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UV-induced DNA damage stalls DNA replication forks and activates the intra-S checkpoint to inhibit
replicon initiation. In response to stalled replication forks, ATR phosphorylates and activates the transducer
kinase Chk1 through interactions with the mediator proteins TopBP1, Claspin, and Timeless (Tim). Murine
Tim recently was shown to form a complex with Tim-interacting protein (Tipin), and a similar complex was
shown to exist in human cells. Knockdown of Tipin using small interfering RNA reduced the expression of Tim
and reversed the intra-S checkpoint response to UVC. Tipin interacted with replication protein A (RPA) and
RPA-coated DNA, and RPA promoted the loading of Tipin onto RPA-free DNA. Immunofluorescence analysis
of spread DNA fibers showed that treating HeLa cells with 2.5 J/m* UVC not only inhibited the initiation of new
replicons but also reduced the rate of chain elongation at active replication forks. The depletion of Tim and
Tipin reversed the UV-induced inhibition of replicon initiation but affected the rate of DNA synthesis at
replication forks in different ways. In undamaged cells depleted of Tim, the apparent rate of replication fork
progression was 52% of the control. In contrast, Tipin depletion had little or no effect on fork progression in
unirradiated cells but significantly attenuated the UV-induced inhibition of DNA chain elongation. Together,
these findings indicate that the Tim-Tipin complex mediates the UV-induced intra-S checkpoint, Tim is needed
to maintain DNA replication fork movement in the absence of damage, Tipin interacts with RPA on DNA and,

in UV-damaged cells, Tipin slows DNA chain elongation in active replicons.

Cancer develops in tissue with active cell proliferation, and
experimental studies demonstrate that S-phase cells are most
susceptible to initiation of carcinogenesis by environmental
carcinogens (19, 28). Mutations and chromosomal aberrations
are induced during the replication of damaged DNA (30, 61).
Sunlight is a ubiquitous environmental carcinogen, contribut-
ing to a million new cases of skin cancer in the United States
yearly. Solar radiation that penetrates the Earth’s atmosphere
includes UVB wavelengths (290 to 320 nm) that damage DNA.
The principal forms of DNA damage induced by UVB and
UVC (240 to 290 nm) are cyclobutane pyrimidine dimers
(CPDs) and 6,4-pyrimidine-pyrimidone photoproducts ([6-
4]PPs). Both photoproducts are mutagenic and block DNA
replication by the replicative DNA polymerases, alpha and
delta. However, the great majority of mutations induced by
UVB in mammalian cells appear to arise at CPDs, consistent
with the more rapid repair of the [6-4]PPs (66). Patients with
xeroderma pigmentosum (XP) display over 2,000-fold-in-
creased incidence rates of skin cancer due to inherited defects
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in repair of UV-induced DNA damage (31, 53). Nucleotide
excision repair of CPDs and [6-4]PPs protects against solar
carcinogenesis by removal of DNA lesions before DNA repli-
cation. Error-free bypass of CPDs by DNA pol eta, a special-
ized translesion DNA polymerase that is mutated in XP-vari-
ant patients (26, 40), also suppresses UV carcinogenesis. The
mechanisms that human cells use to replicate damaged DNA
are, therefore, of considerable interest because, in the process,
heritable genetic alterations are induced and carcinogenesis
may be initiated.

Recent analyses of replication of UV-damaged DNA tem-
plates in various model systems suggest a coordination among
cell cycle checkpoints, recombinational repair, and translesion
synthesis machinery for preserving the integrity of replicating
chromosomes. Irreparable DNA damage induced by UV in
Saccharomyces cerevisiae causes an uncoupling of leading and
lagging strands, producing extended regions of single-stranded
DNA (ssDNA) (39). A similar uncoupling of leading and lag-
ging strands was observed when human cell extracts replicated
a circular DNA molecule containing a single CPD (9, 54), and
evidence for such uncoupling has also been seen for UV-
irradiated human cells (10). Genetic studies with yeast have
revealed a large number of gene products that act to preserve
replication fork structure and sustain DNA replication in the
presence of DNA damage, including the checkpoint kinases,
Mecl and Rad53 (38, 55), factors that promote synthesis
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through DNA lesions by Rad6- and Rad18-dependent means
that include translesion synthesis by DNA polymerases eta and
zeta (20), and a nonrecombinational error-free repair pathway
mediated by Rad5, Mms2, and Ubcl3 (56). Additional com-
ponents, such as the Rad9/Hus1/Radl and RFC/Rad17 com-
plexes, Mrcl (human Claspin), and Tofl (human Timeless
[Tim]) (57), may mediate responses to replicative stresses.
Mrcl and Tofl promote replication fork progression and re-
covery from replicative stress in budding yeast (57), and their
human counterparts, Claspin and Tim, have been shown to
mediate the intra-S checkpoint response to UV (7, 58). Murine
Hus1 has been shown to contribute to the intra-S checkpoint
response to UV- and benzo[a]pyrene diolepoxide-induced
DNA damage (62) and to the inhibition of DNA chain elon-
gation in cells treated with high doses of ionizing radiation
(IR) and camptothecin (60). Cells have evolved an elaborate
and complex system to coordinate responses to DNA damage
during DNA replication.

Human cells respond to various forms of DNA damage with
a stereotypical inhibition of replicon initiation (29). The in-
tra-S checkpoint response to UV differs from the response to
IR in that ATM and the Mre11/Rad50/Nbs1 complex are not
required for the response to UV (22). Instead, ATR signals
through Claspin (7), Tim (58), and Chk1 (22) to inhibit repli-
con initiation. The intra-S checkpoint response reduces the
numbers of active replicons in UV-damaged S-phase cells,
thereby reducing the probability that replication forks encoun-
ter UV-induced [6-4]PPs and CPDs before these potentially
mutagenic and clastogenic lesions can be repaired. The S.
cerevisiae homologue of Tim, Tof1, is known to form a stable
complex with Csm3, and the two proteins stabilize DNA rep-
lication forks when DNA is damaged (16, 41, 46). Swil, the
fission yeast homologue of Tofl, forms a complex with Swi3
(homologous to Csm3), which stabilizes arrested replication
forks in a configuration that is recognized by the replication
checkpoint sensors (48, 49). The Swil/Swi3 complex mediates
the activation of Cdsl, the fission yeast homologue of budding
yeast Rad53 and human Chk2 (also known as hCdsl). The
Tof1/Csm3 and Swil/Swi3 complexes associate with stalled
replication forks (5, 32, 47), the Swil/Swi3 complex is associ-
ated with the Hsk-Dfp1/Him1 kinase that regulates the initia-
tion of DNA synthesis (41), and the Tofl/Csm3 complex par-
ticipates in the establishment of sister chromatid cohesion (42,
64). The mammalian orthologue of Csm3/Swi3 is Tim-inter-
acting protein (Tipin) (17). Several recent studies show that
Tim forms a complex with Tipin in human cells, and this
complex mediates the intra-S checkpoint response to DNA
damage (8, 18, 65). Here, we show that Tim and Tipin form a
heterodimeric complex in human cells that coordinates the
intra-S checkpoint response to UV-induced DNA damage.
The intra-S checkpoint appears not only to inhibit the initia-
tion of downstream replicons but also to slow DNA chain
elongation in active replicons.

MATERIALS AND METHODS

Plasmids. A OneStep reverse transcription-PCR kit from QIAGEN was used
to clone a human Tipin cDNA from total RNA, which was isolated from HeLa
cells. pcDNA3-Flag-Tipin was constructed using an N-terminal PCR primer that
has a Flag sequence. The human Tipin cDNA was amplified from total RNA by
using primers 5'-GATCGGATCCAGGATGGACTACAAGGACGACGATG
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ACAAGCTAGAACCACAGGAGAATGGC-3' and 5'-GATCCTCGAGTTAT
CTAGCTTCAGTAATATTTCTGG-3'. The PCR product was digested with
BamHI and Xhol and inserted into a mammalian expression vector, pcDNA3
(Invitrogen).

A pFast-His-Flag-Tipin construct was generated by inserting the same PCR
product that was described above into a pFastBacHTb expression vector to
express Tipin in insect cells. The BamHI- and Xhol-digested insert was ligated to
pFastBacHTb through the same sites.

pcDNA3-Flag-Tipin was used as a template for PCR amplification of Tipin to
generate a pFast-His-Tipin construct. The PCR product was digested and ligated
into the pFastBacHTDb vector by using primers 5'-GATCTCTAGACTAGAAC
CACAGGAGAATGGC-3" and 5'-GATCGGTACCTTATCTAGCTTCAGTA
ATATTTCTGG-3'. The PCR product was ligated into vector through the Xbal
and Kpnl sites, and the N-terminal His tag was obtained from the sequence
within the pFastBacHTb vector (GIBCO/BRL) backbone.

The pcDNA4.1-Flag-Tim mammalian expression vector (58) was used as a
template for amplification of Tim by PCR. The PCR product was digested and
ligated into pFastBacHTb to generate pFast-His-Flag-Tim for the expression
and purification of His-Flag-Tim from insect cells by using an N-terminal PCR
primer that has a Flag sequence. The primers used were 5'-ACTTCTAGAAG
GATGGACTACAAGGACGACGATGACAAGGACTTGCACATGATGAA
CTGTGAAC-3" and 5'-ACTGGTACCTCAGTCATCCTCATCATCCTCAAT
CTGG-3'. The PCR product was amplified with Platinum Pfx DNA polymerase
(Invitrogen) and then digested with restriction enzymes Xbal and Kpnl.

pl1d-tRPA Escherichia coli expression vector was used as a template for
amplification of Flag-RPA34 by using primers 5'-GATCGGATCCAGGATGG
ACTACAAGGACGACGATGACAAGTGGAACAGTGGATTTCGAAAG
C-3" and 5'-GATCTCTAGATTATTCTGCATCTGTGGA-3'. The PCR prod-
uct was digested with BamHI and Xbal restriction enzymes and ligated into the
pcDNA3 (Invitrogen) mammalian expression vector through the same enzyme
sites to generate N-terminal Flag epitope-tagged RPA34.

pcDNA4-Flag-XPA was constructed using an N-terminal PCR primer that has
a Flag sequence. The XPA cDNA was amplified by using primers 5'-CTAGGA
GGATCCACCATGGATTACAAAGACGATGACAAGGCGGCGGCCGAC
GGGGCTTTG-3" and 5'-CGCGCTCGAGCATTTTTTCATATGTCAG-3'. The
PCR product was digested with BamHI and Xhol and inserted into the pcDNA4a
(Invitrogen) mammalian expression vector.

We received pBSChk1 from Stephen Elledge. Chk1 was amplified by using the
following primers: 5'-TGTGGTGGAATTCCTCGAGATGGCAGTGCCCTTT
GTGG-3' and 5'-CGGGTTTAAACGTTAACTCACTTATCGTCATCGTCCT
TGTAGTCCATACCCTCGAGTGTGGCAGGAAGCCAAAC-3'. The 3’ primer
contains the Xhol site, a Flag epitope, and a Pmel site. The recipient vector,
pcDNA4MycHis, was digested from EcoRI and Pmel sites to remove the Myc and
His tags. The PCR product and vector were digested with EcoRI and Pmel, gel
purified, and then ligated together to generate pcDNA4-Chk1-Flag.

Cell lines and antibodies. Mammalian cell lines were maintained in Dulbec-
co’s minimal essential medium (DMEM) with 10% fetal bovine serum at 37°C in
a humidified atmosphere of 5% CO,. A monolayer of Sf21 insect cells (Invitro-
gen) was grown in Grace’s insect medium (GIBCO/BRL) supplemented with
10% fetal bovine serum. Rabbit polyclonal anti-Tim antibody was generated as
described previously (63). Monoclonal anti-Flag antibody was purchased from
Sigma. Phosphospecific anti-Chk1 antibody (P-S345) was purchased from Cell
Signaling. Anti-actin antibody was purchased from Santa Cruz Biotechnology,
Inc. Monoclonal anti-His antibody was purchased from Abgent.

Expression and purification of recombinant proteins. Baculovirus for expres-
sion of Flag-Tim was generated with a Bac-to-Bac baculovirus expression system
(GIBCO/BRL) and protocols suggested by the manufacturer. The optimal mul-
tiplicity of infection for recombinant virus was empirically determined. Mono-
layered Sf21 insect cells were infected with virus and harvested 48 h later. The
cells were washed with phosphate-buffered saline (PBS) and lysed in 20 packed-
cell volumes of lysis buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 10 mM
B-glycerophosphate, 10% glycerol, 1% Tween 20, 0.1% NP-40, 1 mM Na;VO,,
1 mM NaF, and protease inhibitors [Roche Molecular Biochemicals]) for 30 min
on ice. After centrifugation at 32,000 X g for 30 min, the supernatants were
incubated with anti-FLAG agarose (Sigma) overnight at 4°C. The resin was
washed three times with washing buffer that contained 50 mM Tris-HCI (pH 7.5)
and 300 mM NaCl; the proteins were eluted in elution buffer (50 mM Tris-HCl
(pH 7.5), 150 mM NaCl, protease inhibitors, 200 wg/ml of Flag peptide [Sigmal).
For purification of the Tim-Tipin complex, cells were coinfected with viruses
expressing Flag-Tim and His-Tipin. The complex was first bound to Ni-nitrilo-
triacetic acid (NTA) agarose (QIAGEN) for 2 h at 4°C and protein eluted with
50 mM Tris-HCI (pH 7.5), 150 mM NacCl buffer containing 200 mM imidazole.
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The eluate was then purified with anti-FLAG agarose, and protein was eluted
with elution buffer as described above.

Purification of the Tim-Tipin-RPA complex. The Tim-Tipin complex was first
sequentially purified from insect cells as described above; before the Flag-pep-
tide elution step, the Flag-beads were incubated for one hour on ice with re-
combinant replication protein A (RPA) that was purified from E. coli. The resin
was then washed three times with washing buffer that contained 50 mM Tris-HCl
(pH 7.5) and 300 mM NaCl, and the protein complex was eluted in elution buffer
(50 mM Tris-HCI [pH 7.5], 150 mM NaCl, protease inhibitors, 10% glycerol, 200
pg/ml of Flag peptide).

Immunoprecipitation assays. HEK293T cells were either singly transfected or
cotransfected with the indicated plasmids by a calcium phosphate method. After
16 h of incubation at 37°C, the cells were washed twice in serum-free DMEM,
fresh medium was added, and the cells were incubated for another 48 h. The cells
were lysed for 30 min in ice-cold lysis buffer (described above). Lysates were
clarified by centrifugation at 30,000 X g, and the supernatants were incubated
with anti-FLAG M2 affinity gel (Sigma) at 4°C overnight. Protein-bound beads
were then washed three times with washing buffer (50 mM Tris-HCI [pH 7.5], 150
mM NaCl), and bound proteins were eluted with TBS buffer containing 200
pg/ml of Flag peptide (Sigma).

siRNA. The small interfering RNA (siRNA) duplexes were 21 bp, including a
2-base deoxynucleotide overhang. The sequences of the Tim siRNA oligonucle-
otides were GUAGCUUAGUCCUUUCAAAATAT and UUUGAAAGGACU
AAGCUACATJT, and the Tipin siRNA oligonucleotides were UGAUUGACC
UACCAGAUUAJTAT and UAAUCUGGUAGGUCAAUCAJTJT (synthesized
by Dharmacon Research, Inc.). Where transfections with control siRNA are indi-
cated, Dharmacon’s siCONTROL Non-Targeting siRNA #2 (catalog number
D-001210-02) was used.

For transfections, HeLa cells were plated in 6-cm tissue culture plates and
transfected at 40% confluence with the siRNA duplex, by using Oligofectamine
(Invitrogen) transfection reagent and following the manufacturer’s suggested
protocol. Transfections were repeated 24 h later, and cells were analyzed 72 h
after the first transfections.

Gel mobility shift assay. RPA purified from E. coli or His-Tipin purified from
insect cells at the indicated concentrations were incubated with 5 fmol of 50-bp
duplex DNA for 30 min at 30°C in a 10-pl reaction mixture; the preparation and
sequence of the DNA duplex and the composition of the incubation reactions
were described previously (33). In supershift assays, antibodies were mixed with
the proteins before the addition of the DNA to the reactions. Glycerol was added
to a concentration of 8.5%, and samples were resolved by electrophoresis in a 5%
nondenaturing polyacrylamide gel at room temperature and a constant current
of 25 mA in 1X Tris-borate-EDTA buffer as described before (33). The gel was
dried and exposed to PhosphorImager screening (Amersham Biosciences).

Generation of Tet-inducible stable cell lines. To generate tetracycline (Tet)-
inducible expression of Tipin, Flag-Tipin cDNA was cloned into BamHI-Xhol
sites of the vector pcDNAS/FRT/TO (Invitrogen). This construct was then co-
transfected with the Flp recombinase expression plasmid pOG44 into the Flp-In
T-REx 293T cell line (Invitrogen). This cell line stably expresses the Tet repres-
sor and contains a single integrated FRT (Flp recombination target) site. Flp
recombinase expression from the pOG44 vector mediated insertion of Flag-Tipin
into the genome at the integrated FRT site through site-specific DNA recombi-
nation. After 48 h, transfected cells were selected for resistance to 150 pg/ml
hygromycin B and 15 pg/ml blasticidin. Cell clones appeared after 10 to 15 days.
Isogenic pooled clones were expanded and used for induction of Flag-Tipin by
Tet (Sigma). A similar strategy was used to generate stable transfectants with
empty plasmid pcDNAS/FRT as control clones.

Radioresistant DNA synthesis assay. HeLa cells were plated (2 X 10° per 6-cm
tissue culture dish) in 4 ml of DMEM containing 10 nCi/ml of [**C]thymidine
(ICN Radiochemicals)/ml to uniformly label DNA. The next day, cells were
transfected with siRNA oligomers in the presence of ['*C]thymidine. The me-
dium containing [**C]thymidine was replaced the following day with fresh me-
dium, and cells were transfected for the second time with siRNA oligonucleo-
tides. Twenty-four hours later, cells were either unirradiated or irradiated with
UVC (2.5 J/m?) and incubated at 37°C for 30 min before incubation with 25
wCi/ml of [*H]thymidine/ml for 15 min. Cells were then processed for determi-
nation of [*H]/[!*C] ratios as previously described (22).

Immunofluorescence microscopy of DNA fibers. Cells were double labeled by
incubation, first in medium with 100 uM IdU for 10 min, and second after
treatment with 2.5 J/m? UVC, in 50 pM CIdU for 20 min. DNA spreads were
made as described previously (24), with certain modifications. Briefly, the cells
were trypsinized and resuspended in ice-cold PBS at ~200 to 400 cells/pl. Two
microliters of cell suspension was spread on a Silane-Prep slide (S4651; Sigma-
Aldrich), close and parallel to the label. The sample was allowed to evaporate
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FIG. 1. Tim forms a complex with Tipin. (A) Tim-Tipin interaction
in mammalian cells. HEK293T cells were transfected either with Flag-
Tim or with His-Tipin or were cotransfected with Flag-Tim and His-
Tipin and then immunoprecipitated (IP) with anti-Flag antibodies.
Immunoprecipitates were separated by SDS-polyacrylamide gel elec-
trophoresis (PAGE) and then immunoblotted with antibodies to Flag
and His as indicated. Input represents 1/30 of the cell lysates used for
immunoprecipitation. (B) Purification of Tim-Tipin complex. Insect
(S£21) cells were coinfected with baculoviruses expressing His-Flag-
Tim and His-Tipin, and proteins from extracts were first collected with
Ni-NTA agarose and eluted with 200 mM imidazole. The eluates were
then collected with anti-Flag agarose, and proteins were eluted by Flag
peptide. The profile of the purified complex was visualized on a silver-
stained SDS-polyacrylamide gel.

until almost but not completely dry and was then overlaid with 10 pl of spreading
buffer (0.5% sodium dodecyl sulfate [SDS] in 200 mM Tris-HCI [pH 7.4], 50 mM
EDTA). After ~10 min, the slide was tilted at ~15° to allow the cell lysate to
slowly move down the slide, and the resulting DNA spreads were air dried, fixed
in 3:1 methanol/acetic acid for 2 min, and refrigerated overnight.

Modifications of published protocols were used for staining of DNA fibers (1,
51, 59). Briefly, each slide set included control samples from cells labeled with
CldU alone or IdU alone, and the person doing the immunolabeling and scoring
of fibers did not know the identity of the samples (i.e., a single-blind study). The
slides were treated with 2.5 M HCI for 30 min, washed several times in PBS, and
blocked in 2% bovine serum albumin in PBS for 60 min. The slides were
incubated at room temperature with the antibodies indicated below, rinsed three
times in PBS, and incubated for 30 min in blocking buffer between each of the
following incubations: (i) 1 h in 1:250 rat antibromodeoxyuridine (detects CldU)
(OBT0030; Accurate) plus 1:250 mouse antibromodeoxyuridine (detects IdU)
(Becton Dickinson), (i) 30 min in 1:300 Alexa Fluor 488-conjugated chicken
anti-rat antibody (Molecular Probes) plus 1:400 Alexa Fluor 594-conjugated
rabbit anti-mouse antibody, and (iii) 30 min in 1:250 Alexa Fluor 488-conjugated
goat anti-chicken antibody plus Alexa Fluor 594-conjugated goat anti-rabbit
antibody. In addition, prior to the blocking step between the first and second
antibody incubations, the slides were placed for 10 min in a stringency buffer
containing 10 mM Tris HCI (pH 7.4), 400 mM NaCl, 0.2% Tween 20, and 0.2%
NP-40 to remove any nonspecifically bound primary antibodies. The slides were
rinsed three times in PBS and mounted in antifade reagent (UNC Microscopy
Core). Microscopy was carried out using an Olympus FV500 confocal micro-
scope in sequential scanning mode.

When analyzing red and green track lengths, we tested whether two group
means fell within a certain range in various binary comparisons. This range was
taken to be 0.6 wm, as measurements of green track lengths in five different
experiments under the same conditions used in this analysis yielded an average
of 5.7 = 0.6 wm. The null hypothesis was formulated as Hy: p; — p, = 0.6 wm,
where ., and p, are the mean track lengths for groups 1 and 2, respectively. The
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FIG. 2. Loss of Tipin downregulates the expression level of Tim and attenuates Chk1 activation. (A) Tet-inducible expression of Flag-Tipin.
Proteins were induced in the presence of Tet (1 mM) for 24 h and detected with anti-Flag antibodies (upper panel). HEK293T cells with inducible
expression of Flag-Tipin and the control cell line expressing vector only were transfected with scrambled control or Tipin siRNA two times over
a 3-day period. Forty-eight hours after the initial transfection, cells were treated with Tet or left untreated. A vector-expressing cell line (Mock)
was used as a negative control for inducible protein expression and positive control for the siRNA treatment, where reduced expression of Tim
in Tipin siRNA-treated cells can be seen as a result of successful knockdown of endogenous Tipin (lane 2). Cell lysate proteins (80 ng) were
immunoblotted with anti-Tim, anti-Flag, and anti-actin antibodies (lower panel). Cnt, control. (B) Tipin is required for HU-induced Chk1
activation. HeLa cells were transfected with control, Tim, or Tipin siRNA two times over a 3-day period. Seventy-two hours after the initial
transfection, cells were treated with 10 mM HU for 1.5 h or left untreated. Cell lysate proteins (150 pg) were immunoblotted with anti-Tim,

anti-Chk1-phosphoS345, and antiactin antibodies.

alternative hypothesis was H;: p; — w, > 0.6 pm. The test can be considered an
intersection-union test which involves two one-sided ¢ tests, each at the 0.05
significance level. Each test returned a P value, and the overall P value was the
minimum of the two.

RESULTS

Tipin forms a complex with Tim. To investigate the inter-
action of human Tim with Tipin, we generated plasmids for
expressing Flag-tagged Tim and His-tagged Tipin in mamma-
lian cells and tested the interaction by cotransfection in
HEK293T cells. Tim was immunoprecipitated with anti-Flag
resin, and the immunoprecipitates were analyzed for His-tagged
Tipin. As shown in Fig. 1A, Tim and Tipin interact specifically.
To confirm and analyze the nature of the interaction, the
Tim-Tipin complex was purified from insect cells by sequential
immunoaffinity chromatography. Silver staining of the purified
complex (Fig. 1B) showed that Tim and Tipin were in a stable
protein complex at a 1:1 ratio following Flag-peptide elution.
The sequential immunoaffinity chromatography procedure
also yielded pure His-Tipin that was free of Tim in the
flowthrough of the Flag-binding, and this His-Tipin was used in
gel mobility shift assays.

Tim and Tipin are required for the intra-S checkpoint re-
sponse to UV. Knockdown of Tim in HeLa cells was shown

previously to attenuate the replication checkpoint response to
hydroxyurea (HU) and the intra-S checkpoint response to UV
(58). siRNA-mediated knockdown was used to determine the
role of the Tim binding partner Tipin in these checkpoint
responses. To establish an effective siRNA for knockdown of
Tipin, HEK293T cells were engineered to express Flag-Tipin
under the control of a Tet-responsive promoter (Fig. 2A). The
addition of Tet to culture medium induced expression of Flag-
Tipin, and this induction was reversed by transfection of Tipin
siRNA (Fig. 2A, lane 8) as measured by anti-Flag immuno-
blotting. Knockdown of Tipin by siRNA in cells expressing
Flag-Tipin caused a significant downregulation of Tim as well
(Fig. 2A, lanes 7 and 8). When 293 cells carrying the empty
Flag expression vector were treated with Tipin siRNA, the Tim
immunoblot showed that Tipin siRNA caused a significant
downregulation of Tim relative to treatment with the scram-
bled-control siRNA (Fig. 2A, lanes 1 and 2). The downregu-
lation of Tim seen in the vector-control cell line confirmed the
successful knockdown of endogenous Tipin. Given the results
described above, that Tipin and Tim form a stable complex in
human cells, this downregulation suggests that endogenous
Tim is destabilized in the absence of Tipin.

To determine whether Tipin contributes to checkpoint re-
sponses, HeLa cells were transfected with either Tim or Tipin
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FIG. 3. Knockdown of Tipin attenuates the intra-S checkpoint re-
sponse to UV. (A) Tipin is required for UV-induced Chk1 activation.
HeLa cells were transfected with scrambled control (Cnt), Tim, or
Tipin siRNA two times over a 3-day period. Seventy-two hours after
the initial transfection, cells were treated with either 10 mM HU for
1.5 hor UV (6 J/m?) for 1 h or were left untreated. Cell lysate proteins
(150 ng) were immunoblotted with anti-Tim and anti-Chk1-phos-
phoS345. (B) HeLa cells that were transfected with scrambled control,
Tim, and Tipin siRNA were grown in the presence of [**C]thymidine
for 40 h to label DNA uniformly until the second transfection and then
grown in nonradioactive medium for an additional 24 h. Cells were
exposed to UV (2.5 J/m?) or left untreated, incubated at 37°C for 30
min, and then labeled for 15 min in medium containing [°H]thymidine.
Relative DNA synthesis was estimated from the incorporated [*H]thy-
midine normalized to total DNA by the '“C radioactivity. Data are
expressed as percentages of the control samples (no UV irradiation)
and plotted as means * standard deviations (SD; n = 3). *H/"*C ratios
in untreated cells were 67 = 21% and 41 = 21% (mean * SD) of the
scrambled control cells for Tim and Tipin knockdown cells, respec-
tively.

siRNA, and checkpoint signaling was monitored after treat-
ment with HU. As previously reported (58) knockdown of Tim
reduced the phosphorylation of Chkl in response to replica-
tion stress (Fig. 2B). Similarly, transfection of Tipin siRNA
attenuated phosphorylation of Chk1 in response to HU. Trans-
fection of Tipin siRNA also reduced the expression of Tim in
HelLa cells.

The intra-S checkpoint response to UV was monitored by
immunoblot analysis of Chkl phosphorylation and quantifica-
tion of the incorporation of [*H]thymidine 30 to 45 min after
irradiation of HeLa cells with 2.5 J/m? (Fig. 3). Previous stud-
ies showed that knockdown of Tim in HeLa cells did not
increase Chkl phosphorylation (58), and so the variation in
phospho-Chk1 in undamaged cells as demonstrated in Fig. 3A
probably reflected biological or experimental variation. Knock-
down of Tim and Tipin attenuated the phosphorylation of
Chkl1 in response to UVC (Fig. 3A). Cells transfected with a
scrambled control siRNA responded to UV with 33% inhibi-
tion of DNA synthesis (Fig. 3B). As demonstrated previously
(58), knockdown of Tim significantly attenuated this response.
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After knockdown of Tipin, DNA synthesis in UV-treated cells
occurred at 95% of the rate measured in untreated control
cells (Fig. 3B). Knockdown of Tipin reduced the overall rate of
DNA synthesis by 59% (measured as the *H/**C ratio; Fig. 3
legend) consistent with a similar value (45%) reported by Yo-
shizawa-Sugata and Masai (65). Knockdown of Tim also inhib-
ited DNA synthesis by 33%, similar to the value of 14% re-
ported by Gotter et al. (18). The results indicate that DNA
replication and intra-S checkpoint response to UV were dis-
turbed by the knockdown of Tipin and Tim.

Tipin interacts with RPA on DNA. Searches for conserved
domains within Tipin found a 34-amino-acid domain that re-
sembles a sequence contained within XPA (16), a protein that
is essential for nucleotide excision repair. The 53-amino-acid
N-terminal region of XPA that shares homology to Tipin has
been mapped to bind the 34-kDa subunit of RPA (23, 43) (Fig.
4A). Therefore, we tested for Tipin-RPA interaction in vivo
and in vitro. HEK293T cells were transfected with empty plas-
mid or plasmids expressing Flag-Tim, Flag-Tipin, or Flag-
RPA34, and anti-Flag immunoprecipitates were probed for
the RPA70 subunit. As seen in Fig. 4B, a significant amount of
RPA70, the large subunit of the RPA complex, was present in
the anti-Flag immunoprecipitates only from cells that overex-
pressed Flag-Tipin and Flag-RPA34. These in vivo data show
that Tip binds to RPA, a key protein for DNA replication and
repair.

To further test for direct Tipin-RPA interaction, we ex-
pressed Flag-Tim and Flag-Tipin in Sf21 insect cells, isolated
protein by immunoprecipitation, and then incubated the pro-
tein with recombinant RPA (all three subunits) purified from
E. coli. As seen in Fig. 4C, RPA specifically bound Tipin but
not Tim in vitro, leading us to conclude that the Tipin-RPA
interaction is a direct interaction and that Tipin may mediate
the interaction of Tim with RPA. We tested the prediction that
Tipin might mediate the interaction between Tim and RPA by
reconstituting the tertiary complex with the purified Tim-Tipin
complex (from Fig. 1B) and purified RPA (from E. coli). We
observed that the Tim-Tipin complex indeed was able to bind
to RPA, while Tim alone was not (Fig. 4D). Taken together,
these data suggest that Tipin, the small binding partner of Tim,
binds to RPA. The Tim-Tipin complex is stable upon interac-
tion of Tipin, with RPA leading to the formation of a Tim-
Tipin-RPA ternary complex.

To determine whether the interaction between Tipin and
RPA was influenced by DNA damage and whether the Tipin-
RPA interaction might modulate excision repair by competing
with XPA for binding to RPA, we compared the binding of
RPA to Tipin and XPA before and after treating HEK293T
cells with UV (Fig. 5A). Tipin had an affinity for RPA34 that
was similar to that of XPA, but the interaction of RPA34 with
Tipin and XPA was not altered by treatment with UV. This
result suggests that binding of Tipin to RPA, at least in the
soluble nucleoplasm, is not stimulated by posttranslational
modifications in response to DNA damage. Flag-Chk1 served
as a negative control, since its affinity for endogenous RPA34
was no more than that of the vector control. To assess binding
stoichiometries and compare the affinities of XPA and Tipin to
RPA, purified proteins were mixed in vitro and then immuno-
precipitated with anti-RPA34 antibody. Assessments of com-
plex formation after silver staining of the gel indicated that
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FIG. 4. Interaction of Tipin with RPA. (A) Schematic representation of human Tipin protein with proline-rich and RPA-binding domains and
protein sequence alignment of XPA and Tipin homology regions. (B) Tipin-RPA interaction in mammalian cells. HEK293T cells were transfected
with vector (Mock; lane 4) or plasmids expressing Flag-Tim (Flag-TIM; lanel), Flag-Tipin (Flag-TIP; lane 2), and Flag-RPA34 (lane 3). Flag
immunoprecipitates (Bound) as well as the whole-cell extract (Input) were separated by SDS-PAGE and blotted with anti-Flag and anti-RPA70
antibodies. Asterisks (*) indicate the heavy and light chains of the anti-Flag antibody. Input represents 1/30 of the cell lysates used for
immunoprecipitation. (C) Tipin-RPA interaction in vitro. Insect cells (Sf21) were either uninfected (Mock; lane 1) or infected with viruses
expressing Flag-Tim (lane 2) and Flag-Tipin (lane 3). Flag-purified proteins were incubated with 3.5 pg of RPA while still on the beads overnight
at 4°C, and then the Flag agarose beads were washed three times. The bound proteins were eluted with Flag peptide and separated by SDS-PAGE
and blotted with anti-Flag and anti-RPA34 antibodies. (D) Formation of Tim-Tipin-RPA complexes. Insect cells were either coinfected with
viruses expressing Flag-Tim and His-Tipin (lane 1) or infected only with Flag-Tim virus (lane 3). The Tim-Tipin complex was purified by
chromatograpy with Ni-NTA-agarose and anti-Flag agarose as described in Materials and Methods. Tim was purified by chromatography with
anti-Flag agarose. Proteins bound to beads were incubated with RPA (lanes 1 and 3) on ice for one hour. After extensive washing, the proteins
bound to beads were eluted with Flag peptide, and an aliquot of the first elution was analyzed by SDS-PAGE followed by silver staining. The second

lane contains 1/15 of the RPA used in the binding assay.

similar levels of XPA and Tipin were immunoprecipitated in
what appeared to be 1:1 complexes with RPA34 and RPA70
(Fig. 5B), indicating that Tipin binds to RPA with the same
avidity as XPA through a similar binding module. However,
the significance of this finding for checkpoint-repair coordina-
tion is unclear at present. A competition assay indicated that
the addition of increasing concentrations of Tipin to mixtures
containing RPA and XPA produced decreasing amounts of
XPA in anti-RPA immunoprecipitates (results not shown).
Thus, Tipin appeared to compete with XPA for binding to
RPA. DNA binding studies were performed to investigate the
potential functional significance of the Tipin-RPA interaction.
RPA and XPA are among the major damage recognition pro-
teins involved in the early stage of nucleotide excision repair.
RPA and XPA are able to bind damaged DNA independently,
although the RPA interaction stimulates XPA binding to dam-
aged DNA (21). Along this line, we tested the binding of Tipin
to DNA in the presence or absence of RPA by gel mobility
shift assays using 50-bp duplex DNA. Tipin alone did not bind
to double-stranded DNA, but it bound to DNA in the presence
of RPA (Fig. 6, lanes 5 and 6). Two additional retarded bands
were observed when Tipin was included with RPA, perhaps
representing DNA molecules with one or two molecules of
bound Tipin. The formation of DNA-protein complexes was
verified by supershifting the complexes with anti-His antibod-
ies for Tipin binding and with anti-RPA70 antibodies for RPA

binding (Fig. 6, lanes 7 and 8). The two higher-mobility DNA
bands in lane 6 were shifted by anti-His antibody but not
anti-RPA70 antibody, suggesting that both higher-mobility
forms were free of RPA. Lane 6 also shows a DNA-protein
band with mobility similar to that of the one formed with RPA
in the absence of Tipin (lane 2). This slower-mobility band in
lane 6 was also shifted with anti-His antibody, suggesting that
Tipin associated with RPA-DNA complexes. We tested the
binding of Tipin to naked and RPA-covered ssDNA; Tipin
bound to naked ssDNA with low affinity, and binding was
stimulated in the presence of RPA (data not shown). These
data suggest that Tipin interacts with RPA on DNA and that
RPA facilitates binding of Tipin to DNA but does not remain
bound to Tipin-DNA complexes during gel electrophoresis.
The binding of Tipin to DNA and to RPA-DNA complexes
may enable the Tim-Tipin complex to carry out its fork-stabi-
lizing function.

Replication dynamics after knockdown of Tim and Tipin.
The yeast homologues of Tim and Tipin form a replication
fork protection complex that stabilizes replication forks under
stress. To further explore the roles for human Tim and Tipin in
regulation of DNA replication, an immunofluorescence mi-
croscopy method used spread DNA fibers to visualize replica-
tion dynamics in UV-damaged cells. HeLa cells were incu-
bated with IdU for 10 min before treatment with 2.5 J/m* UV
and with CldU for 20 min after treatment. Through the use of
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FIG. 5. Tipin and XPA bind to RPA with comparable affinities.
(A) UV damage does not stimulate the interactions between either
XPA and RPA or Tipin and RPA. HEK293T cells transfected with
vector (Cnt), Flag-Tipin (Tip), Flag-XPA (XPA), or Flag-Chk1 (Chk1)
were either left untreated or treated with UV and then lysed 1 h later.
An equal amount of cell lysate (2 mg) was immunoprecipitated with
anti-Flag agarose and separated by SDS-PAGE. Flag immunoprecipi-
tates (Bound) as well as the whole cell extract (Input) were blotted
with anti-Flag and anti-RPA34 antibodies. Input represents 1/30 of the
whole-cell lysate used for immunoprecipitation. (B) Tipin and XPA
bind to RPA in vitro with comparable affinities. RPA protein (10 pg)
was either mixed with 2 ug of XPA (RPA+XPA; lane 3), 2 pg of Tipin
(RPA+TIP; lane 4), 2 wg of Tipin and 2 pg XPA (RPA+XPA+TIP;
lane 5), or 2 pg of Tim (RPA+TIM; lane 6). Immunoprecipitation
experiments were carried out with anti-RPA34 antibody. A fraction of
bound proteins was separated by SDS-PAGE and visualized by silver
staining. Input lane contains 1/10 of the amount of XPA, Tipin, and
Tim and 1/40 of that of RPA used in the binding assay (lane 2).
Asterisks (*) indicate the heavy and light chains of the anti-RPA34
antibody.

appropriate antibodies and fluorescent tags, tracks of IdU-
labeled DNA were colored red, and tracks of CldU-labeled
DNA were colored green (Fig. 7A). After cell lysis and the
spreading of DNA fibers, it was possible to visualize the prod-
ucts of DNA synthesis at replication forks that were active
before treatment with UV (IdU labeled only, colored red),
after treatment (CIdU labeled only, colored green), or before
and after treatment (IdU and CldU labeled, colored red adja-
cent to green).

A prior study showed that ionizing radiation reduced the
fraction of green-only tracks in HeLa cells (44), consistent with
a reduction in the rate of replicon initiation as a consequence
of ATM-dependent intra-S checkpoint signaling (14, 50). We
recently reported that a low fluence of UVC produced an
ATR- and Chkl-dependent reduction in the frequency of
green-only tracks (6), demonstrating that the method is capa-
ble of detecting the intra-S checkpoint response to UV. When
HeLa cells were transfected with a nontargeting control
siRNA, UV treatment caused a 64% reduction in the fraction
of green-only tracks, indicative of an effective intra-S check-
point response that inhibits replicon initiation (Fig. 7B; Table
1). Knockdown of Tim and Tipin reversed the UV-induced
inhibition of replicon initiation; irradiation had no effect on the
fractions of green-only tracks in Tim- or Tipin-depleted cells
(Table 1).

Analysis of the lengths of red and green tracks provides a
measure of replication fork displacement rates. Knockdown or
knockout of Chk1 expression was recently shown to reduce the
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DNA only.

rate of fork displacement by about 50% in several vertebrate
cell lines (52), and inactivation of Rad53 and Tof1 in budding
yeast also reduced the fork displacement rate (57). While the
analysis of inhibition of replicon initiation did not identify a
difference between the Tim and Tipin knockdowns in response
to UV (Fig. 3 and 7), analysis of fork displacement rates re-
vealed a highly significant separation of function.

The lengths of red tracks that were adjacent to green tracks
but labeled before irradiation were measured (Table 2); there
were no differences between red track lengths in sham- and
UV-treated cells, and so the results from both treatment con-
ditions were combined. An analysis of red track lengths dem-
onstrated that knockdown of Tim reduced fork displacement
rates by 48% (P < 0.001; Table 2), while knockdown of Tipin
produced a nonsignificant 11% reduction (P = 0.57; Table 2).
Thus, the effect of Tipin and Tim knockdowns on the rate of
replication fork displacement varied significantly, even before
the cells were exposed to UV.

UV caused a significant inhibition of DNA synthesis in rep-
licons that were active at the time of irradiation in the nontar-
geted control cells. When control siRNA-treated cells were
irradiated with 2.5 J/m? of UV, the average length of the green
tracks that were adjacent to red tracks was reduced by 51%,
from 5.8 pm to 2.9 wm (Table 2). Thus, UV-induced damage
to DNA templates reduced the rate of replication fork pro-
gression. There was less inhibition of fork displacement rate
after UV irradiation in the Tim-depleted cells. Because fork
displacement in Tim-depleted cells was significantly reduced
before UV irradiation, the lack of UV-induced inhibition of
green track lengths may simply indicate that replication forks
encountered fewer lesions during the 20-min postirradiation
incubation. Cells with knockdown of Tipin appeared to be
resistant to UV-induced inhibition of replication fork progres-
sion, and green track lengths in UV-treated, Tipin-depleted
cells exceeded the track lengths in UV-irradiated, nontargeted
control cells. In Tipin-depleted cells, replication forks moved
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FIG. 7. Knockdown of Tim and Tipin reverses the inhibition of replicon initiation in UV-treated HeLa cells. (A) Left, schematic illustration
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knocked down by siRNA prior to the exposure of HeLa cells to 2.5 J/m* of UV (Table 1). The data are the means from three independent
experiments (plus one SD). The results showed a significant UV-induced inhibition in green-only tracks in cells transfected with scrambled control
siRNA (two-sided P value, <0.0001) and insignificant UV response in cells with knockdown of Tim (two-sided P value, 0.47) or Tipin (two-sided

P value, 0.94).

50% farther after UV irradiation than in nontargeted control
cells and twice as far as in Tim-depleted cells. The UV-induced
inhibition of DNA chain elongation in active replicons was
significantly attenuated by knockdown of Tipin (Table 2).

DISCUSSION

The intra-S checkpoint response to UV in mammalian cells
requires ATR, TopBP1, Chkl, Claspin, Husl, and Tim to
inhibit replicon initiation. The intra-S checkpoint response to
UV differs from that provoked by IR-induced DNA damage in
that ATM, MRE-11 and NBSI1 are not required (22), Cdc25A
is not degraded, and cyclin E/Cdk2 kinase is not inhibited
(22a). A recent study reported that benzo[a]pyrene diolep-
oxide-induced DNA damage also provoked a Chk1-dependent
intra-S checkpoint response that did not involve Cdc25A or
inhibition of cyclin E/Cdk2 (36). In Xenopus egg extracts that
generate intra-S checkpoint signaling in response to DNA
damage (11, 12), activation of the checkpoint signal appears to
derive from the uncoupling of helicase and DNA polymerase
activities at replication forks, with extended regions of ssDNA

stimulating activation of Chkl by an ATR/ATRIP/TopBP1
complex (4, 34). Claspin acts downstream of TopBP1 to me-
diate phosphorylation of Chkl by ATR (37). The intra-S
checkpoint response to UV can produce significant inhibition
of replicon initiation after doses with little or no toxicity. For
example, a UV dose of 1 J/m? produced a 50% reduction in the
replicon initiation rate (22, 27) but no cytotoxicity (2) in dip-
loid human fibroblasts. Thus, the intra-S checkpoint response
to UV is an adaptive response associated with the survival of
damaged cells. We show here that the mediator protein Tim
forms a complex with Tipin in human cells, Tipin stabilizes the
expression of Tim, Tipin binds to RPA in solution and in a
complex with DNA, RPA facilitates binding of Tipin to DNA,
and knockdown of Tipin attenuates the intra-S checkpoint
response to UV. During the preparation of this report, three
other papers were published confirming that the Tim/Tipin
complex mediates an intra-S checkpoint response to DNA
damage (8, 18, 65).

The Tipin-Tim complex appears to act like Claspin as a
mediator that increases the efficiency whereby ATR phosphor-
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TABLE 1. Distribution of replication tracks with the IdU-only or
CldU-only label or both labels
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TABLE 2. DNA replication fork progression in sham-treated and
UV-irradiated HeLa cells

No. of tracks (%)”

siRNA a c
condition Treatment’  p .4 only Red-green (il:len P value
(dU)" (dU-CldU) ¢y dfj)
Nontargeting ~ Sham 200 (23) 561 (66) 95(11) <0.0001
control 25J/m?  280(38) 422(58) 28(4)
Tim Sham 199 (21) 659 (71) 71 (8) 0.4672
2.5J/m?  229(20) 806 (71) 97 (9)
Tipin Sham 189 (21) 610(69) 89(10)  0.9365
25Jm?  217(25) 557(65) 85 (10)

“ HeLa cells were pulsed with 100 uM IdU for 10 min, treated with 2.5 J/m?
UV (or sham-treated), and then pulsed with 50 puM CIdU for 20 min before
preparation of the DNA fibers.

® The numbers of tracks with IdU only (red only), CIdU only (green only), or
both IdU and CIdU (red-green) were determined and are also expressed as
percentages of the total. The values given are combinations of results from three
independent experiments.

¢ Fisher’s exact test was performed for the three treatment conditions to
examine whether there was a difference between the percentages of green-only
tracks in UV- treated and sham-treated cells. The results showed a significant
difference in the percentages of nontargeting control siRNA cells (two-sided P
value, 4.705E10~®) and insignificant differences in those of Tim siRNA (two-
sided P value, 0.4672) or Tipin siRNA (two-sided P value, 0.9365) cells.

ylates and activates the signal transducer kinase Chkl under
conditions of replication stress provoked by the depletion of
precursor pools or the presence of bulky lesions in DNA tem-
plates. However, the Tim-Tipin complex appears to have an
additional function in regulating the rate of DNA chain elon-
gation at active replication forks. This may be enforced
through Tipin’s ability to interact with RPA. Interestingly,
Tipin contains a region of high homology to the domain in
XPA that interacts with RPA (18). We demonstrated in this
study that Tipin binds to RPA with the same avidity as XPA, a
result which raised the possibility of Tipin serving as a link
between excision repair and DNA damage checkpoints.
Clearly, further studies are needed to determine whether Tipin
influences the interaction between nucleotide excision repair
and Chkl activation (25).

Studies with budding and fission yeast have demonstrated
that the Tim and Tipin homologues, Tof1/Csm3 and Sw1/Swi3,
respectively, form stable complexes that remain associated
with replication machinery and stabilize DNA replication forks
when DNA is damaged (38, 39, 48, 49). In nonextracted human
cells, Tim and Tipin appear to be evenly distributed through-
out the nucleus, but after detergent extraction, a fraction of
Tipin and Tim remains associated with PCNA on chromatin
(65). Thus, the Tim/Tipin complex may interact with RPA at
DNA replication forks or other sites of DNA metabolism.
Mecl and Rad53 were the first checkpoint genes shown to
stabilize stalled replication forks (55); Tofl and Mrcl also
perform this function (57). The human homologue of Rad53,
Chk2, participates in the ATM-dependent intra-S checkpoint
response to IR-induced DNA double-strand breaks (15).
ATM, MRE-11, and NBSI1 are not required for the intra-S
checkpoint response to UV, which is enforced through ATR-
dependent activation of Chkl (22, 45). Human Chkl thus
appears to be the functional homologue of scRad53 in re-
sponse to stalled replication forks. Knockdown of Chkl in

siRNA condition(s) Mean track

and treatment for SD (n) B/A? P value®
indicated expt” length (pm)
Red tracks”
A.NTC 53 2.9 (166)
B. Tim 2.7 19(225) 052 <0.0001
A.NTC 5.3 2.9 (166)
B. Tipin 4.7 2.4 (201) 0.89 0.57
A. Tipin 4.7 2.4 (201)
B. Tim 2.7 1.9 (225) 0.58 <0.0001
Green tracks®
A. NTC, Sham 5.8 3.0 (146)
B. NTC, 2.5 J/m? 29 2.0 (139) 0.49 <0.0001
A. Tim, Sham 2.6 1.5 (158)
B. Tim, 2.5 J/m? 22 1.1 (165) 0.82 0.153
A. Tipin, Sham 3.8 2.4 (162)
B. Tipin, 2.5 J/m* 4.6 2.6 (161) 1.20 0.721

“ NTC, nontargeting control. Other experimental details are as given in Table 1.

 The lengths of red tracks that were adjacent to green tracks in sham- and
UV-treated control cells from two independent experiments were combined for
each siRNA condition. The total numbers of tracks that were analyzed are given
in parentheses in the SD column. ¢ tests were used to test the equality of mean
red lengths in cells transfected with the indicated siRNAs.

¢ The lengths of green tracks that were adjacent to red tracks in sham- and
UV-treated cells from three independent experiments were combined for each
sample. The total numbers of tracks that were analyzed are given in parentheses
in the SD column. ¢ tests were used to test the equality of mean green track
lengths in cells with and without UV treatment.

4 BJA, ratio of mean track lengths in A and B samples.

¢ Measurements of track lengths in five different samples (no gene knockdown
or irradiation) that were processed under the same conditions used in this study
yielded an average length of 5.7 = 0.6 um. Therefore, for tests of the equality of
mean track lengths between sham-treated or irradiated cultures, or between cells
with or without knockdown of specific gene products, the indicated P values
reflect the statistical significance of changes in excess of 0.6 wm.

vertebrate cells reduced the rate of replication fork displace-
ment (52), an effect similar to those elicited by the inactivation
of Tofl and Mrcl in yeast (57) and the knockdown of Tim in
HeLa cells (Table 2). As the Tim-Tipin complex appears to
mediate the activation of Chkl by ATR, we propose that a
Tim-Tipin complex, analogous to the Swil/Swi3 replication
fork protection complex, continuously monitors the state of
replication forks and promotes the interaction between ATR
and Chkl under conditions of replication stress when fork
displacement rates slow, e.g., with depletion of DNA precur-
sors or in the presence of replication-blocking lesions in tem-
plate strands. Both of these conditions may uncouple helicase
and polymerase activities at replication forks, generating ex-
tended regions of ssDNA that become coated with RPA. The
depletion of Tim or Tipin interrupts the signaling circuit, caus-
ing continuous initiation of DNA replication even under con-
ditions of replication stress. Stalled and uncoupled replication
forks may be prone to breakage or collapse (39), leading to
DNA double-strand breaks and the chromosomal aberrations
detected cytogenetically (30). It should be noted that while
ATM is not required for the intra-S checkpoint response to
UV, it does protect against UV clastogenesis. Ataxia telangi-



3140 UNSAL-KACMAZ ET AL.

PO, ‘

A Tipin
‘ Chk1

C.
ATR/ATRIP/TopBP1

Chk1 ===—————> Chk1-phospho-ser345

Timeless/Tipin

0 =rea
ATRI/ATRIP/TopBP1
o

' ' ' ' ﬁ ﬁT<>T
i
Timeless

MoL. CELL. BIOL.

j_<>l“

PO“ Phospho-Chk1

1
1
7L

I Timeless

1

]

Tipin Replicon

Initiation

l Intra-S
checkpoint
responses

Replication Fork
Progression
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molecules of Chkl1 that diffuse away from the stalled fork to transduce signal throughout the nucleus (3). This model differs from that of Gotter
et al. (18), as DNA damage did not destabilize the interaction between Tipin and RPA in checkpoint-competent HEK293T cells (Fig. S5A). Thus,
with uncoupling of helicase and polymerase activities at sites of stalled replication forks, the increased amount of RPA-coated DNA increases the
opportunity for Tim/Tipin/Chkl complexes to interact with ATR/ATRIP/TopBP1 complexes to phosphorylate and activate Chkl. (B) Tipin
molecules may be loaded onto DNA by RPA. When Tim is depleted by siRNA, loading of Tipin at replication forks may inhibit DNA chain
elongation. (C) Tipin inhibits DNA chain elongation and replication fork progression, and this activity is inhibited by Tim. Chk1 also preserves
replication fork progression (52), and this may be through an effect on Tipin or the Tim/Tipin complex (indicated by “?”).

ectasia cells displayed 8- to 10-fold-increased frequencies of
UV-induced chromosomal aberrations (13, 30), suggesting that
after replication fork collapse, ATM signaling is required for
efficient repair of DNA double-strand breaks.

While deficiencies of Chk1 (52) and Tim reduced the rate of
fork displacement significantly, the knockdown of Tipin had
little effect on this parameter. Knockdown of Tipin also re-
duced the levels of expression of Tim, but we could not ascer-
tain whether knockdown of Tim had a reciprocal effect on
Tipin. Recent studies of the Tim-Tipin complex in human cells
demonstrated that knockdown of Tim reduced the expression
of Tipin (8, 65), although the evidence presented did not ex-
clude the possibility of a fraction of Tipin remaining after
knockdown of Tim. In yeast, the inactivation of Swil led to
reduced expression of Swi3 (49), supporting a conclusion that
interaction between the two protein partners in the complex
influences protein stability (the reciprocal experiment to de-
termine whether inactivation of Swi3 affects stability of Swil
was not done). However, Swil- and Swi3-null yeast strains did
not have identical phenotypes, with Swi3-null cells displaying
greater sensitivity to HU (49). This result suggests that Swi3
has a function(s) that is independent of the binary complex. It
is conceivable that with knockdown of Tim, Tipin still remains

in sufficient quantity to exercise Tim-independent functions.
Knockdown of Tipin removes both Tim-dependent and Tipin-
dependent functions with additional biological effects. The ob-
servation that knockdown of Tipin did not significantly reduce
fork displacement rates in undamaged cells, while knockdown
of Tim did, suggests that Tipin may slow fork displacement
when free of its binding partner, Tim. It cannot be determined
from the available data whether such an effect is direct,
through RPA-mediated loading of Tipin onto DNA, or indi-
rect, through Tipin-mediated signaling.

The data presented here suggest a model in which the Tim-
Tipin complex mediates the inhibitions of replicon initiation
and DNA chain elongation in UV-damaged cells. In undam-
aged cells, transient interactions of the ATR/ATRIP/TopBP1
and Tim/Tipin complexes with RPA may occur at DNA repli-
cation forks but without sufficient stability to activate Chkl.
Tim was found to interact with Chkl, ATR, and ATRIP in
mammalian cells, and the amount of Chkl and ATRIP bound
to Tim was increased by treatment with UV or HU (58). It
remains to be determined whether posttranslational modifica-
tions of Tipin or Tim occur in response to DNA damage,
although the damage-dependent interactions between Tim and
Chk1, and between Tim and ATRIP, suggest that the interac-
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tions may be regulated. The uncoupling of DNA polymerase
and helicase activities at sites of UV-induced template lesions
generates long stretches of ssDNA that are coated with RPA.
The Swil/Swi3 complex is associated with replication forks in
yeast (49), and Tipin binds to RPA-coated DNA. Thus, the
Tim/Tipin complex appears to bring the highly diffusible Chk1
to ATR/ATRIP/TopBP1 at sites of stalled replication forks
(Fig. 8A). Claspin, Husl, and BRCAL, as other mediators of
Chk1 phosphorylation by ATR (7, 35, 52), also contribute to
the signaling complex.

In the absence of Tim, RPA may load free Tipin onto DNA
(Fig. 8B), and it is conceivable that this loading of Tipin in-
hibits DNA chain elongation. Tipin may slow DNA synthesis
by replacing RPA on ssDNA, and Tim suppresses this activity
of Tipin in the absence of DNA damage (Fig. 8C). In the
presence of damage, checkpoint signaling through Chkl may
alter the Tim/Tipin complex, allowing Tipin to inhibit chain
elongation. As knockdown of Chk1 produces the same pheno-
type as knockdown of Tim, with inactivation of the inhibition
of replicon initiation in response to damage and slowing of
replication fork progression in the absence of damage, it is
possible that Tim requires Chkl to suppress the activity of
Tipin.
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