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Husl1 is one of six checkpoint Rad proteins required for all Schizosaccharomyces pombe DNA integrity check-
points. MYC-tagged Hus1 reveals four discrete forms. The main form, Hus1-B, participates in a protein com-
plex with Rad9 and Radl, consistent with reports that Rad1-Hus1 immunoprecipitation is dependent on the
rad9* locus. A small proportion of Hus1-B is intrinsically phosphorylated in undamaged cells and more be-
comes phosphorylated after irradiation. Hus1-B phosphorylation is not increased in cells blocked in early S
phase with hydroxyurea unless exposure is prolonged. The Rad1-Rad9-Hus1-B complex is readily detectable,
but upon cofractionation of soluble extracts, the majority of each protein is not present in this complex. In-
direct immunofluorescence demonstrates that Hus1 is nuclear and that this localization depends on Rad17. We
show that Rad17 defines a distinct protein complex in soluble extracts that is separate from Rad1l, Rad9, and
Hus1. However, two-hybrid interaction, in vitro association and in vivo overexpression experiments suggest a

transient interaction between Radl and Rad17.

DNA integrity checkpoint pathways arrest progression
through the cell cycle when replication is perturbed (repli-
cation checkpoint) or the DNA is damaged (DNA damage
checkpoint) (23, 50). In the fission yeast Schizosaccharomyces
pombe, the checkpoint Rad proteins (Radl, Rad3, Rad9,
Rad17, Rad26, and Husl) are required for both the replication
checkpoint and the DNA damage checkpoint (1, 8, 14, 40, 41).
Downstream of the checkpoint Rad proteins are the Cds1 and
Chk1 kinases, which directly impinge on the cell cycle machin-
ery (5,17, 35, 39, 52). Cdsl is activated when DNA replication
is blocked by hydroxyurea (HU; which inhibits ribonucleotide
reductase) or when DNA is damaged during S phase (29, 33).
Chkl1 is phosphorylated in response to DNA damage induced
in late S or G, (31, 48, 49). Phosphorylation of Cds1 and Chkl1
is dependent on the kinase domain of Rad3, a large protein
kinase with a lipid kinase motif similar to that first identified
in DNA-dependent protein kinases (4, 22, 29, 31). While
phosphorylation of Cdsl correlates with its activation (29),
the phosphorylation of Chkl has not been associated with
increased Chkl kinase activity.

Five of the six checkpoint Rad proteins, and both of the
downstream kinases Chk1 and Cdsl, are structurally and func-
tionally conserved through evolution (Table 1). Based on the
observation that null mutations in any one of the six check-
point rad genes (but not the downstream kinases Chkl and
Cds1) result in similar loss-of-all-checkpoint phenotypes, it was
suggested that Rad3 is the central element of a “guardian
complex,” which can monitor stalled replication complexes and
sense DNA damage (7). Biochemical data for the S. pombe,
Saccharomyces cerevisiae, and Homo sapiens systems indicate
that Radl, Rad9, and Husl participate in a single protein
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complex (26, 27, 44, 47). Both Radl and Husl have been
reported to be structurally related to PCNA (a DNA sliding
clamp required for DNA replication and repair) (2, 46). In
addition, Radl has a potential nuclease domain, and the pu-
rified human protein (Rad1™) (throughout, superscripts de-
note the organisms of origin: H. sapiens [Hs|, S. pombe [Sp], or
S. cerevisiae [Sc]) and an Ustilago maydis homolog, Recl, have
been reported to possess nuclease activity in vitro (37, 38, 45).
Recent evidence indicates that the concept of a single guardian
complex may be a simplification. A biochemical association has
been observed between Rad3 and Rad26 (12). Radl, Rad9,
Husl, and Rad17 are not stably associated with the Rad3-
Rad26 complex (=750 kDa) in soluble extracts (12). We show
here that Radl, Rad9, and Husl form a protein complex of
approximately 450 kDa that is distinct from the Rad3-Rad26
complex and that a third protein complex contains Rad17. This
is consistent with previous reports that upon overexpression
and immunoprecipitation, the human and S. cerevisiae homo-
logs of Radl, Rad9, and Husl associated with each other but
not with the Rad17 homologs (26, 47). Rad175P™ (Rad245) is
related to all five subunits of replication factor C (RFC) (18),
a protein complex required for loading of PCNA onto DNA.
The reported association of Rad24%° (Rad17°P) with Rfc5, a
small subunit of RFC (43), suggests that Rad17 forms an RFC-
like protein complex.

Since Rad26, which is associated with Rad3, is phosphory-
lated in response to DNA damage in the absence of the re-
maining checkpoint proteins (12), we have proposed that the
Rad3-Rad26 complex is able to recognize damaged chromatin
directly. To investigate the roles of Husl, Rad9, and Radl in
S. pombe, the husl, radl, and rad9 genes were genomically
epitope tagged and antibodies were generated against Rad9
and Radl. Hus1-MYC was found to exist in four distinct forms
of 75 kDa (Hus1-A), 65 kDa (Hus1-B), 60 kDa (Hus1-C), and
35 kDa (Husl1-D), respectively. The most abundant form be-
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TABLE 1. Checkpoint proteins of S. pombe, S. cerevisiae,
and H. sapiens

Checkpoint protein

S. pombe S. cerevisiae H. sapiens Sequence motif
Radl Rad17 Rad1l PCNA-like, nuclease
Rad3 Mecl ATR Lipid kinase domain
Rad9 Ddcl Rad9 PCNA-like
Rad17 Rad24 Rad17 RFC-related
Rad26 ? ? Coiled-coiled domain
Husl Mec3 Husl PCNA-like
Chk1 Chk1 Chk1 Serine/threonine kinase
Cdsl Rad53 Chk2 Serine/threonine kinase

comes hyperphosphorylated in a checkpoint-dependent man-
ner in response to DNA damage and associates with Radl and
Rad9 in a soluble protein complex. Indirect immunofluores-
cence microscopy reveals that Husl and Rad9 are nuclear and
that their localization is dependent on the presence of Rad17.
Two-hybrid data, in vitro binding experiments, and coimmu-
noprecipitation after overexpression show that Rad17 can in-
teract with Radl, although this interaction is not detected in
soluble extracts. These data suggest that the checkpoint Rad
proteins associate in different protein complexes. How they
interact in vivo to generate a checkpoint signal is still not clear.

MATERIALS AND METHODS

Genetics and cell biology techniques. Strains were constructed by standard
genetic techniques (32). The protocols for checkpoint measurements, cell scor-
ing, and irradiation are described in reference 13. Indirect immunofluorescence
microscopy was performed according to a protocol previously described (19).
The following changes were made: cells were fixed in 3.7% formaldehyde for 10
min in the culture medium at 29°C, the anti-MYC antibody was diluted 1:200,
and fixed cells were incubated for 6 h with a 1:100 dilution of the secondary
fluorescein isothiocyanate-conjugated antibody.

PCR-based gene tagging. Using a PCR-based method, genes were C-termi-
nally tagged in S. pombe wild-type cells (501; lewI-32 ura4-D18 ade6-704 h™) with
3 hemagglutinin (HA) or 13 MYC epitopes as previously described (3).

Two-hybrid assay. S. cerevisiae Y190 (21) was transformed with Gal4 DNA
binding domain (DB) and activation domain (AD) plasmids. Transformants
were assayed for B-galactosidase activity by streaking or plating cells on selective
synthetic complete medium, incubating the cells for 1 to 2 days at 30°C, and
transferring them to nitrocellulose filters. After 10 s in liquid nitrogen, filters
were transferred onto Whatman 3MM paper soaked with buffer Z (60 mM
Na,HPO,, 40 mM NaH,PO,, 10 mM KCI, 1 mM MgSO,, 40 mM 2-mercapto-
ethanol) containing 1 mg of 5-bromo-4-chloro-3-indolyl-B-p-galactoside (X-Gal)
per ml at 30°C. The time elapsed before appearance of blue color was recorded,
and the inverse of this time was used as a measure of enzyme activity.

Total cell extracts. Logarithmically growing cells (10%) were harvested, washed
in buffer A (1X phosphate-buffered saline, 50 mM NaF, 10 mM NaNj), washed
in 20% (wt/vol) trichloroacetic acid (TCA), and resuspended in 200 pl of 20%
TCA. After cells were broken with glass beads, 400 pl of 5% (wt/vol) TCA was
added, and the cell homogenate was spun (4,000 rpm; Heraeus centrifuge) into
anew test tube. Following centrifugation at 14,000 for 5 min, the supernatant was
discarded and the pellet was resuspended in 200 wl of loading buffer (250 mM
Tris-HCI [pH 8], 2% sodium dodecyl sulfate [SDS], 5% glycerol, 5% B-mercap-
toethanol, 0.1% bromphenol blue). Boiled samples were analyzed by SDS-poly-
acrylamide gel electrophoresis (PAGE) (8% gel).

Liquid nitrogen extracts and size fractionation. Logarithmically growing cells
(2 X 10°) were harvested, washed in buffer A, washed in buffer B (50 mM
NaH,PO,-Na,HPO, [pH 7], 150 mM NaCl, 0.1% IGEPAL CA-630 [Sigma],
10% glycerol, 0.5 mM dithiothreitol, 5 mM EGTA, 60 mM B-glycerophosphate,
0.1 mM NaF, 10 pg of aprotinin per ml, 10 pg of leupeptin per ml, 2.5 mM
p-aminobenzamidine, 1.0 mM phenylmethylsulfonyl fluoride, 1 mM orthovana-
date), and resuspended in 1 ml of buffer B. Cell suspension was dripped into a
mortar filled with liquid nitrogen, and frozen cells were homogenized using a
pestle. Liquid nitrogen was continuously added during the homogenization.
Frozen cells were transferred to a test tube and allowed to thaw. The homoge-
nate was precleared by centrifugation for 3 h at 4°C (Sorvall AH-650 rotor,
43,000 rpm, 170,000 X g). The protein concentration was measured using the
Bradford assay.

A Superdex 200 HR 10/30 (Pharmacia) column was equilibrated and run in
buffer C (50 mM NaH,PO,-Na,HPO, [pH 7], 150 mM NaCl, 0.1% IGEPAL
CA-630 [Sigma], 10% glycerol, 0.5 mM dithiothreitol, 5 mM EGTA, 60 mM
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B-glycerophosphate, 0.1 mM NaF). A sample of 200 ul (1.5 mg of protein) was
injected, and 500-pl fractions were collected. The column was calibrated using a
low- and high-molecular-weight gel filtration calibration kit (Pharmacia). The
elution profile of the size standards was not affected by the presence of crude
extract. When fraction 10 was rerun, the tagged protein peaked again at approx-
imately 450 kDa.

Immunoprecipitation and phosphatase treatment. Immunoprecipitation and
phosphatase treatment were performed as previously described (29). Anti-Rad1
antibody G5 was affinity purified (20). When the anti-Rad1 antibody was used for
Western blotting, proteins were transferred in 10 mM 3-(cyclohexylamino)-1-
propanesulfonic acid (CAPS)-NaOH (pH 11) buffer. Either 0.5 mg of protein of
soluble liquid nitrogen extract or 200 to 400 l of a fraction from the gel filtration
column was diluted to 0.5 ml with buffer B, antibodies prebound to protein G
beads were added, and the mixture was incubated for 1 to 2 h at 4°C.

Antibodies specific for Rad9 and Radl. The rad9 cDNA was cloned into
plasmid pGEX-4T1 (Pharmacia), and glutathione S-transferase fusion protein
was expressed in Escherichia coli DH5a. The purification method is described in
reference 15. Between 200 and 500 g of soluble protein was used for immuni-
zation of rabbits. The anti-Rad9 antibody was affinity purified (20).

The radl cDNA was cloned into pET16b (Novagen), and the His-tagged
protein was purified under denaturing conditions according to instructions. Pu-
rified protein was SDS-PAGE purified, and approximately 200 ug was used for
rabbit immunization.

RESULTS

Hus15P exists in four distinct forms. Previous studies have
reported that Husl is a 33-kDa protein (28) which is phos-
phorylated in response to DNA damage and HU treatment
in a checkpoint-dependent manner (27). Like wild-type cells,
hus1-MYC cells (C-terminally tagged with 13 MYC epitopes)
arrest progression through the cell cycle upon ionizing radia-
tion and HU treatment (data not shown) (Fig. 1E). Analysis of
Hus1-MYC prepared from total cell extracts revealed that
hus1-MYC cells contain at least four distinct forms of Husl:
Hus1-A (75 kDa), Hus1-B (65 kDa), Hus1-C (60 kDa), and
Hus1-D (35 kDa) (Fig. 1A). This was surprising, because the
MYC tag was expected to reveal only one protein with a size of
approximately 60 kDa (the tag adds 30 kDa). Since the extracts
were prepared under denaturing conditions, it is unlikely that
the smaller forms of Hus1 result from degradation in the ex-
tract.

To further test the functionality of the husI-MYC allele, cells
were treated with bleomycin, the radiomimetic drug previously
used to characterize Hus1 phosphorylation (27). While check-
point-deficient husl.d cells lost viability within 120 min, husI-
MYC cells behaved like wild-type cells, remaining viable during
the course of the experiment (Fig. 1B). In response to DNA
damage, Husl-B was the only form of Husl that showed a
mobility shift (Fig. 1C). Consistent with the previous report
(27), the mobility shift of Hus1-B was dependent on the integ-
rity of the checkpoint Rad proteins and could be reversed by
phosphatase treatment (data not shown). In the absence of
DNA damage, Hus1-B was found to run as a diffuse band on
SDS-PAGE (Fig. 1A and C), suggesting a low level of intrinsic
phosphorylation.

To analyze Hus1 phosphorylation in response to HU treat-
ment, husI-MYC cells were incubated in HU-containing me-
dium. As seen with wild-type cells, husI-MYC cells remained
viable (Fig. 1D) and arrested progression through the cell cycle
(Fig. 1E). In contrast to the previous report (27), Hus1-B was
not phosphorylated after incubation for 3 h in the presence of
10 mM HU (at which point all cells are arrested in S phase).
Phosphorylation of Husl-B became evident after 4 h when
cells started to pass through S phase (Fig. 1 E and F). Total
extracts prepared from HU-treated cells showed an increase in
the amount of all four forms of Hus1-MYC (Fig. 1F and data
not shown). Taken together, these data strongly suggest that
the C-terminal extension does not interfere with the check-
point or survival function(s) of Husl and argue that the four
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FIG. 1. Husl-MYC exists in four forms. (A) Total cell extracts were pre-
pared under denaturing conditions from wild-type and husI-MYC cells and
probed with anti-MYC antibody. The arrows mark the four forms of Hus1-MYC.
(B) Wild-type cells, husI-MYC cells, and husi.d cells were incubated for 120 min
in bleomycin-containing medium (40 pg/ml), and 500 cells were plated at the
indicated time points to analyze cell viability. (C) At the same time points, 10
cells were removed and total cell extracts were probed with anti-MYC antibody.
The asterisk marks an unspecific band. (D) Wild-type cells, husI-MYC cells, and
husl.d cells were incubated in the presence of 10 mM HU, and cells were plated
at the indicated time points to analyze cell viability. (E) The same strains were
incubated in 10 mM HU for 7 h, and samples were fixed in methanol to monitor
cell cycle arrest; (F) 108 cells were collected to prepare total extracts. The arrow
indicates phosphorylated Hus1-B. Checkpoint-deficient Ausl.d cultures show a
strong increase in septated cells, because they enter a catastrophic mitosis in the
presence of HU, in which the septum cuts through the nucleus.

forms of Hus1-MYC are unlikely to be artifacts resulting from
the addition of a C-terminal epitope tag.

Hus1-B forms a protein complex with Radl and Rad9. Pre-
vious studies have indicated that Hus15P" (Mec35), Rad15Ps
(Rad175°), and Rad95P™ (Ddc15°) are part of a single protein
complex (26, 27, 44, 47). We have used size exclusion chroma-
tography to determine the native size of Hus1-MYC. Soluble
extracts loaded onto the column contained approximately 90%
of the total amount of Hus1-MYC forms, including phosphor-
ylated Hus1-B (not shown). The majority of Hus1-B (65 kDa)
eluted from the column in fractions 9 to 12 (Fig. 2A). The size
marker ferritin (440 kDa) eluted in fractions 10 to 12, peaking
at fraction 11. This suggests that the majority of Husl-B is
associated with a protein complex of approximately 450 kDa.
However, a significant amount of Hus1-B was also found in
fractions in which thyroglobulin (669 kDa) and catalase (232
kDa) eluted during calibration of the column (Fig. 2A). The
low abundance of Hus1-B present in fraction 17, where the
monomeric form is predicted to elute, indicates that Hus1-B
exists mainly in association with other proteins. The other
forms of Husl-MYC eluted from the column with different
predicted molecular weights (Fig. 3A and data not shown).

Irradiation of husI-MYC cells with 500 Gy of ionizing radi-
ation clearly induced hyperphosphorylation of Hus1-B in frac-
tions 8 to 14 (Fig. 2A). When cells were arrested early in S
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phase after an incubation of 3.5 h in 10 mM HU, no increase
in Hus1-B phosphorylation above the intrinsic level was ob-
served (Fig. 2A). Neither DNA damage nor replication arrest
caused a change in the elution profile of Husl, suggesting that
the association of Hus1-B with other proteins is independent
of checkpoint activation.

To analyze the involvement of the other checkpoint Rad
proteins in the Husl complexes, extracts were prepared from
hus1-MYC cells deleted for radl, rad3, rad9, radl7, rad26, or
crb2/rhp9 and subjected to size exclusion chromatography. The
Rad3-Rad26 complex has previously been shown to elute in
fractions 6 to 8 (12). Deletion of either Rad3 (280 kDa) or
Rad26 (69 kDa) did not result in loss of any Husl-B from
fractions 6 to 8 or result in changes in any of the other fractions
(Fig. 2B and data not shown). This suggests that no Husl is
bound to the soluble Rad3-Rad26 complex. Deletion of Rad17
or Crb2/Rhp9 similarly did not change the Hus1 profiles during
size exclusion. Only the absence of Rad9 and Radl caused a
change in the elution profile but not in the overall abundance
of Hus1-B. This was largely confined to fractions 9 to 12 (Fig.
2B). Interestingly, while deletion of rad9 resulted in redistri-
bution of Husl-B to smaller sizes, deletion of radl had the
opposite effect, seeming to increase the intensity of Hus1-B in
fractions containing larger sizes.

Intrinsically phosphorylated Hus1-B was mainly present in
fractions 9 to 13 (Fig. 2B). This intrinsic phosphorylation is
compromised by deletion of any of the checkpoint rad genes
but not by the deletion of crb2/rhp9, which is thought to func-
tion downstream of the checkpoint Rad proteins and upstream
of Chkl (42, 51).

Most of Radl and Rad9 are in fractions that do not contain
the Rad1-Rad9-Hus1-B complex. Interpretation of previous
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FIG. 2. Husl-B forms a protein complex which is sensitive to loss of Radl
and Rad9. (A) Soluble extracts were prepared from untreated hus/-MYC cells (0
Gy) and from husI-MYC cells irradiated with 500 Gy or treated with 10 mM HU
for 3.5 h and subjected to size exclusion chromatography. (B) Soluble extracts
were prepared from husI-MYC cells deleted for rad17, rad9, radl, rad26, rad3, or
crb2/rhp9 and analyzed by size exclusion chromatography. All Western blots were
probed with anti-MYC antibodies. The arrows indicate phosphorylated Hus1-B.
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FIG. 3. Husl-B interacts with Radl and Rad9 in a rad9-dependent manner,
but most of Radl and Rad9 do not coelute with Hus1-B. (A) A soluble protein
extract prepared from untreated husI-MYC cells was subjected to size exclusion
chromatography. After removal of 50 ul for Western analysis (top; Western blot
probed with anti-MYC antibodies, total = 30 g of starting extract), half of each
fraction was incubated with the Rad9-specific antibody (middle) and the other
half was incubated with the Rad1-specific antibody (bottom). Precipitated Hus1-
MYC was visualized using the anti-MYC antibody. Immunoprecipitations (IP)
were performed in the presence of saturating antibody concentrations. The total
remaining material after incubation with both antibodies was largely unchanged,
indicating that both antibodies precipitate only a small proportion of Hus1-B.
(B) The same experiment was performed using an extract prepared from husI-
MYC rad9.d cells (total = 30 pg of starting extract). (C) Fractions obtained from
untreated husl-MYC cells were analyzed directly using the anti-MYC antibody
(top), the Rad9-specific antibody (middle), and the Rad1-specific antibody (bot-
tom). The asterisk marks an unspecific band. (D) Soluble protein extracts were
prepared from untreated husI-MYC cells and from husI-MYC cells irradiated
with a dose of 500 Gy or arrested in 10 mM HU for 3.5 h. Left, 30 pg of total
starting protein; middle, Hus1-B precipitated with the Rad9-specific antibody
from 500 pg of total protein; right, Hus1-B precipitated with the Rad1-specific
antibody from 500 g of total protein. Hus1-B was visualized using the anti-MYC
antibody.

results led to the assumption that Husl, Radl, and Rad9 de-
fine a single protein complex. We raised antibodies against
Radl and Rad9 and studied Hus1-MYC association with Rad1
and Rad9 by coimmunoprecipitation from different fractions.
Hus1-B was the only form of Hus1-MYC that was precipitated
by either of the antibodies, indicating that none of the other
forms bind to Rad9 or Radl (Fig. 3A). Anti-Rad9 sera pre-
cipitated Hus1-B mainly from fractions 9 to 13. Anti-Rad1 sera
precipitated Hus1-B from the same fractions, appearing to be
most efficient in precipitating from fraction 10 (Fig. 3A).
Since deletion of rad9 is known to prevent immunoprecipi-
tation between Radl and Husl, the coimmunoprecipitation
experiment was repeated using anti-Rad1 sera and anti-Rad9
sera on fractions obtained from husI-MYC rad9.d cells. As
expected, both antibodies failed to precipitate Husl-B, al-
though fractions 10 to 15 still contained a significant amount of
Hus1-B (Fig. 3B). This is in agreement with the requirement of
Rad9 for the association of Husl with Radl (27). These ex-
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periments define an approximately 450-kDa Radl (35 kDa)-
Rad9 (50 kDa)-Hus1-B (65 kDa) protein complex. The size of
this complex differs from an expected trimeric size of approx-
imately 150 kDa, arguing that the Rad1-Rad9-Hus1-B protein
complex could have an oligomeric structure under these con-
ditions or may contain as yet unidentified proteins.

Next we determined the profile of Rad9 and Radl proteins
in the size exclusion chromatography fractions from husi-MYC
cell extracts (Fig. 3C). Rad9 eluted at a peak of approximately
150 kDa, and only a small quantity was found in the fractions
(9 to 12) from which Husl can be precipitated with anti-Rad9
sera. Radl eluted as two peaks, one of approximately 200 kDa
(fractions 13 and 14) and another corresponding to a molecu-
lar mass of approximately 70 kDa (fractions 17 to 19). Again
only small amounts were seen in the fractions from which
Hus1-MYC can be precipitated with anti-Rad1l sera. Together
these data suggest that the majority of Rad9 and Husl exist in
protein complexes which do not contain Husl.

Rad9 interacts with phosphorylated and unphosphorylated
Hus1-B. Since fractions 9 to 12 contain phosphorylated Hus1-
B, unphosphorylated Hus1-B, and the Rad1-Rad9-Hus1-B
complex, Hus1-B was coimmunoprecipitated from total cell
extracts prepared from untreated cells, cells irradiated with 500
Gy, and cells arrested for 3.5 h in 10 mM HU. Both Rad1l and
Rad9 antibodies precipitated phosphorylated and unphosphor-
ylated Hus1-B protein, although the Rad9-specific antibody
appeared to be more efficient in precipitating the phosphory-
lated form (Fig. 3D). These data indicate that Rad9 and prob-
ably Radl bind to Husl-B independently of its phosphoryla-
tion status.

Hus1-MYC is nuclear throughout the cell cycle, and nuclear
localization requires the presence of Radl7. The involvement
of Hus1 in DNA structure-dependent checkpoints implies that
Husl is a nuclear protein. Indirect immunofluorescence mi-
croscopy was used to investigate the cellular localization of
Hus1-MYC. Incubation of husI-MYC cells with anti-MYC-
antibodies resulted in a strong nuclear signal (Fig. 4A). The
presence of nuclear staining in G,/S-phase cells (binucleated
cells with a septum) and in cells undergoing mitosis suggests
that Husl is nuclear throughout the cell cycle. Neither ionizing
radiation nor treatment with HU resulted in a detectable re-
location of Husl (Fig. 4A).

Rad3-dependent phosphorylation of Husl1 requires the func-
tion of Radl, Rad9, Rad26, and Rad17 (reference 27 and data
not shown). The requirement of Radl and Rad9 is in agree-
ment with the finding that complex formation is a prerequisite
for Husl phosphorylation (Fig. 2), and the requirement of
Rad26 is consistent with the observation that Rad26 associates
with Rad3 (12). As shown in Fig. 4B, Rad17 appears to be nec-
essary to allow nuclear localization of Hus1. husI-MYC radl7.d
cells have lost the nuclear signal and showed a uniform staining
throughout the cytosol, indicating that Rad17 is necessary to
locate the Rad1-Rad9-Hus1-B complex in the nucleus. Nu-
clear localization of Husl was not affected by deletion of the
rad3, rad26, or crb2/rhp9 genes. In agreement with the obser-
vation that the Husl complexes are disrupted in rad9.d cells
(Fig. 2B), deletion of rad9 caused loss of the nuclear Husl-
MYC signal. Interestingly, husI-MYC radl.d cells still showed
a small but significant level of nuclear husI-MYC staining,
suggesting that Rad1 association is not essential for all Hus1 to
be localized to the nucleus (Fig. 4B).

To test the specificity of the Radl7 function in allowing
nuclear import or retention of Husl, we constructed radl7.d
strains that carry either rad26 or rad9 C-terminally MYC
tagged. Deletion of rad17 impaired the nuclear localization of
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FIG. 4. Rad17 is required for nuclear localization of Hus1 and Rad9. (A) Indirect immunofluorescence microscopy of wild-type cells (hus! ™), untreated husl-MYC
cells, and husI-MYC cells irradiated with a dose of 500 Gy or treated with HU for 3 h. 4’,6-Diamidino-2-phenylindole (DAPI) was used to stain the chromatin;
anti-MYC antibodies were used to localize Hus1-MYC. The arrows mark a mitotic cell and a binucleated cell in G,/S phase. (B) Localization of Hus1-MYC in
husI-MYC cells deleted for radl, rad3, rad9, rad17, rad26, and crb2/rhp9. (C) Localization of Rad26-MYC (left two panels) and Rad9-MYC (right two panels) in cells

containing rad17* and in cells deleted for rad17.

Rad9-MYC but had no influence on nuclear localization of
Rad26 (Fig. 4C).

Rad17 forms a third protein complex. Rad3 and Rad26 are
part of a protein complex that is distinct from the Rad1-Rad9-
Hus1-B complex (12). Since none of these protein complexes
appears to contain Rad17, size exclusion chromatography was
used to analyze the native size of the previously characterized
Rad17-MYC protein (18). As shown in Fig. 5SA, Rad17-MYC
eluted in fractions 9 to 13, containing proteins of approxi-
mately 450 kDa. While the Radl7-containing fractions are
coincident with some of the Husl-containing fractions, the
elution pattern was not changed upon deletion of any of the
other checkpoint rad genes, including husI. This strongly im-
plies that under these conditions, Rad17-MYC forms a protein
complex distinct from the Rad3-Rad26 complex and the Rad1-
Rad9-Hus1-B complex. Consistent with this interpretation,

Rad9-specific antibodies and Rad26-specific antibodies failed
to coimmunoprecipitate Rad17-MYC (data not shown). Rad17
elution profiles did not change in response to ionizing radia-
tion or HU treatment.

Rad17 and Radl interact in the two-hybrid system. The
Rad17-dependent nuclear localization of Hus1 and Rad9 sug-
gests a potential interaction between the Rad17 complex and
complexes containing Rad9 and/or Husl-B. The yeast two-
hybrid system was used to test interactions between Rad17,
Radl, Husl, Rad9, Rad26, and Chkl. Full-length cDNAs en-
coding the corresponding genes were fused to both the Gal4
DB and the Gal4 AD. DB and AD constructs and empty vector
controls were combined in the same cell, and B-galactosidase
activity was assayed. The only reproducible positive result was
obtained for Radl in the AD vector and Rad17 in the DB
vector (Fig. 5B). When the cDNAs were switched between the
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FIG. 5. Radl7 forms a protein complex and interacts with Radl. (A) Size
exclusion chromatography of soluble extracts prepared from untreated radl7-
MYC cells, rad17-MYC cells irradiated with a dose of 250 Gy, and rad17-MYC
cells deleted for husl, rad9, radl, rad3, or rad26. Rad17-MYC was visualized
using anti-MYC antibodies. (B) Two-hybrid interaction between Radl7 and
Radl. S. cerevisiae Y190 was cotransformed with a DB and an AD plasmid carry-
ing inserts of wild-type or mutant genes or no insert, as indicated below each bar.
Activity of the lacZ reporter was assayed with cell patches on nitrocellulose
filters. Each bar represents six to nine independent measurements. Error bars
indicate 95% confidence interval (AU, arbitrary units). rad17" in DB vector and
radl™ in AD vector caused a significant increase in B-galactosidase activity. As a
positive control, plasmids containing S. cerevisiae SNF1 and SNF4 genes were
used. As negative control, the p53 gene was cotransformed with rad1. (C) Inverse
orientation: radl™* in DB vector and rad17" in AD vector. This combination re-
sulted in a strong background signal. (D) Activity of mutant radI-S alleles in
DB vector and rad17* in AD vector. Together with AD-rad17", DB-radl-S1
and DB-radl-S3 gave a signal that was above the background. (E) Whole-cell
extracts from S. pombe cells overexpressing MYC-Rad17 were incubated with
Radl-coated or bovine serum albumin-coated beads. The washed beads were
boiled in sample buffer, and MYC-Rad17 was visualized using anti-MYC anti-
bodies after separation by SDS-PAGE on a 12.5% gel and Western blotting
(Total, whole-cell lysate). (F) S. pombe cells were cotransformed with plasmids
containing inserts encoding HA-Rad17, MYC-Radl, or no insert, as indicated
above each lane. After lysis, proteins were immunoprecipitated (IP) with anti-
MYC or anti-HA antibodies. The precipitates were probed with the antibody
that was not used for precipitation.

DB vector and the AD vector, a strong signal was obtained
from cells containing only DB-radl (Fig. 5C). Several site-
specific mutations have previously been created in radl and
observed to give a low background signal (reference 25 and
data not shown) in the two-hybrid system. Therefore, the wild-
type radl cDNA was substituted in the DB vector for mutated
radl-S ¢cDNAs. When combined with AD-radl17, DB-radl-S1
and DB-rad1-S3 cDNAs gave a signal that was substantially
higher than the signal obtained from control cells harboring
DB-radi-S1 or DB-radl-S3 and the empty AD plasmid (Fig.
5D). While Rad1l and Rad17 do not interact in soluble extracts,
transient interactions can sometimes be detected by increasing
the relative concentrations of the interacting partners. This was
explored in two ways. First, HIS-Rad1 was purified from E. coli
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and coupled to Sepharose beads. A significant amount of
MYC-Rad17 present in extracts of S. pombe cells overexpress-
ing MYC-rad17 from the inducible nmtl promoter of pREP41
was precipitated with Radl-coupled beads but not with bovine
serum albumin-coupled control beads (Fig. SE). Second, both
HA-Rad17 and MYC-Rad1 were overexpressed (pREP41 pro-
moter) in the same cell and extracts were used for immuno-
precipitation with either anti-MYC or anti-HA monoclonal
antibodies. In both cases an interaction was evident by coim-
munoprecipitation (Fig. 5F). Taken together, these data sug-
gest that Rad17 and Rad1 can interact, but that the interaction
may be unstable and/or transient in vivo at endogenous protein
concentrations.

Husl, Rad9, and Radl are all related to PCNA. The re-
ported findings that Rad17 contains RFC-like domains (18)
and that Radl and Husl are both related to PCNA (2, 46)
argue for a model in which Rad17 transiently interacts with the
Radl-Rad9-Hus1-B complex. Consistent with such a model,
we found by using the generalized profile technique (6) that
the PCNA relationship extends to Rad93P™ and its S. cerevi-
siae homolog Ddcl (Fig. 6A). The alignment between PCNA,
Radl, and Husl1 spans the entire length of all three proteins,
whereas the PCNA-like motifs found in Rad9SP™ and Ddc1%¢
are located in the N-terminal portion of these proteins. The
conserved motifs are predominately found in the structural
regions of PCNA and not in the loop domains which determine
protein-protein interactions (24, 36). This suggests that the
checkpoint proteins have a PCNA-like structure rather than
similar interaction partners.

Hus1°? and Mec35¢ share a common domain. The associa-
tion of Mec3%° with Ddc15° (Rad9°P) and Rad17%° (Rad15P)
suggests that Mec3 could be related to Hus15P and possibly
PCNA. However, no PCNA-like motifs were detected in Mec3
(reference 2 and data not shown). Application of the general-
ized profile technique (6) revealed instead the existence of an
N-terminal domain of approximately 90 amino acids that is
conserved between Hus1®P, Hus1'™, and Mec3%¢ (Fig. 6B).
Although the homology is restricted to this domain, this find-
ing, combined with the similar protein interactions, supports a
proposition that Mec3 and Hus1 can be considered orthologs.

DISCUSSION

Several points emerge from the analysis of Hus1-MYC. (i)
Hus1-B, the most abundant form of Husl detected in tagged
cell extracts, is phosphorylated after DNA damage but not
during HU arrest. (ii) Hus1-B associates with Radl and Rad9
in a complex of approximately 450 kDa, larger than a simple
trimeric complex. (iii) Rad1, Rad9, and Husl are all structur-
ally related to PCNA, and Hus1 shares statistically significant
similarity to Mec3, suggesting that Husl and Mec3 are or-
thologs. (iv) The majority of both Radl and Rad9 do not
coelute with the Rad1-Rad9-Hus1-B complex, indicating that
these proteins also form Husl-independent protein complexes.
(v) Radl7 forms a third protein complex, distinct from the
Rad3-Rad26 complex and the Rad1-Rad9-Hus1-B complex.
(vi) Radl17 is specifically required for nuclear localization of
Husl and Rad9.

Characterization of Hus1-MYC. husI-MYC cells are check-
point proficient and resistant to treatment with bleomycin or
HU (Fig. 1B and D). Four Hus1-MYC-specific isoforms were
present in extracts, and the major form, Hus1-B, is hyperphos-
phorylated in response to DNA damage (Fig. 1C) and after
prolonged HU treatment (Fig. 1F). In contrast with a previous
report (27), Husl is not phosphorylated when cells are arrested
in early S phase by HU (Fig. 1E and F). It is not clear if this is
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FIG. 6. Rad9, Radl, and Hus1 are all related to PCNA. Hus1°P and Mec3%¢ share a common domain. (A) Multiple alignment of PCNA, Rad1 (Rad175¢), Husl,
and Rad9 (Ddc15¢) from S. pombe (SP), S. cerevisiae (SC), and H. sapiens (HS). Identical residues are shown in white capital letters on black background, and
conservative replacements are shown in black capital letters on grey background. (s, B-sheet; h, a-helix). (B) Multiple alignment of the N-terminal region of Hus15P,
Hus1™s, and Mec35¢. Identical residues and conserved replacements are in bold letters and marked by asterisks.

a result of the C-terminal MYC tag, or if it reflects differences
in the experimental protocol. However, the C-terminal MYC
tag does not interfere with DNA damage or S-phase check-
point functions of Husl.

The Radl-Rad9-Hus1-B protein complex. Size exclusion
chromatography and subsequent coimmunoprecipitation dem-
onstrate that Radl, Rad9, and Hus1-B form a soluble protein
complex and that this protein complex is undetectable upon
loss of either Rad9 (Fig. 3B) or Rad1 (data not shown). This is
consistent with the previous report that Hus1 and Radl1 inter-
act in a rad9-dependent manner (27). It is also consistent with
coimmunoprecipitation experiments showing that a similar
protein complex exists in human cells and in S. cerevisiae (26,
44, 47). The Rad1-Rad9-Hus1-B complex eluted in fractions 8
to 14 (Fig. 3A), peaking with a profile similar to that for the
size marker ferritin (440 kDa). Since the expected molecular
mass of a trimeric Radl (35 kDa)-Rad9 (50 kDa)-Hus1-B (65

kDa) protein complex is approximately 150 kDa, this indicates
that the trimeric complex either binds to other proteins or
contains multiple Radl, Rad9, and/or Hus1-B under these
conditions. Since Radl, Husl, and Rad9 are all required for
activation of Chkl in response to DNA damage (48) and Rad3
can respond to DNA damage in the absence of radl, rad9, and
husl (12), these data suggest that the Radl-Rad9-Husl-B
complex is required to transmit the checkpoint signal gener-
ated by the Rad3-Rad26 complex to Chkl.

However, several lines of evidence suggest that Rad1, Rad9,
and Hus1-B form additional protein complexes. First, deletion
of rad9 or radl did not affect Hus1-B fractionation as dramat-
ically as would be expected if Hus1-B is present only in asso-
ciation with Rad9 and Rad1 (Fig. 2B). The majority of Rad9 is
found in fractions 14 to 16 (~200 kDa) and is not associated
with Hus1-B, as judged by immunoprecipitation. The second
line of evidence suggesting that Rad1l, Rad9, and Hus1-B can
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form distinct protein complexes comes from our analysis of
Radl1. Most of Rad1 (35 kDa) did not coelute with Hus1-B but
showed two elution peaks corresponding to sizes of 200 and 70
kDa. Again, Hus1-B did not coimmunoprecipitate with anti-
Radl1 sera (Fig. 3A) from the fractions containing the 200-kDa
peak of Radl (fractions 13 and 14). This suggests that distinct
checkpoint protein complexes may exist in soluble extracts.
There is limited genetic evidence available, which supports
distinct functions for different checkpoint protein complexes.
Telomere shortening was evident in radl.d, rad3.d, radl7.d,
and rad26.d mutant cells, but telomeres were normal in either
rad9.d or husl.d mutants (9). Thus, a Rad1-containing complex
that does not contain Rad9 and Husl could be required for
correct telomere length maintenance. The dependency on
Rad17 could be explained by lack of nuclear localization of this
Radl complex. Another line of evidence comes from studies
on UVDE (UV damage endonuclease). It has been reported
that UVDE activity is constitutively high in rad9.d cells, but
that in other checkpoint rad mutants and wild-type cells
UVDE activity is found at similar levels only after DNA dam-
age treatment (10, 11). Although these observations are con-
tentious (34), possibly because cells were taken at different
growth phases, they could suggest that a Rad9-containing com-
plex acts independently of the other checkpoint Rad proteins
in inducing UVDE activity. In this case, Rad9 seems to enter
the nucleus independently of Rad17. Interestingly, in contrast
to Husl, some Rad9 is still seen in the nucleus of rad9-MYC
radl7.d cells (Fig. 4C).

Rad17, which fractionates as a distinct complex, is required
for nuclear localization of Husl and Rad9. Rad3 and Rad26
are both part of a protein complex that elutes during size
exclusion chromatography in fractions 6 to 8, and deletion of
rad3 causes redistribution of Rad26 to smaller sizes (12). Since
such redistribution was not observed for the proportion of
Husl1 (Fig. 2B) eluting in fractions 6 to 8, it is unlikely that
Husl associates with Rad3 in soluble extracts. Most of Rad17-
MYC eluted in fractions 10 to 12 (Fig. 5A), indicating a native
complex size of approximately 450 kDa, similar in size to the
Rad1-Rad9-Hus1-B complex. However, while loss of Rad9 or
Radl caused a reduction of the amount of Hus1-B in these
fractions (Fig. 2B), loss of either Rad1, Rad9, or Hus1 did not
change the elution profile of Radl7 (Fig. 5A) and loss of
Rad17 did not change the elution profile of Hus1-B (Fig. 2B).
The assumption that Rad17 forms a third protein complex that
does not contain other checkpoint Rad proteins is consistent
with the absence of Rad17"* and Rad245¢ in the human Rad1-
Rad9-Husl and S. cerevisiae Rad17-Ddc1-Mec3 complexes,
respectively, when these proteins were co-overexpressed (26,
47).

Nonetheless, Rad17 is required for Rad3-dependent Husl
phosphorylation (Fig. 2B) (27). To address possible physical
interactions between these complexes, which might not be suf-
ficiently stable to be detected in soluble extracts, we searched
for potential interactions by using the two-hybrid method. We
found significant evidence of an interaction between Radl and
Rad17 and were also able to identify in vitro binding and in
vivo coimmunoprecipitation of these proteins when they were
overexpressed (Fig. 5B to F). Thus, Radl and Radl7 are ca-
pable of interacting. Together with the genetic and immuno-
localization data (see below), this finding suggests that Radl
and Radl7 are capable of transient and/or unstable interac-
tions in vivo.

By examining the subcellular localization of Husl, Rad9,
and Rad26 using indirect immunofluorescence microscopy, we
found that Rad9, Rad26, and Hus1 are all localized inside the
nucleus (Fig. 4A and C). Furthermore, we also observed a
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Rad9-specific staining when nuclei were spread onto glass
slides, often taken as evidence of chromatin association
(T. Caspari and A. M. Carr, unpublished data). Nuclear local-
ization of Rad9 and Hus1-B was compromised in rad17.d cells,
while nuclear localization of Rad26 was not (Fig. 4C). It is not
clear whether Rad17 is involved in nuclear import of Rad9 and
Hus1-B or whether Rad17 is required to retain both proteins
inside the nucleus. However, leptomycin B treatment, which is
known to block Crm1-dependent nuclear export (16) and pro-
mote the accumulation of the Cdc25 mitotic inducer (30), did
not result in accumulation of Hus1-MYC inside the nucleus of
hus1-MYC radl7.d cells (data not shown). The presence of two
nuclear localization motifs in Rad17 is consistent with an in-
volvement of Rad17 in nuclear import of Rad9 and Hus1-B.
However, the sequence similarities between Rad17 and RFC
(18) and between Radl, Rad9, Husl, and PCNA (Fig. 6A)
suggest that Rad17 may also be required to load Radl, Rad9,
and Hus1 onto DNA.

Conclusion. The data presented in this report suggest that
the checkpoint Rad proteins form distinct protein complexes,
which presumably interact in vivo to generate a checkpoint
signal. Radl7 associates with yet unknown protein partners
and is required to allow nuclear localization of Rad9 and Husl.
Rad9, Husl, and Radl appear to form different protein com-
plexes that might function downstream of the Rad3-Rad26
complex. Thus, the checkpoint Rad proteins seem to form a
network of stable protein complexes rather than a single stable
guardian complex. It will be interesting to determine whether
these define a single chromatin-associated complex in vivo.
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