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Structure maintenance of chromosome 1 (SMC1) is phosphoryl-
ated by ataxia telangiectasia-mutated (ATM) in response to ioniz-
ing radiation (IR) to activate intra-S phase checkpoint. A role of
CK2 in DNA damage response has been implicated in many previ-
ous works, but the molecular mechanism for its activation is not
clear. In the present work, we report that SMC3 is phosphorylated
at Ser-1067 and Ser-1083 in vivo. Ser-1083 phosphorylation is IR-
inducible, depends on ATM and Nijmegen breakage syndrome 1
(NBS1), and is required for intra-S phase checkpoint. Interestingly,
Ser-1067 phosphorylation is constitutive and is not induced by IR
but also affects intra-S phase checkpoint. Phosphorylation of Ser-
1083 is weakened in cells expressing S1067A mutant, suggesting
interplay between Ser-1067 and Ser-1083 phosphorylation in DNA
damage response. Consistently, small interfering RNA knockdown
of CK2 leads to attenuated phosphorylation of Ser-1067 as well as
intra-S phase checkpoint defect. Our data provide evidence that
phosphorylation of a core cohesin subunit SMC3 by ATM plays an
important role in DNA damage response and suggest that a consti-
tutive phosphorylation by CK2 may affect intra-S phase checkpoint
by modulating SMC3 phosphorylation by ATM.

DNA damage response (DDR)? is a signal transduction path-
way that coordinates cell cycle arrest, DNA repair, and apopto-
sis in the presence of damaged DNA (1). Genetic and biochem-
ical research has established a conceptual framework for DNA
damage at the molecular level that includes sensors, transduc-
ers, and effectors (2). Loss or mutation of DDR genes causes
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many cancer-prone disorders. Thus, understanding of DDR has
a profound impact on mechanisms of cancer development and
treatment.

In response to double-stranded DNA breaks (DSB), the cen-
tral checkpoint kinase ATM activates the G, intra-S, and G,/M
checkpoints by phosphorylation of downstream effectors. The
central theme of DDR is to turn dormant proteins into active
effectors to execute the cell cycle arrest, DNA repair, and apo-
ptosis; phosphorylation is a major mechanism for such activa-
tion. How constitutively active proteins contribute to check-
point control is enigmatic. The CK2 kinase is such an example.
CK2 has long been implicated in DDR, but its role in regulation
of cell cycle checkpoint is not well understood. CK2 is defined
as a messenger-independent protein kinase found in complex
with two catalytic subunits (o and/or ') and two regulatory 8
subunits (3). In contrast to ATM, CK2 is an essential and abun-
dant kinase that is constitutively active in the absence of exog-
enous DNA damage. CK2 regulates many seemingly unrelated
cellular processes including cell division (4), transcription (5),
DNA repair (6, 7), proliferation (8), and apoptosis (9, 10). CK2
phosphorylates proteins with a consensus sequence of
(S/T)XX(D/E) (where X denotes any amino acid) and is active
toward almost any protein with this consensus in vitro. As a
result, more than 300 in vitro substrates are known (11). Accu-
mulating biochemical and genetic data implicate CK2 in DDR.
In response to DNA damage, CK2 regulates polymerase 1/III
gene expression (12), phosphorylates histone H4 (13), and con-
trols checkpoint adaptation (14). In mammalian cells, CK2
phosphorylates the tumor suppressor p53 in response to UV
(15). CK2 is important for DNA single strand break repair (6) as
it phosphorylates the key single strand break repair protein
XRCC1 to create docking sites for binding of Aprataxin that
contains a phospho-peptide binding Forkhead-associated
(FHA) domain (7). Phosphorylation of XRCC1 by CK2 is con-
stitutive and is not stimulated by DNA damage.

The failure of the intra-S checkpoint is manifested by the
inability of cells to slow down DNA synthesis in response to IR,
a phenotype generally referred to as radio-resistant DNA syn-
thesis (RDS). One of the intra-S checkpoint pathways is medi-
ated by Mrell/Rad50/NBS1 (MRN)-SMC1 (16-18). SMC1
phosphorylation at Ser-957 and Ser-966 is induced by IR in an
ATM- and NBS1-dependent manner, which is important for IR
sensitivity and suppression of RDS. SMC1 associates with
SMC3, and together with SCC-1/Rad21 and SCC-3 (including
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SA-1 and SA-2 in human), form the cohesin complex (19, 20).
The cohesin complex is indispensable for many, if not all,
aspects of chromosomal metabolism, including sister chroma-
tid cohesion in the S and G, phase of the cell cycle (21), DNA
repair (22, 23), and gene transcription (24). Since SMC1 is an
important effector in the intra S-phase checkpoint pathway, we
are interested in whether other cohesion subunits are also
involved. We herein report that SMC3 is phosphorylated at
Ser-1067 and Ser-1083. Although Ser-1083 phosphorylation is
IR-inducible and depends on ATM, Ser-1067 phosphorylation
is constitutive and depends on CK2 but is not further enhanced
by IR. However, both Ser-1067 phosphorylation and Ser-1083
phosphorylation are required for intra-S phase checkpoint.
Furthermore, phosphorylation of SMC3 at Ser-1083 is weak-
ened in cells expressing SMC3-S1067A. Thus, the CK2 kinase
may affect IR-induced S-phase checkpoint through SMC3 Ser-
1083 phosphorylation.

MATERIALS AND METHODS

Plasmids, Recombinant Proteins, and Generation of Stable
Cell Line—Full-length ¢cDNA encoding wild-type human
SMC3 was generated by PCR using a cDNA pool (reverse
transcription products from RNA insolated from HeLa S3
cells) as a template. PCR product was cloned into
pcDNA3.1D/V5-His-TOPO (Invitrogen) to produce C ter-
minus V5 tagged pcDNA-SMC3 plasmid. Subsequently, site-
directed mutagenesis was performed to substitute alanine to
serine (SMC3-S1067A, SMC3-S1083A) by using the
QuikChange™ site-directed mutagenesis kit (Stratagene,
La Jolla, CA). The resulting mutant plasmid was confirmed
by DNA sequencing. Plasmid encoding GST-SMC3 (amino
acids 881-1218) was cloned into pGEX-4T-1 (Amersham
Biosciences). The fusion protein was expressed and purified
according to the standard procedures. Stable cell lines that
harbor a “tet-on” promoter to regulate SMC3-W'T, SMC3-
S1067A, and SMC3-S1083A expression were generated
using “Flp-In™ T-Rex™” system (Invitrogen). Two tandem
FLAG tags were added to the C terminus of SMC3 to distin-
guish them from endogenous SMC3 by SDS-PAGE mobility.
Forty-eight hours after transfection, hygromycin (200
png/ml) and blasticidin (10 pwg/ml) were added into medium
for selection. Single clones were isolated for each SMC3 con-
struct after 3 weeks of selection. FLAG-SMC3 expression
was induced by doxycycline at a concentration of 1 pug/ml.
Clones that express comparable exogenous FLAG-SMC3
were used for functional analysis. SV40 T-antigen immortal-
ized NBSI fibroblasts were established from an NBS patient
(25). NBS1-LBI cell lines with retroviral expression of
NBS1-WT were produced as described (16).

Cell Culture, Antibodies, in Vitro Kinase Assay and
Transfections—Human cervical cancer cell line HeLa cells and
human embryonic kidney cell line 293T cells were purchased
from the American Type Culture Collection and maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum. Rabbit polyclonal SMC3, V5, CK2a, CK2«a/,
and pS1083-SMC3 phospho-antibodies were from Bethyl Lab-
oratories. ATM and NBS1 antibodies were from GeneTex (San
Antonio, TX). Immunoprecipitation and Western blotting

JULY 11, 2008 - VOLUME 283+-NUMBER 28

were carried out as described (26). In vitro kinase assays were
carried out as described (27).

Small interference RNA (siRNA) for ATM, CK2«a, CK2a/',
and Vimentin were purchased from Dharmacon Research as
SMARTPOOLSs. Hela cells were transfected with siRNAs by
Oligofectamine (Invitrogen) according to the manufacturer’s
protocol. Seventy-two hours after transfection, cells were
treated with IR and recovered for 1 h or for the indicated times
before harvest. Transient transfection of plasmids encoding
SMC3 and ATM was carried out in 293T cells using Lipo-
fectamine (Invitrogen) and calcium phosphate, respectively.
Forty to sixty hours after transfection, cells were treated with IR
and recovered for 1 h before harvest.

RDS Assay—RDS assay was carried out as described (16).
Briefly, 293T stable cell lines expressing WT, S1067A, and
S1083A SMC3 were labeled with 10 nCi/ml of [**C]thymidine
(PerkinElmer Life Sciences) for 36 h to normalize the total
amount of DNA among different samples. Cells were irradi-
ated with 10 Gy of IR and recovered for 1 h. They were then
pulse-labeled with 1 pCi/ml [*H]thymidine (PerkinElmer
Life Sciences) for 30 min, washed with PBS, fixed with meth-
anol, and lysed with 0.5 M NaOH. The lysates were counted
in a liquid scintillation counter. Radio-resistant DNA syn-
thesis was calculated using the ratio of radioactivity of
*H/**C. Overlapping *H and '*C emissions were corrected
with quenched *H and '*C standards. Five replicas were
measured for each sample.

Identification of Phosphorylation Sites Using Mass Spec-
trometry—ldentification of phosphorylation sites with mass
spectrometry was carried out as described previously with
minor modifications (28). Both a MALDI (matrix-assisted laser
desorption) linear ion trap mass spectrometer (VMALDI-LTQ,
Thermal Finnigan, San Jose, CA) and a capillary HPLC (75-um
ID column)-electrospray linear ion trap mass spectrometer
(Proteomix, Thermal Finnigan) were used. The cohesin com-
plex was immunoprecipitated using antibodies against SMC1
or SMC3 from nuclear extract made from HeLa S3 cells 2 h after
20 Gy of y-irradiation and resolved in a 4-20% SDS-PAGE.
Trypsin digests of SMC1, SMC3, and SCC3 (they co-migrate on
the SDS-PAGE gel), and SCC1 bands were subject to mass spec-
trometric analysis to identify phosphorylation sites as described
previously (28).

RESULTS

Mapping SMC3 Phosphorylation Sites—We used mass spec-
trometry to analyze phosphorylation of the cohesin complex,
which includes SMC1, SMC3, SCC-1, and SCC-3 (including
SA-1 and SA-2), in cycling and IR-treated cells. The cohesin
complex was immunoprecipitated with SMC1 antibody from
HelLa cells treated with 20 Gy of IR and recovered for 2 h. The
immunoprecipitates were resolved on SDS-PAGE. Tryptic
peptides resulting from in-gel digestion of the individual cohe-
sin subunit were exhaustively analyzed with mass spectrome-
try. To achieve a more thorough analysis, we used both
MALDI-linear ion trap mass spectrometry (VMALDI-LTQ)
and capillary HPLC-electrospray-linear ion trap mass spec-
trometry. In addition to the previously reported Ser-957 and
Ser-966 of SMC1, Ser-1067 and Ser-1083 of SMC3 were also
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FIGURE 1. SMC3 is phosphorylated at Ser-1067 and Ser-1083. MS/MS spectra that identify Ser-1067 (A) and Ser-1083 (B) as phosphorylated. SMC3 was
immunoprecipitated from nuclear extracts made from HelLa cells and further isolated on SDS-PAGE. The SMC3 band was in-gel digested with trypsin and
analyzed with capillary liquid chromatography-MS/MS.
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phosphorylated (Fig. 1, A and B). We raised a phospho-specific 1083 as the S1083A mutation abolished the Western blot signal.
antibody against pS1083 of SMC3. As shown in Fig. 24, this  Using this antibody, we confirmed that endogenous SMC3 Ser-
antibody specifically recognized phosphorylated SMC3 at Ser- 1083 phosphorylation is induced by IR (Fig. 2B).
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FIGURE 2. SMC3 is phosphorylated at Ser-1067 and Ser-1083 in cycling
and IR-treated cells. A, characterization of pS1083-SMC3 phospho-specific
antibody. V5-SMC3-WT and V5-SMC3-S1083A were transfected in 293T cells,
and cells were irradiated with 10 Gy IR. SMC3 was immunoprecipitated (/P)
with a V5 antibody and Western blotted with pS1083-SMC3 antibody.
B, phosphorylation of the endogenous SMC3 at Ser-1083. Hela cells were
irradiated with 10 Gy of IR and allowed to recover for 1 h. Whole cell lysates
were Western blotted with antibodies against pS1083-SMC3 and SMC3.
C, quantitative mass spectrometric measurement of Ser-1067 and Ser-1083
phosphorylation induction in response to IR. Hela cells were labeled with
light or heavy isotope and treated with or without IR, respectively. Equal
amounts of two isotope-labeled cells were mixed for the subsequent proc-
essing. Phosphorylation of Ser-1067 and Ser-1083 in light labeled SMC3 (IR-
treated) are normalized to those in heavy labeled SMC3 (untreated) to calcu-
late phosphorylation induced by IR.

We noticed in the mass spectrometry measurement that in
contrast to that of Ser-1083, the intensity of the phospho-pep-
tide containing Ser-1067 did not change in response to IR. Since
we failed to obtain the phospho-specific antibody against
pS1067, we carried out quantitative mass spectrometry using
stable isotope-labeled amino acids in cultured cells (29) to
determine whether phosphorylation of Ser-1067 is IR-induci-
ble (supplemental Fig. 1). Cells were grown in culture medium
that contain “light” or “heavy” isotope-labeled Arg and Lys
(resulting in mass increases of 10 and 6 Da for Arg- and Lys-
containing peptides, respectively). Light isotope-labeled cells
were treated with IR, whereas heavy isotope-labeled cells were
not treated. They were mixed and then underwent identical
manipulation during cell lysis, immunoprecipitation, and MS
analysis. Peptides labeled with isotopes are chemically identical
but distinguished by mass difference so that their mass spectro-
metric intensities can be directly compared, and when normal-
ized to an unmodified peptide of different sequence (serving as
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FIGURE 3. The ATM-NBS1 pathway regulates Ser-1083 phosphorylation
of SMC3 in response to IR. A, Western blotting of SMC3 phosphorylation of
Ser-1083 in siVimentin- and siATM-transfected in HeLa cells that were irradi-
ated with 10 Gy IR and recovered for 1 h. B, requirement of NBS1 and its
phosphorylation for IR-induced phosphorylation of SMC3 at Ser-1083. NBS
cells complemented with NBC1 (NBS1-WT) or an empty vector (NBS1-Lbi)
were treated with 10 Gy of IR and harvested at the indicated times and West-
ern blotted for SMC3 Ser-1083 phosphorylation. C, in vitro phosphorylation of
SMC3 by ATM. FLAG-ATM overexpressed in 293T cells was immunoprecipi-
tated by anti-FLAG antibody and incubated with a GST-SMC3 fragment
(amino acids 881-1218) and y->?P-labeled ATP. In vitro phosphorylation was
detected by autoradiography. The amount of SMC3 fragment on SDS-PAGE
gel was shown by Coomassie Brilliant Blue (CBB) staining. KD, kinase-dead.

aloading control), the ratio of induction can be measured. Such
a quantitative measurement showed that phosphorylation of
Ser-1067 did not increase significantly (~10%) after IR,
whereas phosphorylation of Ser-1083 increases by nearly
20-fold (Fig. 2C). We concluded that Ser-1067 is constitutively
phosphorylated and is not further induced by IR.

Ser-1083 Phosphorylation Depends on ATM and NBSI—
Since Ser-1083 conforms to ATM phosphorylation consensus
(30) and its phosphorylation is IR-inducible, we tested whether
phosphorylation of Ser-1083 depends on ATM. Knockdown
ATM by siRNA significantly reduced Ser-1083 phosphoryla-
tion, indicating that Ser-1083 phosphorylation depends on
ATM in vivo (Fig. 3A). A similar dependence on ATM was
obtained in an immortalized A-T fibroblast cell line that was
stably transfected with either a vector (AT22IJE-T) or a full-
length ATM cDNA (pEBS7-YZ5), which has partially restored
ATM function (data not shown).

Next, we examined the dependence of SMC3 phosphoryla-
tion on NBS1. When compared with the vector-transfected
NBS cell line (NBS-Lbi), stable expression of WT-NBS1 rescues
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Ser-1083 phosphorylation (Fig. 3B). Thus, Ser-1083 phospho-
rylation appears to be downstream in the ATM-MRN pathway.

To determine whether ATM can phosphorylate SMC3 in
vitro, we carried out in vitro kinase assays using immunopre-
cipitated ATM expressed in 293T cells and a GST-SMC3 frag-
ment encompassing amino acids 881-1218 expressed in Esch-
erichia coli. As shown in Fig. 3C, WT ATM, but not kinase-dead
ATM, phosphorylates the SMC3, demonstrating that ATM is
capable of phosphorylating SMC3 in vitro. Taken together,
these results suggest that ATM phosphorylates Ser-1083 of
SMC3 both in vivo and in vitro.

Phosphorylation of Ser-1083, as Well as Ser-1067 of SMC3, Is
Required for Intra S-phase Checkpoint—We tested whether
SMC3 phosphorylation is required for intra-S phase check-
point. We transiently expressed V5-SMC3 proteins, including
WT, S1067A, S1083A, or S1067A/S1083A mutants in 293T
cells, and measured RDS. Because phosphorylation of Ser-1067
is not IR-induced, we expected that it would not regulate the
intra-S phase checkpoint. Thus, the S1067A mutant was used as
a negative control to demonstrate that not all phosphorylation
sites regulate intra-S phase checkpoint. As expected, DNA syn-
thesis in cells expressing SMC3-WT was decreased to 55% of
that in cycling cells after IR; cells expressing SMC3-S1083A
exhibited RDS phenotype, in which the DNA synthesis rate is
64% of that in cycling cells. Unexpectedly, cells expressing the
SMC3-5S1067A mutant also displayed RDS despite the fact that
phosphorylation of Ser-1067 is not IR-induced. Cells express-
ing SMC3-S1067A/S1083A double mutant also showed RDS
(Fig. 4A). The RDS level of cells expressing SMC3 mutants is
similar to that of positive control cells that expressed kinase-
dead ATM. These data suggest that phosphorylation of both
Ser-1067 and Ser-1083 is required for intra-S phase checkpoint
activation. To confirm this conclusion, we established stable
cell lines that harbor a tet-on promoter to induce FLAG-tagged
SMC3-WT, SMC3-S1067A, and SMC3-S1083A expression in
293T cells. Comparable levels of SMC3-WT and mutants are
expressed as early as 24 h after the addition of doxycycline (Fig.
4B), and the induced SMC3 protein is incorporated into the
cohesin complex as FLAG-SMC3 can be co-precipitated with
endogenous SMC1 and RAD21 (data not shown). Consistent
with data from the transient transfection experiment, small but
reproducible RDS was observed in the S1067A-expressing cell
line. Although DNA synthesis in cells expressing SMC3-WT
was decreased to 65% of that in cycling cells after IR (Fig. 4B), it
is decreased to 72 and 78% in cells expressing SMC3-S1067A
and SMC3-S1083A, respectively (Fig. 4B). Taken together,
these data suggest that phosphorylation of Ser-1083 is required
for intra-S phase checkpoint and that Ser-1067 phosphoryla-
tion also affects intra-S phase checkpoint, although its phos-
phorylation is not IR-induced.

Constitutive Phosphorylation of Ser-1067 Facilitates IR-in-
duced Phosphorylation of Ser-1083—Next, we investigated how
a constitutive phosphorylation affects IR-induced intra-S phase
checkpoint. Because of the proximity of Ser-1067 and Ser-1083,
we hypothesize that Ser-1067 phosphorylation may influence
Ser-1083 phosphorylation. We compared phosphorylation of
Ser-1083 in the stable cell lines that express FLAG-SMC3-WT
or -S1067A mutant. FLAG-SMC3 proteins were immunopre-
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FIGURE 4. Phosphorylation of both Ser-1067 and Ser-1083 is required for
intra-S phase checkpoint activation. A, RDS measurements of cells tran-
siently transfected with WT, mutant SMC3, or kinase-dead ATM (ATMKD)
genes. Plasmids encoding genes of interest were transfected into 293T cells
with Lipofectamine™, and cells were labeled with '*C 48 h after transfection.
Cells were treated with 10 Gy IR and allowed to recover for 1 h. RDS was
measured as described under “Materials and Methods.” Western blotting by
the V5 antibody indicates the expression levels of exogenous WT and mutant
V5-SMC3. B, RDS measurements of FLAG-SMC3 stable cell lines. WT or mutant
FLAG-SMC3 cell lines were cultured in Dulbecco’s modified Eagle’s medium
with doxycycline (DOX) for 24 h before *C labeling. Cells were treated with 10
Gy IR and allowed to recover for 1 h. RDS was measured as described under
“Materials and Methods.” Western blotting by the FLAG antibody was used to
determine the expression levels of exogenous WT and mutant FLAG-SMC3
after doxycycline addition for 24 h. AA, S1083A/S1067A. C, SMC3 Ser-1083
phosphorylation in a S1067A stable cell line. FLAG-SMC3-WT and -S1067A-
expressing 293T cell lines were treated with 5 Gy of IR and recovered for the
indicated times. WT and mutant FLAG-SMC3 were immunoprecipitated (/P)
from cells lysates with anti-FLAG M2 antibody and Western blotted with
phospho-Ser-1083 or FLAG antibody.

cipitated by FLAG antibody, and Ser-1083 phosphorylation was
detected by the phospho-specific antibody. As shown in Fig. 4C,
phosphorylation of Ser-1083 in FLAG-SMC3-S1067A cells is
significantly lower than that in FLAG-SMC3-WT during the
time course between 10 min to 2 h in response to 5 Gy of IR.
These results suggest that phosphorylation at Ser-1067 may
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response to IR and intra-S phase checkpoint. A, CK2 is knocked down by co-transfection of siRNA against
both @and «’ subunits. B, quantitative mass spectrometric measurements of Ser-1067 phosphorylation. SMC3
was immunoprecipitated from siCK2 (both CK2« and CK2a' was knocked down) and siVim (as a control)-
transfected cells. The percentage of Ser-1067 phosphorylation was normalized to that in the siVim cell. C, quan-
titative mass spectrometric measurements of Ser-1083 phosphorylation. SMC3 was purified from siCK2 and
siVim cells with or without IR treatment. Phosphorylation of Ser-1083 in indicated conditions was measured
and normalized to the level in siVim-transfected cells without IR. D, RDS measurements in siCK2 cells and siVim
cells. Sixty hours after siRNA transfection, Hela cells were labeled with '*C for 36 h and then treated with 10 Gy

IR. RDS was measured at the indicated times.

affect intra-S phase checkpoint through modulating Ser-1083
phosphorylation by ATM.

CK2 Phosphorylates Ser-1067 and Promotes Ser-1083 Phos-
phorylation and Intra-S phase Checkpoint Activation—Inspec-
tion of the SMC3 protein sequence revealed that Ser-1067
(*°7SQDE"'7°) conforms to a CK2 phosphorylation consensus
site. CK2 has been implicated in DNA damage response, but its
role in intra-S phase checkpoint activation is not clear. We
tested whether CK2 is required for Ser-1067 phosphorylation
and intra-S phase checkpoint. We inactivated CK2 by siRNA
knockdown of both catalytic subunits CK2«a and CK2«' (Fig.
5A), a condition known to attenuate its activity (7). Quantita-
tive mass spectrometric analysis showed that the Ser-1067
phosphorylation dropped to 20% in CK2 knockdown cells when
compared with that in control cells (Fig. 5B), demonstrating
that CK2 is required for constitutive phosphorylation of SMC3
at Ser-1067.

We used stable isotope-labeled amino acids in cultured
cells coupled with quantitative mass spectrometry to meas-
ure Ser-1083 phosphorylation in CK2 knockdown cells.
Consistent with the observation that S1067A impairs Ser-
1083 phosphorylation in response to IR, CK2 knockdown
also impairs the ability of Ser-1083 phosphorylation to be
induced by IR (Fig. 5C). Although 10 Gy of IR induces an
~17-fold increase in control knockdown cells, it induces
only an ~4-fold increase of Ser-1083 phosphorylation when
CK2 is knocked down (Fig. 5C). These results suggest that
CK2 is responsible for constitutive phosphorylation of Ser-
1067 and promotes IR-induced Ser-1083 phosphorylation.
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spectrometry and phospho-specific
antibody, we show that Ser-1083 is
an ATM site both in vitro and in vivo
and is required for intra-S phase
checkpoint activation. Ser-1067 is
constitutively phosphorylated and
is not IR-inducible but also modu-
lates intra-S phase checkpoint.
Thus, there appears to be interplay
between the two phosphorylation
sites in that constitutive Ser-1067
phosphorylation promotes IR-induced Ser-1083 phosphoryla-
tion, providing an explanation for how a constitutive phospho-
rylation event regulates DNA damage checkpoint. To our
knowledge, this is the first example of a phosphorylation site
that is not IR-induced yet plays a role in DNA damage check-
point. This example provides a cautionary note for the notion
that phosphorylation sites, if they are not IR-induced, are not
important for DNA damage checkpoints. We also identified
CK2 as the kinase that phosphorylates Ser-1067 and found that
CK2 is required for suppression of RDS, thus linking CK2 to
intra-S phase checkpoint through regulation of Ser-1083 phos-
phorylation. However, the molecular mechanism by which
phosphorylated Ser-1067 regulates Ser-1083 phosphorylation
remains unclear.

The Cohesin Complex as a Target of the Intra-S Phase
Checkpoint—We and others previously discovered that SMC1
phosphorylation is an important event in the ATM-NBS1-me-
diated pathway (16, 17). Now our data show that SMC3 is also
phosphorylated in response to IR and that its phosphorylation
is important for suppression of RDS. SMC1 and SMC3 consti-
tute the core of the cohesin complex. Each SMC subunit is
self-folded by antiparallel coiled-coil interaction, creating a
rod-shaped molecule with a hinge domain at one end and an
ATPase head and tail domain at the other end (31). SMC1 and
SMC3 bind to each other tightly through their hinge domains
and bind another cohesin component, SCC1, through their
head domains to form a ring-like structure that has been pro-
posed to encircle the sister chromatids for establishing and
maintaining sister chromatid cohesion (32). Why does the
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intra-S phase checkpoint target the cohesion complex? We do
not know the answer until we identify the downstream targets
of SMC phosphorylation. Could the cohesin complex be the
elusive intra-S phase checkpoint target that regulates the DNA
replication machinery? Cohesion is established in S-phase and
is coupled to DNA synthesis (33). Thus, cohesion is proximal to
the DNA replication machinery. The formation of the ring-like
cohesion structure on chromatin is mediated by ATP hydroly-
sis (34). SMC ATPase head and tail domain and its flanking
coiled-coil region play an important role in cohesion formation.
Since Ser-957 and Ser-966 of SMC1 and Ser-1067 and Ser-1083
of SMC3 are located in this region, it is conceivable that phos-
phorylation of SMC1 and SMC3 may modulate SMC ATPase
function to facilitate the slowdown of DNA synthesis when DSB
is encountered. Such a model awaits the development of an in
vitro ATPase activity assay for the cohesin complex to be tested.
Currently, the cohesin complex exhibits very weak ATPase
activity with the available in vitro assay (35).

Cohesion is also essential for homologous recombination
repair of DSB because the damaged sister chromatid and repair
template must be in close proximity (22, 36). Two recent pub-
lications reported that in response to a DSB in budding yeast,
cohesion is formed de novo near the DSB by loading newly
formed cohesin complex that is different from the S-phase
cohesin (22, 37). Such an event also depends on the MRN com-
plex (37), an important regulator of the intra-S phase check-
point pathway mediated by ATM/SMC. An interesting ques-
tion is whether SMC phosphorylation regulates de novo
cohesion formation in response to DNA damage and whether
de novo cohesion formation is required for intra S phase check-
point activation. The cohesion formed de novo must be
involved in the homologous recombination events dealing with
DSB, including DSB repair. It has been established that SMC1
phosphorylation is essential for survival in response to IR in a
mouse knock-in model (18), which makes SMC1 phosphoryla-
tion, and possibly SMC3 phosphorylation, the only intra-S
phase checkpoint-regulated phosphorylation that is required
for both IR survival and checkpoint activation. Note that even
NBS1 phosphorylation, an upstream element of the intra-S
phase checkpoint pathway, is not required for IR survival,
although it is essential for checkpoint. We propose that SMC1
and SMC3 phosphorylation is at the crossroad of checkpoint
activation and homologous recombination repair of DSB.

Regulation of Intra-S Phase Checkpoint by the CK2 Kinase—
A surprising finding of the present work is that the CK2 kinase
regulates intra-S phase checkpoint by constitutive phosphoryl-
ation of SMC3 at Ser-1067. A role of CK2 in DNA damage
response was implicated in many previous works. We show
here that CK2 knockdown cells as well as cells overexpressing
SMC3-1067A mutant exhibit the RDS phenotype and weak-
ened Ser-1083 phosphorylation. Together these results support
the notion that the CK2 kinase is an intra-S phase checkpoint
protein and suggest that one possible mechanism for its action
is through modulating Ser-1083 phosphorylation.

We do not have sufficient data to explain how phosphoryla-
tion of Ser-1067 “primes” the phosphorylation of Ser-1083, but
we provide two highly speculative models. First, phosphoryla-
tion of Ser-1067 may create a binding site to recruit a DDR
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protein to facilitate SMC3 phosphorylation. Coincidentally,
CK2 phosphorylation creates a binding consensus for the FHA
domain (7), a phosphor-peptide binding domain that is impor-
tant in DNA damage response. Notably, the NBS1 protein con-
tains an FHA domain, which may be recruited to SMC3 by
binding to phosphorylated Ser-1067 and facilitates the phos-
phorylation of SMC3 at Ser-1083 by ATM. The weakened Ser-
1083 phosphorylation in NBS cells is consistent with this
hypothesis. However, we could not detect such an interaction
with biochemical means, probably because such interaction is
too transient to be detected. An in vivo phosphorylation-de-
pendent protein-protein interaction assay may provide a better
approach to address this issue (38). Second, Ser-1067 phospho-
rylation of SMC3 may mark a special region of the chromatin
that must be dealt with in response to DNA damage so that the
nearby Ser-1083 is phosphorylated to activate the checkpoint.
An intriguing possibility is that Ser-1067 phosphorylation
marks the chromatin that is surrounded by DNA replication
late origins. We speculate that creation of the Ser-1067 phos-
phorylation is coupled with replication origin licensing and
DNA replication. Thus, chromatins surrounding all specified
DNA replication origins may initially be marked with Ser-1067
phosphorylated SMC3 during replication origin licensing; after
firing of the early origins, the protein phosphatase associated
with DNA replication machinery (39) removes the phosphoryl-
ation mark, leaving the late origins untouched. Such a model
can be tested with genome-wide tiling array once a chromatin
immunoprecipitation grade Ser-1067 phosphorylation-specific
antibody becomes available and will be a direction to pursue in
the future.
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