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FIG. 1. Effects of Ku70 genotype on radiation-induced lacZ mutations in the spleen (panel A), liver (panel B)
and brain (panel C) of Muta™ mouse. Mutant frequencies after whole-body exposure 1o 0, 20 and 50 Gy mdiation
were examined in Ku70°'*, **~ and - lacZ transgenic mice, No difference was obsarved between Ku70-'= and

“= mice.

ferred to mitrocellulose membranes, and analyzed for H2AX and phos-
phorylated H2AX (y-H2AX) using antibodies specific for each protein;
anti-H2AX Ab was made using the C terminal peptide of human H2AX
as an antigen: a monoclonal Ab for y-H2AX [Phospho-Histone H2AX
(Ser139)] was purchased from Cell Signaling Technology Inc.. Danvers,
MA). The procedures have been described elsewhere (32). Non-phospo-
horylated and phosphorylated H2AX were compared by Western blots as
an indication of the presence of DNA breaks in cells (33).

RESULTS
Radiation-Induced Mutations

The mutant frequencies in spleen, liver and brain after
exposure (o 0, 20 or 50 Gy X rays are shown in Fig. 1.
Ku70¢'* and *~ mice showed increased mutation frequen-
cies after irradiauon, whereas Ku70-~ mice showed re-
duced mutation levels in all three tissues compared o
Ku70-proficient mice. Ku70*"* and *~ mice had no appre-
ciable differences. The spontaneous levels of mutations
were similar for all three genotypes. The number of mu-
tatons induced by 20 Gy were calculated by subtracting
the average mutant frequency of nonirradiated mice from
that of irradiated mice. The numbers of induced mutations
in Ku70-proficient and -deficient mice were compared (o
determine the percentages of mutations produced through
4 Ku70-dependent NHE] process; they were 67, 82 and
86% in spleen, liver and brain, respectively.

To understand the molecular mechanisms underlying
these differences, we sequenced the lacZ DNA of the mu-
tant clones. The frequencies of the different types of mu-
tations are shown in Fig. 2. In Ku70*'* and *'~ mice, the
predominant type of mutation induced by radiation was a
deletion, whereas this type of mutation was much less fre-
quent in Ku70 '~ mice. The results were similar in all three

tissues we examined. This indicates that the predominant
type of mutation induced by radiation at the gene sequence
level, a deletion, is produced through a Ku70-dependent
NHE] process.

Recently, Honma er al. reported that the predominant
mutations produced at double-strand break sites made by
restriction enzyme I-Scel were 1- to 50-bp-long deletions
(22). Hence we classified the deletion mutations we found
into two groups: 1-50 bp and more than 50 bp (Table 1).
All of the spontaneous mutations were in the former group,
whereas radiation induced deletion mutations of both sizes.
In Ku70-proficient irradiated mice, 1-50 bp was predomi-
nant, but this was not the case in Ku7(-deficient irradiated
mice (Table 1). In other words, Ku70 deficiency results in
the suppression of small deletions of 1 to 50 bp rather than
the larger deleuons.

Details about the infrequent mutations classified as mul-
tiple and complex mutations in Fig. 2 are presented in Table
2. These types of mutations are observed only in irradiated
mice, with the exception of one found in the unmirradiated
spleen of the Ku70-'~ mouse, The complex-lype mutations
can be explained by the deletion of a small number of nu-
cleotides with a simultaneous insertion of a few nucleotides
at the same site. This type of mutation was reported pre-
viously in wild-type Muta™ mice (/7) and gpt delta trans-
genic mice (/8) after irradiation. The multiple mutations
we encountered can be grouped mnto two categories: (1) two
or three changes within 14 nucleotides and (2) two aller-
anons observed separately with a distance of 558 bp or
more. Interestingly, the latter class of mutation was found
only in irradiated Ku70-" mice (four cases) and not in
unirradiated mice or irradiated Ku70-proficient mice. We
found 188 independent mutations in irradiated Ku70-pro-
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FIG. 2 Mutation spectra in nonirradiated and 20 Gy-irradiated
Ku70+'+, *~ and '~ lacZ transgenic mice 3.5 days postirradiation. The
frequencies of different types of mutations revealed by sequencing of
mutant clones are shown. Open, gray and black columns represent wild-
type mice, Ku70""~ mice and Ku70~'~ mice, respectively. Deletion-type
mutations were induced by irradiation of Ku70*'* and '~ mice, but they
were not prominent in =~ mice.

ficient mice and 109 in irradiated Ku70-deficient mice.
Fisher's exact probability test showed that the number of
multiple mutations appearing separately at a distance of
more than 558 bp was significantly higher in Ku70-"~ mice
(4/109) than in Ku70-proficient mice ((/188, P = 0.0175).

DNA Breaks and Rejoining

The suppression of radiation-induced mutation in Ku70-
deficient mice could be explained by lack of rejoining of
DNA double-strand breaks, which would not be detected
as mutations, or by repair through homologous recombi-
nation, which is known to be error-free. To obtain more
information, we analyzed DNA breaks and phosphorylated
H2AX, which is supposed to be associated with free ends
of double-strand breaks.

SFGE was adopted to assess DNA double-strand breaks
and their rejoining. With this approach, the amount of DNA
breaks is estimated as the DNA released from a well into
the gel after electrophoresis. The fraction of released DNA
was shown to increase with radiation dose (37). As is in-
dicated in Fig. 3A, immediately after exposure to 20 Gy,
the amount of fragmented DNA released from the well
showed an increase in all tissues of all genotypes compared
to nonirradiated mice. However, 3.5 days after irradiation,
the amount of fragmented DNA showed genotype- and tis-
sue-specific differences. Fragmented DNA was much re-
duced in all three tissues of Ku70*'~ mice, In Ku70-'- mice,
on the other hand, a significant amount of DNA remained
fragmented, showing suppression of DNA rejoining (Fig.
3). The statistical analysis comparing the amounts of frag-
mented DNAs in Ku70-deficient mouse tissues immediately
and 3.5 days after 20 Gy irradiation showed that the re-
Jjoining was significant in liver (P = 0.00877) and brain (P
= 0.0104) but not in spleen (P = 0.0734). This indicates
that some DNA rejoining took place in the absence of Ku70
but not as much as that observed in Ku70-proficient mice.

The presence of unrepaired DNA breaks in irradiated
Ku70~"- mice was further indicated by the persistent pres-
ence of phosphorylated histone H2AX at 3.5 days postir-
radiation. Figure 4 shows Western blots of phosphorylated
H2AX (y-H2ZAX) in spleen, liver and brain at 1 h and 3.5
days after irradiation. In Ku70+"- mice, the y-H2AX band
observed at 1 h after irradiation disappeared at 3.5 days,
whereas Ku70-'- mice showed significant levels of
¥-H2ZAX at 3.5 days postirradiation, suggesting the persis-
tent presence of unrepaired DNA breaks.

DISCUSSION

Double-strand breaks are considered to be the most im-
portant damage induced by ionizing radiation. Other types
of lesions such as base damage and single-strand breaks,
although more common, are repaired rapidly and do not
have such disastrous consequences for cells if they are mis-
repaired, because they do not generally involve the loss of

- 80 -
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TABLE 1
The Number of Deletion Mutations of Different Sizes Found in the Three Tissues
Control 20 Gy
Total Total
Tissue Ku70 mutations* 1-50 bp* =30 bp* mutations* 1-50 bp* >50 bpr
Spleen +i+, +1— 69 4 (5.8)p 1] 64 34 (5.0 4 (6.3)
=L 27 2(14) 0 35 2(57) 3(8.6)
Liver +/4, - 41 0 0 3 40 (54.8) 1(1.4)
—i= 25 3(12.0) 0 37 5(13.5 3(8.1)
Brain +i+, +/= 47 7(149) 0 51 15 (29.4) 1(2.00
—/= as 2(5.7) 4] 37 I(81) 3(8.1)

* Total number of independent mutations found.

* Number of deletion mutations of | to 50 bp.

< Number of deletion mutations of more than 50 bp.
“The bers in p b le per

RCS.

DNA sequences from the genome. The present study dem-
onstrates that NHEJ of DNA double-strand breaks is the
major source of radiation-induced mutagenesis in mouse
tissues. Double-strand breaks are only a minor component
(about 1/250) of the total DNA damage (34). Since most
of the radiation-induced mutatons are suppressed in
Ku70-'"~ mice (Fig. 1), it would appear that most DNA
damage other than double-strand breaks is repaired cor-
rectly. It should be noted that a small number of mutations
were induced in Ku70-deficient mice. These could be the
result of mistakes in the other repair processes such as tran-
slesional DNA synthesis on damaged bases.

The number of DNA double-strand breaks induced by 1
Gy of radiation is estimated to be about 30 per cell with
approximately 6 X 107 bp of total DNA (34, 35). The num-

ber of double-strand breaks induced in the 3.1-kbp-long
lacZ gene by 20 Gy radiation would be estimated to be 30
X 1079 (30 X 20 X 3.1 X 10°/6 X 10°). Since the number
of radiaton-induced mutations in the tissues is 23-32 X
10-* (Fig. 1), the two numbers are similar. This suggests
that each double-strand break in the lacZ gene leads 1o one
mutation. This is reasonable because most radiation-in-
duced double-strand breaks are accompanied by chemical
alterations in one or more bases or the deoxyribose at the
broken ends, and they must be removed before the break
is sealed. In other words, the closeness of the estimated
number of DNA double-strand breaks and the measured
mutant frequency suggests that the fidelity of NHE] is very
poor for radiation-induced breaks.

One point that should be remembered in the interpreta-

TABLE 2
Multiple and Complex Type Mutations
Distance
Dose between the
Ku70 (Gy) Tissue D Type« Position® Change* mutations (bp)
I+ 20 Spleen MI1-12 Multiple (=3, = 1) 1456-1458, ATCCTITCCCGC 3
1461 -AT::. -TCC:GC
+/- 20 Liver MI-16 Multiple (BS, BS) 2906 CAGTC—CATTC 14
2921 GATGG—SGAAGG
Brain F2-10 Complex (=2, +1) 2351-2352 ccGecece—cCrCs —
oy 0 Spleen F2.7 Multiple (BS. BS, BS) 11 GTCAG—-GTTAG 1.1
1123, 1125 ATGAGCA—ATAAACA
20 Spleen M2-12 Multiple (BS, BS) 1187 TTCGCTTTGT 993
2181 CGTECT—CGCCT
M3-16 Multiple (BS, BS) 2392 ACGAC—ACAAC 558
2951 CGCGG—CGTGG
M3-17 Multiple (BS. BS) 20 TTCAC-TTIAC 116
1187 TTC‘GC*—JTTTGC
Liver M2-16 Multiple (BS, BS) 452, 454 TGGCGTT—TGTCTTT 1
F3-13 Complex (= 1. 4+2) 881 TCGCT—TCATCT —
F3-17 Multiple (BS, BS, +1) 1369, 1370, ACCCGAGT 2
1372 —+ACAAGAAGT
Brain M3-4 Multiple (BS, BS) 154 ATCGC3ATTGC 1041

1196 TCCGATCTGA

* BS; base substitution, negative t deletion, positive

1 insertion.

* The position of nucleotide is nurnbeml from lhc first nucleotide of imuation codon of the lacZ gene.

“The nucleotides showing alteration are underlined. The deleted nucl

are shown by dots.

_81_
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FIG. 3, SFGE analyses of DNA breaks and rejoining after 20 Gy of
imadiation in Ku70-proficient *'~ and deficient ~'~ mice. Panel A: Irra-
diation with 20 Gy increased the fraction of fragmented DNA which was
released from the well in both Ku70*~ and "~ mice. At 3.5 days after
irradiation, the fragmented DNA was reduced to the levels found in non-
irradiated tissues in Ku70*"" mice and to intermediate levels in Ku70-+-
mice. A similar trend was observed in the three tissues examined. Pancl
B: The experiment was repeated three times and the percentage of the
fragmented DNA was quantified. The averages and standard deviations
are shown. White columns represent Ku70*'~ mice and the black columns
Ku70-"- mice
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F1G. 4. Western blot analysis of the phosphorylation of histone H2AX.
In Ku70-proficient mice, the phosphorylated H2ZAX (y-H2ZAX) band was
present at one hour after irradiation (20 Gy) and disappeared at 3.5 days
in all ussues. In Ku70" "~ muce, however, the y-H2AX remained positive
at 3.5 days after irradiation, suggesting that many of the radiation-induced
DNA breaks remain unrepaired.

ton of the present results is that the mutational changes
observed are limited to events within the 3.1-kbp-long lacZ
gene. Therefore, large rearrangements such as deletions of
more than a few kbp of DNA or translocation of the lacZ
gene to the other chromosome cannot be detected in the
present assay System, because each lacZ gene retrieved
from the mouse genome needs to be packed into a A phage
to be analyzed for mutatuons. Thus the assay can monitor
only base substitutions and deletions/insertions of up 10 a
few kbp within or including the lacZ gene.

The other point to be noted is that the doses used in the
present study are 20 Gy and 50 Gy. Although liver and
brain tissue did not show any appreciable alterations after
irradiation with those doses, the spleen was significantly
smaller 3.5 days after irradiation. This is in accord with the
prevalence of cell death in the spleen within 24 h after
irradiation (36). Thus the data for spleen at 3.5 days afier
irradiation must represent the survival of only a minor frac-
uon of spleen cells after these high doses. Further, defi-
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ciency of KuB0, the other key protein of NHEJ, has been
shown to enhance apoptosis in the spleen after irradiation
(46). Thus it is possible that the reducuon of radiauon-
induced mutations in the spleen of NHEI-deficient mice
reflects the preferential elimination of cells harboring a lacZ
mutation. However, this is not likely, because it is difficult
to imagine that the apoptosis induction system can work
preferentially on cells that have damage or mutation on the
lacZ gene. After irradiation with 20 Gy. each cell suffers
significant DNA damage, including approximately 600
double-strand breaks, and no cell will be free of damage.
The cells that have damage on the lacZ gene must have
many other lesions on the other part of the genome. Under
these conditions, it would be difficult to recognize selec-
uvely the cells containing damage in the lacZ gene. In ad-
dition, the lacZ gene used in the system does not have the
promoter needed for transcription in mouse cells. Hence it
is not expressed and could not be subject to selection by
the cellular apoptosis system whether the gene is mutated
or not.

Rothkamm e¢f al. examined DNA ligation in cultured
cells using pulsed-field gel electrophoresis and found that
50% of the double-strand breaks induced by an acute high
dose of radiation (80 Gy) resulted in large DNA rearrange-
ments, probably by ligation of illegitimate ends by NHEJ.
The other 50% were ligated accurately without using the
NHEIJ repair system (/4). Since the mutations monitored in
the present study were small deletions of less than a few
kbp within the lacZ gene, they must have belonged to the
category considered to be “‘accurate ligation™ in the study
of Rothkamm er al. (14). Al present, there is no way 1o
estumate the rauo of mutation-free ligaton and mutation-
linked ligation in the “accurate ligation™.

Our study as well as that of Rothkamm er al. (14) sup-
ports the existence of a functional double-strand break re-
pair system other than NHEJ, because significant levels of
DNA rejoining were observed after irradiation in NHEJ-
deficient tssues and cells. It could be homologous recom-
bination (HR) repair that functions as a form of error-free
double-strand break repair when homologous DNA se-
quences are present. The strong repression of mutation in-
duction in Ku70-deficient mouse tissues supports the im-
portance of HR in these cells. It is also possible that mi-
crohomology-mediated end joining (MMEIJ), which is er-
ror-prone and 1s suggested to be distnct from NHEJ (3),
may function in NHEI-deficient cells. Repair by MMEI] has
been reported to result in relatively large deletions with
short repeat sequences at the ends of deleted fragment (5).
The frequency of repeated sequences at the ends of deleted
DNA, a hallmark of MMEIJ, was similar in both wild-type
and Ku70-deficient mice (data not shown), which does not
support a role for MMEJ. However, the deletion mutations
observed in irradiated Ku70-deficient mice appear to con-
tain slightly larger deletions than those in Ku70-proficient
irradiated mice (Table 1), which may support the latter idea.

In the present study, we found nine multiple mutations

(Table 2). Among them five cases showed two or three
alterations located within a short stretch of nucleotides less
than 30 bp long. This could be induced by clustered dam-
age or by locally multiply damaged sites suggested by com-
puter simulation of DNA damage (37). The other four mul-
tiple mutations displayed two base substitutions at separate
positions located more than 500 bp apart. Since these were
found only in irradiated Ku70-deficient mice, this type of
mutation could be related to the NHE] deficiency. Six out
of eight base substitutions found in these multiple muta-
tons were G:C 10 A:T transitions at CG sequences, a mu-
tation type that 1s found most frequently in spontaneous
mutations in vertebrates. Recently, Wang er al. proposed a
phenomenon known as “mutation showers™ as the cause
of muluple mutations, which could occur as a result of a
temporally unstable DNA polymerase or an imbalance in
the deoxyribonucleotide triphosphate pool size (38). The
multiple mutations observed in the present study could be
explained by the same mechanism, although there is no
evidence that Ku70 is involved in DNA polymerization or
the maintenance of nucleotide pool levels.

In the present study we examined three tissues with dif-
ferent cell proliferation properties and asked whether there
is any tissue specificity in mutation induction. The dose
response of mutation induction revealed vanation among
the tissues, especially at 50 Gy (Fig. 1). The suppression
of mutation induction at high doses could be explained by
an increased probability of having two events in a single
cell: mutation on the lacZ gene and a lethal hit for the cell.
In fact, the strongest suppression was observed in the
spleen, which was the most sensitive tissue among the three
tissues examined. Brain cells would be more radioresistant
than spleen and liver cells.

In conclusion, in Ku70-"- mice, end rejoining of X-ray-
induced DNA breaks is impaired due to the absence of
NHE]J repair, and the formation of mutations is suppressed.
On the other hand, some non-NHE] mediated DNA rejoin-
ing, which could be homologous recombination repair, ap-
pears 1o occur in Ku70-deficient animals.
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ABSTRACT

The evolutionary conserved PIF1 DNA helicase family
appears to have largely nonoverlapping cellular func-
tions. To better understand the functions of human
PIF1, we investigated biochemical properties of
this protein. Analysis of single-stranded (ss) DNA-
dependent ATPase activity revealed nonstructural
ssDNA to greatly stimulate ATPase activity due to a
high affinity for PIF1, even though PIF1 preferentially
unwinds forked substrates. This suggests that
PIF1 needs a ssDNA region for loading and a forked
structure for translocation entrance into a double
strand region. Deletion analysis demonstrated
novel functions of a unique N-terminal portion,
named the PIF1 N-terminal (PINT) domain. When the
PINT domain was truncated, apparent affinity for
ssDNA and unwinding activity were much reduced,
even though the maximum velocity of ATPase activity
and K, value for ATP were not affected. We suggest
that the PINT domain contributes to enhancing the
interaction with ssDNA through intrinsic binding
activity. In addition, we found DNA strand-annealing
activity, also residing in the PINT domain. Notably,
the unwinding and annealing activities were inhibited
by replication protein A. These results suggest
that the functions of PIF1 might be restricted with
particular situations and DNA structures.

INTRODUCTION

Helicases are ubiquitous enzymes that catalyze the
unwinding of DNA duplexes using ATP as their energy
source. They therefore play vital roles in nearly all DNA
metabolic processes, including DNA replication, recombi-
nation and repair. The PIF1 subfamily of -3’ DNA heli-
cases (1-10) belongs to the SFI superfamily, conserved in
diverse organisms (11).

In Saccharomyces cerevisiae (Sc), ScPif1 was originally
identified because of its involvement in recombination

of mitochondrial DNA (mtDNA) (12,13). Dysfunction
of Se¢Pifl leads to mitochondrial genetic instability due
to spontaneous oxidative damage (14-16), and induces
mtDNA damage (17). ScPiflp has not only mitochondrial
targeting but also nuclear targeting signals and therefore
is localized in both the mitochondria and nucleus (18).
Nuclear ScPiflp has multiple functions. When it is over-
produced, telomeres become shorter, while they elongate
when it is eliminated (18,19). In the absence of nuclear
ScPif1, gross chromosome rearrangement is also increased,
and healing of double-stranded broken ends via telomere
addition increases ~200- to 1000-fold. These data suggest
a negative regulatory role of ScPifl in telomere metabo-
lism (18-24). Indeed, ScPill catalytically inhibits telomer-
ase activity in vitre (25). Other genetic data suggest that
ScPif] plays roles in Okazaki fragment processing (26),
pausing of replication progression at ribosomal DNA loci
(27) and unwinding of hemicatenans (28).

Schizosaccharomyces pombe encodes a PIF1 homolog,
Pfh1 (8,10) which is required for cell cycle progression in
late S-phase and for appropriate responses to DNA
damage agents (8,10). It is also implicated in lagging
strand DNA processing (7).

Previous biochemical studies of human PIF1 were
performed using N-terminal-truncated forms of PIFI,
containing only the conserved helicase motifs, located in
the C-terminus, since it earlier proved impossible to obtain
purified full-length human PIF1 protein (3,4.9). However,
we found that the N-terminal region of human PIFI,
named here as the PIF1 N-terminal (PINT) domain, is
well conserved in the PIFI family, suggesting a possible
functional role. Here, we established a method to purify
full-length human PIF1 protein and provided the first evi-
dence that the PINT domain has crucial functions in this
enzyme.

MATERIALS AND METHODS
Plasmid construction

The nucleotide sequence of the 5-end of human PIFI
¢DNA was obtained by 5-rapid amplification of cDNA
ends. Then the full-length human PIF] cDNA was
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amplified from a HeLa ¢DNA library using primers,
CATATGCTCTCGGGCATAGAGGCGGCGGCAGG
GGAATATGAGGACTCG and TCAGAGGATTGGG
TCCATGTT by PCR, then the nucleotide sequences of
the clones were verified and submitted 10 the database
with the accession number, EU084033. The entire coding
region with a histidine tag at the N-terminus was inserted
into the pET20b(+) vector to yield pET20b-PIF1. The
truncated forms. PIF'®7*" and PIF'""'® consisting of
the numbered amino acid residues were also cloned into
pET20b(+) and pET15b. respectively, to produce his-
tagged fusion proteins. The structures of the resul-
tant plasmids, pET20b-PIFI, pET20b-PIF'"*! and
pETISb-PIF"'™  are shown in  Supplementary
Figure S1. In this article, PIF'®7*" and PIF''* are
referred to as C-terminal region of PIFI (PIFIC) and
N-terminal region of PIF1 (PIF1N), respectively.

Protein purification

RPA was purified as described (29) from over producing
Escherichia coli cells (30). PIF1 and its deleton deriva-
tives were purified as his-tagged fusion proteins at the
N-termini. During all the purification steps, induced pro-
teins were monitored by SDS-PAGE followed by staining
with Coomassie Brilliant Blue R-250, or western blotling
using Penta-His antibody (#34660, QIAGEN, Tokyo,
Japan) or anti-PIF1 antibodies. Protein concentrations
were determined by Bio-Rad protein assay using BSA
(Bio-Rad, Tokyo. Japan) as the standard.

His-tagged full-length PIF] and PIFIC were purified
from overexpressing E. coli cells, BL21 (DE3) (31). The
strain harboring a plasmid pMStRNAI, in which tRNAs
for rare codons were cloned into a R6K derived kanamy-
cin resistant plasmid (32), and pET20b-PIF1 was grown
in 31 of LB supplemented with ampicillin (250 pg/ml)
and kanamycine (30 pg/ml) at 15°C, with aeration until
the culture reached an Agy value of 0.6. Isopropyl
-p-thiogalactopyranoside (IPTG) was added to 0.2mM,
and the incubation was continued for 14 h. The resultant
cell paste (9g) was resuspended in 18ml of buffer 1
(50mM HEPES NaOH pH 7.5, 0.1 mM EDTA, 10mM
f-mercaptoethanol, 1 M NaCl) and frozen in liquid nitro-
gen. The cells were thawed in ice water and lyzed by addi-
tion of 3ml buffer I containing 100mM spermidine and
4mg/ml lysozyme. After incubation on ice for 30 min,
heating in a 37°C water bath for 2 min and further incuba-
tion on ice for 30 min, the lyzate was clarified by centrifu-
gation twice at 85000g for 30min at 4°C. Subsequent
column chromatography was carried out at 4°C using a
fast protein liquid chromatography (FPLC) system (GE
Healthcare, Tokyvo, Japan). After adding imidazole to
50mM, the lyzate was applied at 0.2ml/min to a 1-ml
HiTrap chelating column (GE Healthcare), which had
been treated with 0.1 M NiSO,; and then equilibrated
with buffer A (50mM HEPES NaOH pH 7.5, 10% gly-
cerol, 10mM [-mercaptoethanol, 1M NaCl) containing
50 mM imidazole, The column was washed with 10ml of
equilibration buffer at 0.2 ml/min and his-tagged PIF] was
eluted with 10ml of buffer A containing 100mM imida-
zole. Fractions eluted with 100 mM imidazole were pooled

and diluted to 50mM imidazole with buffer A, then
loaded again onto a 1-ml HiTrap chelating column at
0.2ml/min. The column was washed, and PIFI was
eluted with buffer A contamning 300mM imidazole,
then loaded at 0.1 ml/min onto a Superdex 200 10/300
GL column (GE Healthcare) equilibrated with buffer
A. PIF| peak fractions were pooled, frozen in liquid
nmitrogen, and stored at -80°C. His-tagged PIF1C was
purified under the same conditions as described for
his-tagged PIF1.

His-tagged human PIFIN was purified from overex-
pressing E. coli cells, Rosetta 2 (DE3) (Novagen, Tokyo.
Japan). The strain harboring pET15-PIFIN was grown in
31 of LB supplemented with ampicillin (250 pg/ml) and
chloramphenicol (30 pg/ml) at 15°C with aeration until
the culture reached an Ago value of 0.6. IPTG was
added to 0.2mM, the incubation was continued for 14h,
and the cells were lyzated as described. After adding imi-
dazole to 50 mM, the lyzate was applied at 0.2 ml/min to a
I-ml HiTrap chelating column, which had been treated
with 0.1M NiSO, and then equilibrated with buffer A
containing 50 mM imidazole. The column was washed
with 10ml of equilibration buffer at 0.2ml/min and then
with 10ml of buffer A containing 100 mM imidazole. His-
tagged PIF 1N was eluted with 10 ml of 300 mM imidazole
in buffer A. Fractions containing PIFIN were pooled,
diluted with buffer B (50mM HEPES NaOH pH7.5,
10mM [-mercaptoethanol) to 100mM of NaCl, and
applied at 0.5ml/min to a l-ml HiTrap SP HP column
(GE Healthcare) equilibrated with buffer B containing
100mM NaCl. The column was washed with 10ml of
equilibration buffer at 0.1 ml/min, and the PIFIN was
eluted with 20ml of a linear gradient of 100-1000 mM
NaCl in buffer B. Fractions containing PIFIN were
pooled. frozen in liquid nitrogen and stored at -80°C.

Antibodies
To obtain polyclonal antibodies against PIF1, truncated
his-tagged PIF1 proteins (1-180 and 338-641 amino acids)

were expressed in Rosetta 2 (DE3), purified and used to
immunize rabbits.

DNA substrates

The oligonucleotides employed for the preparation of
DNA substrates are listed in Table 1. Oligonucleotides
were $-end labeled using [v-’PJATP (GE Healthcare)
and polynucleotide kinase (New England BioLabs,
Tokyvo, Japan). The schematic structures of substrates
are shown in figures, and the labeled oligonucleotides
are indicated with asterisks. Annealing reaction mixtures
(30pl) containing the 5-*P-labeled oligonucleotides at
1 uM, all unlabeled oligonucleotides at 3uM, 10mM
Tris-HCl (pH 7.5), 7TmM MgCl; and 200mM NaCl
were heated at 95°C for 10min, transferred directly to
65°C and held at that temperature for 1h, slow-cooled
to 25°C over a period of 2h and held at that temperature
for 30 min and then cooled to 4°C. Substrates were then
purified by electrophoresis through 15-25% polyacryla-
mide using 0.5x TBE (33) as the electrophoresis buffer.
Substrates were eluted from the gel by crushing the gel



slice in TE buffer and incubating overnight at 4°C. The
slurry was then filtered through Micro Bio-Spin (Bio-Rad)
columns, and the DNA was recovered by ethanol precipi-
tation and resuspended in TE buffer.

ATPase assays

ATPase activity was measured in a standard reaction mix-
ture (20 ul) containing 50mM Tris-HCI (pH 8.0), 2mM
DTT, 1.2mM MgCls, 0.25 mg/ml BSA, 2mM [y-""PJATP,
indicated DNA and 1yl of protein sample diluted with
buffer D (50mM Tris-HCI pH8.0, IM NaCl, 2mM
DTT, 10% glycerol, 0.1 mg/ml BSA) to obtain indicated
final concentrations. After preincubation for 30s at 30°C,
reactions were initiated by the addition of PIF1 proteins
and further incubated for 10min. After the reaction was
stopped with 4l of 20mM EDTA (pH 8.0), an aliquot
(2pl) was spotited onto a polyethyleneimine-cellulose
plate (Merck, Tokyo, Japan) and developed in 0.3M
LiCl/0.9M formic acid. The products were analyzed
using a Bio-lmaging Analyzer BAS2000 (Fuji Photo
Film Co., Ltd., Tokyo, Japan). The extents of ATP hydro-
lysis were measured with reference to the relative ratios of
radioactivity of inorganic phosphate to uncleaved ATP.

Kinetic assays to determine K, values for ATP were
performed for 10min in 20pl reaction mixtures using
14nM of PIFl and PIFIC with 3.8uM and 150pM
(in nucleotides) of M13 mp7 single-stranded (ss) DNA,
respectively. Concentrations of ATP ranged from 25 to
400 uM. K., values were evaluated from the plot of the
initial velocity versus the ATP concentration using
a hyperbolic curve-fitting program with correlation coeffi-
cients (R?) >0.99.

DNA helicase assays

DNA helicase activity was measured under ATPase assay
conditions (20pul) with the indicated DNA substrate
(0.35nM) and 1 ul of protein sample diluted with buffer
D to obtain the indicated final concentrations. After pre-
incubation for 30s at 30°C, reactions were initiated by
the addition of PIF1 proteins and incubated for 10min
at 30°C. Helicase reactions were terminated with 10l of
stop solution (150mM EDTA, 30% glycerol, 2% SDS,
0.1% bromophenol blue). In kinetic experiments, a 160-
ul reaction mixture was incubated at 30°C and 10-pl ali-
quots were withdrawn at the indicated times. The reaction
products were subjected to electrophoresis through
15-25% polyacrylamide gels in Tris-glycine buffer (33).
The gels were dried on DE8I paper (Whatman, Tokyo,
Japan) and autoradiographed. DNA products were quan-
tified using a Bio-Imaging Analyzer.

Electrophoretic mobility shift assays

Oligonucleotides were labeled with polynucleotide kinase
(New England BioLabs) and [y-*PJATP. Assays of DNA
binding were performed with a modification of a method
described previously (34). The reactions (20 ul) were car-
ried out under ATPase assay conditions, sometimes omit-
ting MgCl, or ATP, with 25pM oligonucleotides and | pl
of protein sample diluted with buffer D to obtain the
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indicated final concentrations. Incubation was carried
out on ice for 10 min followed by loading on prerunning
5% polyacrylamide gels (79:1 acrylamide/bis-acrylamide).
The electrophoresis buffer contained 6mM Tris-HCI
(pH 8.0). SmM sodium acetate and |mM EDTA, and
the gels were subjected to a constant voltage of 8 Vicm
for 100min at 4°C. Following gel electrophoresis, the
products were analyzed as described for the helicase
assay. For quantification, fractions of free DNA were
measured, and the binding fractions were determined by
subtraction from the amount of the free DNA at 0nM of
the protein (35).

For RPA binding experiments, the reactions (20ul)
were carried out under the ATPase assay conditions,
sometimes omitting ATP. The substrate 3F:4L (0.35nM)
was incubated, directly or after heating at 100°C for
S5min, with 1pl of RPA sample diluted with buffer
(50mM HEPES NaOH pH 7.5, 250mM NaCl, 10mM
B-mercaptoethanol, 10% glycerol) to obtain indicated
final concentrations. Incubation was carried out on ice
for 10min, and the products were analyzed as in the
PIF1 binding experiments.

DNA strand annealing assays

Strand annealing reactions (20 pl) were carried out under
the ATPase assay conditions, but in the presence of the
indicated concentrations of ATP, with the 5-end labeled
substrate DNA for helicase assay (0.35nM), which had
been boiled at 100°C for 5min and quickly chilled on ice
before adding to the reaction mixture, and 1 ul of protein
sample diluted with buffer D to obtain the indicated
final concentrations. After preincubation for 30s at
30°C, reactions were initiated by the addition of PIFI
proteins, with incubation for 10 min at 30°C. After termi-
nating the reactions with 10 pl of stop solution, the prod-
ucts were analyzed as described for the helicase assay.
Kinetic experiments were also carried out as described
for the helicase assay.

RESULTS
Purification of PIF1 protein and its deletion derivatives

Previously, biochemical studies of human PIFI were
performed using N-terminal-truncated forms of PIF1
containing only the conserved helicase motifs, located in
the C-terminus (Supplementary Figure S2A). However,
we found that the PINT domain is well conserved in the
PIF1 family (Supplementary Figure S2B), suggesting that
it plays a functional role. To examine biochemical activity,
we established a procedure to purify full-length PIF1 with
a 6x histidine tag at the N-terminus at quantities sufficient
for detailed biochemical studies from overproducing
E. coli cells (Supplementary Figure S2C). We also purified
a C-terminal truncated form (PIFIN) and a N-terminal
truncated form (PIF1C) (Supplementary Figure S2A) to
address biochemical functions of individual domains.
PIFIC and PIFIN consist of only the seven helicase
motifs and only the PINT domain, respectively (Supple-
mentary Figure S2A and Materials and methods section).
Elution profiles from gel filtration chromatography
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suggested PIFI and PIFIC to be monomers (data not
shown) as described in yeast homologs (1,5.7). The pur-
ified proteins were analyzed by SDS-PAGE followed by
CBB staining and western blotting, showing PIF1, PIF1C
and PIFIN to have molecular sizes of 71, 54 and 22kDa,
respectively (Supplementary Figure S2C).

Unwinding activities of PIF1 and PIF1C, a mutant lacking
PINT domain but containing the helicase domain

We first measured DNA helicase activity of the purified
proteins using the indicated DNA substrate (Figure 1A).
When 5 overhang (1F:28) and 3’ overhang (IR:25)
DNA were used as substrates, we detected helicase activ-
ity only on the 5-overhang substrate, consistent with
previous reports (3.9), although the activity was very low
(Figure 1B). In the titration experiment, activity was only
detected clearly at the maximum concentration of the
purified sample (Figure 1B). Since yeast PIF1 homologs
preferentially unwind forked structures (1,5,7), we tested a
forked substrate (Figure 1C). The titration experiment
demonstrated that human PIF1 efficiently unwound the
forked substrate with about 10 times higher activity than
that for the 5'-overhang substrate (Figure 1C), suggesting
that the property was conserved in evolution. Time course
experiments using the forked substrate demonstrated that
PIF| could unwind up to 50% of the substrate in a 15 min
reaction, although longer incubation did not increase the
products (Figure 1D).

To compare the unwinding activity of PIFIC, titration
experiments were performed with the forked substrate.

We found that PIF1C exhibited helicase activity, but 1t
required more than 100 times more protein to obtain
equivalent activity to that of PIF1 (Figure 1C). As a con-
trol, we showed that PINT domain itself could not unwind
the substrate (Figure 1C). These results suggested that the
function of the PINT domain could be enhancement of
the unwinding activity of the helicase domain.

Nonstructural ssDNA, but not forked-structural DNA,
preferentially stimulates ATPase activity of PIF1

DNA helicases are enzymes with an associated DNA-
dependent ATPase activity. They are presumed to use
the hydrolysis of ATP to translocate to ssDNA and to
subsequently break the hydrogen bonds of duplex DNA.
Characterization of ATPase activity could provide impor-
tant information as a helicase. To analyze ssDNA depen-
dent ATPase activity of PIFI, titration of M13 mp7
ssDNA was performed in reactions with optimal concen-
trations of ATP and MgCl; (Figure 2A). The result
showed that the ATPase activity was increased depending
on the concentrations of ssDNA and reached a plateau
between 3 and 50uM (in nucleotide equivalents) of
ssDNA (Figure 2A). The maximum rate of ATP hydro-
lysis was calculated to be about 1 000min~', which was
equivalent to S000min~' at 37°C of ScPifl (35) and
4000min~" at 30°C of the fission yeast homolog, Pfhl
(7). which have been determined under reaction conditions
with nearly saturated concentrations of ssDNA.

To describe precisely the concentration of ssDNA
required for ATPase activity, a Kkinetic parameter,
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Figure 1. Helicase activity of PIF1. (A) Schematic structures of the DNA substrates. The asterisks indicate ““P-labeled 5 phosphate. (B) Helicase

bated with subst

activity of PIF|. Increasing levels of PIF1 were i

tes (0.35nM) with the S'overhang, |F:2S (upper panel), or 3’ overhang, IR:2S

(lower panel) under standard reaction mixtures at 30°C for 10min. Reaction products were separated on a 15-25% polyvacrylamide gel. (C) Helicase
activity of PIF1, PIFIN and PIFIC proteins. The forked structure partial duplex DNA substrate, 3F:4L (0.35nM), was incubated with the indicated
concentrations of PIF1, PIFIN and PIFIC under standard reaction conditions at 30°C for 10min. The quantified data are shown graphically. The
errors in the experiments were <10%. (D) Time course of unwinding reactions with PIF1. The forked structure partial duplex DNA substrate, 3F:4L
(0.35nM), was incubated at 30°C for the indicated time under standard reaction conditions with PIF] (33nM). The quantified data are shown

graphically. The errors in the experiments were <10%.
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The errors in the experiments were <10%. (B) Effects of the various DNA molecules on stimulation of ATPase activity of PIFl. Assays were
performed with the indicated DNA (3.8uM in nucleotides) and PIFI (13.9nM). (C) Effects of oligonucleotides with different compositions on
stimulation of ATPase activity by PIF|. Assays were performed with indicated DNA (7.5uM in nucleotides) and PIF1 (14.6nM). (D) Effects of
oligonucleotides with different compositions on stimulation of ATPase activity by PIFIC. Assays were performed with indicated DNA (150 uM n

nucleotides), and PIF1C (13.9nM)

Ky, defined as the concentration of ssDNA required to
achieve half-maximal ATP hydrolysis (5,36.37) was calcu-
lated from the titration curve (Figure 2A) using a hyper-
bolic curve-fitting program (Table 2). The calculated K.x
value, 0.35uM (in nucleotides) for M13 mpl8 ssDNA,
agreed with the 0.6 uM (in nucleotides) of SePif1 reported
for the same M13 ssDNA (5).

Since PIF] preferentially unwound the forked substrate
(Figure 1), we consider that substrate specificity for
unwinding activity could be correlated with stimulation
of ATPase activity, To seek preferential structures for stim-
ulation for ATPase of PIF1, we tested various DNAs,
including a fork-structure, a primer-template-structure, a
hairpin-structure and a linear oligonucleotide (Table 1),
as well as M13 mpl8 ssDNA and double stranded (ds)
DNA (Figure 2B). The reactions were carried out with
3.8uM (in nucleotides) of each oligonucleotide, which
was nearly saturated concentration for M13 mp7 ssDNA
(Figure 2A inset). Among these. M 13 mp18 ssDNA proved
to strongly and dsDNA 1o poorly stimulate ATPase activ-
ity (Figure 2B). Moreover, we found surprisingly that a
oligonucleotide, 1F, which would not be expected to form
secondary structures (Table 1), sumulated ATPase activ-
ity to the highest level, equivalent to that of M13 mpl8
ssDNA (Figure 2B). The result suggested that an ssDNA
region itself, rather than the structure of the DNA,
is crucial for stimulation of ATPase activity of PIFI.
Consequently, we compared ATPase activity stimulated
by seven different 60-mer oligonucleotides composed of
one or two nucleotides, guaranteed not to form secondary
structures. The reactions were performed in the presence of
a nearly saturated concentration of the oligonucleotides
(7.5uM in nucleotides) (Supplementary Figure S3A).

The results revealed general features of ssDNA for stimu-
lation of ATPase (Figure 2C), with the order of stimula-
tion being poly(purine-pyrimidine) = polypyrimidine >
polypurine.

Since these experiments were performed with nearly
saturated concentrations of oligonucleotides. the results
do not reflect affinities of the respective ssDNAs. We
therefore determined a kinetic parameter, K. calculated
from data of ssDNA-titration experiments (Supple-
mentary Figure S3A, data not shown) using a hyperbolic
curve-fitting program (Table 2). The K.y value for dsDNA
was more than 20 umes higher than those for ssDNA,
showing a preference to ssDNA. For ssDNA, the K.
values, except with polypurine, were essentially the same
(~0.1 uM in nucleotides), and slightly lower than with
MI13 ssDNA and structured DNAs, which was probably
due 1o over estimation of the ssDNA region because of the
presence of local double-stranded regions generated by the
secondary structure, since the K.y values were expressed
in nucleotide equivalents. These results supported our
conclusion that the predominant requirement for stimula-
tion of ATPase is nonstructural ssDNA.

Evaluation of ATPase activity of PIF1C, a mutant
lacking the PINT domain

We noted that the K4 value for ssDNA of PIF1 was in
line with one report for ScPifl (5), but significantly lower
than that for human PIF] with a N-terminal truncated
form (4). We consider that the difference could be attrib-
uted to the missing function of the PINT domain. To test
this possibility, we examined ATPase activity of PIFIC
(Figure 2A), and also tested PIFIN as a control. First,
we confirmed no ATPase activity of PIFIN (Figure 2A),
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Table 1. Synthetic oligonucleotides used in this work

Name Sequence

IF (73-mer) 5-CTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCGCTCGACGCCATTAATAAT
GTTTTC-3

IR (73-mer) S-GCTCGACGCCATTAATAATGTTTTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCT
CCTC-¥

2L (50-mer) S-GAAAACATTATTAATGGCGTCGAGCTAGGCACAAGGCGAACTGCTAACGG-2

25 (25-mer) S-GAAAACATTATTAATGGCGTCGAGC-3

IF (55-mer) S-AGGTCTCGACTAACTCTAGTCGTTGTTCCACCCGTCCACCCGACGCCACCTCCTG-3

3S (25-mer) 5 -CCCGTCCACCCGACGCCACCTCCTG-3

4S5 (25-mer) 5 -CAGGAGGTGGCGTCGGGTGGACGGG-3

4L (51-mer) 5-GCAGGAGGTGGCGTCGGGTGGACGGGATTGAAATTTAGGCTGGCACGGTCG-3

5 (fork) (55-mer) S-TTTTTTTTITTTITTITTITTITITIITITITCGGACGCTCGACGCCATTAATAATGTTTTC-3

7 (fork) (56-mer) 5 -TGAAAACATTATTAATGGCGTCGAGCGTCCGTTITTTTITITITITITTITTITTTITTITT-3

18 (hairpin) (73-mer) 5-GCCTGCACGTGGCGATCGTTCGATCGCCACGTGCAGGCGCTGCTGCTGGCTCGACGUCATTAAT
AATGTTTTC-3

90 (p/t) (90-mer) 5 TGGGCTCACGTGGTCGACGCTGGAGGTGATCACCAGATGATTGCTAGGCATGCTTTCCGCAA
GAGAACGGGCGTCTGCGTACCCGTGCAG-3

30 (p/v) (30-mer) 5 -CTGCACGGGTACGCAGACGCCCOGTTCTCTT-3

d(AC)60 (60-mer) 5-ACACACACACACACACACACACACACACACACACACACACACACACACACACACACACAC-3

d(AG)60 (60-mer) 5-AGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAG-3

d(TG)60 (60-mer) S TIGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG-3

d(CT)60 (60-mer) S-CTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTICTCTCTICTCT-3

d(CT)55 (55-mer)
d(CTHM5 (45-mer)
d(CT)35 (35-mer)
d{CT)30 (30-mer)
d(CT)20 (20-mer)
d(CT)HIS (15-mer)
dC60 (60-mer)
dA60 (60-mer)
dT60 (60-mer)

5-TCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCT-3

5. TCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCT-3
$-TCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCT-3
5-CTCTCTCTCTCTCTCTCTCTCTCTCTCTCT-3

5-CTCTCTCTCTCTCTCTCTCT-3

$-TCTCTCTCTCTCTCT-3
$-CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCec-3 )
S-AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA-D
5 1

Table 2. Kinetic parameters for the ATPase activity of PIF1 with
various ssDNAs

DNA PIF] K. (uM) PIFIC Ky (M)
MI13 mp7 ssDNA 0.35 8.7
MI13 mpl8 ssDNA 045 b
MI13 mplf dsDNA 97 -
IF* 0.17 -
hairpin {18)° 0.71 -
fork (5:7)° 0.39

p/t (90:30)° 0.80 -
d(AC)B0° 0.13 3.7
d(CT)60° 0.11 23
d(TG)30* 0.12 34
dT60" 0.11 6.4
dC60° 0.07 23
dAGO® 12 nd?
d(AG)60° 1.8 nd

Kinetic assays to determine Ko values were performed for 10min in
20 ul reaction mixtures using 14nM of PIF] and PIFIC. Concentra-
tions of ssDNA ranged from 0.15 to 300 pM in nucleotides. K.y values
were evaluated from the plot of the initial velocity versus the nucleotide
concentration using a hyperbolic curve-fitting program with the corre-
lation coefficients (R°) more than 0.97, which were shown in supple-
mentary Figure 53,

*Kerr 15 €Xp d in leotides equival

"Not determined.

“Nucleotide sequences were shown in Table 1.
4Not detected.

as expected from the lack of any ATPase motifs. When
M13 mp7 ssDNA was titrated in the reaction with PIFI1C,
we detected similar levels of maximum ATPase activ-
ity at higher concentrations of ssDNA (Figure 2A),

suggesting that the helicase domain is sufficient to express
ATPase activity. However, the required concentrations
of ssDNA to achieve maximal activity were significantly
increased (Figure 2A inset). The calculated K.z value,
8.7uM (in nucleotides) for MI13 mp7 ssDNAs with
PIFIC was more than 20 umes higher than that for
PIF1 (Table 2). This property was also demonstrated by
determining K.y values for different oligonucleotides
(Table 2), calculated from data from ssDNA utration
experiments (Supplementary Figure S3B). These results
suggested that a defect in PIF1C could be in the binding
to ssDNA, and the PINT domain could help interaction
between the helicase domain and ssDNA.

To determine preferential nucleotide compositions
for PIFIC stumulation of ATPase activity, it was mea-
sured using the same set of the oligonucleotides in the
reactions with nearly saturated concentrations of the oli-
gonucleotides (150uM in nucleotides) (Supplementary
Figure S3B). The results demonstrated that the prefer-
ence of PIF1C was essentially identical to that of PIF]
(Figure 2C and D), suggesting that it is intrinsic to the
helicase domain, the PINT domain not affecting this
property.

For further comparison between PIF1 and PIFIC, we
determined their Ky, values for ATP in the reactions with
saturating concentrations of M13 mpl8 ssDNA, 3.8 and
150 uM (in nucleotides), respectively. The K, values for
ATP of both proteins were both 0.17mM and essentially
identical to the previously reported value of 0.2mM
for N-terminal-truncated human PIF1 (4). This result
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suggested again that the helicase domain is sufficient 10 Materials and methods section. The titration experiment
express ssDNA-dependent ATPase activity. displayed PIFI-DNA complexes. which were increased
depending on the concentration of PIF1 (Figure 3A).
— 1A hiodE Ty The apparent Ky, which is approximately equal to the
gih;;;:l:.l?;g}gtgssll\f\ e protein concentration at which half the free DNA has
become bound (35), was determined to be about 3nM.
It seemed that the apparent affinity to ssDNA for the This was in good agreement with the K.y value of
helicase domain (PIF1C) was much lower than that for d(AC)60 for ATPase activity, because the 0.13uM (in
PIF1 in ATPase reactions. We considered that the defect nucleotides) (Table 2) corrected for the concentration of
might be attributed to binding ability to ssDNA. To mea- the 60-mer oligonucleotide became 2 nM.,
sure DNA binding of PIF1 and PIFIC directly, we When PIFIC was tested, we could detect PIFIC-DNA
performed electrophoretic mobility shift assays (EMSA) complexes. but the affinity seemed much lower than that
using a oligonucleotide, d(AC)60 (Table 1) as a model with PIF1, demonstrating a defect in ssDNA binding
substrate. It has been reported that this assay detects activity. When the point at which half the free DNA has
DNA-protein complexes in veast and human PIF| in an become bound was extrapolated from the binding curve,
ATP-independent manner (7,9). Binding reactions were the apparent Ky value was estimated at about 10nM.
carried out under the optimal ATPase assay conditions, However, the K4 value was not directly correlated with
then products were loaded on gels as described in the the K.r value, since it was still 6 times lower than the
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Figure 3 EMSA of PIF] and PIFIC for binding to ssDNA. (A) EMSA of ssDNA binding to PIF] and PIFIC under standard reaction condi

The 5P labeled oligonucieotide, d(AC)60, was incubated with the indicated concentrations of PIFI. Arrowheads indicate the positions of free
DNA. The quantified data are shown graphically. (B) EMSA in the absence of ATP. Experiments were performed as described in (A). The quantified
data are shown graphically. (C) EMSA in the absence of MgCl;. Experiments were performed as described in (A). The quantified data are shown
graphically together with data from (A) and (B). The errors in the experiments were <10%.
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apparent K. value of 60nM (in oligonucleotides), with
the K.x value of 3.7puM (in nucleotides) (Table 2), cor-
rected for the concentration of the 60-mer oligonucleouide,

Since it was very likely that ATP could influence the
binding reaction, we performed the same experiments
without ATP. With the full length PIFI, the titration
curve was not affected (Figure 3B). In contrast that for
PIFIC in the absence of ATP was significantly changed.
The apparent affinity was increased to about 0.3nM
(Figure 3B). To determine whether the effect of ATP is
caused by binding or hydrolysis, titration experiments
were carried out omitting MgCl, to prevent hydrolysis of
ATP (Figure 3C). Under this condition, the ATPase activ-
ity was under the background level (data not shown),
suggesting that, even though trace amounts of Mg 1ons
were present as contaminants of chemicals, the contribu-
tion was negligible. The result clearly demonstrated the

binding curves to be identical to that under standard
assay conditions containing ATP and MgCl, (Figure 3C),
suggesting that ATP binding itself affected the interaction
between ssDNA and the helicase domain.

ssDNA binding activity of the PIFIN

Our results suggested that the PINT domain plays a role
in modulating the ssDNA binding activity of the helicase
domain. Therefore, we carried out the same binding assays
with PIFIN (Figure 4A). The assays detected PIFIN-
DNA complexes, and the titration curves were not affected
by ATP and MgCls (Figure 4A), with an apparent Ky value
of about 10 nM. These results suggested that PIFIN itself
possesses ATP-independent ssDNA binding activity.

In contrast to the binding reactions with PIF1 and
PIFIC shown in Figure 3, further shifts of the mobility
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Figure 4. EMSA of PIFIN for binding 10 ssDNA. (A) Titration of PIFIN under different conditions. The 5-*P labeled oligonucleotide, d(AC)60.
was incubated with the shown concentrations of PIFIN, omitting ATP or MgCl, as indicated. Arrowheads indicate the positions of free DNA. The
quantified data are shown graphically. (B) Binding ability of PIFIN to different sizes of oligonucleotides, Experiments were performed using
indicated oligonucleotides as substrates under standard reaction conditions in the absence of ATP. The quantified data are shown graphically
The errors in the experiments were <10%,
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of the complexes with PIFIN in higher concentrations
were observed (Figure 4A). This could be due to more
than one protein molecule binding 1o the 60-mer oligo-
nucleoude. To determine the minimal ssDNA size for
binding of PIFIN, six different oligonucleotides in lengths
ranging from 55 to 15 bases were subjected to binding
assays. When the 55-mer was used as the substrate, the
result was essentially identical to that for a 60-mer.
However. further reduction of the length to 45-mer and
35-mer decreased the extent of multiple binding. With the
30-mer oligonucleotide, but not the 20-mer and 15-mer,
a distinct band of the complex was observed. These results
demonstrated that the minimal ssDNA size could be
between 30 and 20 bases.

DNA strand annealing activity of PIF1, residing in the
PINT domain

During helicase assays, we unexpectedly found that PIF1
possessed robust annealing activity. For detailed analysis,
a forked substrate (1F:2L) (Figure 5A) was denatured
by heating at 100°C for 5min, and then incubated with
PIF | under the conditions for the standard ATPase assay
omitting ATP to avoid unwinding reactions. Titration
of PIF1 showed about 50% of ssDNA could be annealed
within 10 min when 46 nM PIF1 was present (Figure 5B).
To determine the region of PIF| responsible for the
annealing activity, PIFIC and PIFIN were tested for
their ability to promote the reaction. The results demon-
strated that PIFIN, but not PIFIC, efficiently annealed
ssDNA, with activity only 3-fold lower than that of PIF1
when |F and 2L substrates were tested (Figure 5B). This
result indicated that the annealing activity of PIF1 resides
in the PINT domain.

Since ATP is essential for helicase activity, we tested
effects of ATP on the annealing reaction. To avoid the
effect of unwinding, titration of ATP was carried out in
the absence of MgCl;. The result demonstrated both PIF1
and PIFIN to be inhibited by ATP (Figure 5C). Time
course experiments demonstrated that. in the absence of
ATP. PIF1 annealed up to 70% of ssDNA, whereas, in the
presence of the optimal concentration of ATP (2mM) for
helicase activity, the annealed fraction reached only 20%
(Figure 5D). The properties of PIF1 were same as those of
PIFIN, 2mM ATP also inhibiting annealing activity from
50% to 17% (Figure SE). Importantly, the ATP-titration
curve and time course with PIF1 were essenually identical
to those for PIFIN (Figure 5C-E), suggesting that the
properties are intrinsic to the PINT domain.

Further confirming this conclusion, we used completely
complementary strands as a substrate. The annealing pro-
duct has no ssDNA region, preventing product unwinding
under the standard reaction conditions containing
ATP and MgCls. Titration curves of ATP for PIF1 and
PIFIN demonstrated again inhibitory eflects, although
significant fractions of the substrates were spontaneously
annealed under the assay conditions (Figure 5F).

Effects of RPA on unwinding and annealing reactions of PIF1

Elucidation of whether PIF1 has the potential to promote
unwinding and annealing reactions on RPA-coated
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substrates is valuable for understanding cellular functions
of PIF1. To do this. first, we determined the optimal con-
centration of RPA for the substrate DNA binding by
EMSA. The substrate. 3F:4L was used for the binding
reactions at the final concentration of 0.35nM. The results
of titrauon of RPA are shown in Figure 6A. When the
concentration of RPA was increased to 0.9nM, one mole-
cule of RPA bound to at least one strand of the forked
substrate. At =1.8nM, each strand of the substrate was
probably occupied by one RPA molecule (Figure 6A). The
levels of apparent affinity of RPA for ssDNA were in good
agreement with previous reports (38).

Then we examined unwinding activity of PIF1. RPA was
mixed with the forked substrate, 3F:4L, under the standard
reaction conditions on ice, then PIF1 was introduced and
incubation was performed at 30°C for 10min. We found
that RPA did not affect unwinding reactions at low concen-
trations <(.4 nM (Figure 6B, left panel), in which majority
of the substrate was RPA-free (Figure 6A). When the con-
centration of RPA reached 0.9 nM, at which almost all the
oligonucleotides were occupied with RPA (Figure 6A),
severe inhibition was observed (Figure 6B, left panel).
At much higher concentrations of RPA, we observed
unwinding products (Figure 6B, left panel). However, a
control experiment without PIF1 revealed that the prod-
ucts detected at higher concentrations >1.8nM of RPA
were PIF1 independent (Figure 6B. right panel). The quan-
tified results shown in Figure 6C demonstrate no difference
in the two reactions at higher concentrations of RPA
(>0.9nM). These results suggest that RPA does not
enhance, but rather inhibits, the helicase activity of PIFI.

To examine annealing activity in the presence of RPA.
we also determined the optimal concentration of RPA
for ssDNA binding. In the reactions, we used the same
substrate as for the unwinding assay (3F:4L) at the final
concentration of 0.35nM, but after denaturation by heat-
ing. The assay detected only complexes with the labeled
oligonucleotide 3F (55-mer), although another fragment,
4L (51-mer), was present. The results of titration of RPA
are shown in Figure 6. When the concentration of RPA
was increased to 0.9nM, almost all the oligonucleotides
3F and probably 4L were occupied by at least one mole-
cule of RPA. At > 1.8 nM. the oligonucleotides were occu-
pied by two molecules of RPA (Figure 6D).

Next, we carried out annealing assays under the same
conditions. RPA was mixed with heat denatured substrate
(3F and 4L) on ice, then PIF1 was introduced with incu-
bation at 30°C for 10 min. The result clearly demonstrated
an inhibitory effect of RPA (Figure 6E). The quantified
results for inhibition of annealing reactions well correlated
inversely with the amount of RPA binding (Figure 6F).

DISCUSSION

In this article, we document for the first time the biochem-
ical properties of full-length human PIF1 together with
those of truncated forms consisting of individual domains.
We could establish intrinsic properties of the helicase
domain and functional roles of the PINT domain.
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Figure 5. DNA strand anncaling activity. (A) Schematic structures of the DNA substrates. The asterisks indicate *’P-labeled 5'-phosphate.
(B) Annealing activities of PIF1, PIFIC and PIFIN. The fork-structural partial duplex DNA substrate, 1F:2L (0.35nM), was boiled for 5min,
then incubated with increasing levels of PIF1, PIFIC and PIFIN as indicated um:ler standard reaction conditions omitting ATP at 30°C for 10min.
The quantified data are shown graphically. (C) Titration of ATP on I diated by PIF1 and PIFIN. The fork-structural partial
duplex DNA substrate, 3F:4L (0.35nM), was boiled for 5 min, then mcubaled with PIF1 (33nM) or PIFIN (1950M) and increasing levels of ATP
under standard reaction conditions omitting MgCl, at 30°C for 10min. The quantified data are shown graphically. (D) Time course of annealing
reactions mediated by PIF1 under standard reaction conditions omitting MgCl,. Heat denatured substrate DNA, 1F:2L (0.35nM), was incubated
with PIF1 (46nM). The quantified data are shown graphically. (E) Time course of annealing reactions mediated by PIFIN under standard reaction
conditions omitting MgCl,. Heat denatured substrate DNA, 1F:2L (0.35nM), was incubated with PIFIN (195nM). The quantified data are shown
graphically. (F) Titration of ATP on annealing reactions mediated by PIF] and PIFIN under standard reaction conditions. A complete double
stranded oligonucleotide, 35:4S (0.35nM) was boiled for Smin, then incubated with PIF] (30nM) or PIFIN (195nM) and increasing levels of ATP
under standard reaction conditions at 30°C for 10min. The quantified data are shown graphically. The errors in the experiments were <10%.
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