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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 (0/188, 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 (3I). 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 sigaificant 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-
joining 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-H2AX) 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
v-H2AX 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
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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?  >50 bp® mutations® 1-50 bp® >50 bp®
Spleen ++, +/— 69 4 (5.8)° 0 64 34 (53.1) 4 (6.3)
~/= 27 2(74) 0 35 2.7 3 (8.6)
Liver +/4, +/- 41 0 0 73 40 (54.8) 1(1.4)
—f— 25 3(12.0) 0 37 5 (13.5) 3(8.1)
Brain +/+, /- 47 7 (14.9) 0 51 15 (29.4) 12.0)
—/— 35 25D 0 37 3.1 3 (8.1)

< Total number of independent mutations found.

& Number of deletion mutations of 1 to 50 bp.

< Number of deletion mutations of more than 50 bp.
4 The numbers in parentheses indicate percentages.

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 mutations 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 10° 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 1073 (30 X 20 X 3.1 X 10%/6 X 10°). Since the number
of radiation-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 to 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 NHEJ 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 1D Types Position® Changer mutations (bp)
+/+ 20 Spleen Mi1-12 Multiple (-3, —1) 1456-1458, ATCCTTCCCGC 3
1461 —AT- -TCC-GC
+/— 20 Liver Mi-16 Multiple (BS, BS) 2906 CAGTC—CATTC 14
2921 GATGG——)GAAGG
Brain F2-10 Complex (=2, +1) 2351-2352 cc G cce=c c TCG —
-/~ 0 Spleen F2-7 Multiple (BS, BS, BS) 1111 GT C AGSGT T A 11, 1
1123, 1125 ATGAGCA—-)ATAAACA
20 Spleen M2-12 Multiple (BS, BS) 1187 TT C GTHTT TG T 993
2181 CGTCT—)CGCCT :
M3-16 Multiple (BS, BS) 2392 AC G AC—AC A AC - 558
2951 CGCGG——)CGTGG
M3-17 Multiple (BS, BS) 20 T T C AC—HTTTAC 116
1187 TTCGC-—-)TTTGC
Liver M2-16 Multiple (BS, BS) 452, 454 TG G CGTT— T@ TCTTT 1
F3-13 Complex (—1, +2) 881 TCGCTDTCATCT —
F3-17 Multiple (BS, BS, +1) 1369, 1370, AC C CGAGT T 2
1372 —-)ACAAGAAGT
Brain M3-4 Multiple (BS, BS) 154 ATCGCSATTGC 1041

1196 TCCGA—-TCTGA

* BS; base substitution, negative number; deletion, positive number; insertion.
® The position of nucleotide is numbered from the first nucleotide of initiation codon of the lacZ gene.
“The nucleotides showing alteration are underlined. The deleted nucleotides are shown by dots.
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FIG. 3. SFGE analyses of DNA breaks and rejoining after 20 Gy of
irradiation 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. Panel
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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FIG. 4. Western blot analysis of the phosphorylation of histone H2AX.
In Ku70-proficient mice, the phosphorylated H2AX (v-H2AX) band was
present at one hour after irradiation (20 Gy) and disappeared at 3.5 days
in all tissues. In Ku70-'~ mice, however, the y-H2AX remained positive
at 3.5 days after irradiation, suggesting that many of the radiation-induced
DNA breaks remain unrepaired.

tion 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 N phage
to be analyzed for mutations. Thus the assay can monitor
only base. substitutions and deletions/insertions of up to 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 after
irradiation must represent the survival of only a minor frac-
tion of spleen cells after these high doses. Further, defi-
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ciency of Ku80, the other key protein of NHEJ, has been
shown to enhance apoptosis in the spleen after irradiation
(36). Thus it is possible that the reduction of radiation-
induced mutations in the spleen of NHEJ-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-
tively 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 et 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
NHE]J 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 ef al. (14). At present, there is no way to
estimate the ratio. of mutation-free ligation and mutation-
linked ligation in the “accurate ligation™:

Our study as well as that of Rothkamm et al. (I4) 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 tissues 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-
¢rohomology-mediated end joining (MMEJ), which is er-
ror-prone ‘and is suggested to be distinct from NHEJ (3),
may function in NHEJ-deficient cells. Repair by MMEJ has
been reported to result in relatively large deletions with
short repeat sequences at the ends of deleted fragment (3).
The frequency of repeated sequences at the ends of deleted
DNA,; a hallmark of MME]J, was similar in both wild-type
and Ku70-deficient mice (data not shown), which does niot
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 S00 bp apart. Since these were
found only in irradiated- Ku70-deficient mice, this type of
mutation could be related to the NHEJ deficiency. Six out
of eight base substitutions found in these multiple muta-
tions were G:C to A:T transitions at CG sequences, a mu-
tation type that is found most frequently in spontaneous
mutations in vertebrates. Recently, Wang ef al. proposed a
phenomenon known 'as ‘‘mutation - showers’’ as the cause
of multiple 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 variation 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
NHEI] repair, and the formation of mutations is suppressed.
On the other hand, some non-NHEJ mediated DNA rejoin-
ing, which could be homologous recombination repair, ap-
pears to occur in Ku70-deficient animals.
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Many proteins involved in DNA replication and repair
undergo post-translational modifications such as phosphoryla-
tion and ubiquitylation. Proliferating cell nuclear antigen
(PCNA; a homotrimeric protein that encircles double-stranded
DNA to function as a sliding clamp for DNA polynerases) is
monoubiquitylated by the RAD6-RAD18 complex and further
polyubiquitylated by the RAD5-MMS2-UBC13 complex in
response to various DNA-damaging agents. PCNA mono- and
polyubiquitylation activate an error-prone translesion synthesis
pathway and an error-free pathway of ‘damage avoidance,
respectively. Here we show that replication factor C (RFC; a het-
eropentameric protein complex that loads PCNA onto DNA)
was also ubiquitylated in a RAD18-dependent manner in cells
treated with alkylating agents or H,0O,. A mutant form of RFC2
with a D228 A substitution (corresponding to a yeast Rfc4 muta-
tion that reduces an interaction with replication protein A
(RPA), a single-stranded DNA-binding protein) was heavily
ubiquitylated in cells even in the absence of DNA damage. Fur-
thermore RFC2 was ubiquitylated by the RAD6-RAD18 com-
plex irt vitro, and its modification was inhibited in the presence
of RPA. The inhibitory effect of RPA on RFC2 ubiquitylation
was relatively specific because RAD6-RAD18-mediated ubiqui-
tylation of PCNA was RPA-insénsitive. Our findings. suggest
that RPA plays a regulatory role in DNA damage responses via
repression of RFC2 ubiquitylation in human cells:

Cellular DNA is continuously damaged by a vast variety of
endogenous: and  exogenous genotoxicants. Whengenomic
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DNA is damaged, cells respond by activation of complex sig-
naling networks that delay cell cycle progression, induce
repair of lesions, activate damage tolerance pathways, and
trigger apoptosis or senescence (1, 2). It is hypothesized that
DNA damage-inducible signaling pathways serve important
tumor-suppressive roles and prevent mutations that could
lead to malignancy. Various genotoxins elicit different forms
of DNA damage and result in distinct signal transduction
pathways and biological outcomes. Distal steps of DNA dam-
age-induced checkpoint signaling pathways that result in
inhibition of the cell cycle are relatively well understood (3,
4). However, molecular details of proximal signaling events
and lesion-specific DNA damage recognition events are less
clear.

DNA replication and repair require the coordinated actions
of multiple proteins on small regions of DNA. A limited num-
ber of proteins serve to coordinate multiple replication and
repair events. Some proteins function commonly in DNA rep-
lication and repair and frequently have a crucial role in both
processes.. Three such examples are replication protein A
(RPA),? proliferating cell nuclear antigen (PCNA), and replica-
tion factor C (RFC). RPA was originally identified as a eukary-
otic single-stranded DNA-binding protein essential for in vitro
replication of SV40 DNA (5, 6). PCNA is a trimer of three iden-
tical subunits arranged head-to-tail to generate a ringlike struc-
ture with a large central cavity for encircling DNA. It is well
established that PCNA provides a mobile platform to serve
as anchor and processivity factor for DNA polymerases dur-
ing chromosomal replication (7, 8). PCNA is loaded onto the
primer-template junction in an ATP-dependent manner by a
multiprotein clamp loader, RFC (9, 10). RFC binds preferen-
tially to double-stranded/single-stranded junctions with a
recessed 3'-end, which is the DNA target for PCNA loading,

2 The abbreviations used are: RPA; replication protein A; PCNA, proliferating
cell nuclear antigen; RFC, replication factor C; Pol, polymerase; RLC, RFC-
like - complex; HA, hemagglutinin; PBS, phosphate-buffered saline; HU,
hydroxyurea; MMS, methyl methanesulfonate; Sup, supernatant; E1, ubig-
uitin-activating enzyme; E2, ubiquitin carrier protein; E3, ubiquitin-protein
isopeptide ligase; AP, apurinic/apyrimidinic.
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RPA, PCNA, and RFC are key proteins that play central roles
in DNA replication, participating in competitive polymerase
switching during lagging strand synthesis. The DNA polymer-
ase a-primase complex (Pol @) that synthesizes an RNA-DNA
hybrid primer requires contact with RPA to remain stably
attached to the primed site. For processive DNA synthesis to
follow, Pol @ must be replaced by DNA polymerase 6 (Pol 8).
Replacement of Pol « by Pol & is initiated by interactions
between RFC and RPA that disrupt Pol @-RPA interactions and
result in removal of Pol « from DNA. After RFC loads PCNA
onto the primed site, Pol & associates with PCNA by displacing
RFC. The switching process is indeed coordinated by RPA via
cooperative interactions with PCNA and RFC (11, 12). RPA,
RFC, and PCNA also play key roles in DNA repair by interact-
ing with many DNA repair enzymes (13-15). Such interactions
are believed to play roles in DNA damage recognition and in
recruiting and positioning of DNA repair enzymes,

REC consists of five different subunits, which are homolo-
gous to one another and are members of the AAA™ family of
ATPases (16, 17). The RFC1(pl140) subunit is sometimes
referred to as the “large subunit” as it contains both N- and
C-terminal extensions beyond its region of homology with the
four “small” subunits. The four small RFC subunits are desig-
nated REC2(p40), RFC3(p36), REC4(p37), and RFC5(p38) in
mammals. Three protein complexes with resemblance to RFC
that are involved in maintaining genome stability have been
described recently, These RFC-like complexes (RLCs) share
four common small subunits (RFC2-5), and each carries a
unique large subunit (RAD17, CTF18, or ELG1) replacing the
REC1. These RLCs are involved in the checkpoint response
(RAD17-RFC), sister chromatid cohesion (CTF18-RFC), and
maintenance of genome stability (ELG1-RFC) (18, 19).

DNA damage sensors and repair proteins must react in a
rapid and efficient manner to_execute their functions. Fre-
quently the regulation of these proteins involves post-transla-
tional modifications, such as phosphorylation and ubiquityla-
tion, to help modulate the assembly and disassembly of
complexes and to assist targeting and the regulation of enzy-
matic activity in a timely manner. For example, RPA is hyper-
phosphorylated upon DNA damage or replication stress by sev-
eral checkpoint kinases (20). Hyperphosphorylation alters
RPA-DNA and RPA-protein interactions (15, 21). Recent stud-
ies in the DNA repair field have highlighted the expanding role
of ubiquitylation in the regulation of diverse DNA repair pro-
cesses and pathways, One of the most striking examples of how
ubiquitylation can affect protein function is that of PCNA in
the budding yeast Saccharomyces cerevisiae, Following DNA
damage, PCNA can be monoubiquitylated or polyubiquity-
lated on the Lys-164 residue, and each modification results
in a different outcome with respect to DNA: synthesis and
repair (22, 23). Monoubiquitylated PCNA directs translesion
synthesis via error-prone DNA polymerases, whereas polyu-
biquitylated PCNA is associated with an error-free DNA
repair pathway (22, 23). Mammalian PCNA also undergoes
monoubiquitylation after UV irradiation, and monoubiqui-
tylated PCNA preferentially binds to translesion synthesis
polymerases that contain one or two copies of ubiquitin-
binding domains (24-27).
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In contrast to RPA and PCNA, damage-dependent modifica-
tion of RFC has not been described. Recent studies have signif-
icantly broadened the scope of the role of ubiquitylation to
include regulatory functions in DNA repair and damage
response pathways. Therefore, in this study we investigated
whether the clamp loader RFC is likewise subjected to regulated
modification. We examined the modification of all subunits in
RFC and RLCs. We demonstrated that RFC2 and RFC4 are
ubiquitylated following treatment of cells with alkylating
agents. The ubiquitylation was partially dependent on RAD18.
Surprisingly RPA inhibited the RAD18-dependent ubiquityla-
tion of RFC2. Our results suggest that RFC regulates the DNA
damage response pathway via interaction with RPA and
ubiquitylation.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—To generate pCDNA-RFC2({p40)FLAG
and pCDNA-RFC2(p40)HA, human p40 coding region was
amplified by PCR as an EcoRI-Xhol fragment. The PCR
product was inserted into the EcoRI-Xhol site either of
pCDNA-C-FLAG or pCDNA-C-HA. To generate pCAGGS:
RFC2(p40), the human p40 coding region was amplified by PCR
as a Sall-Xhol fragment. The PCR product was inserted into the
Xhol site of pCAGGS. pCDNA-C-FLAG and pCDNA-C-HA
was constructed by inserting the FLAG or HA epitope into the
Xhol-Xbal site of pCDNA3.1. Expression plasmids containing
human RFC1-FLAG, human FLAG-RAD17, human FLAG-
CTF18, human FLAG-p38, human FLAG-p37, and human
FLAG-p36 were constructed by inserting their cDNA described
previously (28) into pCDNA3.- Although N-terminally and
C-terminally tagged forms of each REC2 subunit were used, the
presence of the epitope tag did not affect RFC2 regulation at
least in the context of experiments reported in this study.
pCAGGSFLAG-Ubiquitin- and pCAGGShRAD18 were con-
structed as described previously (25). The expression plasmids
for human RFC and PCNA were described earlier (29, 30), and
that for human RPA, p11d-tRPA (31), was a generous gift of Dr.
Marc S.. Wold (University of Iowa. College of Medicine, lIowa
City, IA): Mouse E1 expression vector RLC (32, 33) was a gen-
erous gift of Dr. Hideyo Yasuda (School of Life Science, Tokyo
University of Pharmacy- and - Life :Science,  Tokyo, Japan).
Human ¢cDNAs for RAD6A and RAD18 amplified from a HeLa
¢DNA library by PCR introducing a Ndel site at the start codon
were cloned together into pET20b(+) (Novagen) as an artificial
operon.. After- cloning the PCR: fragments, . the. nucleotide
sequences were verified. All the expression plasmids of PCNA,
RPA, RFC, E1, RAD6GA,; and RAD18 were designed for produc-
tion of intact proteins without any affinity tags.

Cell Cultureand Transfection—293A and HCT116 cells were
grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum. HCT116 RADI8 /" cells were
established as described previously (25). Cells were transfected
with Lipofectamine Plus (Invitrogen) or Lipofectamine 2000
according to the manufacturer’s protocol. 2.4 ug of plasmid
DNA was used to transfect each 6-cm plate of cells. Transfected
cells were treated with genotoxins 24 h post-transfection.

Genotoxin and Inhibitor Treatments—Asynchronous cell
cultures were grown to approximately 80% confluency. For UV
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treatment, cells were washed with PBS, and exposed to UV light
(254 nm) at a fluence rate of 43 ] m™?%/s. For genotoxin and
inhibitor treatment, hydroxyurea (HU; 1 min H,0), aphidicolin
(dissolved in Me,SO), methyl methanesuifonate (MMS; dis-
solved in Me,SO), ethyl methanesulfonate (dissolved in
Me,S0), N-methyl-N'-nitro-N-nitrosoguanidine (dissolved in
Me,SO), H,0, (diluted in PBS), mitomycin C, bleomycin (dis-
solved in H,0), or camptothecin (dissolved in Me,SO) was
added to the culture media to give a final concentration of 2 mm,
0.025 mu, 0.1-1.7 mm, 20 muM, 0.7 mm, 0.5 mm, 0.01 mm, 0.05
mg/ml, or 20 nm, respectively, and cells were exposed for 8 h
unless otherwise stated.

Antibodies—A mouse monoclonal antibody against Dro-
sophila RFC40 (anti-dRFC40) was used for probing human
RFC2(p40). A hybridoma cell line producing anti-dRFC40 anti-
body was a kind gift from Dr. Gerald M. Rubin (University of
California, Berkeley), and monoclonal antibody was purified as
described previously (34). To test whether anti-dRFC40 anti-
body cross-reacts with human RFC2{p40), an HA epitope-
tagged form of hRFC2(p40) was overexpressed in 293A cells by
transfection, and cell lysate was recovered 24 h post-transfec-
tion and then immunoblotted with either anti-dRFC40 or
anti-HA antibody. An anti-dRFC40-reactive protein band
migrating at 40 kDa was clearly observed only in extracts from
HA-hRFC2(p40)-transfected cells: and corresponded to the
species detected with an anti-HA antibody (supplemental Fig.
1). Therefore, the anti-dRFC40 antibody recognizes human
RFC2(p40). To avoid confusion we refer to the anti-dRFC40
antibody as “anti-RFC2” antibody in this study.

Other commercial ‘antibodies. used in this. study were:
anti-HA (Y-11, Santa Cruz Biotechnology), anti-FLAG (M2,
Sigma), anti-RFC1 (H-300, Santa Cruz Biotechnology), anti-
RAD17 (H-3, Santa Cruz Biotechnology), anti-tubulin (B-5-
1-2, Sigma), anti-histone H3 (6.6.2, Upstate; and ab1791,
Abcam), and anti-PCNA (PC10, Oncogene).

Preparation of Cell Lysate and: Chromatin: Fraction—293A
cellsin a 3.5- or 6-cm dish were washed twice with ice-cold PBS
and then harvested into radioimmune precipitation ‘assay
buffer (1X PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS; 1 mm phenylmethylsulfonyl fluoride, 1 mv sodium
orthovanadate, and protease inhibitor (Nacalai)). The cell sus-
pensions were incubated for: 30 min on ice, and: then the Non-
idet P-40, 0.1% SDS-insoluble fraction and -soluble fractions
were separated by centrifugation: The soluble fraction was used
as' the supernatant (Sup) fraction. The resultant pellet was
washed with radioimmune precipitation assay buffer four times
and then sonicated after adding SDS-PAGE loading buffer (7%
glycerol, 22% SDS, 50 mm Tris-HCI(pH 6.8), 5% B-mercapto-
ethanol): Theresultant solution was used as the chromatin frac-
tion. We confirmed that there were few contaminations in each
Sup and chromatin fraction using anti-tubulin and anti-histone
H3 antibodies (supplemental Fig. 2).

SDS-PAGE and  Western ~Blotting—Cell ~extracts * were
resolved by electrophoresis by 7.5 or 10% SDS-PAGE. Follow-
ing transfer onto polyvinylidene difluoride or nitrocellulose fil-
ters, the blots were incubated with antibodies, and immunob-
lots were visualized by enhanced chemiluminescence (ECL,
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Amersham Biosciences; or DURA, Pierce) according to the
manufacturers’ instructions.

Immunoprecipitation—Cell extracts were incubated with
monoclonal mouse anti-RFC2 (dRFC4(p40)) antibody for 1 hat
4°C and then with 25 ul of protein A/G-agarose (Santa Cruz
Biotechnology). After incubation for overnight at 4°C, the
beads were washed with PBS three timesand boiled in Laemmli
buffer for 5 min, and the bound proteins were analyzed by elec-
trophoresis and immunoblotting.

Protein Purification—Human RFC, PCNA, and RPA were
purified as described previously (29, 30). Mouse E1 was over-
produced in insect cells and purified as described previously

(35). Human RAD6A-RADI18 complex was overproduced in.

Escherichia coli cells and then purified by column chromatog-
raphy (phosphocellulose, heparin-Sepharose, Mono Q, and gel
filtration) from E, coli cell lysate. Protein concentrations were
determined by Bio-Rad protein assay kit using bovine serum
albumin as the standard. Bovine ubiquitin was purchased from
Sigma.

In Vitro Ubiquitylation Assay—The reaction mixture (25 ul)
contained 20 mm HEPES-NaOH (pH 7.5), 50 mm NaCl, 0.2

mg/ml bovine serum albumin, 1 mm dithiothreitol, 10 mm

MgCl,, 1 mm ATP, 33 finol of singly primed single-stranded

M13 mp18 DNA (30), 1.0 pg (9.1 pmol) of RPA, 86 ng (1.0 pmol

as a trimer) of PCNA, 75 ng (260 fmol) of RFC, 100 ng (850
fmol) of mouse E1, 175 ng (2.4 pmiol) of RAD6A-RADI18 com-
plex, and 12.5 pg (1460 pmol) of ubiquitin. After incubation at
30 °Cfor 60 min, reactions were terminated with 2 ul of 300 mm
EDTA.

Structural” Model Building—Homology modeling of the
human clamp loader-clamp complex was performed using
MODELLER version 7.7(36). The homologous structures were
defined using the fold recognition server FORTE (37). The
atomic coordinate of the clamp-clamp loader complex (Protein

Data Bank code 1SX]) was selected as a template for model.

building. Before submission to MODELLER, the sequence-
structure alignment obtained from FORTE was used. Due to
the lack of the template structure, the N-terminal 582 residues

of human RFC1 were not modeled. The figures were prepared:

using MOLMOL (38). Coloring of each RFC subunitand PCNA
was according to Fig. 2 in the review by Bowman ez 4/, (39).

RESULTS

Specific DNA-damaging Agents Induce Modification of RFC2—
To analyze the modification of each subunit of the RFC com-
plex, a FLAG epitope-tagged form of each subunit of RFC and
RLCs was expressed in human 293A cells. Transfected cells
were treated with UV irradiation, y-ray, HU, or MMS, and then
cell extracts were prepared. The cell extracts were separated
into Nonidet P-40-insoluble chromatin fractions and -soluble
fractions (Sup). RFC and RLC subuinits in each fraction were
analyzed by SDS-PAGE and Western blotting (Fig, 14). Follow-
ing MMS treatment all of the subunits, except for CTF18 and
RFC5, accumulated in the chromatin fraction, whereas no
accumulation was observed following treatments with UV irra-
diation, y-ray, or HU. Levels of soluble CTF18 and RFC5
decreased after MMS treatmient, although we did not detect
concomitant increases in the chromatin-bound levels of these
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FIGURE 1. Accumulation of RFC complex in chromatin fraction and modification of RFC2 following treatment of 293A cells with DNA-damaging
agents. A, 293A cells transfected with a FLAG epitope-tagged form of each subunit of RFC and RLCs were irradiated with UV light lanes 3 aid 9) or: y-ray (lanes
6 and 72) or treated with Me,SO (DMSO; lanes 1, 4,7, and 10}, MMS (lanes 2 and 8}, or HU (fanes 5 and 17) for 8 h. Cell extracts recovered from transfected cells
were then separated into chromatin (lanes 7-12) and soluble (Sup; lanes 1- 6) fractions and analyzed by Western blotting with anti-FLAG. Cell extracts recovered
from RFC4-transfected cells were also analyzed by Western blotting with anti-tubulin or antihistone H3 (Jowest two blots). B; 293A cells were irradiated with UV
light (lane 3} or y-ray (lane 5) or treated with Me,50 (lane 1), MMS (lane 2), or HU (lane 4} for 8 h. Cell extracts recovered from transfected cells were then
separated into: chromatin and soluble {Sup) fractions and analyzed by Western blotting either with anti-RFC1, anti-RAD17; or anti-RFC2, The arrowheads
indicate the position of molecular mass markets (kDa). C, 293A cells transfected with pCONA3-RFC2-HA were treated with the indicated dose of MMS for 8 h.
Chromatin fractions from the resulting cells were analyzed by immunoblotting with anti-RFC2 or anti-PCNA: The arrowheads indicate the position of molecular
mass markers (kDa). D, 293A cells transfected with pCDONA3-RFC2-HA were treated with 0.85 mm MMS for 1 h (lanes 2--5) or UV light-irradiated at 254 nm with
30 J m~2 (Janes 6-9) and then incubated for the indicated times. Chromatin fractions were prepared and analyzed by Western blotting with anti-RFC2 and
anti-PCNA. Cells treated with Me,SO (fane 1) are shown as control. The arrowheads indicate' the position of molecular mass markers (kDa). E, 293A cells
transfected with pCONA3-RFC2-HA were treated with various genotoxic agents. Chromatin fractions were prepared and analyzed by Western blotting with
anti-RFC2 or anti-PCNA. The arrowheads indicate the position of molecular mass markers (kDa). Gy, grays; MMC, mitomycin C; EMS, ethyl methanesulfonate;
MNNG, N-methyl-N'-nitro-N-nitrosoguanidine; Bleo, bleomycin; CPT, camptothecin.

subunits (Fig. 14). Taken together, the results of Fig. 1A dem- response to MMS, Therefore, we determined the effects of
onstrate that the levels and subcellular distribution of REFCand MMS on endogenous RFC1, RAD17, or RFC2 proteins for
RLC subunits are regulated in response to MMS., which good antibodies are available. As shown in Fig. 1B,

It was important to determine whether endogenous RFC . endogenous RFC1, RAD17, and RFC2 accumulated in the
and RLC subunits were also redistributed to chromatin in - chromatin fraction of MMS-treated 293A cells. Similar to
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ectopically expressed tagged proteins, endogenous RFC sub-
units were redistributed to chromatin in response to MMS
treatment.

Interestingly we observed prominent forms of ectopically
expressed RFC2 and RFC4 that migrated with reduced electro-
phoretic mobility on SDS-PAGE gels in chromatin fractions
from MMS-treated 293A cells (Fig. 14, lane 7). Electrophoreti-
cally retarded species of endogenous RFC2 were also evident in
chromatin fractions of MMS-treated 293A cells (Fig. 1B, lane
7). The electrophoretically shifted form of RFC2 was more
prominent than that of RFC4 (Pig. 14). Therefore we focused
on RFC2 and further analyzed its MMS-induced modification.

We performed quantitative analyses to determine the
amount of chromatin-bound RFC2 relative to the soluble frac-
tion in MMS-treated cells. In 293A cells ectopically expressing
HA-tagged RFC2, more than 90% of the RFC2 accumulated in
the chromatin fraction following 8 h of MMS treatment,
whereas in untreated cells, less than 10% of RFC2 was presentin
the chromatin fraction (supplemental Fig. 3). Following MMS
treatment, we consistently detected two electrophoretically
retarded anti-RFC2-reactive. proteins in the chromatin frac-
tion. The apparent molecular mass  of: electrophoretically
retarded RFC2 is consistent with ubiquitylation. The two puta-
tive ubiquitylated forms of REC2 (shown in Fig. 1) might corre-
spond to species that are monoubiquitylated on different resi-
dues. However, we cannot exclude the possibility that
modifications other than ubiquitin are also present on the
shifted REC2. Furthermore smaller anti-RFC2-reactive pro-
teins, possibly corresponding to degradation products, were
detected in soluble and chromatin fractions from both control
and MMS-treated cells (Fig. 1B and supplemental Fig. 3).

The electrophoretically retarded forms of RFC2 were
induced by MMS in a dose-dependent manner (Fig. 1C). At
lower concentrations of MMS (0.1 or 0.213 mm), no RFC2
band shift was detectable. However, treatment with higher
concentrations of MMS (0.425; 0.85, or 1.7 mm) induced
prominent electrophoretically retarded forms of RFC2 on
chromatin (Fig. 1C).

In the experiments described above, the cells were treated
with MMS for 8 h. We subsequently examined the kinetics of
REC2 modification by treating 293A cells with MMS (0.85 mu)
for 1 h and preparing samples for immunoblotting at 0, 2, 5, and
8 h following MMS treatment. As shown in Fig. 1D, the shifted
forms of RFC2 were detectable by 5 h after treatment of cells
with MMS (lane 4). Similar to results of Fig. 14, the genotoxin-
induced RFC2 mobility shift was specific for MMS because UV
irradiation (30 J/m? lanes 7-9) did not induce-RFC modifica-
tion at any time point tested (although as expected, UV irradi-
ation induced PCNA monoubiquitylation under. these experi-
mental conditions), Conversely little or no PCNA modification
was detectable under the conditions used for the experiment
shown in Fig. 1D (lanes 2-5), although low levels of PCNA
ubiquitylation were observed when cells were treated with 0.85
mm MMS for longer times (data not shown).

The results of Fig. 1, A'and D, indicated that MMS-induced
RFC2 modification is not a general response to DNA damage.
To gain insight into the significance of RFC2 modification,
293A cells ectopically expressing RFC2-HA were treated with a

;W:}
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more extensive panel of DNA-damaging agents for 8 h, and
proteins in resulting chromatin fractions were analyzed by
immunoblotting with the anti-RFC2 antibody (Fig. 1E, upper
panel). DNA-damaging agents we tested included alkylating
agents (ethyl methanesuifonate and N-methyl-N'-nitro-N-ni-
trosoguanidine), an oxidizing agent (H,0,), a DNA cross-link-
ing agent (mitomycin C), double strand break-inducing agents
(bleomycin and ionizing radiation), and the topoisomerase I
inhibitor camptothecin. Of the genotoxic agents tested, only
ethyl methanesulfonate, N-methyl-N'-nitro-N-nitrosoguani-
dine, and H,0O, induced the shifted RFC2 band evident in
MMS-treated cells (Fig. 1E, upper panel, lanes 7-10). Many of
the agents failing to induce the RFC2 band shift nevertheless
induced very robust PCNA monoubiquitylation (Fig. 1E, lower
panel). Therefore, we conclude that RFC2 modification is a
specific response to a subset of genotoxins.

RADI18-dependent Ubiquitylation of Human RFC2—To test
whether the shifted RFC2-specific band in MMS-treated cells
was due to ubiquitylation, RFC2-HA was co-expressed with
FLAG-tagged ubiquitin in 293A cells. The transfected cells
were treated with MMS. Endogenous and HA-tagged RFC2
proteins were immunoprecipitated with anti-RFC2 antibody
from cell lysates, and the precipitated proteins were immuno-
blotted with either anti-RFC2 (Fig. 24, upper panel) or anti-
FLAG antibody to detect FL.AG-ubiquitin-modified proteins
(lower panel). Anti-RFC2-reactive bands migrating at the sizes
expected for monoubiquitylated RFC2 (48 kDa) were observed
in“our anti-RFC2" immunoprecipitates (lanes 3 and 4,
Ub-RFC2).Inaddition to the 48-kDa ubiquitin-RFC2 band, two
extra, slowly migrating bands (51 and 62 kDa) were observed in
the immunoprecipitates. obtained from cells transfected with
FLAG-tagged ubiquitin (lane 4, Flag-Ub-RFC2) that were also
detectable by immunoblotting with anti-FLAG antibody (lane
8). From these results: we conclude that the slow migrating
forms of RFC2 in MMS-treated cells are ubiquitylated species.

In S, cerevisige and human cells, monoubiquitylation of
PCNA is dependent on the RAD18 E3 ubiquitin ligase (22, 24,
25). To determine whether ubiquitylation of REC2 was simi-
larly dependent on RAD18, RFC2 modification was tested in
RAD18-overexpressing 293A cells (Fig. 2B) and RAD18-defi-
cient HCT116 cells (Fig. 2C): As shown in Fig. 2B, overexpres-
sionof RAD18 induced the ubiquitylation of REC2-HA and
PCNA even in the absence of MMS treatment. Conversely
MMS-induced ubiquitylated forms of RFC2 decreased consid-
erably (by 50%) in HCT116:RADI18 '~ cells compared with
those in matched HCT116 RADI8"'* cells (Fig. 2C). These
results suggest that REC2 monoubiquitylation in MMS-treated
cells is mediated at least in large part by RAD18, most probably
as a complex with RADS. Interestingly RAD18 overexpression
also induced chromatin accumulation of REC2 (Fig. 2B). Ubig-
uitylation and chromatin accumulation of RFC2 (and also
REC4) was observed in response to MMS treatment and RAD18
overexpression. Because MMS treatment induced chromatin
accumulation of each RFC subunit (Fig. 14), it is most likely
that increased chromatin loading of the entire RFC complex
occurs in response to MMS,
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FIGURE 2. RFC2 monoubiquitylation in response to DNA-damaging
agents is RAD18-dependent. A, lysates from RFC2-HA- and FLAG-ubiquitin-
co-transfected 293A cells were analyzed by immunoprecipitation and West-
emn blotting. pCDNA3RFC2-HA was co-transfected either with pCAGGS-
FLAG-Ubiquitin (lanes 4 and 8) or empty vector (lanes 3 and 7) in 293A cells.
The following day, cells were treated with MMS for 8 h, and then cell extracts
were recovered. Cell extracts were immunoprecipitated with anti-RFC2 anti-
body. The resulting immune complexes were recovered using protein A/G-
agarose and detected by immunoblotting with- anti-RFC2 antibady (lanes
1-4) or anti-FLAG: antibody (lanes 5~ 8). Asterisks show. nonspecific bands.
B, Western blot of lysates from 293A cells. overexpressing hRAD18,
pCDNA3-RFC2-HA was co-transfected either with pCAGGS-hRAD18 (lane
3) or empty vector {lane 2) in 293A cells. Chromatin fractions were pre-
pared and analyzed by Western blotting with anti-RFC2 {lower panel} or
anti-PCNA (upper panel). The arrowheads indicate the position of molecu-
far mass markers (kDa). C, Western blot of lysates from HCT116 cells (WILD)
or. RAD18-deficient: HCT116 cells (RAD187/7). HCT116 cells transfected
either with empty vector or pCAGGS-hRFC2 were treated with 0.85 mm
MMS for 8 h. Chromatin fractions from the resulting cells were analyzed by
immunoblotting with anti-RFC2 antibody. The arrowheads indicate the
position- of molecular mass markers (kDa). .P., immunoprecipitate; [.8.,
immunoblot; DMSO, Me,SO; Ub, ubiquitin.
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An RFC2 Mutant Is Ubiguitylated in the Absence of DNA
Damage—TIt has been reported that the RFC2(p40) subunit of
human RFC binds the large subunit of RPA (11). In S, cerevisiae,
a mutation in rfc4 (yeast homolog of human RFC2(p40)) was
found to display synthetic lethality with mutation in the gene
encoding Rpal (the large subunit of S. cerevisiae RPA) (40).
Interestingly this mutant Rfc4(p40) showed weaker physical
interaction with RPA than did the wild type Rfc4(p40). This
mutation, resulting in an amino acid change of aspartate to
asparagine at residue 201, maps to the RFC box VIII, which is
one of the conserved motifs found in all RFC subunits (16, 41).
The Asp-201 residue of S. cerevisiae Rfc4 is conserved and
found at an identical position in RFC2 from higher eukaryotes,
including humans (Fig, 34). We replaced Asp-228 of human
RFC2 (which corresponds to S. cerevisiae Rfc4 Asp-201) withan
asparagine residue (D228N) or an alanine (D228A). HA-tagged
forms of mutant or wild-type RFC2 were expressed in 293A
cells by transfection (Fig. 3B). The wild-type and mutant forms
of RFC2-HA: were expressed at similar levels; however,
whereas the wild-type and D228N mutant RFC2 proteins
showed no ubiquitylation of RFC2, the D228A mutant RFC2
protein underwent extensive modification without any
genotoxin treatment (Fig. 3B, lane 8). The multiple shifted
bands of RFC2 D228A decreased by 55% in HCT116
RADI8 '~ cells compared with those in matched HCT116
RADI18*'™ cells (Fig. 3C). Therefore, we conclude that the
multiple RAD18-dependent species we observed correspond
to mono- and polyubiquitylated forms of REC2. As described
in the previous sections, we observed monoubiquitylated
forms of the wild-type. REC2-HA in MMS-treated cells but
did not observe high levels of its polyubiquitylated forms.
The results of Fig. 3B indicate that the RFC2 D228A mutant
is extensively ubiquitylated and accumulates as multiple
polyubiquitylated species (even in the absence of genotoxin
treatments) when ectopically expressed. Although the dif-
ference in susceptibility to spontaneous ubiquitylation
between D228A and D228N is unexpected, by analogy with
the S. cerevisiae Rfc4 D201N mutant protein, it is most likely
that Asp-228 of human RFC2 is also involved in interaction
with RPA. Although we have not formally verified the
reduced interaction of human RFC D228A with RPA, we
infer that RAD6-RAD18-mediated RFC2 ubiquitylation is
regulated by interaction with RPA (see below).

RFC2 Is Modified by the RAD6-RADI8 Complex in Viro—
We subsequently examined whether RFC2 could be modified
by the RAD6-RAD18 complex in vitro. Recombinant REC com-
plex: - (including RFC1-5" proteins of human origin) - was
expressed in E. coli and then purified. Monoubiquitylation of
RFC2 in vitro was investigated by mixing the RFC1-5 complex
with purified recombinant RAD6A (E2 ubiquitin-conjugating
enzyme)-RAD18 (E3 ubiquitin ligase) complex. As shown in
Fig. 4, RFC2 was monoubiquitylated ix vitro when incubated in
the presence of purified RAD6A and RAD18 plus ubiquitin and
its activating enzyme {lane 2) although at a much lower effi-
ciency when compared with PCNA. It should also be noted that
the in vitro modification of RFC2 generated only a single
monoubiquitylated species, whereas at least two monoubiqui-
tylated forms of RFC2 (corresponding to monoubiquitylation at
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FIGURE 3. DNA damage-independent monhoubiquitylation of hRFC2
D228A. A, schematic diagram and tertiary model of human (Hs} RFC2
showing the location of Asp-228 and the sequenices of the surfounding
regions. Corresponding: sequences for S, cerevisiae {Sc¢) RFC2(p40) and
mouse (Mm) RFC2 homologues are also shown. The conserved Sensor 2
helix is represented by a box; and the location of the conserved SRC motif
is indicated by an arrow. Asp-228 of hRFC2, shown in red, corresponds to S.
cerevisiae Asp-201, which shows synthetic lethality with mutation in Rpa-
1{rfa1-Y29H). There are seven conserved RFC boxes numbered consecu-
tively from the N terminus to C terminus. B, 293A cells were transfected
with expression vectors encoding wild-type (lanes 2 and 6), D228N (lanes 3
and 7), or D228A (lanes 4 and 8) forms of hRFC2-HA. 24 h after transfection
cells were harvested and separated into chromatin (lanes 5= 8) and soluble
fractions {lanes 1-4) and then immunoblotted with: anti-RFC2 or anti-
PCNA antibody. The arrowheads indicate the position of molecular mass
markers (kDa). C, Western blot of lysates from HCT116 cells (WILD) or
RAD18-deficient HCT116 cells (RAD187/7). HCT116 cells transfected with
pCAGGShRFC2(Asp-228) were treated with 0.85 mm MMS for 8 h. Chroma-
tin fractions from the resulting cells were analyzed by Western blotting
with anti-RFC2 antibody. The afrowheads indicate the position of molec-
ular mass markers (kDa). DMSO, Me,SO.
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FIGURE 4. In vitro monoubiquitylation of RFC2. /n vitro ubiquitylation was
carried out by mixing RFC with mouse E1, RAD18-RAD6A complex, ubiquitin,
and singly primed single stranded M13 mp18 DNAin the presence or absence
of RPA or PCNA as indicated. Thereaction products were analyzed by Western
blotting with anti-RFC2 or anti-PCNA antibody.

different residues) resulted from MMS treatment of intact cells.
The reason for the differential patterns of RAD18-mediated
RFC2 monoubiquitylation observed iu vitro and in intact cells is
not yet clear but could result from the existence of additional
RFC2-directed E3 ligases in vivo. The difference also indicates
that ir vitro assay conditions do not fully recapitulate the com-
plexity of events involved in RPA-sensitive REC2 ubiquitylation
at stalled replication forks in vivo, It should be noted that our in
vitro assay uses primed M13 single-stranded DNA, which mim-
ics the leading strand synthesis rather than the lagging strand
synthesis that requires the RFC complex more frequently.
PCNA did not. affect RFC2 monoubiquitylation (lane 4),
although the modification was dependent on the presence of
DNA (data not shown). Interestingly, however, the addition of
RPA inhibited RAD6-RAD18-dependent monoubiquitylation
completely (lanes 3 and 5). In parallel reactions, RPA did not
affect the monoubiquitylation of PCNA (lanes 4 and 5). There-
fore, RPA specifically inhibits RAD18-dependent monoubiqui-
tylation of REC2. The inhibition of RAD18-mediated RFC2
ubiquitylation by RPA in vitro is consistent with our finding
that the REC2 D228A mutant is more extensively modified than
wild-type RFC2 in intact cells.

DISCUSSION

Protein ubiquitylation is critical for numerous cellular func-
tions, including the DNA damage response pathway. In this
study we demonstrated that RFC2 is ubiquitylated in human
cells via DNA ‘damage-independent and genotoxin-inducible
mechanisms. RFC2 ubiquitylation is partially dependent on
RAD18 as demonstrated by the decreased MMS-induced REC2
ubiquitylation’ in RADI8 ™'~ cells compared: with matched
RADI8"* HCT116 cells (Fig. 2C). Conversely REC2 under-
goes genotoxin-independent monoubiquitylation in cells over-
expressing RAD18. RAD18-dependent monoubiquitylation of
RFC2 was also verified by in vitro reaction (Fig. 4). The RAD18-
induced ubiquitylation of REC2 in vitro and in RAD18-overex-
pressing cultured cells is similar to what we and others have
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FIGURE 5. A model for human clamp loader-clamp complex. Ribbon (RFC2) and wire {Ca trace, RFC1,
RFC3-5, and PCNA) representations of the homology model for human RFC1-5-PCNA complex are shown. The
five subunits of each clamp loader complex are denoted. The colors for each of the subunits are as follows with
the helical collar domains (gray) at the top of the figure: pink, RFC1; navy, RFC2; red, RFC3; green, RFC4; orange,
RFCS; gold, PCNA. The side chain atoms of Asp-228 of RFC2 are indicated as balls in cyan. A, a side view of the
clamp loader-clamp complex in which RFC2 is in the front. 8, views from the DNA-interacting pore of the clamp
loader subunits. Domains i and 1l of AAA™ domain and a14 and a15 of RFC2 are indicated.

observed for PCNA, a bona fide RAD18 substrate. These results
are further indicative of a direct E3 ligase-substrate relationship
between RAD18 and RFC2.

Our in vitro experiments clearly show an inhibitory effect of
RPA on RFC2 monoubiquitylation (Fig. 4). The involvement of
RPA in regulation of RFC2 ubiquitylation in vivo is also sug-
gested by our experiments with the RFC2 D228A mutant (cor-
responding to an S, cerevisize RPA interaction-deficient Rfc4
mutant), We have shown that RFC2 D228A underwent DNA
damage-independent ubiquitylation, which was reduced sub-
stantially in RAD18-deficient cells (Fig. 3C). Our in vitro assay
for RAD6-RAD18-dependent RFC2 ubiquitylation did not
completely recapitulate all aspects of RFC2 modification in
vivo, and the role of RFC2 D228 in mediating RPA associations
is not yet clear. However, our results strongly suggest a key
regulatory role of RPA in REC2 ubiquitylation. We propose that
RADI18-dependent REC2 ubiquitylation is repressed by RPA in
undamaged cells and that derepression of RFC2 ubiquitylation
occurs followirig MMS-induced'DNA damage,

Our experiments also indicate that the REC2 D228A mutant
is subject to extensive polyubiquitylation. It is likely that polyu-
biquitylated REC2 is generated by linkage of additional ubiq-
uitin molecules to lysine residues that are first monoubiquity-
lated by RAD18: By analogy, following genotoxin treatments
PCNA is monoubiquitylated by RAD6-RAD18 on lysine 164,
and subsequently the monoubiquitylated PCNA is polyubiqui-
tylated ina reaction mediated by MMS2-UBC13 and RAD5 (22,
23, 42, 43). It will be interesting to determine whether RADS5 or
alternative E3 ligases contribute to the RAD18-initiated polyu-
biquitylation of RFC2. Monoubiquitylated and polyubiquity-
lated species of PCNA promote different damage response
pathways, error-prone and error-free postreplication repair,
respectively, It will be interesting to determine whether the
mono- and polyubiquitylated species of RFC2 similarly serve
distinct effector functions. Several studies have demonstrated
that a residual level of PCNA ubiquitylation is detectable in
RADI18-deficient cells. Similarly we have shown that RAD18-
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deficiency did not completely ablate
REC2 ubiquitylation. Clearly fur-
ther work is necessary to identify
the E3 ligases involved in RAD18-
independent  ubiquitylation  of
PCNA and RFC2.

To obtain insight into the ques-
tion of why the RFC2 D228A
mutant is susceptible to ubiquityla-
tion without DNA damage, we con-
structed tertiary structure models of
human RFC2 (Fig. 34) and RFC
complex bound to PCNA (Fig. 5) by
homology modeling using the
reported yeast structure (41) as the
template. Each RFC subunit con-
tains three structurally conserved
domains (Domains I, 1I, and III).
Domains 1 and II comprise an
ATPase module of the AAA™ family
that is connected by a flexible linker
to another helical domain (Domain III). Our structural model
revealed that Asp-228 resides in the turn between helix14 and
helix15 (Sensor 2 helix), which is located near the hinge region
between Domains Il and III (Fig. 5C). This implies that RFC2
Asp-228is notexposed to the outer surface but instead is buried
in the spiral structure. It is unlikely, therefore, that the Asp-228
residue directly associates with RPA as long as such a tight
RFC-PCNA complex is maintained.

Whether the RFC complex remains around the primed end
following PCNA loading is controversial (11, 30, 44 —46). How-
ever, the RFC complex may stay associated with PCNA in a
structure different from the tight complex as shown in Fig. 54
that allows RPA to associate with RFC2 around the Asp-228
residue. Another possibility is that the D228A mutation causes
a conformational change in the RFC complex structure, possi-
bly altering interactions with RPA and affecting susceptibility
to ubiquitylation.

It is notable that RFC2 is ubiquitylated in human cells follow-
ing treatment with alkylating agents but not in response to
genotoxins that induce double strand breaks, bulky adducts,
interstrand cross-links, or nucleotide depletion. Therefore, it
appears that RFC2 monoubiquitylation is due to a specific alter-
ation in DNA structure induced by alkylating agents or to a
specific DNA repair intermediate. Identification of the DNA
structure(s) responsible for RFC2 ubiquitylation may provide
insight into the consequences of DNA damage due to particular
genotoxins. Alkylating agents modify DNA by adding methyl or
ethyl groups to a number of nucleophilic sites on the DNA
bases (47). The predominant adduct in double strand DNA
resulting from MMS or N-methyl-N'-nitro-N-nitrosoguani-
dine exposure is N’-methylguanine (N’-Me@) and N>-methy-
ladenine {N®-MeA). N3-MeA blocks replication, whereas
N”-MeG does not block replication or miscode. Another dele-
terious adduct is O°-methylguanine (O°-MeG). O°-MeG is pro-
duced at a relatively lower level compared with N’-MeG and
N®-MeA but is highly mutagenic and toxic because O°-MeG-T
mispairing not only results in G/C to A/T transition but also is
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recognized by mismatch repair in a process that is a potent
signal of apoptosis (48). However, the human kidney cell line
293A cells, which were used in this study, are mismatch repair-
deficient due to epigenetic silencing of the hMLHI gene by
promoter hypermethylation (49). Therefore, 0°-MeG s not the
lesion responsible for RFC2 monoubiquitylation, and instead
N7-MeG and/or N>-MeA are the likely candidates. Treatment
of 293A cells with an oxidative agent (H,0,) also induced RFC2
monoubiquitylation (Fig. 1E). Base excision repair is the com-
mon pathway for repairing N'-MeG, N>-MeA, and oxidative
damage (47, 50, 51). Base excision repair: is initiated with
removal of altered bases by DNA glycosylase. The resulting
apurinic/apyrimidinic (AP) sites are nicked, and repair is com-
pleted by resynthesis and ligation. Therefore, for proficient
base excision repair, a proper balance of the individual steps
involved in DNA repair is important. Imbalanced base excision
repair may result in deleterious intermediates, such as AP sites.
Furthermore methylation or oxidation of purines destabilizes
the N-glycosyl bond, thus rendering the base more susceptible
to hydrolysis to form an AP site. Therefore, AP sites are the
lesions most likely to cause RFC2 monoubiquitylation,
although precisely how RPA-RFC2 interaction is affected at AP
sites is unclear.

Another possible role of RFC2 ubiquitylation is as the sensing
signal for damage recognition. The RFC1-5 complex (contain-
ing REC2) has several functions. During normal DNA replica-
tion REC1-5 acts as clamp loader for PCNA, whereas in the
DNA damage response RAD17-RFC2--5 loads the 9-1-1 com-
plex. At present we do not know whether loading of PCNA, the
9-1-1 complex, or both is affected by RAD18-dependent RFC2
modification. Experiments to further address the significance
of REC2 modification and to identify relevant effectors of mod-
ified RFC are under way.
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ABSTRACT

The human RAD54B protein is a paralog of the
RAD54 protein, which plays important roles in
homologous recombination. RAD54B contains an
N-terminal region outside the SWI2/SNF2 domain
that shares less conservation with the correspond-
ing region in RAD54. The biochemical roles of this
region of RAD54B are not known, although the cor-
responding region in RAD54 is known to physically
interact with RAD51. In the present study, we have
biochemically characterized an N-terminal fragment
of RAD54B, consisting of amino.  acid residues
26-225 (RADS54B,g 505). This fragment formed a
stable: dimer in ‘solution and bound to branched
DNA structures. RAD54B,s 555 also interacted with
DMC1 in both the presence and absence of DNA.
Ten DMC1 segments spanning the entire region of
the DMC1 sequence were prepared, and two seg-
ments; containing amino acid residues 153-214
and 296-340, were found to directly bind to the
N-terminal domain. of RAD54B. A structural align-
ment of DMC1 with the Methanococcus voltae
RadA protein, a homolog of DMC1 in the helical fila-
ment form, .indicated that these RAD54B-binding
sites are located near the ATP-binding site at the
monomer-monomer interface in the DMC1 helical
filament. Thus, RAD54B binding may affect the qua-
ternary structure of DMC1. These observations sug-
gest that the N-terminal domain of RAD54B plays
multiple roles of in homologous recombination.

INTRODUCTION

Homologous recombination is involved in many biologi-
cally important processes, and it occurs in all organisms
(1-3). In meiosis, homologous recombination is carried
out in order to generate genetic diversity, by creating
new linkage arrangements between genes or parts of
genes. Meiotic recombination also contributes to the
establishment of a physical connection between homolo-
gous chromosomes, which is essential for proper chromo-
some segregation (4,5).

Meiotic recombination is initiated by a programed
double-strand break (DSB) introduced in the initiation
sites for recombination (6). At the DSB site, a single-
stranded DNA" (ssDNA) tail is produced, and it is
incorporated into a protein-DNA complex, called the pre-
synaptic filament, This presynaptic filament catalyzes the
homologous pairing and strand-exchange reactions. An
intermediate structure, called the Holliday junction, in
which two double-stranded DNA (dsDNA) molecules
form a four-way junction, is generated through the homol-
ogous-pairing and strand-exchange steps. The Holliday
junction is then resolved into two DNA molecules by
the action of endonucleases.

Studies in the budding yeast Saccharomyces cerevisiae
initially identified the rad52 epistasis group of genes
(rad50, radsl, rad52, rad54, rdh54jtidl, rad55,: rad57,
radS9, mrell and xrs2) as the core factors of the homol-
ogous recombination machinery. The functions of the
rad52 epistasis group genes are highly conserved among
eukaryotes, from yeast to human (7,8). One member of
this group of genes, rad54, encodes a protein that belongs
to the SWI2/SNF2 protein family, whose members have
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DNA-dependent ATPase and chromatin-remodeling
activities (9-15). Recent studies suggested that Rad34
may play diverse roles in multiple stages of homologous
recombination (16,17). Rad54 promotes and stabilizes the
Rad51-ssDNA nucleoprotein filament formation by phy-
sically interacting with Rad51 (18-21), and it also stimu-
lates the homologous pairing and strand-exchange
reactions mediated by Rad51 (22-25). These facts suggest
that Rad54 functions in the early stage of homologous
recombination. Rad54 is also known to disassemble
Rad51 nucleoprotein filaments from DNA, which may
be essential in the later stages of recombination (26).
Moreover, Rad54 promotes branch migration of the
Holliday junction in an ATP-dependent manner, suggest-
ing that Rad54 functions in the late stage of recombina-
tion (25).

RADS54B, which shares homology with Rad54, was
identified in the human cell as a member of the SWI2/
SNF2 family proteins (27). Like Rad54, RADS54B is a
DNA-dependent ATPase and stimulates the RADS!-
mediated homologous pairing (28,29). Previously, our
-group and others reported that RADS54B stimulates the
recombination activity of DMCI, a meiosis-specific
RADS51 homolog, suggesting its role in meiotic homolo-
gous recombination (30-32). Therefore, Rad54B may be
a paralog of Rad54 having both overlapping and non-
overlapping roles with those of Rad54. RAD54B contains
helicase motifs, which are commonly found in the mem-
bers of the SWI2/SNF2 family. Outside this region,
RAD34B has an N-terminal region of ~300 amino acid
residues. The corresponding region in RADS4 directly
interacts with RADS1 (19), suggesting that the N-terminal
region of RADS54B may also be essential for the interac-
tions with other recombination factors. However, the
N-terminal region of RAD54B. is considerably longer
than that of RADS54. Hence, it is of interest whether the
N-terminal region of RAD54B contains functional regions
that are not present in that of RAD54. In the present
study, we identified a stable N-terminal domain of the
human RAD54B protein, and found that this domain is
capable of self-associating, binding to DNA and interact-
ing with both RAD351 and DMCI. These observations
suggest multifunctional roles of the N-terminal domain
of RAD54B in homologous recombination.

MATERIALS AND METHODS
Purification of RADS4B,¢ 235

The Hisg-tagged human RADS54B,4.255 protein was over-
expressed in' the Escherichia coli IM109 (DE3). strain
carrying - an. expression vector for the minor: tRNAs
[Codon(+)RIL, .. (Novagen, . Darmstadt, = Germany)],
using the pET15b expression system (Novagen).
Harvested cells were disrupted by sonication in buffer A
(pH 7.8), containing 50mM Tris-HCI, 0.3M KCI, 2mM
2ME, 10% glycerol and 5mM imidazole. Lysates were
mixed gently by the batch method with 4ml Ni-NTA
beads at 4°C for 1h. The RAD54Bys 2as-coupled
Ni-NTA agarose beads were then packed into an

Econo-column (Bio-Rad Laboratories, Hercules, CA,
USA) and were washed with 30 CV of buffer B (pH
7.8), which contained 50mM Tris—HCIl, 0.3M KClI,
2mM 2ME, 10% glycerol and 20mM imidazole. The
Hisg-tagged RADS54B,¢ 255 was eluted in a 30 CV linear
gradient of 20-300 mM imidazole in buffer B. RAD54B,,_
225, Which eluted in a broad peak, was collected and trea-
ted with 2U of thrombin protease (GE Healthcare,
Biosciences, Uppsala, Sweden) per milligram of
RAD54B26_225. The RAD5482(,_2_‘>_5 prolein was then
dialyzed against buffer C (pH 7.2), which contained
20mM HEPES-KOH, 0.1M KCI, 0.5mM EDTA,
2mM 2ME and 10% glycerol, and was mixed with 2ml
of Benzamidine-Sepharose (GE Healthcare) column
matrix at 4°C for 1h. The proteins in the Benzamidine-
Sepharose flow-through fraction were mixed with 8 ml of
Q-Sepharose colummn matrix at 4°C for 1 h. The proteins in
the Q-Sepharose flow-through fraction were then mixed
with 8 ml of SP-Sepharose column matrix at 4°C for 1h.
The SP-Sepharose column was washed with 20 CV of
buffer C, and the RAD54B,¢ 55 protein was eluted with
a 20 CV linear gradient from 0.1 to 1.0M KCl in this
buffer. The peak fractions of the RAD54B;4_5>5 proteins
were collected, dialyzed against buffer D (pH 7.5), which
contained 20mM HEPES-KOH, 0.1M KCIl, 0.5mM
EDTA, 2mM 2ME and 10% glycerol, and stored at—80°C.

Purification of the DMC1 deletion mutants

Ten overlapping glutathione S-transferase (GST)-fused
DMCT deletion ‘mutants, composed of amino acid resi-
dues 1-44, 24-66, 47-104, 84-126, 118-162, 153-214,
195237, :225-270, 264-306 and 296-340, respectively,
were overexpressed in- the E. coli IM109 (DE3) strain
carrying an- expression vector: for the minor- tRNAs
[Codon(+)RIL],: using the pET41b expression. system
(Novagen).- The. cells .were suspended. in buffer E (pH
8.0}, . containing. 50mM Tris-HCl, 0.3 M KCIl, 2mM
2ME; 5SmM EDTA and 10% glycerol, and were disrupted
by. sonication. Lysates were mixed gently by .the batch
method with 500l Glutathione Sepharose 4B (GS4B)
beads (GE Healthcare) at 4°C for 1h. The beads bound
with the GST-DMCI deletion mutants were then washed
four times with 10ml of buffer E. The GST-DMCI dele-
tion mutants were eluted by I'mi of buffer E with 20mM
ghutathione: These proteins were dialyzed against buffer E
and were stored at 4°C.

The RADS5! and -DMCL" proteins ™ were  purified  as
described: previously - (30,33;34). - The- concentrations of
the: purified proteins were determined with a Bio-Rad pro-
tein assay kit, using BSA as the standard.

DNA substrates

The ¢$X 174 circular ssDNA and replicative form I DNA
were purchased from New England Biolabs, Ipswich, MA,
USA and Life Technologies, Gaithersburg, MD, USA.
The concentrations of these DNA are expressed as
molar nucleotide concentrations. The oligonucleotides
used in this study are shown in Table 1. They were pur-
chased from Invitrogen, Carlsbad, CA, USA, in the
desalted form, and were purified by anion exchange
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Table 1. Oligonucleotides used in this study
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Name Length Sequence (5’ to 3')
PolyA 44-mer AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
2 50-mer TGGGTCAACGTGGGCAAAGATGTCCTAGCAATGTAATCGTCTATGACGTT
2a 50-mer AACGTCATAGACGATTACATTGCTAGGACATCTTTGCCCACGTTGACCCA
5 50-mer TGCCGAATTCTACCAGTGCCAGTGATGGACATCTTTGCCCACGTTGACCC
6 50-mer GTCGGATCCTCTAGACAGCTCCATGATCACTGGCACTGGTAGAATTCGGC
7 50-mer CAACGTCATAGACGATTACATTGCTACATGGAGCTGTCTAGAGGATCCGA
8 S1-mer CAACGTCATAGACGATTACATTGCTAATCACTGGCACTGGTAGAATTCGGC
10 24-mer GGACATCTTTGCCCACGTTGACCC
15 26-mer TGCCGAATTCTACCAGTGCCAGTGAT

chromatography. Briefly, the oligonucleotides were dis-
solved in water and applied to a MonoQ column (GE
Healthcare)  equilibrated  with  10mM  NaOH.
Oligonucleotides 2, 2a, 5, 6, 7 and 8 were eluted in a
two-step linear gradient, consisting of 5 column volumes
of 0-0.6 M NacCl followed by 50 column volumes of 0.6
0.9M NaCl. Oligonucleotides 10 and 15 were also eluted
in a two-step linear gradient, consisting of 5 column
volumes of 0—0.5 M NaCl followed by 50 column volumes
of 0.5-0.8 M NaCl. Peak fractions were collected, ethanol
precipitated and dissolved in water. The substrates with
various structures were made by annealing appropriate
combinations of oligonucleotides, as described previously
(35-37). The combinations of oligonucleotides were as
follows: dsDNA, oligonucleotides 2 and 2a; Splayed
arm, oligonucleotides 2 and 8; 3'-tailed duplex, oligonu-
cleotides 2 and 10; 5'-tailed duplex, oligonucleotides 8
and 15; 3-flapped DNA, oligonucleotides 2, 8 and 10;
5'-flapped DNA, oligonucleotides 2, 8 and 15; 3'-PX
junction, oligonucleotides 2, 6, 7 and 10; 5-PX junction,
oligonucleotides 2, 6, 7 and 15; and X junction, oligonu-
cleotides 2, 5-7. Oligonucleotide substrates are expressed
as molar molecule concentrations.

Gelfiltration analysis of RAD54B2s 275

RAD54B5¢ 5,5 was concentrated to 5.6 mg/ml and 50 ul of
the concentrated protein was fractionated through a 25 ml
Superdex 200 10/30 GL column (GE Healthcare) using
buffer G:

DNA-binding assays of RADS4B:6 235

For ' the plasmid ' DNA-binding - assay; - the  indicated
amounts of RAD54B, 5,5 were incubated: with '$X174
ssDNA (20pM) or ¢$X174 dsDNA (10puM) at 37°C for
20 min in 10l of buffer H, containing 50 mM Tris-HCl
(pH 7.8), 100 pg/m! BSA and ImM DTT. After:10-fold
loading dye was added, the products were resolved by 1%
agarose gel electrophoresis in TAE buffer at 3.3 V/cm for
2.5h, and were visualized by staining with ethidium bro-
mide. For the binding assays using oligonucleotide sub-
strates; the 'indicated “amounts of RADS54B36 315 were
incubated with the DNA substrates (0.2 M) at 37°C in
10l of buffer H for either 10min for ssDNA or 20min
for other substrates. A>*P-labeled polyA oligonucleotide
was used as the ssDNA substrate, and the resulting

RADS54B,¢ 2»polyA complex was resolved by 1% aga-
rose gel electrophoresis in 0.5 x TBE buffer at 3.3 V/em
for 2h. The gel was dried, exposed to an imaging plate and
visualized using a BAS2500 image analyzer (Fuji Film
Co., Tokyo, Japan). For other DNA substrates containing
various structures, the complexes with RADS4B,¢ 15
were resolved by 5% polyacrylamide gel electrophoresis
in 1 x TBE buffer at 100V for 50 min, and were visualized
by staining with ethidium bromide.

Protein-protein binding assay of RAD54B,¢ 555

RADS4B,¢ 225 was covalently conjugated to Affi-Gel 15
beads (100 pl, Bio-Rad), according to the manufacturer’s
instructions. The unbound proteins were removed by
washing the beads five times with binding buffer F
(pH 7.5), which contained 20mM HEPES-KOH, 0.15M
KCl, 0.5mM EDTA, 2mM 2ME, 10% glycerol and
0.05% Triton X-100. To block the residual active ester
sites, ethanolamine (pH-8.0) was added to a final concen-
tration of 100mM and the resin was incubated at 4°C
overnight. After washing the resin five times with 500 pl
of buffer F, the Affi-Gel 15-protein matrices were adjusted
to 50% slurries with buffer F and were stored at 4°C. For
the binding assay, 20 ul of the Affi-Gel 15-protein slurry
were mixed with 20pug of RADS1, DMCI or RecA
at room temperature for 2h. The Affi-Gel 15-protein
beads were then washed five times. with-500u! of buffer
F. SDS-PAGE sample buffer (2-fold) was mixed directly
with the washed beads. After heating the mixture at
98°C for Smin, the proteins were fractionated by 12%
SDS-PAGE. Bands were visualized by Coomassie
Brilliant Blue staining.

In the GS4B pull-down assay, GS4B beads (30 ul) were
equilibrated with buffer G, containing 20mM Tris-HCI
(pH 8.0), 0.2M KCI, 2mM 2ME, 5mM EDTA, 10%
glycerol and 0.1% NP-40, and were mixed with 10ug of
the GST-DMCI1 deletion mutants at 4°C for 30min. To
prevent nonspecific interactions between: RADS54B24:225
and the GS4B beads, the GS4B-DMCI deletion mutants
were first incubated with 500 pg/ml BSA, and the reaction
was incubated at 4°C for 30min, followed by the addition
of 10 ug of RAD54B,4 225. After an incubation at 4°C for
1 h, the GS4Bbeads were washed with buffer G five times
and were eluted with SDS-PAGE sample buffer.
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Figure 1. (A) Sequence comparison of RADS54 and. RADS54B. These proteins are separated into three regions (N-terminal domain, SWI2/SNF2
domain and C-terminal domain), and the amino acid sequence identities and similarities between these proteins were calculated for each region. The
amino acid number at the boundary of each domain is denoted. The gray lines indicate the seven helicase motifs (I, la, II, III, IV, V and VI,
respectively). (B) Purification of the RAD54Bs¢ 155 protein. The peak fractions from the Ni-NTA agarose column (lane 2), the fraction after the
removal of the Hisg tag (lane 3); the Benzamidine Sepharose flow-through (lane 4), the Q-Sepharose flow-through (lane 5) and the peak fractions
from the SP-Sepharose column (lane 6) were analyzed on a 12% SDS-PAGE gel, which was stained with Coomassie Brilliant Blue. Lane 1 indicates
the molecular mass markers. (C). Gel filtration analysis of RAD54B;¢.255. The arrow indicates the peak location of a molecular weight marker,

ovalbumin {43 kDa), which nearly corresponds to that of RAD54By; 2;5.

ssDNA- and dsDNA-binding assays of DMC1

The indicated amounts of DMCI1 were incubated with
¢X174 ssDNA (20pM) or $X174 dsDNA (10uM). at
37°C for 20min in 10pl of buffer I, containing 50 mM
Tris~HCI (pH 7.8), 1 mM ATP, 2mM MgCl;, 100 pg/ml
BSA and 1mM DTT. After 10-fold loading dye was
added, the products were resolved by 1% agarose gel elec-
trophoresis in TAE buffer at 3.3 V/cm for 2.5h, and were
visualized by staining with ethidium bromide,

Interaction between DMC1 and RADS4B;4_7;5 on ssDNA
and dsDNA

The reactions were started by incubating 40 yM DMCI
with 20pM ¢$X174 ssDNA or 10pM ¢$X174 dsDNA at
37°C for 20min, in" 10ul of buffer I. The indicated
amounts of RADS4Bs 225 were then incorporated, and
the mixtures were incubated at 37°C for 20min. "After

10-fold loading dye was added, the products were resolved
by 1% agarose gel electrophoresis in TAE buffer at
3.3V/em for 2.5h. To determine whether DMC1 was pre-
sent, the protein-DNA complex was localized by ethidium
bromide staining of the agarose gel; and the corresponding
area of the gel was excised for electroelution. The eluted
proteins were fractionated. by 12% SDS-PAGE, and the
bands were visualized by Coomassie Brilliant Blue
staining.

RESULTS
Purification of the RAD54B N-terminal domain fragment

To gain insight into the function of the N-terminal region
of RADS54B; which is less conserved between RAD54 and
RADS54B (Figure 1A), we constructed a RADS54B deletion
mutant containing the first 295 residues (RAD54B,_39s).
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Figure 2. DNA-binding activity of RAD54Bys. 255 (A) Plasmid ssDNA (20 uM in nucleotides, lanes 1-5) or plasmid superhelical dsDNA (10pM in
nucleotides, lanes 6-10) was. incubated with RADS54B,6 215 at 37°C for 20min. The concentrations of Rad54B;s 05 used in the DNA-binding
experiments were 2.0puM (lanes 2 and 7), 4.0uM (lanes 3 and 8), 8.0uM (lanes 4 and 9) and 16uM (lanes S and 10). The reaction mixtures
were fractionated on a 1% agarose gel, which was stained with ethidium bromide. Nc and sc indicate nicked circular and superhelical dsDNA,
respectively. (B): A 32p: [abeled  single-stranded - oligonucleotide (polyA 44-mer, 0.2pM in molecules) was incubated with RADS54By 225 (2, 4, 8
or 16uM) at 37°C for 10min and the reaction mixtures were fractionated on a 1% agarose gel. (C) Salt concentration titration for the
RAD354B,4 325-polyA complex. RADS34 B¢ 335 (16 tM) was incubated with a *2p jabeled single-stranded oligonucleotide (polyA 44-mer, 0.2 M in
molecules) in the reaction mixture containing the indicated concentrations of KCl. The reaction mixtures were fractionated on a 1% agarose gel.
(D) Various branched DNA substrates (0.2 pM in molecules) were incubated with RADS4By 225 (2, 4, 8 or 16 uM) at 37°C for 20 min, and the

reaction mixtures were fractionated on a 5% polyacrylamide gel, which was stained with ethidium bromide.

However, this fragment rapidly degraded to several smaller
fragments during -~ the “expression and  purification
processes, suggesting that the fragment contained unstruc-
tured or flexible regions. Several rounds of fragment design
and purification were performed to identify the stable
N-terminal region 'of RAD54B. We found that the frag-
ment consisting of amino acid residues 26-225 of RAD54B
(RADS54B,¢ 2p5) was resistant to proteolysis and was
highly soluble. The RAD34B,¢.5>5 mutant was expressed
in the E. coli IM109 (DE3) strain, as a fusion protein with
an N-terminal Hisg tag confaining a cleavage site for
thrombin protease, and was purified by Ni-NTA column
chromatography (Figure 1B, lane 2). After the Hisq tag was
uncoupled with thrombin protease (Figure 1B, lane 3),
the peak fractions containing RADS54B4 2,5 were further
purified by Benzamidine . column. chromatography
(Figure 1B, lane 4), Q-Sepharose column chromatography
(Figure 1B, lane 5) and SP-Sepharose column chromato-
"graphy (Figure 1B, lane 6). About 10mg of purified

RADS4B,¢ 55 were obtained from 2.51 of E. coli suspen-
sion culture. The SDS-PAGE analysis of the final purifica-
tion fraction revealed an additional band with an apparent
molecular weight of about 50 kDa. The band disappeared
when higher concentrations of reducing agent were
included in the electrophoresis sample buffer, indicating
that RADS54B,¢ 2ys oligomerizes. Consistent with this
observation, a “gel filtration analysis “of  the purified
RADS4Byg 25 indicated that the fragment primarily
exists as a dimer (Figure 1C). These results demonstrated
that amino acid residues 26-225 of RAD54B form a stable
domain. Although it is not known whether the full-length
RADS54B protein multimerizes, the N-terminal region may
play a role in the self-association of RADS4B.

DNA-binding activity of RAD54B.g 225

The conserved region of RAD54B (amino acid residues
321-785) contains the helicase motifs involved in DNA
binding. As expected, the full-length RADS54B has both
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Figure 3. RAD354By¢ 1235 interacts with RADSY and DMCI1. The inter-
actions were observed by a pull-down assay, in which DMC1. (A)
or RADS] (B) was mixed with RADS4By¢ 255 that was covalently
conjugated to an Affi-Gel .15, matrix.. The proteins bound to. the
RADS54B,4 225-conjugated. beads were eluted by SDS-PAGE sample
buffer, and fractionated on a 12% SDS-PAGE gel. Lanes 2 and 3
are one-{enth of the total proteins used. Lane 4 is the negative control

ssDNA- and dsDNA-binding activities (28). In contrast,
the less conserved N-terminal domain of RAD54B has
no known DNA-binding motifs, and it is not known
whether this domain binds to DNA. Therefore, we first
examined the DNA-binding activity of RADS34B1g 105,
using plasmid ssDNA and dsDNA substrates. As shown
in Figure 2A, RADS54By¢ 55 bound to both plasmid
ssDNA and dsDNA. To further characterize the DNA-
binding activity of RADS54B54.5,5, oligonucleotide sub-
strates were used. RADS4Bj¢ 555 bound to a polyA
ssDNA oligonucleotide, a substrate that is free of second-
ary structures (Figure 2B). The binding was observed at
higher salt concentrations (Figure 2C), suggesting that
RADS4B,¢.22s interacts with ssDNA through specific
interactions and not by nonspecific ionic interactions.
RADS54B,¢ 25 also interacted with a dsDNA oligonucleo-
tide, as well as DNA oligonucleotides with branched
structures (Figure 2D). The binding experiments were
performed using the same: concentrations: of the: DNA
substrates (0.2 uM) and RAD3B (2, 4, 8 and 16 uM), to
facilitate comparisons between the resulis with different
DNA substrates. We found that RADS54B,¢ 255 exhibited
slightly higher affinity for dsSDNA than ssDNA (compare
the: amount of uncomplexed DNA: between Figure 2B,
lane 5 and 2D, lane 5). This was also apparent from the
higher affinity for dsDNA than for DNA substrates with
shorter duplex regions, such as the splayed arm and the
3'-tailed or 5-tailed duplexes (Figure 2D, lanes 1-20). We
also found that among the branched DNA substrates
we tested, RADS4B,¢ 25 displayed the highest affinity
for 5'-flapped DNA and 3-PX junction (Figure 2D,
lanes 26-35). These results suggested that RADS54B;¢ 205
may specifically function on branched DNA molecules.

RADS4B,¢ 5,5 interacts with both RAD51 and DMC1

We have previously shown that RADS54B interacts
with RADS51 and DMC1 (30). However, it is not known
whether the N-terminal domain of RAD54B is involved
in" the interactions. We therefore tested the interac-
tions between the N-terminal domain of RAD54B and
RADS51 or DMCl by a pull-down assay, using
RADS4B4 »s-conjugated Affi-Gel 15 beads. The proteins
bound to the RADS54By¢ 225 beads were detected by SDS—
PAGE. Consistent with the fact that RADS54Bsg 235 self-
associates (Figure 1C), we observed RADS4Byg 15 in the
elution fraction that was not covalently conjugated to the
Affi-Gel beads (Figure 3A, lanes 5-9; 3B, lanes 5-8 and
3C, lane 5). As shown in Figures 3A and B, RAD54B¢ 2,5
interacted with both RADS51 and DMC1 (Figure 3A,
lanes 5-9 and 3B; lanes 5and 6, respectively). In contrast,
RADS4B,¢ 235 weakly bound to RecA, the bacterial
homolog of RADS1 and DMC1, suggesting that the inter-
actions between RAD54B;¢ 55 and RADS1 or DMCI
were specific (Figure 3C). When the salt concentrations

using the Affi-Gel 15 matrix without RADS4Bg 215. The salt coricen-
tration was titrated for both binding experiments, which are shown
beyond . lane. 5. (C) . Interaction between bacterial RecA. and
RADS54B3g.235. The binding experiment was performed in the presence
of 100mM KCl. The bands were visualized by Coomassie Brilliant Blue
staining.
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