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Abstract. 

 

The subcellular distribution and posttransla-
tional modification of human chromatin assembly fac-
tor 1 (CAF-1) have been investigated after UV irradia-
tion of HeLa cells. In an asynchronous cell population 
only a subfraction of the two large CAF-1 subunits, 
p150 and p60, were found to exist in a chromatin-asso-
ciated fraction. This fraction is most abundant during S 
phase in nonirradiated cells and is much reduced in G2 
cells. After UV irradiation, the chromatin-associated 
form of CAF-1 dramatically increased in all cells irre-
spective of their position in the cell cycle. Such chroma-
tin recruitment resembles that seen for PCNA, a DNA 
replication and repair factor. The chromatin-associated 
fraction of p60 was predominantly hypophosphorylated 
in nonirradiated G2 cells. UV irradiation resulted in the 
rapid recruitment to chromatin of phosphorylated 

forms of the p60 subunit. Furthermore, the amount of 
the p60 and p150 subunits of CAF-1 associated with 
chromatin was a function of the dose of UV irradiation. 
Consistent with these in vivo observations, we found 
that the amount of CAF-1 required to stimulate nucleo-
some assembly during the repair of UV photoproducts 
in vitro depended upon both the number of lesions and 
the phosphorylation state of CAF-1. The recruitment of 
CAF-1 to chromatin in response to UV irradiation of 
human cells described here supports a physiological 
role for CAF-1 in linking chromatin assembly to DNA 
repair.
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I

 

n

 

 the eukaryotic cell, genetic information is present in
the form of chromatin (van Holde, 1988; Wolffe,
1995). The assembly and maintenance of this nucle-

oprotein complex is important to ensure regulated DNA
metabolism. In proliferating cells, the bulk of histone syn-
thesis and chromatin assembly occurs during DNA repli-
cation in S phase (Krude, 1995

 

b

 

; Sogo and Laskey, 1995;
Kaufman, 1996). However, reassembly of chromatin may
also be important after destabilizing events that may arise
during transcription (Tsukiyama and Wu, 1997), recombi-
nation (Lichten and Goldman, 1995), and repair (Smer-
don, 1991).

Biochemical approaches have allowed the proteins in-
volved in assembly of the basic repeating unit of chroma-
tin to be identified. This unit, the nucleosome core, con-
sists of 

 

z

 

1.8 superhelical turns of DNA wrapped around a
histone octamer (Luger et al., 1997). Nucleosome cores

can be reconstituted in vitro

 

 

 

simply by mixing the four
core histones with DNA. This is based on the self-assem-
bly properties of histones to form octamers and their
transfer onto DNA which can be facilitated by salt gradi-
ent dialysis or the presence of polyanions (Laskey and
Earnshaw, 1980). Several histone-binding proteins includ-
ing nucleoplasmin, N1/N2, nucleosome assembly protein
1, DF 31, and Spt6p have the ability to facilitate regulated
deposition of histones at physiological ionic strength.
These proteins seem to act as molecular chaperones, i.e.,
they facilitate the formation of nucleosome cores without
being a component of the final reaction product. Chroma-
tin assembly factor 1 (CAF-1)

 

1

 

 is also thought to function
as a molecular chaperone but, unlike the other proteins
mentioned above, CAF-1 promotes assembly of nucleo-
somes preferentially onto replicating DNA (Smith and
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1. 

 

Abbreviations used in this paper

 

:

 

 

 

CAF-1, chromatin assembly factor 1;
CSK, cytoskeleton; DAPI, 4

 

9

 

,6-diamidino-2-phenylindole; NER, nucle-
otide excision repair; NuMa, nuclear matrix-associated protein; PCNA,
proliferating cell nuclear antigen; UV-C, ultraviolet C.
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Stillman, 1989) and is associated with newly synthesized
and modified histones H3 and H4 in cell extracts (Kauf-
man et al., 1995; Verreault et al., 1996). After the deposi-
tion of histones onto DNA, the formation of long arrays of
regularly spaced nucleosomes was shown to be facilitated
by two additional factors, recently purified from 

 

Drosoph-
ila

 

 embryo extracts, chromatin accessibility complex
(CHRAC) (Varga-Weisz et al., 1997) and ATP-utilizing
chromatin assembly and remodeling factor (ACF) (Ito et
al., 1997). Since all these factors were isolated using in
vitro biochemical approaches, additional cell biology stud-
ies should prove useful to determine the cellular events in
which these proteins are involved in vivo.

The three-subunit CAF-1 protein was initially purified
from human cells based upon its ability to promote chro-
matin assembly onto replicating DNA in the SV-40 repli-
cation system (Stillman, 1986; Smith and Stillman, 1989).
The small subunit of CAF-1, known as RbAp48, or p48, is
part of multiple complexes involved in different aspects of
histone metabolism (Roth and Allis, 1996; Verreault et al.,
1998). In contrast, the two large subunits, p150 and p60,
are specific to the CAF-1 protein. The immunolocalization
of the two largest subunits of CAF-1 in an asynchronous
population of cells revealed that these subunits are pre-
dominantly nuclear (Smith and Stillman, 1991). In addition,
analysis of S phase nuclei demonstrated colocalization of
CAF-1 and replication foci (Krude, 1995

 

a

 

), consistent with
a role for CAF-1 as an assembly factor during DNA repli-
cation. Complementation of nucleosome assembly in the
human cell-free DNA replication system further allowed
the identification of CAF-1 orthologues from other spe-
cies, such as 

 

Drosophila

 

, 

 

Xenopus

 

, 

 

and Saccharomyces cere-
visiae 

 

(Gaillard et al., 1996; Kamakaka et al., 1996; Kaufman
et al., 1997). Although CAF-1 is not essential for 

 

S. cerevi-
siae

 

 viability (Enomoto et al., 1997; Kaufman et al., 1997),
yeast strains lacking CAF-1 exhibit silencing defects and
are sensitive to UV irradiation (Enomoto et al., 1997;
Kaufman et al., 1997; Monson et al., 1997; Enomoto and
Berman, 1998).

The cellular response to UV irradiation is a complex
process which involves the translation of the presence of
the toxic agent into cellular signaling, part of which is the
detection and processing of DNA lesions (Herrlich et al.,
1994). Indeed, ultraviolet C (UV-C), as a genotoxic agent
(Pfeifer, 1997), produces mutagenic lesions in DNA, in-
cluding cyclobutane pyrimidine dimers and 6-4 photo-
products, which are mainly repaired by nucleotide excision
repair (NER) (Sancar, 1995; Wood, 1997). Importantly,
studies monitoring the nuclease sensitivity of chromatin
after UV irradiation revealed that NER is accompanied by
nucleosomal rearrangements (Smerdon and Lieberman,
1978). Insights into the coordination between NER and
chromatin assembly were obtained by in vitro studies us-
ing human cell extracts (Gaillard et al., 1996); these studies
suggested a possible role for CAF-1 in linking these two
events. The activity of CAF-1 during NER in vitro may
account for the UV-sensitive phenotype that results from
disruption of the genes encoding the CAF-1 subunits in

 

 S.
cerevisiae.

 

To investigate the role of CAF-1 in vivo in human cells,
we analyzed the subcellular distribution and posttransla-
tional modification of CAF-1 after UV irradiation of

HeLa cells. The association of the p150 and p60 subunits
of CAF-1 with chromatin was found to increase substan-
tially in irradiated cells. This occurred in parallel with the
recruitment to chromatin of the DNA replication and re-
pair factor proliferating cell nuclear antigen (PCNA). Fur-
thermore, biochemical analysis of the chromatin-associated
form of p60 revealed that it was mostly phosphorylated af-
ter UV irradiation. Association of a phosphorylated form
of p60 with chromatin occurred rapidly and in a dose-
dependent manner after UV irradiation. Consistent with
these in vivo observations, we found that the amount of
CAF-1 required to stimulate nucleosome assembly during
the repair of UV photoproducts in vitro depended upon
both the number of DNA lesions and the phosphorylation
state of CAF-1. This parallel between the UV response in
vivo and the in vitro assay are consistent with a response
mediated through DNA damage processing rather than
being a mere consequence of other cellular UV responses.
This paper constitutes the first report of CAF-1 recruit-
ment to chromatin in response to UV irradiation of human
cells and supports a physiological role for CAF-1 in linking
chromatin assembly to DNA repair.

 

Materials and Methods

 

Cell Culture, Synchronization, and UV Irradiation

 

HeLa cells were grown in Petri dishes (Falcon Plastics, Cockeysville, MD)
in Dulbecco’s modified Eagle’s medium (DME) supplemented with 10%
fetal calf serum, 10 mg/ml antibiotics (penicillin and streptomycin), and 2 mM

 

l

 

-glutamine (GIBCO BRL, Gaithersburg, MD) at 37

 

8

 

C under an atmo-
sphere of 5% CO

 

2

 

. For synchronization, cells grown to 

 

z

 

50% confluence
were arrested in early S phase with 2 mM hydroxyurea (Sigma Chemical
Co., St. Louis, MO) for 16 h then released by several washes in phosphate-
buffered saline (PBS) before a final wash in fresh medium as described
(Todorov et al., 1995). FACScan™ analysis revealed that these cells re-
mained in S phase for 10 h before entering G2 phase (3 h), mitosis (1 h),
and finally G1 phase 

 

z

 

14 h after release. We routinely collected early G1
cells 15.5 h after release. The proportion of cells in the various phases of
the cell cycle was determined by flow cytometry of fixed cells. For flow cy-
tometry analysis, cells washed in PBS were collected by centrifugation af-
ter trypsinization, fixed in ethanol, washed with PBS, and then pelleted by
centrifugation at 600 

 

g

 

 to be treated with 100 mg/ml RNase A (Boehringer
Mannheim, Mannheim, Germany) and 10 mg/ml propidium iodide (Sigma
Chemical Co.) in PBS with 0.1% Tween. Data were collected using a
FACScan™ flow cytometer (Becton Dickinson, San Jose, CA). For UV
treatment, HeLa cells grown in a glass Petri dish at a density of 5 

 

3 

 

10

 

4

 

cells/cm

 

2

 

 (50% confluent), were rinsed with PBS twice, PBS was removed,
and then the cells were exposed to UV-C light (254 nm) from a low-pres-
sure mercury lamp. The distance between the lamp and the dish was ad-
justed to obtain a fluence of 1 J/m

 

2

 

 per second measured using a Latarjet
Dosimeter (Institut Curie, Paris, France). The irradiation time was varied to
obtain doses from 10 to 30 J/m

 

2

 

. After irradiation, growth medium was
added and the cells were allowed to recover for the indicated times. Cell
cycle arrest after UV irradiation was verified by flow cytometry by compar-
ison with nonirradiated and mock-treated cells synchronized in parallel.

 

Cell Extractions

 

Extractions were performed by a method adapted from Todorov et al.
(1995). For the immunofluorescence analysis, cells grown on coverslips
were washed first with PBS

 

1

 

 which contains 0.5 mM MgCl

 

2

 

 and 0.5 mM
CaCl

 

2

 

 (and then with cytoskeleton [CSK] buffer [10 mM Pipes-KOH, pH
7.0, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl

 

2

 

 {Fey et al., 1986}]). At
this stage, cells were either directly fixed with 4% paraformaldehyde in
PBS

 

1

 

 for 20 min at 24

 

8

 

C or subjected to various treatments: (

 

a

 

) for the
Triton extraction, cells were incubated in CSK buffer supplemented with
0.5% Triton X-100, 0.5 mM PMSF (Sigma Chemical Co.), and 10 mg/ml
leupeptin (Boehringer Mannheim) for 5 min at 20

 

8

 

C; (

 

b

 

) for the DNase I
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digestion, 0.1 mg/ml DNase I (Grade II; Boehringer Mannheim) was
added to the same extraction buffer and incubated 5 min at 20

 

8

 

C. After
two washes in CSK buffer, the cells were fixed in 4% paraformaldehyde in
PBS1. For biochemical analysis, the cells were trypsinized, pelleted (600 

 

g

 

for 10 min), and then washed with PBS

 

1

 

 and CSK buffer. Using the con-
ditions described above, the cells in suspension were subjected to various
extraction procedures. The Triton-extracted and DNase I–treated cells
were harvested after addition of an excess of CSK buffer rapidly followed
by centrifugation to collect the pellets. After a wash in CSK buffer, the
pellets were resuspended in CSK buffer at a final dilution corresponding
to 2.5 

 

3 

 

10

 

4 

 

cells/ml. An equal volume of 2

 

3 

 

Laemmli buffer was added to
the samples before boiling for 10 min, loading on a SDS-polyacrylamide
gel, and Western blotting.

 

Preparation of Cell-free Extracts

 

The procedure for preparing cytosolic extracts uses hypotonic buffer (Li
and Kelly, 1984) and the properties of these extracts depends on the phys-
iological state of the cells. In brief, the cytosolic extract was prepared from
HeLa cells grown in dishes essentially as described

 

 

 

(Krude et al., 1997).
After rinsing twice in PBS buffer, cells were allowed to swell for 10 min in
20 ml of ice-cold extraction buffer E (20 mM Hepes-KOH, pH 7.8, 5 mM
potassium acetate, 0.5 mM MgCl

 

2

 

, and 0.5 mM DTT) per dish and excess
buffer was removed. All subsequent steps were carried out at 4

 

8

 

C. Mitotic
cells that detached from the dish under the hypotonic conditions were dis-
carded and interphase cells were then scraped off the plates and disrupted
them with 25 strokes in a Dounce homogenizer (1-ml Dounce tissue
grinder; Wheaton, Millville, NJ) using a loose-fitting pestle. Nuclei were
pelleted at 1,500 

 

g

 

 for 3 min and the supernatant was recentrifuged at
14,000

 

 g

 

 for 20 min at 4

 

8

 

C. The cytosolic extract was then aliquoted and
frozen in liquid nitrogen. For nuclear extract, pelleted nuclei were resus-
pended at 1.5 

 

3 

 

10

 

8

 

 nuclei/ml in buffer E supplemented with NaCl to
reach a final concentration of 0.6 M and incubated for 90 min at 4

 

8

 

C. Nu-
clear material was pelleted by centrifugation at

 

 

 

14,000 

 

g

 

 

 

for 20 min and the
supernatant corresponding to the interphasic nuclear extract was col-
lected. Aliquots were frozen in drops in liquid nitrogen. Mitotic extracts
were prepared as previously described (Marheineke and Krude, 1998).

 

Antibodies

 

Monoclonal antibodies against the two large subunits of human CAF-1,
p150 (mAb1), and p60 (mAb96) (Smith and Stillman, 1989) were kindly
provided by B. Stillman (Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY). The rabbit polyclonal antibody, pAb1, directed against the
p60 subunit was used to reveal both phosphorylated and nonphosphory-
lated forms of the p60 subunit as described (Marheineke and Krude,
1998). The specificity of pAb1 and mAb96 was verified by Western blot-
ting (see Fig. 5) as well as by a double immunofluorescence labeling of
fixed HeLa cells (data not shown). Double immunofluorescence assays
were also carried out using pAb1 and mAb1 (Marheineke and Krude,
1998) (data not shown). The other monoclonal antibodies used were:
PC10 (Dako, Carpinteria, CA) specific for PCNA, mAb 414 (Berkeley
Antibody Co., Richmond, CA) detecting three nucleoporins nup62,
nup175, and nup270 (Berkeley Antibody Co.) and an anti-NuMa antibody
(Calbiochem-Novabiochem, La Jolla, CA) detecting the nuclear mitotic
apparatus also called nuclear matrix-associated protein (NuMA).

 

Immunofluorescence Microscopy

 

Paraformaldehyde-fixed cells were first permeabilized with 0.2% Triton
X-100 in PBS for 5 min and blocked in 5% BSA, 0.1% Tween in PBS
(blocking buffer) for 10 min. Specific antibodies were added at the appro-
priate dilution in blocking buffer and incubated for 1 h at room tempera-
ture. For the double staining with PCNA, a second fixation step in metha-
nol at 

 

2

 

20

 

8

 

C for 10 min was included before addition of the anti-PCNA
antibody to optimize recognition as reported earlier (Aboussekhra and
Wood, 1995). To visualize the primary antibodies, fluorescein- or Texas
red–conjugated goat anti–rabbit or anti–mouse IgG antibodies were used
(Jackson ImmunoResearch Laboratories, West Grove, PA) and 1 

 

m

 

g/ml
4

 

9

 

,6-diamidino-2-phenylindole (DAPI) (Sigma Chemical Co.) was added
for DNA staining. The coverslips mounted in Vectashield (Vector Labo-
ratories, Burlingame, CA) were observed using an epifluorescence photo-
microscope (model DMR; Leica, Deerfield, IL) equipped with an
HBO100 mercury lamp (Osram, Germany), 63

 

3

 

 objective lenses, and a
chilled charge-coupled device camera (Hamamatsu Phototonics, Hama-

matsu City, Japan). Confocal analysis was carried out using an inverted
microscope (Leica), and scanning was performed with an optical confocal
scanner LEICA TCS 4. The images were produced using the Adobe Pho-
toshop 4 software program (San Jose, CA).

 

Repair/Chromatin Assembly Reaction In Vitro

 

pBS plasmid (pBluescript KS; Stratagene, La Jolla, CA) isolated using a
plasmid purification kit (QIAGEN, Santa Clarita, CA) was irradiated on
ice with UV-C light (254 nm) from a low-pressure mercury lamp at vari-
ous fluences (Wood et al., 1995). According to Wood et al. (1995), a flu-
ence of 100 J/m

 

2 

 

induces roughly one photoproduct in 1,000 bp (

 

z

 

0.75 cy-
clobutane pyrimidine dimer and 0.25 [6-4] photoproduct). It can thus be
estimated for our plasmids that on average approximately four photo-
products will be present for 150 J/m

 

2 

 

and eight for 300 J/m

 

2

 

. The cytosolic
extracts were used in 25 

 

m

 

l DNA repair reactions at 37

 

8

 

C essentially as de-
scribed (Gaillard et al., 1996). In brief, reactions contained 100 

 

m

 

g of pro-
teins contributed by the extract, 150 ng of nontreated or UV-C–irradiated
pBS plasmid, 5 mM MgCl

 

2

 

, 40 mM Hepes-KOH, pH 7.8, 0.5 mM DTT, 4 mM
ATP, 20 

 

m

 

M each of dGTP, dATP, and dTTP, 8 

 

m

 

M dCTP and 2 

 

m

 

Ci [

 

a

 

-

 

32

 

P]
dCTP (3,000 Ci/mmol), 40 mM phosphocreatine, 2 

 

m

 

g creatine phosphoki-
nase (Type 1; Sigma Chemical Co.), and various sources of CAF-1. Reac-
tions were stopped by the addition of EDTA to 15 mM, SDS to 0.35%,
and 100 

 

m

 

g/ml RNase A (Boehringer Mannheim). After treatment with
200 

 

m

 

g/ml proteinase K (Boehringer Mannheim), DNA was isolated and
subjected to electrophoresis (1.2% agarose, in TAE buffer) for DNA to-
pology analysis. Ethidium bromide staining of the gel allowed verification
of DNA recovery. The autoradiographs revealed the migration pattern of
the plasmids labeled during the reaction. Quantification was carried out
using a PhosphorImager and ImageQuant software (Molecular Dynamics,
Sunnyvale, CA).

 

Phosphorylation Analysis

 

20–400 U of Lambda protein phosphatase (New England Biolabs, Bev-
erly, MA) were used to treat 100 ng of recombinant human CAF-1 protein
purified from baculovirus-infected Sf9 cells (Kaufman et al., 1995). When
indicated, as a control to limit the phosphatase reaction and produce in-
termediate phosphorylated forms of recombinant CAF-1, 25 mM 

 

b

 

-glyc-
erophosphate (Sigma Chemical Co.) was added. Mock-treated samples
were incubated similarly, but without Lambda phosphatase. Phosphoryla-
tion was monitored by Western blotting as shown in Fig. 8. All treated
samples were adjusted to 25 mM 

 

b

 

-glycerophosphate (Sigma Chemical
Co.) and frozen before use. We reached in the repair/chromatin assembly
reaction in vitro a 10 mM

 

 

 

final concentration of 

 

b

 

-glycerophosphate.

 

Western Analysis

 

Protein samples in 1

 

3 

 

Laemmli buffer were separated in SDS–7% poly-
acrylamide gels (Laemmli, 1970) to resolve both the p150 and the various
phosphorylated forms of p60. Protein transfer to nitrocellulose membrane
(0.45 

 

m

 

m; Schleicher & Schuell, Keene, NH) was achieved in 48 mM Tris,
39 mM glycine, 0.03% SDS, and 20% ethanol using a semi-dry electro-
blotting system (Bio-Rad, Hercules, CA). Ponceau S (Rhone-Poulenc,
Lyon, France) staining allowed to verify protein recovery. After blocking
in 5% non-fat dry milk in Tris-buffered saline (TBS; 136 mM NaCl, 2.7
mM KCl, 25 mM Tris, pH 8), antibodies were added in blocking buffer
plus 0.1% Tween 20, incubated for 1 h, and then washed in 0.1% Tween
20 in TBS. The primary antibodies were detected with horseradish peroxi-
dase-conjugated anti-mouse or anti-rabbit secondary antibodies (Jackson
ImmunoResearch Laboratories), and the Supersignal substrate detection
kit (Pierce Chemical Co., Rockford, IL). For semiquantitative analysis,
various amounts of recombinant CAF-1 were processed in parallel and
linearity of signal was verified.

 

Results

 

UV Irradiation Induces an Increase in the
Triton-resistant Nuclear Pool of the Two Large 
Subunits of CAF-1

 

An asynchronous population of HeLa cells was subjected
to a short pulse of UV-C irradiation (30 J/m

 

2

 

 at 254 nm, a
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dose previously used to detect UV response in HeLa cells)
(Carty

 

 

 

et al., 1994). After a 2-h recovery period, the sub-
cellular localization of the two large subunits of CAF-1
was monitored using either monoclonal antibodies (mAb1
for p150 and mAb96 for p60; Smith and Stillman, 1991) or
polyclonal antibodies (pAb1 for p60; Marheineke and
Krude, 1998). Consistent with a previous report (Smith
and Stillman, 1991), control cells before irradiation dis-
played a nuclear staining whose intensity varied in individ-
ual cells. After UV irradiation, the staining became repro-
ducibly more intense in all nuclei irrespective of their
position in the cell cycle (Fig. 1 

 

A

 

). However, this effect
was not dramatic.

Some DNA repair proteins such as the PCNA (see be-
low) become resistant to extraction with the nonionic de-
tergent Triton X-100 after UV irradiation of cells, a phe-
nomenon that is thought to reflect the association of the
repair proteins with insoluble nuclear structures at the

sites of DNA repair (Cox, 1997). This prompted us to find
out whether CAF-1 also became resistant to extraction by
nonionic detergent during DNA repair. Control and UV-
irradiated cells grown on coverslips were permeabilized
with Triton X-100 before formaldehyde fixation and anal-
ysis by immunofluorescence (see Materials and Methods).
Strikingly, in control cells, the signal for both the p150 and
p60 subunits of CAF-1 showed a considerable variation in
intensity among individual cells (Fig. 1 

 

B

 

, 

 

left

 

). The most
extreme situation under these extraction conditions was
seen in a few cells which showed hardly any residual intra-
nuclear staining, except for a rim at the periphery of the
nucleus (Fig. 1 

 

B

 

, 

 

arrowheads

 

). Remarkably, after UV ir-
radiation, the entire cell population displayed a strong nu-
clear staining that was resistant to Triton extraction (Fig. 1

 

B

 

). Thus, detergent extraction revealed the existence of a
Triton-resistant nuclear pool of CAF-1 which increased in
every cell upon UV irradiation.

Figure 1. UV irradiation of HeLa cells induces
an increase in the immunofluorescence staining
and the Triton-resistance of p150 and p60 sub-
units of CAF-1. Asynchronous HeLa cells irradi-
ated at 30 J/m2 (with UV) were compared with
untreated cells (no UV). UV-irradiated cells
were allowed to recover in growth medium for
2 h before immunofluorescence analysis. (A)
Cells fixed directly with formaldehyde (2Triton)
or (B) cells extracted with Triton X-100 (1Triton)
before fixation. The p150 and p60 subunits of
CAF-1 were visualized using the monoclonal an-
tibodies mAb1 and mAb96. White arrows, cells
with a low staining intensity. Bars, 10 mm.
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A Parallel Behavior for the p60 Subunit of CAF-1
and PCNA

 

For the p60 subunit of CAF-1, either the monoclonal
mAb96 (Fig. 1, 

 

p60

 

)

 

 

 

or the polyclonal antibody pAb1 (Fig.
2, 

 

p60

 

*) allowed us to visualize a Triton-resistant nuclear
pool of CAF-1 that increased in every cell upon UV irradi-
ation. It was thus possible to perform a double staining with
a monoclonal antibody raised against PCNA and the poly-
clonal antibody (pAb1) directed against the p60 subunit of
CAF-1 (see Materials and Methods). The detection of
PCNA allowed us to identify S phase cells in an asynchro-
nous population of control cells and to ensure that the
irradiated cells responded properly to UV irradiation
(Bravo, 1987; Toschi, 1988).

In an asynchronous population of control cells, only the
S phase cells exhibit high levels of Triton-resistant p60
subunit of CAF-1 and PCNA (Fig. 2 

 

A

 

, 

 

no UV

 

, 

 

p60*

 

 and

 

PCNA

 

). In some cells where the number of PCNA foci
were not very numerous, the p60 subunit of CAF-1 and
PCNA clearly colocalized (Fig 2 

 

B

 

, 

 

p60* 

 

and 

 

PCNA

 

).
Double-staining with an antibody that detects three nucle-
oporins (mAb414) allowed us to verify that the nuclear en-
velope was preserved in cells that displayed a weak p60
staining following Triton extraction (Fig. 2 B, p60* and
pore). In striking contrast, all cells in an asynchronous
population exhibited intense p60 and PCNA staining after
UV irradiation. These data suggest that CAF-1, like
PCNA, is mobilized for a function required during both
DNA replication and nucleotide excision repair.

The Triton-resistant Nuclear Fraction of CAF-1 p150 
and p60 Is Associated with Chromatin

We then investigated the nature of the nuclear retention
of the p150 and p60 subunits of CAF-1. Cells were treated
with DNase I in the presence of detergent. Disappearance
of the p150 and p60 signals paralleled degradation of
DNA as shown by DAPI staining (Fig. 3, compare p150,
p60*, and DNA). The disappearance of the staining cannot
be attributed to a disruption of the nuclear envelope dur-
ing the DNase I treatment since staining of the nuclear
pores in the envelope with a nucleoporin-specific antibody
was preserved (Fig. 3 A, pore). These data demonstrate
that the Triton-resistant p150 and p60 subunits of CAF-1
are associated with chromatin.

The Chromatin-associated Fraction of the p60
Subunit of CAF-1 Increased Dramatically after UV 
Irradiation of G2 Cells

To further analyze the role of CAF-1 in the response to
UV-induced DNA damage, HeLa cells were synchronized
in the G2 phase of the cell cycle (Fig. 4 A, FACScan™
G2). After UV irradiation, we observed that cells were de-
layed in their cell cycle progression (Fig. 4 A, FACScans™

Figure 2. The p60 subunit of CAF-1 and PCNA similarly become
Triton-resistant in response to UV irradiation. (A) Asynchronous
HeLa cells, either untreated (no UV) or irradiated with UV (with
UV), were extracted with Triton X-100 before fixation. The p60
subunit of CAF-1 (p60*) was visualized in red using a polyclonal
antibody (pAb1) and PCNA labeled in green in the same cells us-
ing monoclonal antibody PC10. DAPI staining in grey (DNA) lo-
cates all the nuclei, including those with no signal detected for the
immunolabeling (white arrow). The merge of the PCNA and p60
signals in yellow allows identification of positive cells for both
markers. (B) A higher magnification control for the integrity of
nuclei following the Triton extraction procedure by a double im-
munostaining using a polyclonal antibody against p60 (p60*, red)
and a monoclonal antibody against nucleoporins (pore, green)

performed with nonirradiated cells extracted with Triton. A cell
displaying a typical weak staining for the p60 marker is presented
in the top panel (see also Fig. 1 B, white arrow). The bottom
panel shows at the same magnification a typical cell displaying a
positive staining for both p60 (p60*, red) and PCNA (green).
Bars, 10 mm.
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G2[UV] and G2/M) consistent with the activation of the
G2-DNA damage checkpoint (for review see Nurse, 1997).
Triton extraction and immunofluorescence analysis were
then carried out to compare control G2 cells (Fig. 4 A,

Figure 3. The immunofluorescence staining corresponding to the
Triton-resistant fraction of the p150 and p60 subunits disappears
following DNase I treatment. Asynchronous cells were extracted
with Triton in the absence (without DNase I) or in the presence
of 0.1 mg/ml DNase I (with DNase I). After fixation, cells were
stained with a monoclonal anti-p150 antibody (p150) and poly-
clonal anti-p60 antibody (p60*). DAPI staining (DNA) confirmed
the disappearance of DNA after DNase I digestion. Monoclonal
antinucleoporins antibody (pore) was used to verify the integrity
of the nuclear envelope. Bar, 10 mm.

Figure 4. UV irradiation of G2 cells induces a significant increase
of the immunofluorescence staining corresponding to the Triton-
resistant fraction of p150 and p60 subunits of CAF-1. (A) Cells
were synchronized by addition of hydroxyurea (HU). After re-
lease, G2 cells (FACScan™ analysis, t 5 0, G2) were either im-
mediately UV irradiated at 30 J/m2 (UV pulse) or not irradiated
(no UV) and harvested after a 2-h recovery time period. FACS-
can™ analysis revealed that the majority of UV-irradiated cells
were arrested in G2 (t 5 2 h, G2 [UV]), whereas a significant pro-
portion of nonirradiated cells were able to reach the G2/M transi-
tion (t 5 2 h, G2/M). The x and y axis in the FACScans™ are in
arbitrary units. (B) A comparison between cells corresponding to

the FACScan™ analysis presented in A: t 5 0, G2 (left, no UV)
and t 5 2 h, G2 (UV) (right, with UV). After Triton extraction,
cells were fixed and stained with monoclonal antibodies against
p150 (p150), monoclonal antibodies against p60 (p60), or a poly-
clonal antibody against p60 (p60*). Top (p150 and p60) repre-
sents data collected using a a standard epifluorescence micro-
scope whereas the bottom panel (p60*) shows a confocal analysis
accumulating four optical sections of 1 mm. Bar, 10 mm. 
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FACScan™ G2) and G2 cells irradiated with UV (Fig. 4
A, FACScans™ G2[UV]). The Triton-extracted G2 cells
displayed a very weak nuclear staining for both p150 and
p60 with either monoclonal (mAb1 and mAb96) or poly-
clonal antibodies (pAb1 for p60) (Fig. 4 B, left). This pat-
tern was similar to the one observed for the Triton-
extracted cells indicated by the arrows in Fig. 1. Therefore,
our synchronization procedure did not promote the re-
cruitment of p60 and p150 to Triton-resistant nuclear
structures. After UV-C irradiation (30-J/m2 pulse, 2-h re-
covery), a strong nuclear staining could be detected in all
cells (Fig. 4 B, right). This strong nuclear staining in re-
sponse to UV irradiation, reflected numerous discrete
sites as revealed by confocal microscopy analysis (Fig. 4 B,
p60*) which were clearly distinct in size and number from
the replication sites described for late S phase nuclei
(O’Keefe et al., 1992). Since indirect immunofluorescence
is strongly dependent upon the conformation and accessi-
bility of the epitopes in the cell, we also investigated bio-
chemically whether changes in total concentration and/or
posttranslational modification of CAF-1 occurred in re-
sponse to UV irradiation.

Phosphorylated Forms of the p60 Subunit Are
Enriched in the Triton-resistant Fraction of CAF-1 
from UV-irradiated Cells

The p60 subunit of CAF-1 consists of multiple phosphory-
lated forms that can be resolved by SDS-PAGE (Smith
and Stillman, 1991). These various forms can be detected
with the polyclonal antibody (pAb1, Marheineke and
Krude, 1998) in recombinant CAF-1 purified from bacu-
lovirus-infected insect cells (Fig. 5 A). In contrast, when
used on the same filter, a monoclonal antibody raised
against the p60 subunit of CAF-1 purified from human
cells (mAb96), detected only slow migrating forms of the
p60 subunit (Fig. 5 A, mAb96). These forms correspond to
phosphorylated forms of p60 as revealed by phosphatase
treatment (Fig. 5 A, compare 2 and 1). Thus, mAb96 is
specific for phosphorylated form(s) of the p60 subunit in
Western blots. In contrast, the monoclonal antibody
against the p150 subunit of CAF-1 used in this study
(mAb1) detected p150 irrespective of the phosphatase
treatment used (Fig. 5 A and data not shown).

No major cell cycle-dependent changes in p60 phos-
phorylation could be detected in total cell lysates either
from asynchronous cells or cells enriched in various stages
of the cell cycle (Fig. 6 A) (data not shown). In G2 cells, a
single band was detected for p150 and multiple bands in
equal proportion for p60 (Fig. 5 B, Total). In these control
G2 cells, Triton extracted most of the p150 and p60 mole-
cules (Fig. 5 B, Triton-resistant) which is consistent with
our immunofluorescence data (Fig. 4 B, no UV). Strikingly
though, the various phosphorylated forms of p60 were
preferentially extracted by Triton in G2 control cells lead-
ing to drastic removal of the phosphorylated forms (Fig. 5
B, p60, compare Total with Triton-resistant).

To determine the fate of CAF-1 subunits during the cel-
lular response to UV irradiation, cell populations enriched
in G1 or G2 cells were treated with UV and, after a 2-h re-
covery period, the cells were processed to estimate first
whether any change could be detected in the phosphoryla-

tion state of p60 in a total lysate (Fig. 6 A). For both G1
and G2 cells a comparable distribution of various forms of
p60 could be detected without major change after UV irra-
diation. We then analyzed on parallel samples, the fraction
of p150, p60, and PCNA molecules that had become resis-
tant to Triton extraction by Western blotting (Fig. 6 B). In
these experiments, the appearance of Triton-resistant
PCNA served as a positive control to monitor the cellular
response to UV irradiation (Fig. 6 B, PCNA). Consistent
with previous reports (Toschi, 1988; Aboussekhra and
Wood, 1995), the PCNA protein became Triton-resistant
after UV irradiation of both G1 and G2 cells (Fig. 6 B,

Figure 5. In G2 cells, the phosphorylated form of p60 is under-
represented in the Triton-resistant fraction. (A) Antibody speci-
ficity was determined by Western blotting using recombinant
CAF-1 protein (rCAF-1) protein from baculovirus-infected insect
cells. CAF-1, either treated (1) or not treated (2) with Lambda
phosphatase, was loaded in various quantities (10, 20, 40, and 80
ng). The Western blots were probed with monoclonal antibodies
against p150 (p150, mAb1) and p60 (p60, mAb96) as well as with
a polyclonal antibody against p60 (p60, pAb1). (B) G2 cells were
obtained as described in Fig. 4. Proteins from either whole cells
(Total) or Triton-extracted cells (Triton-resistant) were analyzed
by Western blotting. In each case, a lysate corresponding to 2.5 3
105 cells was loaded. The monoclonal antibody against p150
(p150, mAb1) and the polyclonal antibody against p60 (p60,
pAb1) were used to probe the same blot. Multiple forms, multiple
forms of the p60 subunit of CAF-1; asterisk, the slowest migration
form.
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PCNA). Interestingly, unlike in G2 cells, in nonirradiated
G1 cells the phosphorylated forms of the p60 subunit of
CAF-1 were not selectively extracted by Triton (Fig. 6 B,
p60 and pAb1). This is in striking contrast with nonirradi-
ated G2 cells in which phosphorylated p60 was almost

completely absent from the detergent-resistant structures
(Fig. 5 B and Fig. 6 B, G2). However, after UV irradiation
of both G1 and G2 cells, an increase in the Triton-resistant
phosphorylated forms of p60 was observed (Fig. 6 B, p60
and pAb1). For both normal G1 and UV-irradiated G2
cells, we analyzed the nuclear retention of the p60 subunit
of CAF-1 using DNase I as described in Fig. 3. As a con-
trol, the same blots were reprobed to detect the presence
of the NuMA protein (Lydersen and Pettijohn, 1980), a
protein whose association with the nuclear matrix is insen-
sitive to DNase I treatment (Fig. 6 C). In the Triton-resis-
tant fraction, we found that both phosphorylated forms of
the p60 subunit, present in normal G1 cells and UV-irradi-
ated G2 cells, behaved similarly and were sensitive to
DNase I treatment (Fig. 6 C). We conclude that, in both
cases, the phosphorylated form of p60 is associated with
chromatin.

Rapid Dose-dependent Response of CAF-1 to
UV Irradiation

When cells are subjected to UV irradiation, a stress re-
sponse is induced (Herrlich et al., 1994), cell cycle progres-
sion is arrested (Fig. 4 A), and lesions in the DNA are re-
paired. To gain some insight into the role of CAF-1 in this
cellular response to UV irradiation, we first examined the
kinetics of appearance of the phosphorylated forms of the
p60 subunit of CAF-1 in the Triton-resistant fraction of
G2 cells. As shown in Fig. 7 A, a UV dose of 30 J/m2 in-
duced a significant accumulation of phosphorylated CAF-1
p60 as early as 30 min after UV irradiation, which is also
clear from the densitometric scans corresponding to the
individual lanes of this Western blot. This increase in
phosphorylation occurred in parallel to an increase in the
Triton-resistant fraction of p150 detected by Western blot-
ting the same samples (Fig. 7 A, top). Thus, the appear-
ance of Triton-resistant and phosphorylated CAF-1 sub-
units occurred as an early event after UV irradiation,
consistent with the timing of early repair events (Pfeifer,
1997). We also noticed that these changes persisted for
several hours postirradiation, a period during which the
cells were still arrested in G2 phase of the cell cycle (data
not shown). The accumulation of Triton-resistant phos-
phorylated forms of the p60 subunit of CAF-1 was also de-
tected for lower UV doses (Fig. 7 B). A dose of 10 J/m2 al-
ready induced a significant increase in the amount of p60
protein retained after Triton extraction. The appearance
of Triton-resistant CAF-1 p60 proportional to the UV
dose (Fig. 7 B) was consistent with a possible stoichiomet-
ric targeting of CAF-1 to sites of DNA lesion/repair.

Phosphorylation Stimulates the Stoichiometric Action 
of CAF-1 In Vitro

We used an in vitro assay for chromatin assembly coupled
to UV-induced DNA synthesis (Gaillard et al., 1996) to
test whether CAF-1 functions either catalytically or stoi-
chiometrically with respect to the number of lesions
present in the DNA substrate. A cytosolic extract derived
from nonirradiated HeLa cells grown in tissue culture
dishes was prepared as described in Materials and Methods.

Figure 6. UV irradiation of both G1 and G2 cells promotes the
chromatin association of a phosphorylated form of p60. (A) Cells
synchronized in early G1 or G2 phase were either immediately
harvested (2) or subjected (1) to UV irradiation at 30 J/m2 fol-
lowed by a 2-h recovery period. Total lysates were processed for
Western blotting and detection was achieved using both the poly-
clonal anti-p60 antibody (p60, pAb1) and monoclonal anti-
NuMA antibody (NuMA) as a control for extraction and protein
loading. (B) The cells were Triton-extracted and an equivalent of
2.5 3 105 cells for G2 cells or 5 3 105 cells for G1 cells, corre-
sponding to the postmitotic doubling of the cell population were
lysed and processed for Western blotting. Detection was
achieved with monoclonal anti-p150 (p150, mAb1), monoclonal
anti-p60 (p60, mAb96), polyclonal anti-p60 (p60, pAb1) and
monoclonal anti-PCNA (PCNA) antibodies. (C) DNase I diges-
tion was performed in parallel with G1 or G2 cells in the absence
of UV irradiation (2UV) and with UV-irradiated G2 cells
(1UV) at 30 J/m2. The cells were Triton-extracted in the absence
(2) or presence (1) of 0.1 mg/ml DNase I. Lysates equivalent to
2.5 3 105 cells were analyzed by Western blotting using both the
polyclonal anti-p60 antibody (p60, pAb1) and monoclonal anti-
NuMA antibody (NuMA) as a control for extraction and protein
loading. Asterisk, slowest migration position of the p60 subunit. 
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When added to our extract in the presence of a radiola-
beled nucleotide, DNA synthesis preferentially occurred
in the UV-irradiated plasmid when compared with a con-
trol nonirradiated plasmid (Fig. 8 A, compare 2 with
1 UV). Since DNA recovery at the end of these reactions
was comparable (Fig. 8 A, Total DNA), these data demon-
strated that our extract was competent to process UV pho-

Figure 7. Time course and UV dose response in the Triton-resis-
tant fraction of p150 and p60 in G2 cells. (A) Time course analy-
sis: G2 cells, either UV-irradiated at 30 J/m2 (with UV) or not ir-
radiated (no UV) were harvested after various recovery time
periods (min) and extracted with Triton X-100. Lysates (equiva-
lent to 2.5 3 105 cells) were analyzed by Western blotting using
both a monoclonal anti-p150 (p150, mAb1) and a polyclonal anti-
p60 (p60, pAb1) on the same filter. (B) UV dose response: G2
cells irradiated with increasing doses of UV-C (0, 10, 15, or 30 J/m2)
were harvested after a 2-h recovery period and processed as in A.
Asterisk, phosphorylated form of the p60 subunit of CAF-1. Den-
sitometric scans of the p60 signal are presented underneath. Pro-
tein recovery (Total protein) and loading for each sample was as-
sessed by ponceau S staining of the filters used to detect p60.

Figure 8. Titration conditions for recombinant CAF-1 to support
nucleosome assembly during UV-induced synthesis and compe-
tence of various phosphorylated forms in the assay. (A) Plasmid
DNA, either treated with UV-C at 500 J/m2 (1) or not treated
(2) were incubated in a cytosolic extract in the presence of [a-32P]
dCTP. Complementation in the supercoiling assay was achieved
with increasing amounts of recombinant CAF-1 (solid triangle), 0 ng
(lanes 2, 3, and 4), 5 ng (lane 5), 10 ng (lane 6), 20 ng (lane 7), or
40 ng (lane 8). Deproteinized DNA was purified and analyzed by
agarose gel electrophoresis. The incorporation of radiolabel due
to the UV-dependent DNA synthesis was visualized by autora-
diography (Labeled DNA) and the total population of DNA mol-
ecules by ethidium bromide staining of the gel (Total DNA).

Plasmids were processed as indicated in Materials and Methods.
The positions of the supercoiled (form I), nicked (form Ir), and
closed circular (form II) forms of plasmid DNA are indicated.
Control supercoiled DNA was run in parallel (lane 1). (B) Re-
combinant CAF-1 was treated with Lambda phosphatase alone
(lane 1), in the presence of b-glycerophosphate (lane 2) or mock
treated (lanes 3 and 5), mitotic extract (M) and nuclear interpha-
sic extract (I) were prepared as described (see Materials and
Methods). All samples were processed for Western blot analysis
and detection with the polyclonal anti–p60 antibody (p60).
Bracket, various phosphorylation forms. (C) The three sources of
recombinant CAF-1 (r.CAF-1): treated with Lambda phos-
phatase alone (lane 4), in the presence of b-glycerophosphate
(lane 5), or mock treated (lane 3) (shown in B, left) were used in
the assay as described above. The amount added per reaction was
10 ng (defined as the critical amount in A). The presence and
amount of the phosphorylated p60 subunit of CAF-1 (exogenous
and endogenous) at the end of each reaction was assessed by
Western blotting using the polyclonal anti-p60 antibody (p60).
Asterisk, slowest migrating phosphorylated form of p60. 

 on M
ay 1, 2014

jcb.rupress.org
D

ow
nloaded from

 
Published November 2, 1998

http://jcb.rupress.org/


The Journal of Cell Biology, Volume 143, 1998 572

toducts. Under these conditions, we did not detect in the
labeled/repaired plasmid DNA a significant proportion of
supercoiled molecules. This could reflect either a defect in
chromatin assembly (the accumulation of supercoiled mol-
ecules is proportional to the number of nucleosomes
formed on a circular DNA molecule) (Germond et al.,
1979), or a defect in ligation of repaired molecules. West-
ern blotting analysis of an aliquot removed from these re-
action mixtures showed that only traces of the p60 subunit
of CAF-1 were provided by the extract (Fig. 8 C, p60,
lanes 1 and 2), whereas the p150 was at an undetectable
level (data not shown). Since the p150 and p60 subunits of
CAF-1 are both essential for chromatin assembly in vitro
(Kaufman et al., 1995), these data suggested that the limit-
ing factor for supercoiling in this system was CAF-1. Nu-
cleosome assembly and supercoiling of the repaired plas-
mid could indeed be complemented by the addition of
purified recombinant CAF-1 (Fig. 8 A, CAF-1). Impor-
tantly, this supercoiling was preferentially observed on la-
beled/repaired material compared with the bulk popula-
tion of plasmid DNA (Fig. 8 A, compare Labeled with
Total DNA). A careful titration of the amount of CAF-1
added per reaction allowed us to define the amount of
CAF-1 required to achieve maximal supercoiling (Fig. 8 A,
lane 7).

To proceed further and analyze the competence of vari-
ous phosphorylated forms of CAF-1, the same amounts of
the recombinant protein were treated (a) with Lambda
phosphatase to completely dephosphorylate p60 (Fig. 8 B,
lane 1); (b) with the phosphatase in the presence of b-glyc-
erophosphate to produce phosphorylation intermediates
of p60 (Fig. 8 B, lane 2); or (c) mock-treated (Fig. 8 B, lane
3). We also compared the migration properties of the p60
subunit in our recombinant complex with respect to the
p60 subunit from mitotic extracts (Fig. 8 B, lane 4) or in-
terphasic nuclear extracts (Fig. 8 B, lane 6). These data
showed that the migration properties of the recombinant
form were very distinct from those of the mitotic p60 and
rather could be compared with the forms with the lowest
migration properties in the interphasic nuclear extract. We
thus used in the in vitro assay the three different forms of
recombinant CAF-1 as produced in Fig. 8 B, lanes 1, 2, and
3. Under the limiting condition defined in Fig. 8 A, we
found that when CAF-1 was treated with phosphatase be-
fore its addition to the extract, it was somewhat less active
in promoting nucleosome assembly on labeled/repaired
DNA (Fig. 8 C, lane 4). The fact that CAF-1 remained de-
phosphorylated was verified by Western blotting of an ali-
quot removed at the end of each reaction (Fig. 8 C, p60).
Interestingly, when b-glycerophosphate was initially pre-
sent during the phosphatase treatment to produce phos-
phorylation intermediates of p60, supercoiling was compa-
rable to the control (Fig. 8 C, compare lane 3 with 5). We
can thus discard possible effects due to contaminants in
the phosphatase preparation, and further conclude that
even intermediate phosphorylation forms can be compe-
tent in the assay. Since the phosphorylation state of the re-
combinant CAF-1 protein purified from baculovirus-
infected Sf9 cells may not necessarily reflect the precise
modification of the protein present in UV-irradiated
HeLa cells, we verified that similar observations could be
made when using equivalent amounts of CAF-1 from

HeLa cell nuclear extracts (data not shown). A close ex-
amination of the supercoiling obtained using plasmids ir-
radiated at 150 and 300 J/m2 for various amounts and
forms of CAF-1 (Fig. 9 A as indicated) suggested that the
number of labeled/repaired sites could be a critical param-
eter for CAF-1 requirement (Fig. 9 A, compare 150 with
300 J/m2). Quantification of the data further evidenced the
correlation between the number of labeled repaired sites
and the requirement of CAF-1 as well as the importance
of the form of CAF-1 provided in the reaction (Fig. 9 B).

Discussion
Dynamic reorganization of chromatin structure is a recur-
rent feature associated with many changes in cellular phys-
iology. During NER, changes in nucleosome structure are
likely to occur (Smerdon, 1991) both to make the DNA le-
sion accessible to the repair machinery and to facilitate
reformation of a regular chromatin structure following the
repair process (Gaillard et al., 1996, 1997). Although
CAF-1 was originally identified as a protein that promotes
nucleosome assembly during DNA replication in vitro
(Smith and Stillman, 1989), CAF-1 is thought to play a
similar role during the repair of DNA damage (Gaillard et
al., 1996; Kaufman et al., 1997). This paper provides the
first evidence that the activity of CAF-1 is regulated in re-
sponse to DNA damage in mammalian cells.

Comparison of the Behavior of p60 and p150 Subunits 
of CAF-1 to PCNA

The behavior of the p60 and p150 subunits of CAF-1
shares a number of similarities with that of PCNA, an es-
sential protein of proliferating cells which plays crucial
roles in both DNA replication and repair (Cox, 1997).
Both the p150 and p60 subunits of CAF-1 rapidly become
resistant to detergent extraction during DNA replication
or repair of nuclei (Figs. 2, 6, and 7). Furthermore, the
characteristics of the UV response (timing and dose de-
pendence), for the binding of p150 and phosphorylated
p60 to chromatin (Fig. 7) is strikingly similar to those ob-
served for PCNA during NER (Miura et al., 1992; Prosperi
et al., 1993; Aboussekhra and Wood, 1995). Interestingly,
both the timing and UV dose response are somewhat dis-
tinct from those reported for the p34 subunit of replication
protein A whose phosphorylation is only detected with
higher doses and at a later time after UV irradiation (Liu
and Weaver, 1993; Carty et al., 1994). Overall, our data
provide in vivo support for a dual role of CAF-1 during S
phase and DNA repair. It is intriguing that this parallel be-
tween PCNA and CAF-1 may extend beyond their dual
function in DNA replication and DNA repair, since both
proteins also play a role in the inheritance of transcription-
ally silent heterochromatin.

In Drosophila, chromosomal translocations that bring
euchromatic genes next to heterochromatin generally re-
sult in transcriptional silencing (Pirrotta, 1997). The silent
state is rather stable through mitosis but, with a low fre-
quency, the translocated gene can switch to the expressed
state, which can also be inherited in a stable fashion. This
form of chromosomal position effect, known as position
effect variegation in Drosophila, is functionally analogous
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to the silencing of reporter genes introduced next to telo-
meric heterochromatin in S. cerevisiae (Aparicio et al.,
1991). Interestingly, a PCNA mutation in Drosophila, mus
209 (mutagen-sensitive 209), results in suppression of posi-
tion-effect variegation (Henderson et al., 1994; Yamamoto
et al., 1997), i.e., heterochromatin-mediated silencing is
impaired. This may relate to the unexpected function of
CAF-1 in silencing recently uncovered through genetic
studies in S. cerevisiae (Enomoto et al., 1997; Kaufman et
al., 1997; Monson et al., 1997; Enomoto and Berman,
1998). These findings suggest that the role of CAF-1 dur-
ing nucleotide excision repair may be critical in either re-
storing or setting de novo repressive chromatin structures.
PCNA also plays a role in repair mechanisms other than
NER such as double-strand break repair (Ayyagari et al.,
1995; Henderson and Glover, 1998) and one of the base
excision repair pathways (Frosina et al., 1996). Our previ-
ous work using Drosophila embryo extracts (Gaillard et al.,
1997) would suggest that the DNA synthesis event is not
strictly required for an assembly machinery to be recruited
to specific repair sites. Thus, CAF-1 may be recruited by
DNA structures and/or protein factors present during ear-
lier stages of repair. The parallel behavior of CAF-1 with

PCNA could thus imply some interaction between these
molecules within such a complex. This raises the possibil-
ity that CAF-1 may also play some role in DNA repair
pathways other than NER. The binding of CAF-1 to chro-
matin and the phosphorylation of the p60 subunit of CAF-1
described here may provide useful markers to monitor the
CAF-1 response to various genotoxic agents in repair-pro-
ficient cells or cells with mutations in various DNA repair
pathways (Friedberg et al., 1995).

Chromatin Association and the Phosphorylation of the 
p60 Subunit of CAF-1 in Response to UV Irradiation

The changes in CAF-1 after UV irradiation reported here
provide a novel element to the cellular response to UV ir-
radiation. We defined two features of this CAF-1 response
to UV irradiation: (a) the chromatin retention of both the
p150 and p60 subunits of CAF-1 and (b) the predomi-
nance of phosphorylated forms of p60 in this chromatin-
associated fraction. The chromatin association most likely
reflects an interaction with a protein component of chro-
matin, rather than with DNA itself, since the CAF-1 pro-
tein purified from human cells was reported to present no

Figure 9. The capacity of CAF-1 to sup-
port nucleosome assembly during UV-
induced synthesis depends on both the
number of lesion/repair sites and the phos-
phorylation form of CAF-1. (A) Plasmid
DNA, either treated with UV-C (150 and
300 J/m2) or not treated (0) were incu-
bated in a cytosolic extract in the presence
of [a-32P] dCTP. Complementation in the
supercoiling assay was achieved with in-
creasing amounts of recombinant CAF-1,
which was either not treated (solid trian-
gle) or treated before its use with Lambda
phosphatase (open triangle): 5 ng (lanes 3,
7, 11, and 15), 10 ng (lanes 4, 8, 12, and
16), 20 ng (lanes 5, 9, 13, and 17) or 40 ng
(lanes 6, 10, 14, and 18). Deproteinized

DNA was purified and analysed by agarose gel electrophoresis. The in-
corporation of radiolabel due to the UV-induced DNA synthesis was
visualized by autoradiography (Labeled DNA) and the total population
of DNA molecules by ethidium bromide staining of the gel (Total DNA).
Plasmids were processed as indicated in Materials and Methods. The
positions of the supercoiled (form I), nicked (form Ir), and closed circu-
lar (form II) forms of plasmid DNA are indicated. Control supercoiled
DNA (C) was run in parallel. The presence and amount of the phos-
phorylated p60 subunit of CAF-1 (exogenous and endogenous) at the
end of each reaction was assessed by Western blotting using the poly-
clonal anti-p60 antibody (p60). Asterisk, slowest migrating phosphory-
lated form of p60. (B) Data from experiments as described above using
plasmid DNA treated with UV-C (150, 300, and 500 J/m2) and increas-
ing amounts of recombinant CAF-1 either not treated (___) or treated
before its use with Lambda phosphatase (- - -) were quantified using a
PhosphorImager and ImageQuant software. The percentage of form I
in the labeled plasmid (%) is represented as a function of the amount of
CAF-1 provided in various phosphorylation status (ng).
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apparent affinity for either single- or double-stranded
DNA (Smith and Stillman, 1989). The p60 subunit of
CAF-1 has been previously shown to exist in various phos-
phorylated forms in asynchronous cells, (Smith and Still-
man, 1991) and several consensus sites for protein kinase
C, casein kinase 2, and tyrosine kinase phosphorylation
can be found. However, no information is available con-
cerning the possible physiological significance of the post-
translational modification of p60. Although the relative
abundance of the nonphosphorylated and phosphorylated
forms of p60 in the chromatin-associated fraction was
found to vary during the cell cycle, a significant increase in
phosphorylated p60 bound to chromatin occurred in re-
sponse to UV irradiation in G1, S, or G2 phase (Fig. 6 and
data not shown). Whether the chromatin-associated phos-
phorylated forms of p60 that are constitutively present
in G1 and S phase serve similar functions to those found
after UV irradation remains to be determined. It is not
as yet clear whether the sites of p60 phosphorylation in
normal and UV-irradiated cells are the same or, for that
matter, whether phosphorylation of the p60 subunit of
CAF-1 plays a similar function during normal progression
through S phase and in the cellular response to UV irra-
diation.

In normal interphasic cells, it is remarkable that the phos-
phorylation of the Triton-resistant form of the p60 subunit
of CAF-1 is high in G1, progressively decreases throughout
S phase, and is essentially absent during G2. The signifi-
cance of this observation is unclear but this progressive de-
phosphorylation of CAF-1 could potentially serve as a
marking system to avoid DNA rereplication. Alternatively,
since progression through S phase is accompanied by a de-
crease in the number of DNA replication foci, the level of
p60 phosphorylation may simply be an indication of the
amount of CAF-1 actively involved in nucleosome assembly
at the DNA replication fork. This in turn would suggest that
p60 phosphorylation may modulate the nucleosome assem-
bly activity of CAF-1 in normal cells. In that respect, it is
also interesting to note that a distinct modified form only
observed in mitosis (see Fig. 8 B) was reported to be im-
paired in nucleosome depostion during complementary
strand synthesis (Marheineke and Krude, 1998).

Our data do not preclude the possibility of a de novo
phosphorylation of the p60 subunit of CAF-1 in response
to UV irradiation. However, the increase in the phosphor-
ylated form of p60 that is associated with chromatin after
UV irradiation may be simply mediated through recruit-
ment of a preexisting pool of phosphorylated molecules.
This mechanism of recruitment could be advantageous for
a rapid response to UV damage. Importantly, although
both phosphorylated and nonphosphorylated forms of p60
are present in roughly equal amounts in G2 cells (Fig. 5 B,
Total), phosphorylated p60 is almost completely absent
from the chromatin-associated pool (Fig. 5 B and Fig. 6).
Thus, phosphorylation of p60 per se is not sufficient to
trigger association of CAF-1 with chromatin. Remarkably,
the fraction of the p60 subunit of CAF-1 recruited to chro-
matin appeared to be proportional with the UV dose ap-
plied to the cells (Fig. 7). These data suggest that the UV
signal triggering this recruitment could operate via the
sensing of the UV lesion/repair sites into DNA which
would be consistent with our data in vitro (Fig. 8).

Importance of the Phosphorylated Form of the p60 
Subunit of CAF-1 in Interphase

Our data in vitro argue that phosphorylation of CAF-1 in-
creases the ability of the factor to promote nucleosome as-
sembly during nucleotide excision repair (Fig. 8). Al-
though this effect is rather modest in vitro, it may become
important in vivo under conditions of severe DNA dam-
age, when the concentrations of CAF-1 and repair factors
may be limiting. Potentially, the modification by phosphor-
ylation of CAF-1 may be important for its role in nucleo-
some assembly activity during both DNA synthesis and
DNA repair.

Phosphorylation of the p60 subunit may facilitate either
binding or dissociation of CAF-1 from acetylated core his-
tones H3 and H4. Alternatively, phosphorylation of p60
may promote recognition of the specific protein factors or
DNA structures necessary to attract the CAF-1 protein to
sites of DNA repair. Finally, in addition to its effect on the
nucleosome assembly activity of CAF-1, the increase in
phosphorylation of the p60 subunit of CAF-1 in response
to UV irradiation may act as a signal to prevent progres-
sion through the cell cycle until DNA lesions have been
repaired and/or the chromatin structure has been restored
to its original state. This potential signaling function of
phosphorylated CAF-1 would provide an interesting link
between cell cycle regulation and DNA repair. These is-
sues should be explored in the future.
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