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Saccharomyces cerevisiae MPH1 was first identified as a gene
encoding a 3� to 5� DNA helicase, which when deleted leads to a
mutatorphenotype. In this study,we isolatedMPH1asamulticopy
suppressor of the dna2K1080E helicase-negative lethal mutant.
PurifiedMph1 stimulated the endonuclease activities of bothFen1
and Dna2, which act faithfully in the processing of Okazaki frag-
ments. This stimulation required neither ATP hydrolysis nor the
helicase activity ofMph1.Multicopy expressionofMPH1 also sup-
pressed the temperature-sensitive growth defects in cells express-
ing dna2�405N, which lacks the N-terminal 405 amino acids of
Dna2.However,Mph1 did not stimulate the endonuclease activity
of the Dna2�405N mutant protein. The stimulation of Fen1 by
Mph1was limited to flap-structuredsubstrates;Mph1hardly stim-
ulated the5� to3� exonuclease activity of Fen1.Mph1binds to flap-
structured substrate more efficiently than to nicked duplex struc-
tures, suggesting that the stimulatory effect of Mph1 is exerted
through its binding to DNA substrates. In addition, we found that
Mph1 reversed the inhibitory effects of replication protein A on
Fen1activity.Ourbiochemical andgeneticdata indicate that the in
vivo suppression of Dna2 defects observedwith both dna2K1080E
and dna2�405N mutants occur via stimulation of Fen1 activity.
These findingssuggest thatMph1playsan important, althoughnot
essential, role inprocessingofOkazaki fragmentsbyfacilitatingthe
formation of ligatable nicks.

LaggingstrandDNAsynthesis requires theorchestratedactions
of many proteins and can be divided into several distinct enzy-
matic steps (1–4). First, the polymerase (pol)2 �-primase complex
synthesizes RNA-DNA primers on the template DNA that are
recognized by replication factor C. This complex loads proliferat-
ing cell nuclear antigen onto DNA, which acts as a processivity
factor tethering pol � to primer ends (5–7). This series of reactions
leads to a polymerase switch in which the pol �-primase complex

at primer ends is displaced and replaced by pol �. Okazaki frag-
ments are then elongated by pol � until they encounter down-
stream Okazaki fragments (2, 8–10). Pol � continues to synthesize
DNAbydisplacing the5� terminiofdownstreamOkazaki fragments,
which generate 5� RNA-DNA flap structures (11). These flaps are
then cleaved by structure-specific nucleases that lead to the genera-
tionof ligatable nicks,which are sealedbyDNA ligase converting the
noncontiguous lagging strands to a contiguousDNAchain (12, 13).
A number of biochemical studies have shown that flap struc-

tures are removed by the concerted action ofDna2 endonuclease/
helicase andFen1 (flapendonuclease1) (14–16).DNA2, first iden-
tified as a gene that complemented a yeast temperature-sensitive
mutant defective in the elongation stage of DNA replication, was
shown to encode a protein with structure-specific endonuclease
and 5� to 3� helicase activities (17–21). RAD27, encoding yeast
Fen1, is a gene showing strong mutator phenotype and genome
instability when inactivated. Fen1 participates in a variety of DNA
transactions, including Okazaki fragment processing, due to its
endonuclease, gap endonuclease, and exonuclease activities (12,
22–28). Fen1cancleave flap structures efficiently togenerate ligat-
ablenicks, especiallyonshort5� flap structures (�20nt).However,
Fen1 is not effective in cleaving replicationproteinA (RPA)bound
or secondary structured flaps in vitro (14, 29). These findings sug-
gest that in vivo Fen1 acts on flap DNA by first loading onto the
5�-ends of flap structures and then migrating to the junction of
single-stranded DNA (ssDNA) and double-stranded DNA
(dsDNA), a process referred to as a “trackingmechanism” (30). In
contrast,Dna2can remove secondary structured flaps through the
combinedactionof itshelicase/endonucleaseactivities; itshelicase
activity can unwind intramolecular base-paired hairpin-like flap
structures, thus facilitating the cleavage of unwound ssDNA
through its endonuclease activity. RPA can also assist in the
removalof relatively longDNAflapsbyDna2 (14).RPA,whichcan
bind to long flaps (�27nt), inhibits theactionofFen1 invitrowhile
stimulating the Dna2-catalyzed cleavage of long flap by recruiting
Dna2 (14). Thus, RPA is dynamically removed by Dna2 and then
Fen1 cleaves the remaining flaps (15, 31). The Pif1 5� to 3�helicase
activity is implicated in accelerating the growth of long flap struc-
tures by rapidly displacing downstream 5� flap, thereby increasing
the chances that RPA can bind before Fen1 acts (33). These con-
siderations indicate thatDna2 and Fen1 remove flap structures by
their sequential action, and their activities are influenced by other
proteins like RPA and Pif1.
Saccharomyces cerevisiae MPH1 was first identified as a

mutator phenotype 1 gene (34), and the mph1� null mutant
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displayed increasedmutation rates and sensitivity to a variety of
DNA-damaging agents (35). Based on genetic studies, it is
thought that MPH1 functions in an error-free DNA damage
bypass pathway that requires homologous recombination
genes (36). It was also shown that Mph1 has DNA-dependent
ATPase activity and translocates on ssDNA in the 3� to 5� direc-
tion (37). Recently, it was reported that overexpression ofMph1
increased gross chromosomal rearrangements by partially
inhibiting homologous recombination through its interaction
with RPA (38). These data suggest that Mph1 is important in
maintaining the integrity of DNA.
In addition to the proteins described above, the processing of

Okazaki fragment is affected by other proteins that stimulate
the endonucleases that cleave flap structures. Mgs1, which has
DNA-dependent ATPase and DNA-annealing activities, mark-
edly stimulates the endonuclease activity of Fen1 on flap DNA
substrates in an ATP-dependent manner (39). Bloom and
Werner helicases interact directly with hFen1 and stimulate its
endonuclease activity (40, 41).
The detection of auxiliary proteins that stimulate the activi-

ties of Dna2 or Fen1 is likely to reveal important redundant
pathways involved in the processing of Okazaki fragments.
Moreover, their discovery may reveal novel pathways used to
maintain genome integrity, since DNA replication is closely
linked to genome stability. In order to identify novel factors that
influence Okazaki fragment processing, we have carried out
multicopy suppressor screens with dna2 helicase-negative
mutant strains. We introduced multicopy plasmids containing
randomly inserted genomic DNA fragments into the
dna2K1080Emutant yeast strain and analyzed the inserts that
suppressed the lethal phenotype of this mutant. This screen
resulted in the identification ofMPH1 as a multicopy suppres-
sor. To understand the biochemical mechanism of their sup-
pression and its role in Okazaki fragment processing, we puri-
fied the Mph1 protein and investigated its interactions with
Fen1 and Dna2 both in vivo and in vitro. We found that Mph1
enhanced the endonuclease activities of Fen1 andDna2 in vitro,
and this stimulation did not require ATPase/helicase activities
of Mph1. Our results indicate that Mph1 participates in Oka-
zaki fragment processing by increasing the rate of cleavage of
flap substrate, thereby facilitating the production of ligatable
nicks.

EXPERIMENTAL PROCEDURES

Enzymes and Nucleotides—The restriction endonucleases,
polynucleotide kinase, andT4DNA ligasewere purchased from

Enzynomics (Daejeon, Korea). The oligonucleotides used in
this studywere commercially synthesized fromGenotech (Dae-
jeon, Korea). ATP was obtained from Sigma. ATP�S was from
Roche Applied Science. [�-32P]ATP (3,000 Ci/mmol) was pur-
chased from Izotop (Budapest, Hungary). Yeast Dna2 and Fen1
were purified as described (14, 42).
Preparation of Helicase and Nuclease Substrates—All sub-

strates were prepared as described previously (14), and the
sequences of oligonucleotides used are listed in Table 1. Briefly,
one of the two oligonucleotides in a partial duplex DNA sub-
strate was 5�-labeled with [�-32P]ATP and polynucleotide
kinase according to the manufacturer’s protocol and then
annealed to the other oligonucleotide. For a flap or a nicked
duplex substrate, a downstream oligonucleotide was labeled as
described above and then annealed with the template and
upstreamoligonucleotides at amolar ratio of 1:3:5. All annealed
substrates were purified by polyacrylamide gel electrophoresis.
Construction of Mph1 Expression Vectors—For overexpres-

sion of Mph1 in yeast, the ADH1 promoter was used. This was
PCR-amplified from pRS323(ADH)-FLAG using two oligonu-
cleotides (5�-TCC CCG CGGGATATC CTT TTG TTT CCG
GG-3� and 5�-GGC CGC GGC CGC GAG TTG ATT GTA
TGC TTG GTA-3�), and the SacII-NotI fragment of the PCR
product was cloned into pRS325 and pRS424 plasmids to pre-
pare pRS325(ADH) and pRS424(ADH), respectively. The open
reading frame ofMPH1 was amplified from a plasmid contain-
ing MPH1 using two oligonucleotides (5�-GCG GCC GCA
TGG CTA GTG CAG ATG ATT A-3� and 5�-CTG CAG TCA
AAAATCAGAATC TGAGC-3�). The NotI-PstI fragment of
the PCR fragment was cloned into pRS325(ADH) to obtain
pRS325(ADH)-MPH1. The NotI-PstI fragment from
pRS325(ADH)-MPH1 was subcloned to pRS424(ADH) to
make pRS424(ADH)-MPH1. To express hexahistidine and the
FLAG-tagged Mph1, pRS424(ADH) was digested first with
ClaI, and the resulting recessed ends were filled in with Klenow
and then digested with KpnI. Similarly, pFastBac-Hta-FLAG-
MPH1 (see below)was digestedwithRsrII, and the recessed end
was filled in with Klenow, followed by digestion with KpnI. The
fragment containing His6-FLAG-MPH1 was cloned into the
digested pRS424(ADH)vector, resulting in pRS424(ADH)-HF-
MPH1. For construction of a vector expressing theHis6-FLAG-
tagged protein in insect cells, two oligonucleotides containing
the FLAG peptide sequence (5�-TCG ACT TGA CTA CAA
GGACGATGACGATAAGAGC-3� and 5�-GGCCGCTCT
TAT CGT CAT CGT CCT TGT AGT CAA G-3�) were

TABLE 1
Oligonucleotide sequences used in this study

Number Sequence (5�–3�)
1 GGGCTCACGTGGTCGACGCTGGAGGTGATCACCAGATGATTGCTAGGCATGCTTTCCGCAAGAGAACGGGCGTCTGCGTACCCGTGCAG (89 nt)a
2 CAGCGTCGACCACGTGAGCCC (21 nt)
3 CTGCACGGGTACGCAGACGCC (21 nt)
4 CGAACAATTCAGCGGCTTTAACCGGACGCTCGACGCCATTAATAATGTTTTC (52 nt)
5 GAAAACATTATTAATGGCGTCGAGCTAGGCACAAGGCGAACTGCTAACGG (50 nt)
6 CCGTTAGCAGTTCGCCTTGTGCCTA (25 nt)
7 CCGTTAGCAGTTCGCCTTGTGCCTAG (26 nt)
8b GCGCATGTGCGTTCCATTTAGTTCAAGCCGCAGCGGCTTGAACCGGACGCTCGACGCCATTAATAATGTTTTC (73 nt)
9 GCTCGACGCCATTAATAATGTTTTC (25 nt)

a The numbers in parentheses indicate the length of each oligonucleotide.
b Underlined sequences form hairpin structures.

Role of MPH1 in Lagging Strand Maturation

APRIL 17, 2009 • VOLUME 284 • NUMBER 16 JOURNAL OF BIOLOGICAL CHEMISTRY 10377



annealed, and the products were cloned into pFastBac-HTa
vector, resulting in pFastBac-Hta-FLAG. pFastBac-Hta-FLAG-
MPH1 was made by cloning the NotI-Kpn1 fragment of the
PCR product amplified from pET28-MPH1 using 5�-GCG
CGG CCG CAT GGC TAG TGC AGA TGA TTA C-3� and
5�-GCGGTACCTCAAAAATCAGAATCTGAGCC-3�. To
make the mph1K113E mutant DNA, in vitro mutagenesis was
carried out using the EZchangeTM site-directed mutagenesis
kit (Enzynomics) using the oligonucleotides (5�-GCC ATC
CCAACGGGTATGGGTGAAACGTTCATTGCCAG-3�
and 5�-CTG GCA ATG AAC GTT TCA CCC ATA CCC GTT
GGG ATG GC-3�), according to the manufacturer’s protocol.
ScreeningMulticopy Suppressors of dna2K1080EMutant—A

yeast genomic DNA library inserted into a pYEp13 multicopy
plasmid (ATCC27323) was transformed into YJA1B (MAT�
ade2-101 ura3-52 lys2-801trp1-�63 his3-�200 leu2-�1 GAL�
dna2::HIS3 (pRS316-DNA2)) containing the pRS314-
dna2K1080E plasmid. Transformants were grown in SD with-
out histidine, leucine, and tryptophan for 24 h at 30 °C, followed
by replica plating onto the same SD medium supplemented
with 0.1% 5-fluoroorotic acid. The plates were incubated for an
additional 3–4 days. The colonies grown were transferred to
liquidmedium, and total genomic DNAwas prepared and used
to transform Escherichia coli by electroporation, from which
plasmids were isolated. To confirm multicopy suppression,
recovered plasmids were retransformed into the YJA1B strain
and examined for their ability to support growth of mutant
cells. Double-checked plasmidswere analyzed by sequencing to
identify genomic DNA fragments inserted in the plasmid. One
of the analyzed plasmids contained theMPH1 gene. To confirm
thatMPH1 is amulticopy suppressor, the open reading frameof
MPH1 alone was cloned into a 2-�morigin-based pRS plasmid
series and expressed under theADH1 promoter inmutant cells.
Drop Dilution Assay—Transformants were inoculated in

appropriate medium (2 ml) and grown for 16–36 h. Each satu-
rated culture was diluted with distilled water to a density of 1�
107 cells/ml, and serially diluted samples (5–10 �l) were then
spotted on appropriate medium and incubated for 3–5 days at
the indicated temperatures. Where 5-fluoroorotic acid and
control plate were used, inoculation was performed in the
medium containing uracil to allow cells to spontaneously lose
pRS316-Dna2 (containing the URA3 gene as a marker) during
growth before spotting (35, 39).
Purification of Recombinant Mph1 Proteins—Baculoviruses

expressing the N-terminally histidine-FLAG-tagged Mph1
protein (wild type or K113E mutant) were used to infect Sf9
insect cells (2 liters; 1 � 106 cells/ml) for 60 h at 27 °C in Sf-900
II serum-freemedium (Invitrogen); cellswere harvested by cen-
trifugation, resuspended in 50 ml of lysis buffer (25 mMHepes-
NaOH, pH 7.6, 500 mM NaCl, 1 mM DTT, 1 mM EDTA, 10%
glycerol, 0.1% Nonidet P-40, 1 mM phenylmethylsulfonyl fluo-
ride, 0.1 mM benzamidine, 2 �g/ml leupeptin, 0.1 �g/ml anti-
pain, and 1 �g/ml pepstatin A), and sonicated. Crude extracts
were cleared by centrifugation at 18,000 rpm for 1 h using the
Hanil A50S-8 rotor, and the supernatant wasmixed with 0.5ml
of anti-FLAGM2-agarose beads (Sigma) pre-equilibrated with
the lysis buffer for 2 h. The beads were collected and washed
three times with 40 ml of buffer A (25 mM Hepes-NaOH, pH

7.6, 1mMDTT, 1mMEDTA, 10% glycerol, 0.01%Nonidet P-40)
containing 800mMNaCl and oncewith bufferA containing 300
mM NaCl. Bound proteins were eluted three times with 0.5 ml
of buffer A containing 300 mM NaCl and 0.1 mg/ml 1� FLAG
peptide (Sigma) with rocking at 4 °C for 30 min. The initial two
eluates were combined and loaded onto a Heparin-Sepharose
Fast Flow column (3ml; GEHealthcare) by gravity, followed by
elution with a 6-ml linear gradient of NaCl from 0.1 to 1 M in
buffer A (flow rate, 0.1 ml/min). Mph1 was eluted in 550–750
mM NaCl. BSA was added to the active fractions (final concen-
tration, 1 mg/ml) to stabilize the enzyme, which was then fro-
zen at �80 °C. The protein concentrations of Mph1 fractions
were quantified by SDS-PAGE analysis, followed by Coomassie
Brilliant Blue staining, and the protein band intensity was
determined using BSA as the standard (Bio-Rad).
Nuclease Assay and Helicase Assay—Standard nuclease

assays of Fen1 and Dna2 were performed in reaction mixtures
(20 �l) containing 25 mM Tris-HCl, pH 7.8, 5 mMMgCl2, 2 mM
DTT, 0.25 mg/ml BSA, and 15 fmol of DNA substrate. Unless
stated otherwise, 50 mM NaCl was used for each reaction. Pro-
teins were diluted in buffer (25 mM Hepes-NaOH, pH 7.6, 500
mM NaCl, 1 mM DTT, 0.25 mg/ml BSA, 0.01% Nonidet P-40,
10% glycerol) before their addition to reaction mixtures. The
reactionswere incubated at 30 °C for 15min andhaltedwith 6�
stop solution (60 mM EDTA, pH 8.0, 40% (w/v) sucrose, 0.6%
SDS, 0.25% xylene cyanol, 0.25% bromphenol blue). Reaction
products were subjected to electrophoresis for 40 min at 150 V
through 10% polyacrylamide gel in 1� TBE (89 mM Tris-base,
89 mM boric acid, and 2 mM EDTA); gels were dried on DEAE-
cellulose paper and autoradiographed. The resolved DNA
products were quantified using a PhosphorImager (Amersham
Biosciences). Helicase assays were performed using the same
conditions as described in the above nuclease assay but in the
presence of 5 mM ATP.
GelMobility Shift Assay—Reactionmixtures (20�l) contain-

ing 25 mM Tris-HCl, pH 7.8, 50 mM NaCl, 2 mM DTT, 0.25
mg/ml BSA, 15 fmol of DNA substrate with or without 5 mM
MgCl2 and with or without 5 mM ATP (or ATP�S) were incu-
bated at 30 °C for 15 min, followed by the addition of glycerol
and bromphenol blue to 10% (v/v) and 0.05% (w/v), respec-
tively. Reaction products were subjected to electrophoresis
through prerun 6% polyacrylamide gels for 1.5 h in 0.5� TBE
at 4 °C (39). Gels were dried on DEAE-cellulose paper and
then autoradiographed. Levels of nucleoprotein complexes
formed were quantified using a PhosphorImager (Amer-
sham Biosciences).

RESULTS

Overexpression of MPH1 Suppresses the Lethal Phenotype of
dna2K1080E—To identify novel factors involved in Okazaki
fragment processing, extensive multicopy suppressor screens
were carried out with several dna2mutant strains. The mutant
strains usedwere defective in the processing of DNA flap struc-
tures generated from 5�-end regions of Okazaki fragments in
the pol �-catalyzed displacement reaction. The rationale for
this screen was that it might reveal additional proteins that
participate inOkazaki fragmentmaturation by (i) replacing one
of the defective activities of Dna2, (ii) stimulating the flap-
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cleaving enzymes, including Dna2 and Fen1, or (iii) repairing
DNA structures resulting from defects in flap processing. Mul-
ticopy suppressor screens were performed with the helicase-
negative dna2K1080Emutant in the hope of isolating a helicase
gene that could substitute for the helicase function of Dna2.
This effort resulted in the isolation of one clone that harbored a
library plasmid containing the full-length open reading frame
of theMPH1 gene.

To confirm thatMPH1 was responsible for suppression, the
open reading frame of MPH1 was amplified from the library
plasmid and positioned under the constitutive promoter of the
gene encoding alcohol dehydrogenase 1 (ADH1) in the pRS325
multicopy vector (pRS325pADH-MPH1) and expressed in the
dna2K1080E mutant strain. Overexpression of MPH1 driven
by either the ADH1 promoter or its natural promoter sup-
pressed the lethal phenotype of dna2K1080E (Fig. 1A). Since
the Mph1 protein has intrinsic ATPase and 3� to 5� DNA heli-
case activities, we examined whether they were required for the
observed suppression (37). For this purpose, we mutated lysine
113toglutamicacid in theWalkerAmotifofMPH1 that is respon-

sible for binding to the terminal phosphate of ATP (35). Interest-
ingly, overexpression of the mutated version of MPH1 also sup-
pressed the lethality of dna2K1080E, as observed with the wild
typeMPH1. This result suggests that the helicase activity ofMph1
is dispensable for suppression of the dna2K1080Emutation.
To gain more information about the mechanism by which

MPH1 suppressed DNA2 mutated strain, we isolated the
recombinant Mph1 protein. Its expression in E. coli resulted in
mostly insoluble and severely degraded protein preparations. For
this reason, recombinant baculoviruses were prepared that
expressedMph1withN-terminally fusedHis6 and FLAG tags and
wereused to infectSf9cells. Extractsprepared frominfected insect
cells yielded soluble recombinantHF-Mph1 protein after two col-
umnpurification steps (Fig. 1B), as describedunder “Experimental
Procedures.” The recombinant Mph1 protein possessed helicase
activity on partial double strand substrates with a 3� single-
stranded DNA but not with a 5� single-stranded DNA (Fig. 1C),
consistent with the previous report thatMph1 purified from yeast
translocates in the 3� to 5� direction (37).
Mph1 Stimulates the Endonuclease Activity of Fen1—RPA

and Mgs1, both identified as multicopy suppressors of dna2
mutants, markedly stimulated the endonuclease activity of
Dna2 and Fen1, respectively (14, 39). To investigate whether
Mph1 utilized a similar mechanism, we examined the struc-
ture-specific nuclease activity of Fen1 in the absence (Fig. 2A,
lanes 3–7) or presence (Fig. 2A, lanes 8–12) of Mph1 in a time
course experiment (Fig. 2, A and B). Mph1 markedly enhanced
the activity of Fen1when a 27-nt 5� flap substrate was used (Fig.
2A). The purifiedMph1 protein alone was devoid of any nucle-
ase activity (Fig. 2A, lane 2). Maximal stimulation (15.3-fold)
was observed at the earliest time point examined (Fig. 2B).
If Mph1 suppressed the lethality of dna2K1080E solely by

stimulating the action of Fen1, we would expect that overex-
pression of FEN1 should suppress the dna2K1080Emutant. As
predicted, multicopy expression of FEN1 suppressed the
dna2K1080E mutant (Fig. 2C, second row). Since it is possible
that the presence of affinity tags on proteins can abolish their
enzymatic activities or other associated functions, we examined
whether the N-terminally tagged Mph1 maintained its in vivo
ability to suppress the dna2K1080Emutation. As shown in Fig.
2C (third and fourth rows), expression of both wild type and
K113E mutant-tagged proteins still suppressed the growth
defect of the dna2K1080E mutant. Since overexpression of
FEN1 also rescued the temperature-sensitive growth defect of
dna2�405N and dna2-1 in addition to dna2K1080E, the stim-
ulation of Fen1 activity appears to be a general mechanism for
the suppression of any defective dna2 (39, 43). These findings
are consistent with the notion that the most critical function of
Dna2 is dependent on its endonuclease activity.
Mph1 Stimulates the Endonuclease Activity of Dna2—Since

overexpression of the dna2K1080E mutant allele itself alone
resulted in the growth of this mutant,3 we examined the possi-
bility that the stimulation of the endonuclease activity of
Dna2K1080E protein (the only enzymatic activity of this Dna2
mutant protein) was responsible for the observed suppression

3 C. H. Lee and Y. S. Seo, unpublished data.

FIGURE 1. Overexpression of MPH1 suppresses the lethal phenotype of
dna2K1080E. A, drop dilution assay. The YJA1B (dna2::HIS3, pRS316-DNA2;
described under “Experimental Procedures”) strain containing pRS314-
dna2K1080E was transformed with plasmids, as indicated. Wild type MPH1 or
helicase-negative mutant mph1K113E was expressed in the multicopy plas-
mid (pRS325) under the ADH1 promoter (pADH-MPH1 and pADH-
mph1K113E, respectively). The library clone identified to contain MPH1
(library MPH1) and pRS325-DNA2 (DNA2) is a positive control, and empty
pRS325 vector (none) was also transformed as the negative control. Transfor-
mants were inoculated and grown in liquid SD lacking histidine, leucine, and
tryptophan (SD(�HLW)) until saturation and spotted in duplicate onto
SD(�HLW) in the absence or presence of (�FOA) 5�-fluoroorotic acid with a
5-fold serial dilution, and cells were then incubated for 4 days at 30 °C.
B, Mph1 protein was purified (described under “Experimental Procedures”)
from Sf9 insect cells. The peak fraction (700 fmol) was subjected to 8% SDS-
PAGE and stained with Coomassie Brilliant Blue R. Mw, molecular weight
marker. C, helicase assays were performed with two different substrates, par-
tial double-stranded DNA with 3� single-stranded or 5� single-stranded over-
hang as illustrated at the top. The circled numbers denote the oligonucleotide
described in Table 1. The asterisk in the substrate indicates the 32P-labeled
end. Reaction conditions used are as follows: 30 mM Hepes-NaOH, pH 7.6, 25
mM NaCl, 2 mM ATP, 2.5 mM MgCl2, 1 mM DTT, 0.25 mg/ml BSA, and 15 fmol of
DNA substrate. Reaction mixtures were incubated at 30 °C. The amount of
unwound DNA is indicated at the bottom of the gel. B, boiled substrate.
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(Fig. 2D). Nuclease assays were performed with wild type Dna2
in the presence of increasing levels of Mph1 but in the absence
of ATP. As shown in Fig. 2D, Mph1 markedly stimulated the
endonuclease activity of Dna2 (�17-fold). The stimulation
increased in proportion to the level of Mph1 added up to 25
fmol (12.5-fold molar excess over Dna2 used). The increase in
nuclease activity was not due to the Mph1 preparation alone
(Fig. 2D, lane 6).
Stimulation of Fen1 and Dna2 by Mph1 Is Not ATP-

dependent—Overexpression of both wild type and the ATPase-
negative mph1 mutant suppressed the growth defect of the
dna2K1080Emutant to a similar extent as shown in Fig. 1A. If
suppression occurred through the stimulation of Fen1 or Dna2
endonuclease activity, Mph1 should stimulate those proteins
regardless of the presence/absence of ATP. In order to examine
this, nuclease assays were performed in the presence or absence
ofATP.As shown in Fig. 3, theMph1 stimulation of Fen1 action
was the same in the presence and absence of ATP. These results
demonstrate that ATP binding, ATP hydrolysis, and the DNA
helicase activity ofMph1 play no role in the stimulating the flap
endonuclease activity. An additional band noted between the
substrate and the cleavage product was formed only in the pres-
ence of ATP (Fig. 3A, lanes 2 and 6–8) and not in its absence

(Fig. 3A, lanes 10 and 14–16) or in
reactions with ATP�S (data not
shown). These results suggest that
formation of this band required
ATP hydrolysis by Mph1. This
product migrated exactly to the
position detected with the boiled
substrate (Fig. 3A, lane 17), suggest-
ing that it originated from the dis-
placement of the downstreamoligo-
nucleotide by the helicase activity of
Mph1. Mph1 is likely to translocate
through the duplex DNA, displac-
ing any 5� flap DNA encountered,
although it translocates on a 3� to 5�
helicase in assays with the 3� single-
stranded DNA tail, as shown in
Fig. 1C.
Like Fen1, ATP did not signifi-

cantly alter the stimulation of Dna2
activity by Mph1 (Fig. 3, C and D),
although its presence slightly
decreased the cleavage efficiency,
and longer products were formed.
Their cleavage is probably due to
the fact that (i) ATP (5 mM) inhibits
the endonuclease activity of Dna2
and (ii) Dna2 itself translocated
along the flap in the presence of
ATP and yielded longer cleavage
products. As described above with
Fen1 (Fig. 3A), the Mph1-catalyzed
displacement of the labeled oligo-
nucleotide was detected (Fig. 3C,
lanes 8 and 14–16). Thus, in vitro

and in vivo results indicate that ATP plays no role in the Mph1
stimulation of the activities of Fen1 and Dna2.
Walker A Motif-mutated Mph1 Stimulates Endonuclease

Activity of Fen1 and Dna2—To further verify that the stimula-
tion of Fen1 and Dna2 by Mph1 does not require ATP, we
purified mutant Mph1 (Mph1K113E) devoid of helicase/
ATPase activities by changing the lysine 113 in theWalker A
motif to glutamic acid (35). This mutation appears to
increase the susceptibility of the enzyme to proteolytic deg-
radation, since preparations of Mph1K113E always con-
tained more degradation products than the wild type protein
(Fig. 4A).
As expected, themutated proteinwas devoid of both helicase

activity with flap-structured substrate (Fig. 4B, lanes 6–9) and
DNA-dependent ATPase activity (data not shown). We exam-
ined whether Mph1K113E stimulated the endonuclease activi-
ties of Fen1 and Dna2 (Fig. 4, C and D), and no significant
differences were observed between wild type and mutant Mph1.
These results again demonstrate that the ATPase motif is not
required for the stimulationof the two flap-processing endonucle-
ases. Moreover, they support the notion that the in vivo suppres-
sion of dna2K1080E by overexpression of MPH1 was due to the

FIGURE 2. Mph1 stimulates the endonuclease activity of Fen1 and Dna2. A, the Fen1 endonuclease activity
(described under “Experimental Procedures”) was determined after incubation for various periods in the pres-
ence or absence of Mph1. The schematic structure of the double-flap substrate is shown at the top. B, the
amount of product formed in reactions described in A was plotted against the time of incubation. C, the YJA1B
strain carrying the pRS315-dna2K1080E plasmid was transformed with the indicated plasmids. Wild type MPH1
or helicase-negative mutant mph1K113E was expressed in the multicopy plasmid (pRS424) under the ADH1
promoter (pADH-HFMPH1 and pADH-HFmph1K113E, respectively). HF, the tandem array of His6 and FLAG
tags. FEN1 was also expressed in the pRS424 plasmid under its natural promoter. The empty pRS424 vector
containing only the ADH1 promoter (pADH) was transformed as a negative control. Transformants were inoc-
ulated and grown in liquid SD(�HLW) medium until saturation and spotted in duplicate onto SD(�HLW) plates
in the absence or presence (�FOA) of 5�-fluoroorotic acid in 5-fold serial dilutions. Cells were then incubated
for 4 days at 30 °C. HF, tandem array of His6 and FLAG tags on the N terminus of MPH1. D, Dna2 endonuclease
activity (described under “Experimental Procedures”) was measured in the presence of increasing (0, 10, 25,
and 50 fmol) amounts of Mph1. The schematic structure of the single 5� flap substrate used is shown at the top.
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stimulation of the nuclease activities of either Fen1 and/or Dna2
and independent of the catalytic activities ofMph1.
Mph1 Reverses the Inhibitory Effects of RPA on the Endonu-

clease Activity of Fen1—RPA is a relatively abundant nuclear
protein that binds to ssDNA intermediates arising during DNA
metabolism, such as replication and recombination (44). RPA

inhibits the endonuclease activity of Fen1 by binding to a flap
DNA and preventing its translocation. We investigated
whetherMph1 reversed the inhibition.We first determined the
level of RPA required to inhibit the endonuclease activity. Sub-
stantial inhibition (�90%) of Fen1 was observed with 6.4 fmol
of RPA when we used 10 fmol of Fen1 and 15 fmol of DNA
substrate (data not shown).
Fen1 nuclease assays were carried out in the presence of a

fixed amount (20 fmol) of RPA and increasing levels of Mph1
(Fig. 5). Under these conditions, 10 fmol of Fen1 alone cleaved
1.1 fmol (Fig. 5, lane 2) of the substrate, and the addition of RPA
(20 fmol) inhibited this activity 90% (Fig. 5, compare lanes 2 and
3). However, the inhibition was prevented by the addition of
Mph1 (Fig. 5, lanes 4–6). Although the addition of ATP did not
alter the amount of cleavage products formed (Fig. 5, lanes
10–15), it activated the helicase activity of Mph1, resulting in
the formation of additional bands as observed in Fig. 3. It should
be noted that although theMph1-catalyzed unwinding reaction
markedly reduced the level of substrate available for Fen1
action, it did not affect the amount of cleavage products formed
(Fig. 5, compare lanes 7 and 16). One possible explanation for
this is that the helicase activity of Mph1 displaced the RPA
bound to the flap, thereby facilitating its cleavage by Fen1.
Mph1 Specifically Stimulates the Endonuclease Activity and

Not the Exonuclease Activity of Fen1—As shown in Fig. 2, the
activity of Fen1 on physiologically preferred substrates (flap-
structured DNA with 5� flap and 1-nt 3� flap) was markedly
stimulated by Mph1. We also examined their effect using two
additional flap substrates: onewith no 1-nt 3� flap and the other
containing a secondary structured 5� flap formed by intra-base
pairing positioned in the middle of the flap (Fig. 6). Dna2
cleaved these two flap substrates with equal efficiency (data not
shown), whereas Fen1 preferentially cleaved the substrate with
a 1-nt 3� flap (Fig. 6A, compare lanes 3–6 and 14–16). It should
be noted that elevated levels (20 fmol) of Fen1 were used with
the single 5� flap and the secondary structured flap substrates.
In a time course experiment with these substrates, Mph1 stim-
ulated Fen1 most efficiently with the 1-nt 3� flap substrate (Fig.
6A, compare lanes 4–6 with lanes 8–10, lanes 14–16 with
lanes 18–20, and lanes 24–26 with lanes 28–30). Under our
assay conditions, the rate of cleavage of the unstructured single
5� flap (Fig. 6A, middle) and the secondary structured 5� flap
(right) substrate was similar. Note that two different products
were formed with the secondary structured substrate. The
upper band (*, 48 nt) was formed by cleavage at the base of the
flap, whereas the lower one (**, 20 nt) was derived from a cleavage
event in the 5� ssDNA tail just before the hairpin structure.
Although Fen1 cleaved the latter two substrates inefficiently, its
activity was enhanced by Mph1 addition (Fig. 6A). Although it is
not clear whether this stimulation is physiologically significant,
these findings suggest thatMph1may enhance the ability of Fen1
to process secondary structured flaps bymultiple means.
We also tested whether Mph1 stimulated the exonuclease

activity of Fen1 using a nicked substrate without flap (Fig. 6B).
Unlike its endonuclease activity, the exonuclease activity of
Fen1 was not stimulated significantly (maximally 2-fold) by
Mph1. Thus, the stimulation of Fen1 by Mph1 is most likely
limited to its endonuclease activity.

FIGURE 3. Stimulation of the endonuclease activity of Fen1 and Dna2 by
Mph1 do not require ATP. A, endonuclease assays were carried out for var-
ious time periods in the absence or presence of 5 mM ATP, Fen1, and Mph1,
where indicated. B, boiled substrate. B, the amount of cleaved product
formed in reactions described in A was plotted against the incubation period.
C, the rate of Dna2 endonucleolytic activity was measured in the absence or
presence of Mph1 and ATP. The amounts of ATP, Dna2, and Mph1 added were
as indicated. B, boiled substrate. D, the amount of product formed in reac-
tions described in C was plotted against the incubation period.
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Mph1 Binds to Flap-structured DNAs but Not Nicked Duplex
DNAs—We examined whether the stimulation of Fen1 and
Dna2 by Mph1 required direct protein-protein interactions.

Physical interactions between
Mph1 and Fen1 or Dna2 were
screened in vivo using the yeast two-
hybrid assay, but no interaction was
detected (data not shown), suggest-
ing that the interactions may not be
stable or may occur indirectly
through binding toDNA.To test for
the latter possibility, gel mobility
shift assays were carried out with
several DNA substrates, including
those containing a single flap, a dou-
ble flap, and a nicked duplex. Since
Mph1 contains DNA-dependent
ATPase and DNA helicase activi-
ties, it is likely to bind to these DNA
substrates, which could be impor-
tant for its stimulatory effects. We
postulated that differences in its
binding affinity to various sub-
strates could contribute to its sub-
strate-specific stimulation. For
these reasons, we examined the
concentration-dependent binding
of Mph1 to various DNA substrates
in the absence and presence of ATP.
As shown in Fig. 7A, incubation of
the single flap substrate with high
levels (100 fmol) of Mph1 (Fig. 7A,
lane 4) yielded multiple protein-
DNA complexes, suggesting that
multiple molecules of Mph1 can
bind to a single DNAmolecule. The
presence of the additional 1-nt 3�
flap in the substrate hardly affected
the binding efficiency compared
with the 5� single flap substrate (Fig.
7A, compare lanes 2–7 and 9–13).
Mph1 bound these DNA substrates
in the absence of ATP (lanes 3, 4, 10,
and 11) or Mg2� (lanes 7 and 14).
The addition of both ATP and
Mg2� resulted in the disappearance
of the Mph1-DNA complex, due to
unwinding of the labeled strand
(lanes 5 and 12). When ATP was
replaced with the nonhydrolyz-
able ATP�S in the presence of
Mg2�, the binding efficiency
increased �2-fold (Fig. 7A, com-
pare lanes 4 and 11 with lanes 6
and 13, respectively). In contrast
to the Mph1-DNA complexes
formed with the above flap sub-
strates, the nicked duplex sub-

strate hardly supported the Mph1 binding (Fig. 7B, compare
lanes 6 and 7 with lanes 13 and 14). These results suggest
that binding of Mph1 to DNA substrates could be critical for

FIGURE 4. Walker A motif-mutated Mph1 stimulates endonuclease activity of Fen1 and Dna2. A, the wild
type Mph1 and Mph1K113E mutant protein were purified at the same time. Baculovirus expressing each type
of protein was used to infect Sf9 insect cells (1L; 1 � 106 cell/ml) (see “Experimental Procedures”), and proteins
were purified by a FLAG M2-agarose affinity column followed by heparin-Sepharose Fast Flow. Heparin-Sepha-
rose beads were collected and washed with heparin buffer containing 0.5 M NaCl, and proteins were eluted
with the same buffer containing 0.75 M NaCl in place of a linear gradient. The purified wild type Mph1 and
Mph1K113E proteins were subjected to 8% SDS-PAGE and stained with Coomassie Brilliant Blue. B, helicase
activity was measured with wild type and mutant Mph1 proteins using the standard endonuclease assay
condition described under “Experimental Procedures” in the presence of 15 fmol of the flap-structured DNA
substrate. B, boiled substrate. C, endonuclease assays were performed with 10 fmol of Fen1 and the indicated
amounts of wild type or mutant Mph1 proteins D, endonuclease assays were performed with 2 fmol of Dna2
and the indicated amounts of wild type or mutant Mph1 proteins.

FIGURE 5. Mph1 reverses the inhibitory effects of RPA on the endonuclease activity of Fen1. Endonucle-
ase assays were carried out at various times in the absence or presence of RPA, Fen1, and Mph1, as indicated.
The salt (NaCl) concentration used in this assay was 75 mM. Reactions were stopped with 4 �l of 6� stop
solution (described under “Experimental Procedures”). Then 1 �l of Proteinase K (1 mg/ml) was added to each
reaction, which was further incubated for 15 min at 37 °C. B, boiled substrate.
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its ability to stimulate the nuclease activities of Fen1 and
Dna2.
Suppression of dna2 Mutations by MPH1 Occurs via Stimu-

lation of Fen1—In parallel with screening for a multicopy sup-
pressor of dna2K1080E mutant, we also screened for a multi-
copy suppressor of the temperature-sensitive dna2�405N
mutant.MPH1was isolated in three independent screens using
this mutant strain (data not shown).
To evaluate whether suppression occurred through the stim-

ulation of Dna2�405N or Fen1, nuclease assays were per-
formed with the Dna2�405N protein. As shown in Fig. 8A,

Mph1 barely stimulated the endo-
nuclease activity of Dna2�405N
protein. Therefore, the stimulation
of Dna2 by Mph1 requires the pres-
ence of the N-terminal domain of
Dna2. This N-terminal region may
be required for the DNA-mediated
interaction between Dna2 and
Mph1. These results suggest that
suppression of the temperature sen-
sitivity of dna2�405N by MPH1
probably occurs through the stimu-
lation of Fen1 and not Dna2. To fur-
ther confirm this, drop dilution
assays were carried out with
dna2�405N cells transformed with
plasmids overexpressing either the
wild type ormutantmph1K113E. As
controls, pRS314-DNA2 (DNA2
cloned in a centromeric plasmid
with its native promoter) and
pRS424-FEN1 (FEN1 cloned in
multicopy plasmid with its native
promoter) were used. We found
that temperature sensitivity of
dna2�405N was suppressed by
overexpression of both wild type
and its Walker A motif-mutated
mph1K113E (Fig. 8B). Overexpres-
sion of FEN1 also restored the tem-
perature-sensitive growth defect of
the dna2�405Nmutant cells. These
genetic results, coupled with the
biochemical finding described
above, indicate that suppression of
dna2�405N occurs solely by ele-
vated levels of Fen1 activity. In con-
clusion, our in vivo and in vitro data
suggest that Mph1 participates in
Okazaki fragment processing by
stimulating the activities of Fen1
and Dna2, which facilitate a more
efficient formation of ligatable nicks
during lagging strand synthesis.

DISCUSSION

In this study, MPH1 was identi-
fied as a multicopy suppressor of the dna2K1080Emutant. To
understand the biochemical mechanism contributing to this
effect, we isolated highly purifiedMph1, which contains 3� to 5�
helicase activity (37). Purified Mph1 markedly stimulated the
endonuclease activities of both Fen1 and Dna2 in vitro (19- and
20-fold, respectively). This stimulation, however, was not
dependent on the helicase/ATPase activities ofMph1, since the
Mph1K113E mutant protein also was as effective as wild-type
Mph1. These effects on the two critical Okazaki fragment-pro-
cessing enzymes are consistent with our in vivo findings that
overexpression of MPH1 can suppress growth defects of both

FIGURE 6. Mph1 specifically stimulates the endonuclease activity but not the exonuclease activity of
Fen1. A, the rate of endonucleolytic cleavage measured with three different substrates. The amount of Mph1
used is 32 fmol, and additions (�) or omissions (�) are as indicated in the figure. The single and double asterisks
indicated on the right side denote the migration of distinct cleaved products; the single asterisk indicates the
product arising after cleavage at the base of the 5� flap, and the double asterisk indicates the product formed by
cleavage at the right before the hairpin. The amount of cleaved products formed, indicated below the panel, is
a sum of these two products. B, exonuclease assays were performed with the nicked duplex substrate.

FIGURE 7. Mph1 binds to flap-structured DNA and not to nonflap nicked DNA. A, gel mobility shift assays
(described under “Experimental Procedures”) were performed with the flap substrate used for endonuclease
assays in the presence or absence of 5 mM ATP, ATP�S, and 5 mM MgCl2, as indicated. B, gel mobility shift assays
were carried out after incubation of Mph1 with flap and nicked duplex substrates; 5 mM MgCl2 was added in all
reactions.
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dna2K1080E and dna2�405N mutants. We noted that the
stimulation of Dna2 by Mph1 depends on the presence of the
intact N-terminal domain of Dna2 (see below for further dis-
cussion). The helicase-negative Dna2K1080E protein does not
resolve secondary structure flap substrates efficiently, because
this process requires the coordinated action of both helicase
and endonuclease activities of Dna2 (21). We found that the
lethal phenotype of the dna2K1080Emutant was suppressed by
overexpression of dna2K1080E,4 indicating that high levels of
Dna2 endonuclease activity alone can resolve secondary struc-
tured flaps.We speculate that in the presence of excess levels of
its endonuclease activity, Dna2 can rapidly capture and degrade
the single-stranded DNA that is transiently formed by melting
of the secondary structure (a process also referred to as “breath-
ing”). Overexpression of Fen1 also suppressed the dna2K1080E
mutant (Fig. 2C). A plausible explanation for these findings is
that any potential secondary structures formed in the long flap
(produced by displacement DNA synthesis catalyzed by pol �)
may not bemaintained stably in equilibrating flaps in which the
5� and 3� flap regions compete dynamically for base pairingwith
template DNA (30). If this were the case, most flaps, including
those with the potential to form secondary structures, would be
cleaved by the presence of excess Fen1. In support of this

notion, hairpin structures formed in
nonequilibrating flap are slowly
cleaved by Fen1 in vitro, and impor-
tantly, this cleavage rate can be
increased by the addition of Mph1.
Therefore, secondary structured
flaps, unless highly stable, can be
processed by the presence of high
levels of Fen1 or by lower levels of
Fen1 in the presence of Mph1,
which stimulates its activity. The
secondary structured flap, present
in equilibrating flaps, can be
removedmore rapidly by Fen1 if the
endonuclease activity of Dna2 is
available, as is the case with
the mutant dna2K1080E and
dna2�405N strains. The double
flaps mutually stimulate Dna2-cata-
lyzed cleavage of each strand of flap,
which results in rapid shortening of
both flaps, which in turn facilitates
formation of double flap structure
with a 1-nt 3� flap, a preferred sub-
strate for Fen1 (45). We believe that
the cellular levels of Fen1 and Dna2
are not adequate to process all sec-
ondary structured flaps generated in
vivo in cells devoid of the Dna2 heli-
case activity. Under such condi-
tions, we suggest that the helicase
activity of Dna2 becomes essential.
Based on this hypothesis, we suggest

that the stimulation of the two nucleases by overexpression of
Mph1 would have the same consequences in vivo (i.e. they
render the helicase activity of Dna2 dispensable). This hypoth-
esis may explain why the Dna2 homologs from fission yeast5 or
humans (45) lack helicase activity. Our biochemical and genetic
data, however, indicate that the suppression of the Dna2 defect
by Mph1 is due to the stimulation of Fen1 activity and not of
Dna2, since overexpression of Mph1 also suppressed the
dna2�405N mutant. In vitro, the endonuclease activity of this
mutated Dna2 was not stimulated by Mph1, indicating that
stimulation occurs by a specific protein-protein interaction
between the N-terminal domain of Dna2 and Mph1.
Although it is not clear how Mph1 stimulates Fen1 or Dna2

at present, one possible mechanism by which Mph1 stimulates
Dna2 and Fen1 is through DNA binding activity of Mph1,
which dissociates Dna2 or Fen1 from the cleavage products and
thereby helps the nucleases recycle rapidly. This possibility
raises a specificity problem. We believe that this is not the case
for several reasons. First, the amount of Mph1 should be in
excess over substrate DNA in order to stimulate a nuclease.
Althoughmost assays in this study were carried out with excess
amounts of Mph1, substoichiometric amounts (1 or 5 fmol) of

4 C. H. Lee, unpublished observation. 5 Y.-S. Seo, unpublished observation.

FIGURE 8. Overexpression of MPH1 suppresses the temperature sensitivity of dna2�405N mutant, but
Mph1 protein does not stimulate the endonuclease activity of Dna2�405N protein. A, endonuclease
assays were carried out with two different levels of Dna2�405N and the indicated amounts of Mph1. B, YPH499
(MATa, ade2-101, ura3-52, lys2-801, trp-�63, his3-�200, leu2-�1, and GAL�) and YJA2 (dna2�405N in YPH499
genetic background) strains were transformed with plasmids, as indicated. The wild type (WT) and dna2�405N
strains were transformed with empty pRS424 vector containing only the ADH1 promoter as positive and
negative control (pADH in WT and pADH dna2�405N, respectively) in the first rows. A tagged version of wild
type MPH1 and helicase-negative mph1K113E were expressed in pRS424 plasmid under the ADH1 promoter in
the YJA2 strain (pADH-HFMPH1 and pADH-HFmph1K113E), and nontagged MPH1 was also expressed (pADH-
MPH1) in the same way. As other positive controls, DNA2 and FEN1 were expressed in pRS314 (centromeric
plasmid) and pRS424, respectively, under their natural promoters. Transformants were inoculated and grown
in liquid SD(�W) medium until saturation and spotted in duplicates onto SD(�W) plates using 10-fold serial
dilutions. Cells were then incubated for 3 days at 25 and 37 °C.
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Mph1 andMph1K113Ewere sufficient to stimulate activities of
Fen1 and Dna2 (see Fig. 4, C and D). Second, we tested unre-
latedDNAhelicases, such as SV40 T antigen and Schizosaccha-
romyces pombe Pfh1, that also possess DNA binding activity.
The two helicases failed to stimulate activity of Fen1 or Dna2
under the same condition (Fig. S1). Third, we performed an
experiment in a condition under which recycling was mini-
mized by using the two nucleases in a stoichiometric amount
with or in excess of substrate DNA. The result was that Mph1
stimulated the rate of both Fen1 andDna2 under this condition;
it stimulated Fen1 better than Dna2 (Figs. S2 and S3). This is
consistent with our finding that Mph1 suppressed Dna2 muta-
tion by stimulating Fen1 activity.
The results presented here, as well as those published by

others (35), raise the possibility thatMph1 serves two different
physiological functions, one requiring its ATPase/helicase
activities and the other not. The helicase-dependent pathway is
likely to play a role(s) inmaintaining the stability of the genome,
sincemph1 devoid of ATPase/helicase activity does not restore
the mutator phenotype of mph1� cells (35). The second func-
tion, which does not require the intrinsic biochemical activities
ofMph1, is likely to aid in thematuration ofOkazaki fragments,
as shown in this study. Although the mutator phenotype of
mph1�was not rescued by expression ofmph1K113Q (35), this
observation does not exclude the possibility that the stimula-
tion of Fen1 andDna2 byMph1 is able to contribute to genome
stability in vivo. It is well established that Fen1 is involved in
many pathways other than Okazaki fragment processing,
including nucleotide excision repair, base excision repair, mis-
match repair, and large loop repair (12, 46–48). Mph1 may
participate in one of these repair pathways by stimulating the
endonuclease activity of Fen1. If this were the case,mph1� null
mutants should be more sensitive than the helicase-negative
mutant to DNA-damaging agents that activate the above repair
pathways.
It is noteworthy thatMph1 reversed the inhibition of Fen1 by

flap-bound RPA, suggesting that the stimulation of Fen1 by
Mph1 may have physiological significance in vivo by virtue of
their effect. We found that the stimulation was limited to the
structure-specific endonuclease activity of Fen1. Mph1 did not
stimulate the 5� to 3� exonuclease activity of Fen1. Substrate-
specific stimulation was also consistent with the findings that
Mph1 binds preferentially to flap substrates. Possible mecha-
nisms bywhichMph1 stimulates Fen1 includeMph1 first bind-
ing the dsDNA-ssDNA junction (see below for further discus-
sion), which alters the DNA structure to a form more
susceptible to Fen1 cleavage or induces a conformational
change in Mph1 suitable for the recruitment of Fen1 to DNA.
These two scenarios would not require ATP. Mgs1, unlike
Mph1 or Werner and Bloom syndrome helicases (40, 41),
requires ATP to stimulate Fen1, althoughATP hydrolysis is not
required for this effect (39). We unexpectedly observed that
Mph1 displaced the 5� flap strand in a flap substrate containing
a 5� single-stranded DNA, although theMph1 helicase translo-
cates in the 3� to 5� direction (37). A plausible way that Mph1
could displace this 5� single-strand flap is through its ability to
translocate along duplex DNA, after loading onto the double-
stranded DNA or dsDNA-ssDNA junction. Recently, it was

shown thatmph1� increased the recombination rate in a sgs1�
background, suggesting thatMph1 acts as an anti-recombinase
(36, 37). Furthermore, it is known that the human homologue
of Mph1, FANCM, which plays a role in the Fanconi anemia
pathway, has branch migration activity (49). In addition, the
archaeal homologue, Hef, also has helicase activity in its N-ter-
minal domain and can unwind fork-structured and Holliday
junction DNAs (50). Most recently, it was reported that the
C-terminal domain ofMph1 is responsible for promoting gross
chromosomal rearrangement by partially inhibiting homolo-
gous recombination (38). These findings suggest that biochem-
ical activities associatedwithMph1 are likely to be important in
maintaining genome stability. Currently, the properties of this
helicase are under intensive investigation.
Another conceivable role of Mph1 is that it could function

with Dna2 in telomere homeostasis. It is well known thatmain-
tenance of telomere length requires extensive lagging strand
synthesis in order to make up for gradual loss from their ends.
In support of this, the involvement of Dna2 with regard to
telomere homeostasis was demonstrated in S. cerevisiae (51)
and S. pombe (52). In addition, it was reported that Fen1 is also
involved in telomere homeostasis (32). Therefore, it is likely
thatMph1 is capable of stimulating both nucleases functions in
telomere homeostasis. This possibility is under investigation.
The further elucidation of the biochemical properties of the
Mph1 helicase should help explain how it acts to maintain
genome integrity, including telomere. We noted that the Fen1
preparation used in this study appeared to have a feeble flap
endonuclease activity during the review process.We found that
it possessed approximately one-third the activity of our newly
prepared Fen1.
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