Sgs1 concentration until it saturated at an Sgsl
concentration of ~4.8 nMm (Fig. 3C), corresponding to an appar-
ent DNA-binding site size of 33 nucleotides. These parameters
establish Sgs1 as a vigorous ATPase with a high apparent affin-
ity for both ATP and ssDNA.
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TABLE 1

Specificity of the ATP hydrolysis and DNA unwinding activities of
full-length Sgs1 protein

ATP hydrolysis and DNA unwinding of various DNA structures are shown.
DNA substrates are described under “Experimental Procedures.” Values are the
average of at least three experiments, and S.E. is reported. n.a., not applicable;
n.d., not determined.

DNA substrate ATP hydrolysis? DNA unwinding
Description Structure (nN[E ::;_])b ap?:;igt)ck car app(apr ;?)tdKM
Holliday junction 4= 470 + 38 235 +19 15+1
$X174 ssDNA O 430 =45 215 £23 n.a.
$X174 dsDNA @ 312+27 156 13 n.d.
Y-structure = 304 +29 15215 6112
ssDNA e 294 £ 50 147 £25 n.a.
dsDNA (50 bp) | —— 176 + 35 88+ 18 122+ 20
3’-overhang = 172+ 61 86 =31 146+ 3
5’-overhang = 164 + 26 82+ 13 135+5
dsDNA (31 bp) = n.d. n.d. 175+3
no DNA 20+6 10+3 n.a.

“ The reactions contained Sgsl (2 nm) and the indicated DNA substrate (1 um,
nucleotides).

? Calculated from the linear region of the ATPase assay.

¢ Calculated by dividing the rate by the Sgs1 concentration (2 nm).

4 Represents the Sgs1 concentration required to unwind 50% of the DNA in Fig. 5B.

Sgs1 Is a DNA Helicase That Can Be Stimulated by an ssDNA-
binding Protein—The helicase activity of full-length Sgs1 was
first analyzed on the Y-structure DNA substrate. Sgsl fully
unwound this substrate in a reaction that required ATP and
Mg>* (Fig. 4A); in contrast, the Sgs1 (K706A) mutant, which
was deficient in ATP hydrolysis, showed no helicase activity
(Fig. 4B). In the absence of an ssDNA-binding protein, only 24
pM Sgs1 was needed to unwind most of the substrate (150 pm
molecules). However, increasing the Sgs1 concentration to 730
pM (Fig. 4A4) and beyond (data not shown) actually resulted in a
lower yield (~70%). A similar reduction in unwinding yield at
higher protein concentrations was observed previously with
several human RecQ homologues (31, 50-52) and was attrib-
uted to an apparent “DNA strand annealing” activity. Protein-
mediated DNA annealing is usually the consequence of non-
specific protein binding, and it occurs when DNA-binding
proteins aggregate ssDNA (53). Because this apparent DNA
annealing is blocked by RPA, its biological relevance remains to
be determined.

Because ssDNA-binding proteins block DNA annealing,
their effect on Sgsl-mediated unwinding was examined. As
expected, supplementing the reaction with either E. coli SSB or
S. cerevisiae RPA resulted in nearly 100% unwinding at Sgsl
concentrations at and above 240 pm (Fig. 4, A and C). Although
RPA stimulated the reaction slightly better than SSB, the differ-
ence was relatively minor; in the presence of RPA, the amount
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FIGURE 3. Sgs1 shows DNA-dependent ATPase activity. A, the rate of ATP
hydrolysis and its dependence on ATP concentration. The reaction contained
Sgs1 or Sgs1 (K706A) (5 nm), poly(dT) (1 um nucleotides), RPA (0.15 um; 300%
of ssDNA saturation if indicated), and varying concentrations of ATP. The
kinetic parameters for ATP hydrolysis (see “Results”) were obtained by fitting
to the Michaelis-Menten equation. B, the relationship between ATP hydroly-
sis and the concentration of DNA. The reactions contained Sgs1 (5 nm), ATP (1
mm), and the indicated concentrations of poly(dT). The kinetic parameters for
ATP hydrolysis (see “Results”) were obtained by fitting to the Michaelis-Men-
ten equation. G, the relationship between ATP hydrolysis and Sgs1 concen-
tration. The reactions contained poly(dT) (160 nm nucleotides), ATP (1 mwm),
and the concentrations of Sgs1 indicated. The data from all panels are the
average of at least two independent experiments. Error bars, S.E.

of Sgs1 required to unwind 50% of the substrate was 50 pm,
whereas in the presence of SSB, 145 pm Sgsl was required.
Therefore, we infer that both proteins are primarily acting non-
specifically to bind and trap the ssDNA produced by Sgs1 heli-
case action and, thereby, they are preventing the reannealing of
the ssDNA produced by unwinding; however, as will be seen
below, the greater effectiveness of RPA may reflect a compo-
nent of specific interaction between Sgs1 and RPA (54). Finally,
both SSB and RPA inhibited unwinding at low Sgs1 concentra-
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FIGURE 4. Sgs1 is a DNA helicase. A, representative polyacrylamide gels
(10%) showing the DNA helicase activity of Sgs1 on a >P-labeled Y-structure
DNA substrate (150 pm molecules). The substrate and reaction products are
illustrated to the right of each gel. *, position of the 3°P label. Reactions were
incubated for 30 min and, where indicated, supplemented with either S. cer-
evisiae RPA or E. coli SSB. Control reactions were as follows. —ATP, ATP was
omitted from the reaction buffer; +EDTA, EDTA (33 mm) was added. The last
lane contains heat-denatured substrate (Heat). B, analysis of the Sgs1 (K706A)
mutant protein as in A. C, quantification of helicase assays, such as those
shown in A. D, kinetics of unwinding of the Y-structure DNA (150 pm mole-
cules) by 24 pm Sgs1. E, kinetics of unwinding of the Y-structure DNA (150 pm
molecules) by 730 pm Sgs1. The results in C—E are the average of at least three
experiments. Error bars, S.E.

tion (Fig. 4, A and C), suggesting competition for binding to the
ssDNA tails. Similar behavior was observed for both E. coli
RecQ (48) and human BLM (50).

We next performed a time course of the Sgs1-catalyzed DNA
unwinding in the presence or absence of RPA. Atalow concen-
tration of Sgsl (24 pm), RPA slowed the rate of unwinding
~3-fold (Fig. 4D). In contrast, at high Sgs1 concentration (730
pM), RPA stimulated the reaction to result in 100% DNA
unwinding within 5 min (Fig. 4E).

Sgsl1 Helicase Unwinds a Broad Range of DNA Substrates but
Prefers a Holliday Junction or Y-structure DNA—W e also ana-
lyzed the ability of Sgs1 to unwind a variety of DNA substrates
in the presence of RPA. We found that a four-way DNA junc-
tion, which is equivalent to a single immobile Holliday junction,
was unwound most efficiently (Fig. 5, A and B), which is remi-
niscent of earlier observations with either BLM or WRN pro-
tein (32). To unwind 50% of the Holliday junction substrate,
only about 15 pm Sgsl was needed (Fig. 5B). In comparison,
about 61 pm Sgsl was required for unwinding 50% of the
Y-structure DNA, the next best DNA substrate (Fig. 5B). Sgs1
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FIGURE 5.Sgs1 can unwind a broad range of DNA substrates. The helicase
assays were carried out with the indicated *2P-labeled DNA (150 pm mole-
cules). All reactions contained RPA and were incubated for 30 min. A, repre-
sentative polyacrylamide gels (10%) showing unwinding of four-way junc-
tion, 3’-ssDNA overhang, 5'-ssDNA overhang, 31-bp dsDNA, and 50-bp
dsDNA. The substrate and product are depicted on the right. *, position of the
32p |abel. The last lane contains heat-denatured substrate (heat). B, quantifi-
cation of the helicase assays as in A, with the Sgs1 concentration plotted on a
logarithmic scale. C, helicase assays at 240 pm Sgs1 carried out as in A as a
function of magnesium acetate concentration. The results are the average of
at least three experiments. Error bars, S.E.
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could unwind all of the other substrates tested, but, compared
with the Holliday junction substrate, typically 10-fold more
enzyme was required to achieve the same product yield (Table
1). The unwinding of substrates containing either 5'- or
3'-ssDNA tails was almost equal over a wide range of Sgsl
concentrations (Fig. 5, A and B). Furthermore, Sgs1 did not
require an ssDNA tail to initiate unwinding, because the
blunt-ended duplex DNA substrate was also readily
unwound (Fig. 5, A and B).

We next tested the effect of increasing Mg”>* concentration
on the unwinding of the various substrates by Sgs1. The ability
of Sgs1 to unwind blunt-ended dsDNA or substrates containing
5'- or 3'-tailed DNA dropped precipitously with increasing
Mg>" concentration (Fig. 5C). At 4 mm Mg>*, both the Holli-
day junction and the Y-structure DNA were equivalent and
remained at a high level. At these conditions, the selectivity for
these two substrates was the highest. Interestingly, increasing
the Mg>" further to 10 mm revealed that the Y-structure DNA
was the preferred substrate (Fig. 5C). This is probably due to a
more compact structure of Holliday junction that is assumed at
elevated Mg>" concentrations (55). In summary, in the physi-
ological range of Mg>* concentration (1-5 mm), both Holliday
junctions and Y-structure DNA are the preferred substrates for
Sgs1 helicase activity, although blunt-ended dsDNA is also effi-
ciently unwound. This behavior is reminiscent of E. coli RecQ
(11) and is in contrast to the behavior of all of the other eukary-
otic RecQ homologs (31, 32, 34, 35, 52).

The Unwinding of Substrates with Long Lengths of ssDNA Is
Greatly Stimulated by RPA—W e next investigated the unwind-
ing of a *?P-labeled oligonucleotide (66-mer) annealed to
$»X174 ssDNA (Fig. 6A). At concentrations greater than 7.5 nm,
Sgsl unwound 80-90% of the substrate in a reaction that
required ATP and Mg>" (Fig. 6B). Either SSB or RPA strongly
stimulated the reactions, but, in contrast to our previous obser-
vations with the oligonucleotide-based substrates, stimulation
was apparent for all Sgs1 concentrations (Fig. 6, C-E). As with
the oligonucleotide substrates, RPA had a greater stimulatory
effect than SSB, but the magnitude of the difference was larger;
the concentrations of Sgsl required for half-maximal unwind-
ing were 16 and 50 pm with RPA and SSB, respectively, versus
2,500 pM in their absence, an ~150-fold and ~50-fold differ-
ence, respectively. It is also clear that in the presence of RPA,
Sgs1 was acting catalytically because, for example at 24 pm Sgs1,
~75% of the substrate was unwound, indicating that one mol-
ecule of Sgs1 could unwind up to 30 substrate molecules during
the 30-min reaction. The observation that RPA has a stronger
stimulatory effect than SSB raises the possibility that, apart
from trapping ssDNA and preventing reannealing of the
ssDNA products, RPA might also stimulate Sgs1 helicase activ-
ity through specific protein-protein interaction. This is the case
for human RecQ family proteins, where the helicase activity of
BLM, WRN, and RecQ1 can be stimulated by a specific inter-
action with human RPA (56 —58).

To further investigate the DNA substrate specificity of Sgs1,
we prepared the substrates that had been used previously to
characterize the polarity of translocation for the Sgs1 helicase
domain (36). These substrates can be used to determine trans-
location polarity of helicases, provided that the helicase re-
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FIGURE 6. Sgs1 can displace ssDNA annealed to ¢X174 ssDNA. A, a
32p_labeled oligonucleotide (66 nucleotides) was annealed to ¢X174
ssDNA (1 nm molecules) to create the substrate that was used for helicase
assays; products were analyzed by electrophoresis, using agarose gels
(1%). B, a representative gel for assays carried out without RPA or SSB for
30 min. Substrate and reaction product are depicted on the right. —ATP,
control reaction where ATP was omitted; +EDTA, control reaction where
EDTA was added at 33 mm; heat, heat-denatured substrate. C, a represen-
tative gel for the assay carried out with SSB. D, a representative gel for the
assay carried out with RPA. E, quantification of at least three replicate
experiments, such as those shown in B-D, with the Sgs1 concentration
plotted on a logarithmic scale. Error bars, S.E.
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FIGURE 7. Sgs1 displays a 3’ =5’ polarity for DNA unwinding. A helicase
assay was carried out with the indicated Sgs1 concentrations and DNA sub-
strates (1 nm molecules). A, a schematic representation of the DNA substrates
used to define translocation polarity, 3'—5" polarity, or 5'—3" polarity; see
“Results” for details. B, quantification of three replicate experiments carried
out without RPA, with the Sgs1 concentration plotted on a logarithmic scale.
C, quantification of three replicate experiments carried out with RPA, with
Sgs1 concentration plotted on a logarithmic scale.

quires an ssDNA tail for unwinding. The substrates were pre-
pared by digesting the 66-mer oligonucleotide annealed to
X174 ssDNA with Pstl restriction endonuclease, which cuts
roughly in the center of the annealed double-strand region (Fig.
7A). By differential labeling of the oligonucleotide at either 5'-
or 3'-end, the translocation polarity of a helicase can be inferred
from the displacement of one oligonucleotide fragment over
the other (59), provided that the helicase cannot initiate
unwinding from the blunt ends. Because full-length Sgs1 can
unwind blunt-ended dsDNA (see Table 1), we examined two
experimental conditions and a variety of Sgsl concentrations.
Without RPA, the unwinding of both oligonucleotide frag-
ments by Sgs1 was identical, regardless of Sgs1 concentration
(Fig. 7B). This is in contrast to the Sgs1 helicase domain (36),
where a marked preference for unwinding of the 3'—5"-polar-
ity substrate was observed. However, when RPA was added,
differences between the two substrates were revealed. At high
Sgs1 concentrations (=~50 pm), we could observe only a weak
preference for the 3'—5'-polarity substrate (Fig. 7C), but,
because Sgs1 displays a slight preference for a tailed substrate
over the short (31-bp) blunt dsDNA substrate (Table 1), we
reasoned that an unwinding bias might be revealed at lower
Sgs1 concentrations. Indeed, when the concentration was re-
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duced, a meaningful difference was seen at ~10 pMm, which, we
believe, probably reveals the intrinsic preference of Sgs1 to bind
the tailed ssDNA (over the alternative, the blunt dsDNA end)
and to translocate in the 3'—5’ direction on ssDNA. Although
these results could be interpreted to mean that Sgs1 possesses
both 5'—3’' and 3'—5’ translocation directionalities, we
instead conclude that these results probably reveal the intrinsic
capacity of Sgsl to translocate in the 3'—5’ direction on
ssDNA, and the failure to see a large difference at the higher
Sgsl concentrations results from the ability of full-length Sgs1
to bind and unwind blunt-ended DNA duplexes. Additional
translocation studies will clearly be required to determine
whether this directionality is absolute, but this conclusion
would also be in accord with the inferred translocation polarity
of the Sgs1 helicase domain (36).

Sgs1 Can Unwind dsDNA as Long as 23 kb—The significant
helicase activity of Sgs1 encouraged us to test the unwinding of
longer duplex DNA molecules. To this end, we digested A phage
DNA with HindIII restriction endonuclease to generate dsDNA
fragments from 0.125 to 23.1 kb in size, which were subse-
quently 3'-end-labeled with 3*P. These substrates were incu-
bated with Sgs1 in the presence of RPA, and the reaction prod-
ucts were separated on a 1% agarose gel. With increasing Sgs1
concentration, the duplex DNA gradually disappeared, and
novel bands appeared that correspond to the ssDNA fragments
produced by heat denaturation (Fig. 84). At 1.1 nMm, Sgsl
unwound ~80% of the longest (23.1-kb) fragment and more
than 90% of the 2.3-kb fragment (Fig. 8B). The unwinding was
dependent on ATP, Mg>", and RPA (data not shown). As
expected, the Sgs1 (K706A) mutant showed no activity (data
not shown). In comparison, human RECQ1 and WRN proteins
are capable of unwinding only 500 and 800 bp of duplex DNA,
respectively (57, 58), and BLM could partially unwind a 259-bp
duplex but not an 851-bp duplex (56). These results show that
Sgsl is a far more capable helicase than any of other eukaryotic
RecQ homologues.

DISCUSSION

The wild type full-length Sgs1 protein from S. cerevisiae con-
tains 1447 amino acids, making it one of the largest members of
the RecQ family of helicases. Previous attempts to produce full-
length Sgsl failed, mainly due to insolubility of the overex-
pressed protein. Instead, the central domain containing amino
acids 400-1268 of Sgs1 was characterized (36, 37). Although
this protein fragment possesses helicase and ATPase activities,
it lacks the considerable N- and C-terminal domains that might
influence the specificity and activity of the helicase. We over-
came the solubility problems by fusing Sgs1 with MBP and by
expressing the construct in insect cells using a baculovirus
expression system. Consequently, we could provide the first
biochemical characterization of full-length Sgs1 protein.

Our experiments revealed that, as expected for an RecQ
homolog, Sgs1 is a DNA-dependent ATPase as well as a DNA
helicase. However, unlike the other eukaryotic RecQ homo-
logues, Sgs1 shows a broad substrate specificity and is remark-
ably active. The apparent k_,, for ATP hydrolysis in the pres-
ence of ssDNA is ~260 s~ ', which is about 26-fold higher than
that of the helicase domain (36). For comparison, the k_,, values
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FIGURE 8. Sgs1 can unwind long lengths of dsDNA. A, A phage DNA was
digested with Hindlll and *2P-labeled with Klenow fragment of DNA polymer-
ase | at the 3’-ends. This substrate (each fragment at 50 pm molecules) was
used for helicase assays at the indicated Sgs1 concentrations. The reactions
were carried out in the presence of RPA. Sizes of the dsDNA substrates are
indicated on the left. Heat, heat-denatured substrate. The panel shows a rep-
resentative agarose gel (1%). B, quantification of unwinding of the 23.1-,9.4-,
and 2.3-kb DNA fragments. The quantification was based on the disappear-
ance of the bands corresponding to the respective dsDNA fragment. The
results are the average of three experiments. Error bars, S.E.

for ssDNA-dependent ATP hydrolysis for E. coli RecQ, human
BLM, human WRN, and human RECQI1 are 24, 2.4-19, 1.0-
2.5,and2.1s" %, respectively (48, 56 —58), making Sgs1 10 —100-
fold more active than other members of the RecQ helicase
family.

Sgsl exhibits a strong DNA binding and DNA unwinding
activity. In the absence of ATP, the full-length Sgsl binds a
variety of oligonucleotide-based substrates; it shows a prefer-
ence for the Y-structure DNA, binds DNA with 5'- or
3’'-ssDNA overhangs indiscriminately, and binds blunt-ended
duplex DNA with the lowest affinity (Fig. 2). As a result, full-
length Sgsl can unwind all of the substrates tested. However,
perhaps because the helicase assays contain ATP, the full-
length Sgs1 shows a distinct preference for the single Holliday
junction and the Y-structure DNA (Figs. 4 and 5), and it
unwinds these substrates with K, values that are 15 and 61 pwm,
respectively (Table 1).

Somewhat unexpectedly, Sgsl resembles the E. coli RecQ
helicase more than any of the human RecQ family members.
RecQ was shown to bind a wide variety of substrates with
relatively low differences in affinity (11) (e.g. Y-structure
DNA is bound 8-fold better than duplex DNA, which is com-
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parable with what we observe with Sgs1) (Fig. 2). The differ-
ences in unwinding rates for various DNA substrates were
typically smaller than for DNA binding affinities (11), again
similar to the behavior of Sgsl (Fig. 5). Furthermore, Sgs1
can unwind all of the oligonucleotide-based substrates with
K,, values that range from 15 to 180 pm. In contrast, BLM,
the closest human homologue, can unwind only a Holliday
junction, Y-structure DNA, and, to a limited level, dsSDNA
with a 3'-ssDNA overhang; this unwinding requires at least
20 nM BLM (32). We estimate the rate of DNA unwinding by
Sgs1 to range from 6 to 30 bp/s, based on results from Fig. 8
and further unpublished observations.? Due to the complex
DNA binding properties of Sgs1 and the competition with
RPA for ssDNA binding, properties that are shared by the
E. coliRecQ (48), a more detailed analysis of unwinding rates
is beyond the scope of this paper.

There are notable differences between the Sgsl helicase
domain fragment and the full-length protein. With regard to
DNA binding specificity, the helicase domain of Sgsl binds
ssDNA, DNA containing branched structures, and DNA with a
3’'-ssDNA overhang. It was concluded that this binding speci-
ficity determines the 3'—5' polarity of DNA unwinding (37). In
contrast to the full-length Sgsl, the helicase domain can
unwind dsDNA oligonucleotide substrates with either Y-struc-
ture or 3'-ssDNA tails but not dsDNA with blunt ends or a
5'-ssDNA tail (36, 37). Importantly, we observed dramatic
differences between full-length Sgs1 and Sgs1 helicase domain
with regard to quantitative aspects of DNA binding and
unwinding. To bind ~50% of dsDNA with a 3'-ssDNA tail, the
best substrate for the Sgs1 helicase domain, 30 nm protein is
needed (37). In contrast, only 0.46 nm full-length Sgs1 was
required to achieve comparable binding (Fig. 2). Similar differ-
ences were observed for the helicase activity as well.

The marked differences between the two proteins suggest
that the N- and C-terminal regions contain auxiliary DNA
binding domains that enable Sgs1 to bind and unwind a wider
spectrum of DNA substrates. It is likely that, due to the rela-
tively low affinity of the Sgs1 helicase domain for DNA, the
concentration of protein required for binding and unwinding of
duplex DNA could not be reached. One of the domains that is
likely to potentiate Sgs1 function is the HRDC domain. The
HRDC domain is present in a number of eukaryotic RecQ
homologues, although it is not essential for helicase activity.
Structural studies showed that the HRDC domain resembles
the auxiliary helicase domains of bacterial DNA helicases and
suggested that it might interact with DNA (39, 40). The HRDC
domain in BLM is required for the dissolution of Holliday junc-
tions, and it was proposed to confer DNA structure specificity
(24).

In addition, the C terminus of Sgsl probably contains an
ssDNA binding capacity. Human BLM, RECQ4, RECQ53, and
WRN proteins (31, 50 —52) can anneal complementary ssDNA
when RPA is absent. It seems likely that the annealing activity is
a result of nonspecific ssDNA binding, because the C-terminal
domain of BLM binds and anneals ssDNA, but this annealing

3 P. Cejka and S. C. Kowalczykowski, unpublished observations.
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activity is blocked by an ssDNA-binding protein (50). Although
here we did not seek to characterize the DNA annealing capa-
bility of Sgsl, we observed that high concentrations of Sgsl
partially reduce the extent of DNA unwinding (Fig. 44). In the
case of the human RecQ homologues, this behavior is indicative
of DNA annealing activity but is not a characteristic of the Sgs1
helicase domain. Collectively, these data suggest that the full-
length protein contains additional domains that facilitate DNA
binding. The N-and C-terminal regions promote the binding to
and unwinding of DNA and thus explain the differences in sub-
strate specificity between the helicase domain and the full-
length proteins.

Previous genetic and biochemical studies established that
a subset of the functions of certain RecQ family helicases is
mediated by the species-specific interaction with topoi-
somerase III homologs (2, 18, 23, 60). These interactions are
conserved from bacteria to humans. The Rmil protein was
discovered later as an additional component of the heterotri-
meric functional complex (61, 62). The major role of this con-
certed helicase-topoisomerase complex is to catenate or decat-
enate dsDNA, resulting in the resolution or “dissolution” of
double Holliday junctions at the final steps of homologous
recombination. Human and Drosophila BLM proteins were
shown to function with topoisomerase Illa to convergently
migrate two Holliday junctions, ultimately leading to the sepa-
ration of the two joined molecules (22, 23). Based on genetic
evidence (9, 21), Sgs1 is expected to participate in similar reac-
tions. Our observation, showing that a single Holliday junction
was the preferred substrate for Sgs1 helicase and ATPase activ-
ities, further supports this hypothesis.

More recent genetic data defined an additional important
role for Sgs1 early in recombination. Following the forma-
tion of a double-stranded DNA break, Sgs1 is involved in the
resection of dsDNA (27-29) to produce an extended
3’-ssDNA tail that serves as the substrate for recombination.
The helicase activity of Sgs1 is required for end resection, as are
the nucleases Dna2 and exonuclease 1 (28). Biochemical studies
established that the BLM helicase stimulated resection of
dsDNA by exonuclease 1 to create a substrate for homologous
pairing by the DNA strand exchange protein, RAD51 (30).
Related biochemical analyses with a reconstituted reaction of
E. coli proteins revealed the RecQ-stimulated resection of
dsDNA by the Rec] exonuclease (12). In vivo, resection tracks as
long as 20 kb were observed (28). Our data, showing that Sgs1
can unwind similarly large DNA duplexes (Fig. 8), suggest that
such a function of Sgs1 is conceivable.

In summary, we show that Sgsl is a remarkably active heli-
case that acts on a broad range of DNA molecules, making it an
appropriate helicase in the resection stage of recombination.
Furthermore, consistent with its additional role in the resolu-
tion stage of recombination, Sgs1 shows a preference for un-
winding Holliday junctions. We are further investigating the
mechanistic aspects of Holliday junction unwinding, and
because this analysis is very complex, it is beyond the scope of
this report and will be reported elsewhere. The full-length Sgs1
protein will be indispensable in the biochemical characteriza-
tion of Sgs1 in other aspects of DNA metabolism.
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