Involvement of the cohesin protein,
Smcl, in Atm-dependent and
independent responses to DNA damage
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Structural maintenance of chromosomes (SMC) proteins play important roles in sister chromatid cohesion,
chromosome condensation, sex-chromosome dosage compensation, and DNA recombination and repair.
Protein complexes containing heterodimers of the Smcl and Smc3 proteins have been implicated specifically
in both sister chromatid cohesion and DNA recombination. Here, we show that the protein kinase, Atm,
which belongs to a family of phosphatidylinositol 3-kinases that regulate cell cycle checkpoints and DNA
recombination and repair, phosphorylates Smcl protein after ionizing irradiation. Atm phosphorylates Smcl
on serines 957 and 966 in vitro and in vivo, and expression of an Smcl protein mutated at these
phosphorylation sites abrogates the ionizing irradiation-induced S phase cell cycle checkpoint. Optimal
phosphorylation of these sites in Smcl after ionizing irradiation also requires the presence of the Atm
substrates Nbs1 and Brcal. These same sites in Smcl are phosphorylated after treatment with UV irradiation
or hydroxyurea in an Atm-independent manner, thus demonstrating that another kinase must be involved in
responses to these cellular stresses. Yeast containing hypomorphic mutations in SMC1 and human cells
overexpressing Smcl mutated at both of these phosphorylation sites exhibit decreased survival following
ionizing irradiation. These results demonstrate that Smcl participates in cellular responses to DNA damage

and link Smcl to the Atm signal transduction pathway.
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Signal transduction pathways activated by DNA damage
and other cellular stresses are critical determinants of
cell survival and cellular transformation. The product of
the ATM gene, which is mutated in the cancer-prone
disorder, Ataxia-telangiectasia (A-T), appears to be a ma-
jor regulator of cellular responses to ionizing irradiation
(Kastan and Lim 2000). Cells from A-T patients exhibit a
variety of abnormalities, including genetic instability,
radiosensitivity, cell cycle checkpoint defects in the G,
S, and G, phases of the cell cycle, and poor growth in
culture. Atm is a protein kinase that is activated by ion-
izing irradiation (Banin et al. 1998; Canman et al. 1998)
and that phosphorylates a number of different substrates
following activation, including p53, Mdm2, Chk2, Nbsl,
Brcal, and Radl7 (Kastan and Lim 2000; Zhou and
Elledge 2000; Shiloh and Kastan 2001). The functional
consequences of some of these phosphorylation events
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have been elucidated. For example, Atm phosphoryla-
tion of p53 (Banin et al. 1998; Canman et al. 1998), Chk2
(Matsuoka et al. 1998; Ahn et al. 2000; Melchionna et al.
2000; Zhou et al. 2000), and Mdm2 (Maya et al. 2001)
appears to contribute to the arrest of cells in G, follow-
ing ionizing irradiation whereas phosphorylation of
Nbsl, Brcal, and Radl7 is required for transient S phase
(Nbs1 and Brcal) or G, (Brcal and Radl7) arrests after
ionizing irradiation (Lim et al. 2000; Zhao et al. 2000;
Bao et al. 2001; Xu et al. 2001). However, not all of the
phenotypic abnormalities in A-T patients and cells from
A-T patients can be explained by these known phos-
phorylation events, thus suggesting that there are likely
additional targets of the Atm kinase that have not yet
been identified.

Preliminary experiments demonstrated that the Smcl
protein was phosphorylated in an Atm-dependent man-
ner following IR. The existing information about the
roles of structural maintenance of chromosomes (SMC)
proteins in chromatin and DNA dynamics made Smcl a
particularly interesting potential target of Atm to inves-
tigate further. The SMC genes were identified originally
in Saccharomyces cerevisiae because they were required
for proper condensation and segregation of mitotic chro-
mosomes (Michaelis et al. 1997). This protein family
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turned out to be highly conserved across evolution, and
members from lower and higher eukaryotes are now di-
vided into four Smc protein subfamilies (Smcl-Smc4)
and two Smec-like protein subfamilies (Smc5 and Smc6).
The proteins appear to function as heterodimers with the
Smcl-Sme3 heterodimer implicated in sister chromatid
cohesion (also known as the cohesin complex) and the
Smc2-Smc4 heterodimer implicated in chromosome
condensation (also known as the condensin complex; Hi-
rano 1999). The Smc1-Smec3 heterodimer has also been
found in a mammalian protein complex, called RC-1,
that promotes DNA recombination (Jessberger et al.
1996; Stursberg et al. 1999). The RC-1 complex, which
appears to constitute only a minor fraction of the total
Smcl-Sme3 complexes in normal cells (Strunnikov and
Jessberger 1999), promotes repair of gaps and deletions
through recombination between otherwise homologous
DNA molecules (Jessberger et al. 1993). DNA polymer-
ase ¢ and DNA ligase III have been reported to associate
with this heterodimer (Strunnikov and Jessberger 1999),
and the RC-1-mediated recombination and polymerase—
ligation reactions are stimulated by the single-stranded
DNA-binding protein RPA (Jessberger et al. 1993).

Because of the functional links of Smcl to chromo-
some dynamics and to DNA recombination and the in-
terest in identifying additional Atm substrates involved
in cellular responses to ionizing irradiation, it was par-
ticularly attractive to investigate the possibility that
Smecl participated in an Atm-dependent signaling path-
way. Here, we demonstrate that the Atm kinase phos-
phorylates Smcl on two sites in vitro and in vivo follow-
ing exposure of cells to ionizing irradiation. These phos-
phorylation events appear to affect both the arrest of
DNA replication and cell survival following irradiation.
Phosphorylation of these sites in response to stresses
other than ionizing irradiation in an Atm-independent
manner and the observed hypersensitivity of yeast with
diminished Smcl function to UV irradiation and hy-
droxyurea, suggest a role for Smcl protein in cellular
stress responses that is not limited to ionizing irradia-
tion. These data demonstrate for the first time that the
essential gene product, Smcl, is involved in cellular re-
sponses to DNA damage and provide new potential di-
rections for elucidating the phenotypic abnormalities ob-
served in cells defective in Atm function.

Results

Smc1 is phosphorylated in an Atm-dependent manner
following ionizing irradiation

As one approach to identify novel factors that interact
with Atm, proteins that coimmunoprecipitate with Atm
in large-scale extracts made from normal or A-T cells
that had been exposed to 0 or 10 Gy of ionizing radiation
were examined on silver-stained gels. A band of (160 kD
was noted to be present only in lysates from cells that
had been irradiated and contained functional Atm (data
not shown). This protein was eluted from the gel and
identified as Smcl protein by use of mass spectrometric
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peptide analysis techniques, and the identity was con-
firmed by Western blot analysis (data not shown). How-
ever, these Western blots demonstrated that the Smcl
protein was also present in immunoprecipitates from un-
irradiated cells and A-T cells, but was running with a
different mobility in the extracts from irradiated normal
cells (Fig. 1). Thus, Smcl was not specifically coimmu-
noprecipitating with Atm, but rather the novel band that
had been observed in silver-stained gels was Smcl pro-
tein with an altered mobility on the gels.

To identify the cause of the altered Smcl mobility in
irradiated cells, Smcl protein that had been immunopre-
cipitated from irradiated cells was treated with a serine/
threonine phosphatase. This treatment increased the
mobility of this protein in SDS-PAGE whereas cotreat-
ment with a phosphatase inhibitor rescued the mobility
shift, thus suggesting that the mobility shift resulted
from phosphorylation of Smcl after ionizing irradiation
(Fig. 1A). To test whether this phosphorylation was Atm-
dependent, the mobility shift of Smcl was examined in
two normal cell lines and two cell lines from patients
with ataxia-telangiectasia (A-T). Although Smcl in irra-
diated normal cells was efficiently phosphorylated,
Smcl in Atm-deficient lymphoblasts and fibroblasts was
not phosphorylated after ionizing irradiation (Fig. 1B).
Complementation of A-T cells with a full-length ATM
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Figure 1. Smcl is phosphorylated in an Atm-dependent man-
ner after ionizing irradiation. (A) Ionizing irradiation-induced
Smcl modification is caused by serine/threonine phosphoryla-
tion. Smcl immunoprecipitates from unirradiated or irradiated
(10 Gy) normal lymphoblast cells (GM0536) were incubated
with either lambda phosphatase (\-PPase) alone or with \-PPase
and phosphatase inhibitor (PI). (IR) Ionizing irradiation. (B-D)
Immunoblot analyses for Smcl protein 1 h after exposure to 0
(-) or 10 (+) Gy of ionizing irradiation in lymphoblasts [GM0536
(WT) and GMO01526 (A-T)] or SV40-transformed fibroblasts
[GM0637 (WT) and GMO09607 (AT)] (B); A-T fibroblasts
(AT22IJE-T) transfected with vector alone or with a full-length
ATM cDNA (ATM) (C); or DNA-PK-deficient cells (M059]) and
DNA-PK-proficient cells (M059K) (D).
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cDNA restored the phosphatase-sensitive mobility shift
after irradiation (Fig. 1C). Therefore, functional Atm is
required for the ionizing irradiation-induced phosphory-
lation of Smcl.

Though Atm is required for efficient phosphorylation
of Ser 15 of p53 after ionizing irradiation, this site does
eventually become phosphorylated after ionizing irradia-
tion even in cells lacking Atm, presumably by the re-
lated kinase, Atr (Siliciano et al. 1997; Canman et al.
1998; Tibbetts et al. 1999). In contrast, no phosphoryla-
tion of the Smcl protein was detected in A-T cells up to
6 h after exposure to 10 Gy of ionizing irradiation (data
not shown). This finding suggests that the mechanism of
Smcl phosphorylation after ionizing irradiation is defec-
tive in A-T cells. Ionizing irradiation-induced phos-
phorylation of Smcl was evident in cells lacking the
DNA-dependent protein kinase catalytic subunit (DNA-
PKcs), thus indicating that unlike Atm, DNA-PKcs is
not required for ionizing irradiation-induced phosphory-
lation of Smecl in vivo (Fig. 1D). These results suggest
that ionizing irradiation induces the Atm-dependent
phosphorylation of a serine/threonine residue(s) in Smcl
and raise the possibility that Smcl is a direct physiologi-
cal substrate for Atm in vivo after ionizing irradiation.

Smcl is an in vitro target of Atm kinase

To investigate whether Atm directly phosphorylates
Smecl after treatment with ionizing irradiation, the abil-
ity of Atm to phosphorylate Smcl protein in vitro was
examined. The requisite target sequence for phosphory-
lation by Atm is a serine or a threonine followed by a
glutamine residue (Kim et al. 1999; O’Neill et al. 2000),
and Smecl contains seven SQ sites and two TQ sites.
Glutathione-S-transferase (GST)-conjugated peptides
containing 14-amino-acid peptide fragments of Smcl
surrounding the various SQ/TQ sites were generated as
substrates for in vitro kinase reactions with Atm. A
GST-p53 peptide served as a positive control and was
efficiently phosphorylated by wild-type Atm (Fig. 2A,
lane 2), but not by kinase-dead Atm (Fig. 2A, lane 1).
Three GST-Smcl peptides (amino acids 353-366, 951—
964, and 960-973) were good in vitro substrates for the
wild-type Atm kinase (Fig. 2A, lanes 4,9,10).

Larger GST-Smcl peptides containing 82 or 100
amino acids surrounding serines 358 and 360 or serines
957 and 966 (amino acids 301-382 and 901-1000) were
then evaluated in these kinase assays. GST-Smcl
(amino acids 301-382) was minimally phosphorylated by
Atm (Fig. 2B, lane 2), whereas GST-Smcl (amino acids
901-1000) was an excellent in vitro substrate for Atm
(Fig. 2B, lane 6). Mutation of either Ser 957 or Ser 966 to
alanine in the target GST-Smcl (amino acids 901-1000)
each partially abrogated the phosphorylation of the con-
jugated peptide by Atm (Fig. 2B, lanes 7,8), whereas mu-
tation of Ser 957 and Ser 966 in combination completely
eliminated phosphorylation by Atm (Fig. 2B, lane 9).
These findings suggest that Ser 957 and Ser 966 are two
major target sites of in vitro phosphorylation by Atm.
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Figure 2. Serine 957 and Serine 966 are the two major residues
of Smcl that are phosphorylated by Atm in vitro. (A) Immuno-
precipitated wild-type (WT) Flag-tagged Atm or kinase-dead
(KD) Flag-tagged Atm were incubated with recombinant pro-
teins consisting of fusions between GST and peptides derived
from various regions of human Smcl. The positions of the
amino acids corresponding to each peptide are indicated at the
top. A p53 peptide (amino acids 9-21) was used as a positive
control. (*) Serine 951 was changed to alanine. (B) Atm phos-
phorylation of large fragments of Smc1 and mutation of relevant
serines.

Smc1 is phosphorylated on both Ser 957 and Ser 966
in response to DNA damage

To investigate whether the Atm kinase phosphorylates
Ser 957 or Ser 966 of Smcl in response to ionizing irra-
diation in vivo, rabbit polyclonal antibodies that specifi-
cally recognize Smcl when these serines are phosphory-
lated were generated. The specificity of each phos-
phospecific antibody was illustrated by its ability to
recognize a peptide sequence surrounding the target ser-
ine when it is phosphorylated, but not when it is un-
phosphorylated (Fig. 3A). These polyclonal antisera were
specific for one phosphopeptide and did not cross-react
with the other phosphopeptide. To investigate whether
Ser 957 or Ser 966 is phosphorylated in vivo and whether
any such phosphorylation event is Atm dependent, we
examined the phosphorylation of these two residues in
endogenous Smcl in transformed fibroblasts from a nor-
mal individual (GMO0637) and from a patient with A-T
(GM 9607). Both the anti-S957-p antibody (Fig. 3B, top)
and the anti-S966-p antibody (Fig. 3B, middle), bound to
Smcl protein only in irradiated cells containing wild-
type Atm. No phosphorylation of Smcl was observed in
unirradiated normal or A-T cells or in irradiated A-T
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Figure 3. Atm-dependent and -independent phosphorylation of
Smecl on Ser 957 and Ser 966 in vivo. (A) Immunoblots probing
50 ng of phosphorylated or unphosphorylated synthetic peptides
using rabbit polyclonal antibodies raised against peptides con-
taining Ser 957-p or Ser 966-p. (B) Immunoblot analyses using
the two phosphoserine-specific antibodies (top and middle) or
an anti-SMC1 antibody (K1; bottom) on SMCI protein from
normal (WT; GMO0637) or A-T (GM9607) fibroblasts treated
with ionizing irradiation (IR; 10 Gy, 2 h), ultraviolet light (UV;
50 Jm~2, 2 h) or hydroxyurea (HU; 1 mM, 24 h). The arrow
(middle) points to the band specifically recognized by the anti-
phosphoserine 966 antibody (note a nonspecific band runs just
below the S966-p band).

cells. No changes in the levels of Smcl protein were seen
after ionizing irradiation. Similarly, lymphoblastoid
cells demonstrated the same Atm-dependent phosphory-
lation of serines 957 and 966 in response to ionizing ir-
radiation (data not shown). These results demonstrate
that Smcl is phosphorylated on Ser 957 and Ser 966 in an
Atm-dependent manner in response to ionizing irradia-
tion.

Post-translational modification of Smcl protein in re-
sponse to other cellular stresses was also examined. Ex-
posure of cells to ionizing irradiation, ultraviolet (UV)
irradiation or the DNA replication inhibitor hydroxy-
urea (HU), all caused reduced mobility of Smcl protein
in SDS-PAGE (Fig. 3B) and resulted in reactivity with the
anti-S957-p and anti-S966-p antibodies (Fig. 3B). In con-
trast to the Atm-dependence for Smcl phosphorylation
after ionizing irradiation, UV and HU treatment induced
Ser 957 and Ser 966 phosphorylation even in A-T cells.
These findings indicate that another kinase, potentially
the Atr kinase, can phosphorylate these serines in Smcl
in response to other types of DNA damage or replication
blockade.

Phosphorylation of Smc1 does not affect binding
to Smc3

The functional consequences of these phosphorylation
events for cellular responses to ionizing irradiation were
then explored. Previous characterization of Smcl has
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demonstrated that Smcl forms a heterodimer with the
Smc3 protein (Losada et al. 1998). Most of these het-
erodimers are found in the cohesin complex, which is
important for sister chromatid cohesion, but a fraction of
the Smc1-Smc3 heterodimers have also been found in a
mammalian recombination complex (RC-1; Jessberger et
al. 1996). To test whether Atm-dependent phosphoryla-
tion of serines 957 and 966 of Smcl affects the interac-
tion between Smcl and Smc3, vectors that express Myc-
tagged Smcl (either wild type or mutated at Ser 957 or
Ser 966 or both) were co-transfected with HA-tagged
Smc3 into 293T cells, and the proteins were evaluated
for co-immunoprecipitation with and without cellular
irradiation. It is notable that the mutant Smcl proteins
were expressed at levels similar to the wild-type protein
(Fig. 4B,C). Immunoprecipitation with an anti-Myc anti-
body brought down HA-Smc3 whether it had been co-
transfected with wild-type Smcl or mutant Smcl genes
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Figure 4. Phosphorylation of Smcl does not inhibit the bind-
ing of Smcl to Smc3. (A) Schematic representation of the do-
mains of Smcl bound to Smc3 illustrating the approximate lo-
cation of the Smcl Ser 957 and Ser 966 sites with the asterisk.
(B) Two hours after exposure to 0 (-) or 10 (+) Gy of ionizing
irradiation (IR), Myc-tagged proteins were immunoprecipitated
from 293T cells that had been cotransfected with Myc-tagged
SMCI (wild type, S957A, S966A, 2S/A) and HA-tagged SMCS3.
The proteins were immunoblotted either with anti-Myc anti-
body, anti-HA antibody, or anti-S957-p antibody. (C) Two hours
after exposure to 0 () or 10 (+) Gy of ionizing irradiation, HA-
tagged proteins were immunoprecipitated from 293T cells that
had been cotransfected with Myc-tagged SMC1 (wild type,
S957A, S966A, 2S/A) and HA-tagged SMC3. The proteins were
immunoblotted either with anti-HA antibody, anti-Myc anti-
body, or anti-S957-p antibody.
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and regardless of irradiation status (Fig. 4B, middle).
Similarly, immunoprecipitation with an anti-HA anti-
body brought down Myc-tagged Smcl proteins, regard-
less of the status of serines 957 and 966 and regardless of
the irradiated status of the cells (Fig. 4C). Specifically,
the phosphorylated form of Smcl was coimmunoprecipi-
tated with Smc3 from the irradiated cells (Fig. 4C, bot-
tom). It is notable that the anti-S957-p antibody recog-
nized wild-type Smcl and S967A Smcl from irradiated
cells, but did not recognize the S957A mutant of Smcl
(Fig. 4B,C), thus demonstrating further the specificity of
the anti-S957-p antibody. These data demonstrate that
Atm phosphorylation does not block the heterodimer-
ization of Smcl and Smc3.

Phosphorylation of Smcl is required
for the IR-induced S-phase checkpoint

In mammalian cells, cohesin links two sister chromatids
during S phase, and most of these links are dissociated at
the onset of mitosis (Losada et al. 1998). Because Smcl is
important for progression through the cell cycle, we
tested whether phosphorylation of this protein could be
important during cell cycle perturbations after DNA
damage. Mammalian cells lacking Smecl protein, which
would be ideal for complementation studies to investi-
gate the functional ramifications of Smcl phosphoryla-
tion, are not currently available and would likely be non-
viable. Therefore, the possibility that overexpression of
an Smcl protein mutated at the Atm phosphorylation
sites might act in a dominant-negative manner to inhibit
the normal function of endogenous Smcl was investi-
gated. First, the transient inhibition of DNA synthesis
after exposure to ionizing irradiation in cells expressing
wild-type Smcl or mutant Smcl was assessed. 293T
cells transiently transfected either with an empty vector
or with wild-type Smcl exhibited a normal ionizing ir-
radiation-induced S-phase arrest. In contrast, 293T cells
transiently transfected with vectors expressing Smcl
containing a S957A mutation, a S967A mutation, or both
mutations all exhibited substantially impaired S phase
arrests after ionizing irradiation (Fig. 5A). Expression of
these mutant constructs affected only the DNA replica-
tion after irradiation and had no discernible effects on
the basal measurements of DNA replication. The effects
of transfecting these expression vectors encoding wild-
type Smcl or $957A mutant Smcl into A-T heterozygote
(GMO0637) or A-T homozygote (GM09607) SV40-trans-
formed fibroblasts was also examined. The A-T hetero-
zygote cells have a normal S phase arrest after IR, but
introduction of the Smcl mutants abrogated this check-
point (data not shown). Thus, overexpression of the mu-
tant Smcl constructs caused a defect in the S phase
checkpoint in two different cell types. The A-T homo-
zygote cells lacked the S phase checkpoint, as expected,
and introduction of either wild-type or mutant Smcl did
not alter this phenotype (data not shown).

Though overexpression of the mutant Smcl con-
structs abrogated the ionizing irradiation-induced S
phase checkpoint in 293T cells and SV40-transformed
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fibroblasts, this mutant did not affect the ionizing irra-
diation-induced G,/M checkpoint (Fig. 5B). As a positive
control, transfection of a dominant-negative construct of
ATM caused the expected loss of the ionizing irradia-
tion-induced G,/M checkpoint (Fig. 5B). Because the mu-
tant Smcl constructs blocked the Atm-dependent S
phase checkpoint, but did not alter the Atm-dependent
G,/M checkpoint (using the same batch of transfected
cells for the two experiments), these constructs are not
nonspecifically blocking Atm function. Rather, they ap-
pear to be specifically affecting the S phase checkpoint
pathway.

We demonstrated recently that two molecularly dis-
tinct G, arrests are induced by exposure of cells to ion-
izing irradiation (Xu et al. 2002). An early and transient
G, arrest occurs that is dependent on Atm and Brcal and
represents cells that were in G, at the time of irradiation
and that then fail to enter mitosis for a period of time
after irradiation. In contrast, accumulation of cells with
4N content DNA is measured at later times after irra-
diation, is independent of Atm and Brcal, and represents
cells that enter G, after having been irradiated in S phase
or earlier in the cell cycle. This latter arrest is more
pronounced in cells that lack the ionizing irradiation-
induced S phase checkpoint, perhaps because failure to
appropriately arrest in S phase after ionizing irradiation
results in a need to arrest for a prolonged period of time
in G,. Because expression of the phosphorylation site
mutant constructs of Smcl inhibited the ionizing irra-
diation-induced S phase checkpoint (Fig. 5A), this model
would predict that these dominant-negative constructs
would also cause enhanced accumulation of cells in G,
at later times after ionizing irradiation. Thus, we exam-
ined accumulation of transiently transfected cells in G,
after ionizing irradiation over time. Compared with
293T cells transfected with vector control or with wild-
type SMCI, cells transfected with any of the phosphory-
lation site mutant SMC1 constructs exhibited prolonged
G, accumulation (Fig. 5C). These results are consistent
with the concept that lack of the IR-induced S phase
checkpoint results in enhanced accumulation of cells in
G, over time after ionizing irradiation. Thus, phosphory-
lation of Smcl by Atm does not seem to be required for
the immediate arrest of cells in the G, phase of the cycle
(Fig. 5B), but these modifications do have an effect on G,
accumulation (Fig. 5C) because of their importance in S
phase arrest after ionizing irradiation.

The role of Smc1 in modulating radiation sensitivity

Smcl protein has been functionally linked to the pro-
cesses of sister chromatid cohesion and DNA recombi-
nation (Strunnikov and Jessberger 1999). However, it had
not been previously linked to cellular responses to DNA
damage. Our results have demonstrated that Smcl pro-
tein is involved in an Atm-related DNA damage re-
sponse pathway and have implicated its phosphorylation
by Atm in the control of the ionizing irradiation-induced
S phase checkpoint. Because yeast mutants lacking
Smcl protein are not viable (Strunnikov and Jessberger



1999) and Smcl-null mammalian cells are not available
and would likely be nonviable, we turned to a tempera-
ture-sensitive yeast smcl mutant to demonstrate further
the principle that this protein is important in DNA dam-
age responses. The smc1-259 mutant of S. cerevisiae
(Michaelis et al. 1997) grows well at the permissive tem-
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Figure 6. Smcl protein is important for DNA damage re-
sponses in yeast. Wild-type or smc1-259 mutant yeast were
serially diluted by tenfold amounts and plated on YPD media at
30°C with or without 0.02% of methymethane sulfonate
(MMS). Cells on plates were treated with ionizing irradiation
(200 Gy) or ultraviolet light (UV; 50 Jm™2).

perature of 25°C, but loses some Smcl function at the
semipermissive temperature of 30°C. This mutant
showed marked hypersensitivity to ionizing irradiation,
UV, and methylmethane sulfonate (MMS) treatment
(Fig. 6). Because the yeast Smcl protein does not contain
the Ser 957 and Ser 966 sites that are the targets of Atm
phosphorylation in human cells, this system is not ame-
nable to studies that investigate these particular phos-
phorylation events. Nevertheless, because these yeast
cells have mutated SMC1 genes, this result definitively
confirms the novel finding that Smcl protein is impor-
tant for DNA damage responses in eukaryotic cells.

Figure 5. Mutation of the Atm phosphorylation sites on Smcl
results in an S phase checkpoint defect and radiosensitivity. (A)
293T cells transiently transfected with empty vector or wild-
type (WT) or mutant (S957A, S966A, or 2S/A) of SMC1 were
assessed for inhibition of DNA synthesis 30 min after exposure
to 10 Gy of ionizing irradiation. (Error bars) Average of at least
triplicate samples. (B) Ionizing irradiation-induced G,/M check-
point: The mitotic percentage change of 293T cells transfected
with empty vector, wild-type (WT), or mutant (S957A, S966A,
or 2S/A) SMC1 or kinase-dead ATM (kdATM) 90 min after 6 Gy
of ionizing irradiation is shown. Mitotic cell percentage was
determined by anti-phosphohistone H3 staining followed by
flow cytometric analysis. (Error bars) Average of at least tripli-
cate samples. (C) Ionizing irradiation induced G, accumulation:
293T cells transfected with empty vector, wild-type (WT), or
mutant (S957A, S966A or 2S/A) SMC1 were irradiated at 6 Gy,
and cell cycle distribution after ionizing irradiation in the indi-
cated time points was assessed by propidium iodide staining.
G,/M percentage of total cells was shown. All results are rep-
resentative samples of three different experiments. (D) Expres-
sion of Smcl phosphorylation-site mutants increases radiosen-
sitivity. HeLa cells expressing either empty vector, wild-type
(WT), or mutant (S957A, S966A, or 2S/A) constructs of SMC1 or
kinase-dead ATM (kdATM) were exposed to 0-6 Gy of ionizing
irradiation and incubated for 1 week prior to fixation, staining,
and assessment of colony formation. The clonogenic survival
assays were performed in triplicate. Error bars indicate S.E.
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To more specifically investigate the potential role of
these phosphorylation sites in modulating radiation sen-
sitivity, we evaluated the clonogenic survival of HeLa
cells that had been transfected with vector control, wild-
type SMC1, or phosphorylation site mutants of SMC1.
The cells expressing Smcl that had been mutated at ei-
ther Ser 957 or Ser 966 alone showed a moderate increase
in radiosensitivity compared with cells transfected with
control vector or wild-type SMC1 (Fig. 5D). HeLa cells
expressing the Smcl construct that was mutated at both
phosphorylation sites were even more radiosensitive,
very closely approximating the radiosensitivity of cells
transfected with a dominant-negative construct of ATM
(Fig. 5D). Thus, the yeast data demonstrate that Smcl
function is an important determinant of cell survival fol-
lowing DNA damage or replication arrest, and the re-
sults with the transfected HeLa cells extend this concept
to suggest that the Atm target sites are important for cell
survival following irradiation in mammalian cells.

Brcal and Nbs1 are required for Smc1 phosphorylation
following ionizing irradiation

Though the previous data linked Smcl to cellular re-
sponses to ionizing irradiation in general and demon-
strated it to be a target of the Atm kinase specifically, it
was not clear how Smcl and these phosphorylation
events relate to the other previously identified Atm tar-
gets. To begin to explore this issue, the phosphorylation
of Smcl was evaluated in cells with mutated Nbsl or
Brcal genes. Though phosphorylation of both Ser 957
and Ser 966 was easily detected after ionizing irradiation
in an SV40-transformed fibroblast line containing wild-
type Atm, Brcal, and Nbsl, phosphorylation of both
sites was below the level of detection in cells lacking
functional Atm (GM9607), Nbsl (NBS1-LB1), or Brcal
(HCC1937) (Fig. 7A). Because the HCC1937 cells are a
tumor cell line and could have other genetic alterations
affecting this pathway, it was necessary to demonstrate
complementation of these ionizing irradiation-induced
phosphorylation events with reintroduction of Brecal
into these cells to definitively implicate Brcal in this
process. Transient transfection of wild-type Brcal into
the HCC1937 cells restored detectable ionizing irradia-
tion-induced phosphorylation of both Ser 957 and Ser
966 (Fig. 7B). We demonstrated previously that transfec-
tion of a construct encoding Brcal mutated at Ser 1387
complements the G, checkpoint, but not the S phase
checkpoint whereas transfection of a construct encoding
Brcal mutated at Ser 1423 complements the S phase
checkpoint, but not the G, checkpoint (Xu et al. 2001; B.
Xu, A. O’Donnell, S. Kim, and M. Kastan, in prep.). It is
notable that both of these mutants complement the ra-
diosensitivity of HCC1937 cells even though these cells
still lack one or the other of these ionizing irradiation-
induced cell cycle checkpoints (Xu et al. 2002). Introduc-
tion of either of these mutated forms of Brcal also
complemented the ionizing irradiation-induced phos-
phorylation of Smcl (Fig. 7B). Thus, optimal phosphory-
lation of Smcl at these sites is dependent on the pres-
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Figure 7. Brcal and Nbsl are required for optimal ionizing
irradiation-induced Smcl phosphorylation. (A) Smcl phos-
phorylation on Ser 957 and Ser 966 is defective in cells with
mutated Atm, Nbs1, or Brcal genes: Smcl phosphorylation was
assessed by immunoblot analyses using the two phosphoserine-
specific antibodies (top and middle) or an anti-Smcl antibody
(K1; bottom panel) in normal (GMO0637), Atm-deficient
(GM9607), Nbsl-deficient (NBS1-LBI), and Brcal-deficient
(HCC1937) cell lines. (Arrows) Specific $966-p band. (B) Intro-
duction of Brcal into HCC1937 cells restores effective ionizing
irradiation-induced Smcl phosphorylation. Smcl phosphoryla-
tion was assessed in HCC1937 cells that had been transiently
transfected with wild-type BRCA1 (wtBrcal) or mutant [serine
1387 to alanine substitution (S1387A) or serine 1423 to alanine
substitution (S1423A)] Brcal constructs. (C) Introduction of
NBSI1 into NBS cells restores effective Smcl phosphorylation.
Smcl phosphorylation was assessed in NBS cells that had been
stably transfected with wild-type NBS1 (wtNbsl) or mutant
[serine 343 to alanine substitution (S343A)].

ence of a Brcal protein, but is not dependent on whether
or not the S phase or G, checkpoints have occurred.
Similar results were obtained with complemented
NBS cells. NBS fibroblasts that had been stably trans-
fected with wild-type Nbs1 recovered the ionizing irra-
diation-induced phosphorylation of Smcl on both of
these serines (Fig. 7C). Introduction of Nbs1 protein mu-
tated at the Atm target site, Ser 343, into these cells
complements radiosensitivity, but does not complement
the ionizing irradiation-induced S phase checkpoint (Lim
et al. 2000; Xu et al. 2002). NBS cells expressing the Ser
343 mutant also recovered the ionizing irradiation-in-
duced phosphorylation of Smcl on both of these Atm
targets (Fig. 7C). These results demonstrate further that
though Smcl phosphorylation appears to be required for



the ionizing irradiation-induced S phase checkpoint, the
ionizing irradiation-induced S phase checkpoint is not
required for the phosphorylation of Smcl. However, the
presence of some form of Nbsl and Brcal proteins ap-
pears to be required for Atm to optimally phosphorylate
Smcl on these sites after ionizing irradiation.

Discussion

Elucidation of cellular responses to DNA damage at the
molecular level can provide important insights into
mechanisms involved in both cancer causation and re-
sponses of tumors to therapeutic interventions. For ex-
ample, linking the p53 protein to cellular responses to
DNA damage (Kastan et al. 1992) and other cellular
stresses (Graeber et al. 1996) has had a major impact on
models of tumor development involving p53 mutations
and on studies evaluating tumor responses to therapy
based on the presence or absence of p53 mutations (Vo-
gelstein et al. 2000). Similarly, the Atm protein kinase,
which is a critical regulator of cellular responses to ion-
izing irradiation, is both a tumor suppressor gene prod-
uct and a potential target for radiosensitizing tumors
(Shiloh and Kastan 2001). Several targets of the Atm ki-
nase that are involved in cellular responses to ionizing
irradiation have been characterized previously, including
p53, Chk2, Mdm?2, Nbsl, and Brcal (Kastan and Lim
2000). In this report, we add the essential chromosomal
protein, Smcl, to the list of bona fide Atm targets and
demonstrate that it plays a role in the ionizing irradia-
tion-induced S phase checkpoint and in modulation of
radiosensitivity.

Serines 957 and 966 in Smcl were identified as the
primary targets of Atm in vitro and use of phosphoser-
ine-specific antibodies demonstrated that these same
two sites are also phosphorylated in cells following ion-
izing irradiation in an Atm-dependent manner. Interest-
ingly, these same two sites are phosphorylated following
treatment of cells with UV irradiation or hydroxyurea,
but following these treatments, the phosphorylation
does not require the Atm kinase. The lack of require-
ment for Atm following these treatments is not surpris-
ing as Atm appears to be relatively specifically involved
in responses to DNA strand breaks and not in response
to other cellular stresses (Kastan and Lim 2000). Similar
observations have been made with other Atm targets,
like p53, where phosphorylation following UV irradia-
tion is independent of Atm (Siliciano et al. 1997). In the
case of p53 phosphorylation following UV irradiation,
the Atr kinase, which has a consensus target sequence
that is similar to that of Atm (Kim et al. 1999), has been
implicated (Tibbetts et al. 1999). Similarly, the kinase
responsible for Smcl phosphorylation at these serines
following UV and hydroxyurea treatment seems likely to
be Atr, but this remains to be formally demonstrated.

Though Smcl has been implicated in processes in-
volved in chromosomal and DNA dynamics, in particu-
lar chromosome cohesion and DNA recombination
(Strunnikov and Jessberger 1999), it has not been linked
previously to cellular responses to DNA damage. Be-
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cause of its critical role in chromosome cohesion, yeast
lacking Smcl are nonviable (Strunnikov and Jessberger
1999). However, we found that yeast with hypomorphic
SMC1 alleles exhibit increased sensitivity to three dif-
ferent DNA damaging agents. Thus, a role for Smcl in
DNA damage responses appears to span the evolutionary
spectrum at least from yeast to man. The damage-in-
duced phosphorylation sites are found in human and
mouse Smcl, but are not present in the yeast gene, thus
suggesting that the regulation of Smcl by these phos-
phorylation events has arisen more recently in evolu-
tion.

Phosphorylation of these sites appears to be involved
in both the ionizing irradiation-induced S phase check-
point and in modulating radiosensitivity. However, the
mechanisms by which Smcl phosphorylation influences
these processes remain to be worked out. The role of
Smcl in chromosome cohesion raised the interesting
possibility that lack of its phosphorylation may play a
role in the enhanced chromosome breakage seen in A-T
cells after ionizing irradiation and that this may be re-
sponsible for the radiosensitivity in A-T cells. However,
though transfection of the Smcl construct mutated at
both phosphorylation sites induces radiosensitivity (Fig.
6B), it does not cause a measurable increase in ionizing
irradiation-induced chromosomal breakage (data not
shown). This result separates out the radiosensitivity
phenotype from the chromosomal breakage phenotype.
In addition, the induction of Smcl phosphorylation of
these same sites following hydroxyurea treatment sug-
gests that cells signal to Smcl in response to arrest of
DNA replication. The functional ramifications of Smcl
phosphorylation in this pathway have not been eluci-
dated. Another intriguing potential link of Smcl func-
tion to radiosensitivity relates to its apparent role in
DNA recombination via its presence in the RC-1 com-
plex (Jessberger et al. 1996; Stursberg et al. 1999).
Whether phosphorylation of Smcl by Atm affects its
function in recombination events needs to be explored.

The mechanistic link between Atm phosphorylation
of serines 957 and 966 of Smcl and blockade of replica-
tion fork initiation following ionizing irradiation also
remains to be made. Recent data has suggested that
Chk2 phosphorylation of Cdc25A in the ionizing irradia-
tion-induced arrest is the link between Atm and the rep-
lication machinery via effects on Cyclin E/Cdk2 activity
(Falck et al. 2001). However, this model alone does not
explain the apparent requirements for Atm-induced
phosphorylation of Nbsl, Brcal, and Smcl proteins in
this process. Perhaps the situation is analogous to the
Atm-dependent G, checkpoint in which Atm apparently
simultaneously phosphorylates multiple proteins (p53,
Chk2, and Mdm2) to cause the arrest (Kastan and Lim
2000). In the case of the ionizing irradiation-induced S
phase checkpoint, Atm may simultaneously phosphory-
late Chk2, Nbsl, Brcal, and Smcl after activation by
ionizing irradiation (Fig. 8). It is quite conceivable that
two or more pathways act in concert to cause S phase
arrest after ionizing irradiation and that the Chk2-
Cdc25A-CyclinE/Cdk2 steps do not involve these other
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Figure 8. Schematic representation of di-
rect targets of ATM that affect cell cycle
perturbations and modulation of sensitiv-
ity to ionizing irradiation. Following ion-
izing irradiation, the Atm protein kinase is
activated and then phosphorylates target
proteins. The exact serines (S) or threonine
(T) known to be phosphorylated by Atm
are listed by number for the various pro-
teins. Chk2, p53, and Mdm?2 participate in
the G, arrest, phosphorylation of Nbsl,
Brcal, Smcl, and Chk2 have been impli-
cated in controlling the S phase arrest, and
phosphorylation of Brcal and Radl7 are re-
ported to be involved in the G, arrest. Al-
though phosphorylation of Chk2 has been —
reported to be dependent on Nbsl (Bus- gl
cemi et al. 2001), the exact relationship of
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the Chk2/Cdc25A axis to Nbsl/Brcal/Smcl in controlling the S phase checkpoint remains to be clarified. On the basis of the data
shown here, phosphorylation of serines 957 and 966 in Smcl are included as targets involved in the ionizing irradiation-induced S
phase arrest and are also implicated in modulating radiation sensitivity.

Atm substrates. It is interesting to note that Wang et al.
reported that the Brcal supercomplex (BASC) contains
many of these proteins (Wang et al. 2000) and it is rea-
sonable to speculate that it could also contain Smcl pro-
tein. Elucidation of how this complex might signal to the
replication machinery and what role the multiple phos-
phorylation events play in the process are important in-
sights yet to be gained. In terms of Smcl and its role in
the S phase checkpoint, it is interesting that the cohesin
complex containing Smcl and Smc3 has been linked to
the DNA replication machinery and to the S phase of the
cell cycle (Toth et al. 1999; Skibbens et al. 1999).

The observed requirement for Nbsl and Brcal proteins
for optimal ionizing irradiation-induced phosphorylation
of Smcl provides some mechanistic insight. Perhaps this
requirement reflects a need for a protein complex involv-
ing all of these proteins to form before Atm can effec-
tively phosphorylate Smcl. In this way, Nbsl and/or
Brcal may be acting as scaffold proteins in the BASC
complex. The observation that the presence of mutated
forms of these proteins are sufficient to complement
Smcl phosphorylation may simply reflect that these mu-
tants, though functionally altered, still participate in the
complex. Our prior observation that the S343A mutant
of Nbs1 protein, which fails to complement the ionizing
irradiation-induced S phase checkpoint can still bind to
Mrell (Lim et al. 2000) would be consistent with this
concept, as would the observation here that phosphory-
lation site mutants of Smcl still bind to Smc3.

These observations add the integral chromosomal pro-
tein, Smcl, which has been linked to chromosome dy-
namics and recombination, to the growing list of targets
of the Atm kinase. It appears to have a somewhat general
role in cellular stress responses because the data link it
to responses to diverse agents ranging from ionizing ir-
radiation to UV to alkylating agents to replication arrest.
In response to the agents other than ionizing irradiation,
Smcl appears to be involved in stress pathways not in-
volving Atm. These initial insights provide novel new
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questions to ask about molecular mechanisms involved
in controlling cellular stress responses and establish a
new link between DNA damage-induced signaling path-
ways and a chromosomal protein complex.

Materials and methods

Antibodies

Immunoblotting studies and immunoprecipitation studies used
the following antibodies: Anti-Flag M2 (Sigma), anti-c-Myc, and
anti-HA (Roche). The anti-Smcl rabbit polyclonal antibody
used for the initial experiments was kindly provided by Kyoko
Yokomori (University of California, Irvine) and was described
previously (Schmiesing et al. 1998). The anti-Smcl antibodies
used for subsequent experiments were generated by immuniza-
tion of rabbits with KLH-conjugated peptides RIDRQESSRQQRK
(K1; amino acids 488-500). The KLH-conjugated phosphopep-
tide SQEEGS|PO;]SQGEDS was used to generate anti-S957-p,
and KLH-conjugated DSVSG[PO,|SQRISSI was used to generate
anti-S966-p. The antibodies were affinity purified by use of the
corresponding peptide-conjugated gels. The phosphospecific an-
tibodies were preincubated with the unphosphorylated peptide
for 1 h at room temperature to remove any residual reactivity
before Western blot analysis. The Atm monoclonal antibody
(D16.11) was a generous gift from Tona M. Gilmer (Glaxo
Wellcome).

Plasmids

Vectors that express GST-conjugated Smcl peptides were made
by cloning complementary oligonucleotides that encoded the
desired peptides (14 amino acids) into the BamHI-Smal sites of
pGEX-2T (Amersham Pharmacia Biotech). To construct vectors
that expressed the larger GST-Smcl protein fragments (amino
acids 310-382 or 901-1000), we used PCR with Pfu polymerase
to amplify the DNA encoding these regions. The amplified PCR
product was digested with BamHI and Smal and was cloned
into the pGEX-4T-1 plasmid (Amersham Pharmacia Biotech).
The QuikChange Site-Directed Mutagenesis kit (Stratagene)
was used to generate the following Smcl mutants: S358A,



S358A/S360A, S957A, S966A, and S957A/S966A. To construct
the Myc-tagged SMC1 expression vector, we amplified the en-
tire coding region of SMC1 by performing PCR with the follow-
ing oligonucleotides: 5'-GCTGAATTCATGGGGTTCCTGAA
ACTGATTGAG-3' and 5-TGCATGCTCGAGCTACTGCTC
ATTGGGGTTGGGGTT-3'. The PCR product was digested
with EcoRI-Xhol and cloned into a pCDNA3 vector that en-
coded c-Myc tag.

In vitro kinase assays and immunoprecipitation

In vitro kinase assays for Flag-tagged Atm were performed as
described previously (Kim et al. 1999). For immunoprecipitation
of endogenous Smcl, Myc-tagged Smcl, or HA-tagged Smc3,
cells were irradiated with 0 or 10 Gy of ionizing irradiation and
then lysed 1 h later in ice-cold lysis buffer, which consisted of
10 mM Tris-HCI (pH 7.5), 100 mM NaCl, 5 mM EDTA, 0.5%
NP-40, 5 mM NazVO,, 1 mM NaF, and 1 mM PMSF. After
centrifugation, supernatants were incubated with anti-SMCI1,
anti-Myc or anti-HA antibody, respectively. After extensive
washing with the lysis buffer, immunoprecipitates were ana-
lyzed by immunoblot. For lambda phosphatase treatment, im-
munoprecipitated Smcl was washed with a phosphatase buffer,
which consisted of 50 mM Tris-HCI (pH 7.5), 2 mM MnCl,, 0.1
mM EDTA, and 5 mM DTT, and incubated with 100 units of
lambda phosphatase (New England Biolabs) at 30 °C for 30 min.

RDS assay

Tonizing irradiation-induced inhibition of DNA synthesis was
assessed as described previously (Lim et al. 2000). Cells were
prelabeled by culturing them in DMEM that contained 10 nCi/
mL of ["*C]thymidine (NEN) for [24 h after transfection. The
medium containing ['*C]thymidine was then replaced with nor-
mal DMEM, and the cells were incubated for 6 h. Cells were
irradiated, incubated for 30 min, and then pulse-labeled with 2.5
nCi/mL [*H]thymidine for 15 min (NEN). Cells were harvested,
washed twice with PBS, and fixed in 70% methanol for at least
30 min. After the cells were transferred to Whatman filters and
fixed sequentially with 70% methanol and then with 95%
methanol, the amount of radioactivity on the filter was assayed
in a liquid scintillation counter. The measure of DNA synthesis
was derived from resulting ratios of >H counts per minute (cpm)
to 1*C cpm, corrected for those cpm that resulted from channel
Ccrossover.

G,/M checkpoint assay

The G,/M checkpoint assay was assessed as described previ-
ously (Xu et al. 2001). Cells were harvested 1.5 h after irradia-
tion, washed with phosphate-buffered saline (PBS), and fixed in
suspension by the addition of 2 mL of 70% ethanol. For late G,
accumulation assays, cells were harvested 0, 24, 48, 72 h after 6
Gy irradiation prior to harvesting and fixation. After fixation,
the cells were washed twice with PBS, suspended in 1 mL of
0.25% Triton X-100 in PBS, and incubated on ice for 15 min.
After centrifugation, the cell pellet was suspended in 100 pL of
PBS containing 1% bovine serum albumin (BSA) and 0.75 pg of
a polyclonal antibody that specifically recognizes the phos-
phorylated form of histone H3 (Upstate Biotechnology) and in-
cubated for 3 h at room temperature. Then, the cells were rinsed
with PBS containing 1% BSA and incubated with fluorescein
isothiocyanate-conjugated goat anti-rabbit IgG antibody (Jack-
son ImmunoResearch Laboratories) diluted at a ratio of 1:30 in
PBS containing 1% BSA. After a 30-min incubation at room
temperature in the dark, the cells were washed again, resus-
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pended in 25 pg/mL propidium iodide (Sigma) and 0.1 mg/mL
RNase A (Sigma) in PBS, and incubated at room temperature for
30 min before the fluorescence was measured. Cellular fluores-
cence was measured by use of a Becton Dickinson FACSCalibur
flow cytometer/cell sorter.

Clonogenic assays

Cell lines were plated in triplicate at limiting dilutions into
6-well plates, incubated for 24 h, and then exposed to a range of
doses of ionizing irradiation (0-6 Gy) followed by incubation for
2 weeks. Prior to counting colonies, cells were fixed in 95%
methanol and stained with crystal violet. A population of more
than 50 cells was counted as one survived colony. The mean
colony counts + standard errors (S.E.) appear in the figures.
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