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ucleotide excision repair (NER) is the principal

pathway that removes helix-distorting deoxy-

ribonucleic acid (DNA) damage from the mam-
malian genome. Recognition of DNA lesions by xeroderma
pigmentosum group C (XPC) protein in chromatin is stimu-
lated by the damaged DNA-binding protein 2 (DDB2),
which is part of a CUL4A-RING ubiquitin ligase (CRL4)
complex. In this paper, we report a new function of DDB2
in modulating chromatin structure at DNA lesions. We
show that DDB?2 elicits unfolding of large-scale chromatin

Introduction

Nucleotide excision repair (NER) is a versatile DNA repair path-
way that removes a variety of structurally unrelated lesions
from the genome, such as the UV light-induced pyrimidine-
pyrimidone[6—4] photoproducts (6-4PPs) and cyclobutane
pyrimidine dimers (CPDs). Inherited defects in NER give rise to
the human disorder xeroderma pigmentosum (XP), which is
characterized by extreme photosensitivity and high susceptibility
to skin cancer (de Boer and Hoeijmakers, 2000). In mammalian
cells, removal of photolesions by global genomic NER is initi-
ated by the binding of the XP group C (XPC) protein to helix-
distorting DNA lesions (Sugasawa et al., 1998; Volker et al.,
2001). Although XPC has a high affinity for 6-4PPs, its binding
to CPDs is rather weak, and efficient recognition of this type of
lesion requires the presence of the damaged DNA-binding pro-
tein 2 (DDB2; Tang et al., 2000). Cells derived from XP-E pa-
tients, which lack functional DDB2, are deficient in CPD repair
and show reduced 6-4PP repair (Hwang et al., 1999; Nichols
et al., 2000; Tang et al., 2000; Rapi¢-Otrin et al., 2003; Moser
et al., 2005). Genetic deletion of DDB2 in mice significantly
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structure independently of the CRL4 ubiquitin ligase com-
plex. Our data reveal a marked adenosine triphosphate
(ATP)-dependent reduction in the density of core histones
in chromatin containing UV-induced DNA lesions, which
strictly required functional DDB2 and involved the activ-
ity of poly(adenosine diphosphate [ADP]-ribose) poly-
merase 1. Finally, we show that lesion recognition by
XPC, but not DDB2, was strongly reduced in ATP-depleted
cells and was regulated by the steady-state levels of
poly(ADP-ribose) chains.

impairs the repair of photolesions and causes hypersensitivity
to UV-induced skin cancers, suggesting an important role for
DDB?2 in NER (Alekseev et al., 2005).

DDB?2 is incorporated into a CUL4A-RING E3 ubiqui-
tin ligase (CRL4) complex, consisting of CUL4A, RBX1, and
DDBI, through its interaction with DDB1 (Groisman et al.,
2003; He et al., 2006). CUL4A, DDB1, and DDB?2 are rapidly
recruited to UV-induced lesions, with similar association Kki-
netics consistent with the binding of a preassembled CRL4—
DDB2 complex (Luijsterburg et al., 2007; Alekseev et al.,
2008). The ubiquitin ligase activity of the CRL4-DDB2 com-
plex is transiently activated by UV irradiation and is specifi-
cally directed to chromatin at damaged sites (Groisman et al.,
2003). Several proteins are ubiquitylated by the CRL4-DDB2
complex upon UV exposure, including the core histones H2A
(Kapetanaki et al., 2006), H3 and H4 (Wang et al., 2006), XPC
(Sugasawa et al., 2005), and DDB?2 itself (Groisman et al.,
2003; Sugasawa et al., 2005; Kapetanaki et al., 2006; Wang
et al., 2006). Ubiquitylation of the core histones H3 and H4
by the CRL4-DDB?2 complex weakens the interaction between
the histones and DNA, which has been proposed to facilitate
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access of repair proteins to photolesions (Wang et al., 2006).
Lesion recognition may be further enhanced by the CRL4-
DDB2-mediated ubiquitylation of XPC, as this increases XPC’s
affinity for DNA in vitro (Rapi¢-Otrin et al., 2002; Sugasawa
et al., 2005). Finally, DDB?2 itself is targeted for proteasomal
degradation upon ubiquitylation by the CRL4-DDB2 com-
plex, which may also enhance the binding of XPC to photole-
sions. Together, these studies suggest that the CRL4-DDB?2
complex, through its ubiquitin ligase activity, initiates at least
three simultaneous mechanisms that contribute to efficient
recognition of photolesions by XPC.

In the present study, we identified a new role for DDB2,
which involves the ATP- and poly(ADP-ribose) (PAR) poly-
merase (PARP)-dependent unfolding of higher-order chro-
matin structure at sites of DNA damage. Interestingly, this
function of DDB2 is independent of its association with the
CRL4 complex. Consistent with a role for DDB2-mediated
chromatin unfolding in NER, we found that the recruitment of
XPC, but not DDB2, to photolesions is ATP dependent and
is regulated by the activity of PARP1. We propose that the
DDB2-mediated chromatin decondensation establishes a local
chromatin environment that promotes the recruitment of XPC
to photolesions.

Results

Functional tethering of DDB2 to chromatin
To directly assess whether DDB2 can mediate changes in
higher-order chromatin structure, we used a lactose repressor
(LacR)-based system for tethering proteins to a defined chro-
mosome region in vivo (Robinett et al., 1996). To this end, we
fused full-length murine DDB2 to the LacR tagged with the
RFP mCherry (mCherry-LacR; Fig. 1 A), which allows visual-
ization and tethering of the fusion protein in mammalian cells
carrying amplified lactose operator (LacO) sequences. Expres-
sion of mCherry-LacR-DDB2 in murine NIH2/4 cells, which
contain an array of 256 copies of the LacO integrated in chro-
mosome 3 (Soutoglou et al., 2007), resulted in localization
of the fusion protein to the array (Fig. 1 B). Tethering of LacR-
DDB?2 resulted in enrichment of GFP-tagged DDB1 and CUL4A
at the array, suggesting that the tethered DDB2 is part of the
CRL4-DDB2 complex (Figs. 1 B and S1 A).

Next, we generated GFP fusion proteins of the naturally
occurring DDB2 mutant proteins DDB2%**E, DDB2"*"Y, and
DDB2"*% (Fig. 1 A), which are found in the XP-E patients
XP82TO, XP25PV, and GMO1389, respectively (Rapi¢-Otrin
et al., 2003). Whereas the steady-state levels of GFP-tagged
DDB2%**E and DDB2”*7Y were comparable with the levels
of wild-type DDB2, GFP-DDB2"*" was expressed at lower
levels and was considerably stabilized by the proteasome inhib-
itor MG132 (Fig. 1 F), consistent with the reported destabiliza-
tion of this mutant (Rapi¢-Otrin et al., 2003). Analysis of the
mobility of the GFP-tagged DDB2 variants in living cells by
FRAP showed that, in contrast to wild-type DDB2 (Fig. 1 G),
the mutants DDB2X**E (Fig. 1 H), DDB2™""Y (Fig. 1 I), and
DDB2"*% (Fig. 1 J) were not immobilized upon global UV
exposure, suggesting that they are unable to bind photolesions,
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which may underlie the XP-E phenotype of cells expressing
these mutant proteins.

Upon tethering mCherry-LacR fusion proteins of these
mutants to chromatin, we observed that DDB2X*** (Figs. 1 C
and S1 A) still targeted the CRL4 complex to the array, whereas
DDB2"7Y (Figs. 1 D and S1 A) and DDB2"*” (Figs. 1 E and
S1 A) failed to recruit DDB1 and CUL4A, consistent with pre-
vious biochemical experiments (Rapi¢-Otrin et al., 2003). Im-
portantly, this panel of mCherry-LacR-DDB?2 fusions that differ
in their ability to recruit CUL4A and DDB1 provides us with
a tool to dissect the contribution of ubiquitylation-dependent
and -independent activities of DDB2 in living cells.

DDB2-mediated chromatin unfolding

is independent of ubiquitylation and

histone acetylation

To directly study the effect of DDB2 on chromatin structure,
we tethered mCherry-LacR-DDB2 to a 90-Mbp heterochro-
matic locus in hamster AO3 cells consisting of ~60 copies of
a region encompassing ~1,000 kbp of coamplified genomic
DNA and ~400 kbp of a tandemly arrayed 14-kbp plasmid,
each of which contains 256 LacO repeats and a dihydrofolate
reductase gene (Robinett et al., 1996; Tumbar et al., 1999;
Ye et al., 2001; Nye et al., 2002). As reported previously, teth-
ering of mCherry-LacR did not affect the heterochromatic
nature of the array (Fig. 2 A; Tumbar et al., 1999). Conversely,
tethering of mCherry-LacR-DDB2 caused extensive unfold-
ing of the heterochromatic array into irregular, often fiberlike
structures (Fig. 2 B), suggesting that prolonged binding or
close proximity of DDB2 to chromatin triggers substantial
decondensation. The array, which occupied ~2% of the nu-
clear area after tethering mCherry-LacR, unfolded signifi-
cantly to, on average, 14% of the nuclear area in cells ex-
pressing mCherry-LacR-DDB2 (Fig. 2 G, red bars). Tethering
of DDB2 in murine NIH2/4 cells (Soutoglou and Misteli,
2008) harboring a small 256x LacO array (Figs. 2 Hand S1 B)
or in human U20S 2-6-3 cells (Janicki et al., 2004) harbor-
ing a LacO-containing cassette (Figs. 2 I and S1 C) also
resulted in extensive chromatin unfolding into fiberlike struc-
tures, suggesting that DDB2-mediated decondensation is a
general phenomenon.

It has been reported that DDB2 interacts with the p300
histone acetyltransferase (HAT; Datta et al., 2001), which
prompted us to test whether an increase in histone acetylation
could be responsible for the observed chromatin unfolding.
However, tethering DDB2 in NIH2/4 mouse cells did not
result in elevated levels of acetylated H3 (H3K4 and H3K9) or
H4K16 at the decondensed array (Fig. S2). Moreover, chromatin
unfolding in AO3 cells still occurred when LacR-DDB2 was
tethered in the presence of the HAT inhibitor anacardic acid
(Fig. 2, C and G [blue bars]).

The mutant DDB2***F fails to bind both damaged and
nondamaged DNA (Wittschieben et al., 2005), which allows
us to assess whether chromatin unfolding involves DNA bind-
ing by DDB2. Tethering of DDB2X***F (Fig. 2 D) resulted in
chromatin decondensation to the same extent as wild-type
DDB?2 (Fig. 2 G), suggesting that DDB2-mediated chromatin
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Figure 1. Functional tethering of DDB2. (A) A schematic rep-
resentation of murine DDB2 including mutations found in XP-E
patients (in red). The seven WD40 B-propellers (1-7) and
a-helical domain («) are indicated. (B-E) Recruitment of GFP-
DDB1 and GFP-CUL4A to tethered mCherry-LacR-DDB2 (B),
mCherry-LacR-DDB2X?44E (C), mCherry-LacR-DDB223%7" (D),
or mCherry-LacR-DDB2'5%" (E). (F) Expression of GFP-DDB2
proteins in the absence (—) or presence (+) of proteasome
inhibitor MG132 (10 pM). WB, Western blot; WT, wild type.
(G-J) FRAP analysis of GFP-DDB2 (G), GFP-DDB2K244¢ (H),
GFP-DDB2%3%7Y (1), or GFP-DDB2'%5% (J) in unchallenged cells
(blue lines) or globally (16 J/m?) UV-irradiated cells.
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unfolding is independent of DNA binding by DDB2 and likely
involves the recruitment of additional factors. To address
whether the ubiquitin ligase activity of the CRL4-DDB2 com-
plex is required to unfold chromatin, we used our panel of
DDB2 mutants that differ in their ability to recruit CUL4A
and DDB1. The DDB2P*"Y (Fig. 2 E) and DDB2"*" mutants
(Fig. 2 F), which fail to bind CUL4A and DDBI, triggered ex-
tensive unfolding of large-scale chromatin structure similar to
wild-type DDB2 (compare red bars with green bars in Fig. 2 G).
These results show that DDB2 elicits extensive higher-order
chromatin unfolding independently of CRL4-DDB2-mediated
ubiquitylation, DNA binding, or histone acetylation.

The structure of DDB2 consists of an N-terminal helix-loop-helix
domain, which interacts with DDB1, followed by a seven-
bladed WD40 {3-propeller that is important for binding to
UV-induced photolesions (Scrima et al., 2008). To determine
whether a specific region of DDB?2 is required for initiating
chromatin unfolding, we created a series of deletion mutants
fused to mCherry-LacR (Fig. 3 A). Importantly, the steady-state
levels of these deletion mutants were not increased by protea-
some inhibitors, suggesting that these mutants are relatively

DDB2 mediates chromatin remodeling at DNA lesions
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Figure 2. DDB2 immobilization elicits extensive chromatin unfolding.
(A-F) AO3 cells containing a 90-Mbp heterochromatic array were
transfected with mCherry-LacR (A), mCherry-LacR-DDB2 in the absence
(B) or presence (C) of HAT inhibitor (HATi), mCherry-LacR-DDB2%244€ (D),
mCherry-LacR-DDB2°%%Y (E), or mCherry-LacR-DDB21% (F). Images show
a confocal slice (1 Airy unit) of the nuclear distribution of the mCherry-LacR
fusion proteins. The lookup table for the color coding is shown left of A and D.
(G) Quantification of the relative array size (surface of the array/surface
of the nucleus) is shown in a box plot (50-100 cells for each condition).
Open circles are data points that are considered outliers, as their value is
greater than the upper quartile, +1.5 the interquartile distance, or less than
the lower quartile, —1.5 the interquartile distance. (H) Mouse NIH2/4
cells containing a 256x LacO array were transfected with mCherry-LacR
(left) or mCherry-LacR-DDB2 (right). () Human U20S 2-6-3 cells containing
200 copies of a LacO-ontaining cassette (~4 Mbp) were transfected with
mCherry-LacR (leff) or mCherry-LacR-DDB2 (right).

stable and not terminally misfolded (Fig. 3 B). Tethering of
the deletion mutant DDB2"~*?% lacking the two C-terminal
B-propeller blades resulted in unfolding of the LacO array, similar
to wild-type DDB2 (Fig. 3, C, D, and I). To test which region of
DDB2!?¥ is required to mediate chromatin decondensation,
we generated three fragments spanning this region. The N-terminal
DDB2'"'® fragment, which is sufficient to recruit DDB1 (Fig. S3),
failed to unfold chromatin (Fig. 3, E and I), whereas tethering
the central fragment DDB2!'%2!% (Fig, 3, Fand I) as well as the
C-terminal fragment of this region, DDB2?'%**¥ (Fig. 3, G and
I), both resulted in partial unfolding. We then tested whether a
region overlapping these deletion mutants can mediate efficient
chromatin decondensation. Indeed, targeting of DDB2(!%-32%,
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Figure 3. Minimal DDB2 domain that is sufficient for chromatin unfold-
ing. (A) A schematic representation of DDB2 deletion mutants analyzed.
(B) Expression of mCherry-LacR-tagged DDB2 proteins in the absence ()
or presence (+) of proteasome inhibitor MG132 (10 yM). WB, Western
blot; WT, wild type. (C-H) Images show a confocal slice (1 Airy unit) of
the distribution of the indicated mCherry-LacR fusion proteins in AO3 cells.
The lookup table is shown. (I) Quantification of array decondensation in
AQO3 cells (in ratio array/nucleus) after tethering the indicated LacR-DDB2
fusion proteins shown in a box plot. Values represent the mean array de-
condensation of 50-100 cells collected in two independent experiments.
Open circles are data points that are considered outliers, as their value is
greater than the upper quartile, +1.5 the interquartile distance, or less than
the lower quartile, —1.5 the interquartile distance.

which lacks the N-terminal helix-loop-helix domain but con-
tains B-propeller blades 1-5, resulted in similar unfolding as full-
length DDB2 (Fig. 3, H and I). Although capable of unfolding
chromatin structure, DDB2!%-3% failed to interact with DDB1
(Fig. S3). Together, these results identify a region of the WD40
repeats spanning the first five 3-propeller blades to be sufficient
for chromatin unfolding. Moreover, our observation that the
N-terminal domain of DDB2, which is sufficient for DDB1
binding, is not required to elicit chromatin unfolding provides
another line of evidence for the CRL4-independent nature of
this DDB2 activity.

Having established that tethering of DDB2 to chromatin mediates
extensive unfolding of chromatin structure, we subsequently
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Figure 4. UV-induced DNA lesions trigger ATP-dependent chro-

DDB2-mCherry

DDB2-mCherry

Relative intensity at local damage

04 L L

matin remodeling. (A-C) Distribution of GFP-tagged histones

H1.0 (A), H2A (B), or H4 (C) at sites of local damage (100 J/m?)

in MRC5 cells marked by the accumulation of DDB2-mCherry.

(D) GFP-H4 and DDB2-mCherry distribution at local UV damage

after ATP depletion. (E) Quantification of the intensity of GFP-

tagged histones at sites of UV-induced DNA damage shown in a

box plot (~50 cells for each condition). An intensity of 1 repre-

sents the mean infensity in the nucleus (excluding nucleoli), and

intensities <1 represent a reduced histone density in the locally

damaged area. The dotted line represents a ratio of 1, which

means that the intensity in the local damage is the same as the

infensity elsewhere in the nucleus. Asterisks indicate significant

QQX‘ZJ(\ differences based on a t test (P < 0.05). Open circles are data
e points that are considered outliers, as their value is greater than
the upper quartile, +1.5 the interquartile distance, or less than

DDB2-mCherry

G DDB2-YFP
Pre-UV. 1:40 min :00 min 8:20 min 11:40 min 1! min 18:20 min
1:40 min 4% 20 min
M J Y o

Mock

H

S

DDB2-mCherry

the lower quartile, —1.5 the interquartile distance. (F) Distribution
of GFP-H1 and DNA stained by DAPI in U20S cells after local
damage (100 J/m?) through 5-ym pores. Cells were stained for
endogenous DDB2. (G) Realtime imaging of DDB2-YFP in living
cells after local UV irradiation (100 J/m? through 5-pm pores at
37°C) revealed the appearance of a fiberlike structure emanating
from within the locally damaged area. (H and 1) A micrograph
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UV-damaged area (red circle in H and red bars in the histogram
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(J and K) Similar analysis for an ATP-depleted cell.

600 1 inside damage 600 inside damage
- z 400
g &
& £ 2001
> >
2 2
15} @
: g 0]
o L
[ [
200
outside damage outside damage
T T T T T T T T T l
0 20 40 60 80 100 0 20 40 60 80 100

Relative pixel intensity (%) Relative pixel intensity (%)

addressed whether this phenomenon also occurs in the physio-
logical context of the DNA damage response. For this purpose,
we introduced photolesions by locally irradiating cells with UV-C
light (Moné et al., 2001). At sites of local UV irradiation, marked
by the accumulation of DDB2-mCherry, we observed a reduction
in the density of GFP-tagged linker histone H1.0 (Fig. 4 A). As
linker histones rapidly exchange within tens of minutes (Lever
et al., 2000; Misteli et al., 2000), we wondered whether the distri-
bution of the more immobile core histones also changes upon
UV irradiation. Indeed, we observed a decrease in the density of
the GFP-tagged core histones H2A (Fig. 4 B) and H4 (Fig. 4 C).
Similar results were obtained when histone H4 was fused to super
CFP (SCFP; Kremers et al., 2006) instead of GFP (Fig. S4).
To exclude that the expression of DDB2-mCherry was respon-
sible for the observed decrease in histone density, we locally UV

irradiated cells expressing GFP-H1 and subsequently detected
endogenous DDB?2 using specific antibodies (Fig. 4 F). DNA
damage sites marked by the accumulation of endogenous DDB2
showed a significant decrease in the density of GFP-H1 (Fig. 4 F),
which was accompanied by a decrease in DAPI staining, indi-
cating that the DNA density is also reduced (Figs. 4 F and S5).
Likewise, local UV irradiation also triggered a local reduction in
GFP-H4 density at sites marked by endogenous DDB2 accumu-
lation (e.g., see Fig. 6 C). To quantify the loss of histones at sites
of local UV-induced DNA damage, we measured the mean inten-
sity in the irradiated area proportional to the mean nuclear inten-
sity, which revealed an ~15% reduction in histone density for
each of the histones (H2A, H4, and H1.0; Fig. 4 E). Strikingly,
depletion of ATP by the metabolic inhibitors 2-deoxyglucose and
sodium azide (Kruhlak et al., 2006) prevented the reduction of
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GFP-H4 intensity upon local UV irradiation (Fig. 4, D and E),
suggesting that chromatin changes in response to UV irradiation
require ATP hydrolysis. Real-time imaging of living cells express-
ing DDB2-YFP after local UV irradiation (100 J/m?*; Luijsterburg
et al., 2007) revealed the appearance of a fiberlike structure em-
anating from within the locally damaged area (Fig. 4 G and
Video 1). These DNA damage—induced fibers are reminiscent of
the fibers caused by tethering DDB?2 in the targeting system (see
Fig. 2 B), suggesting that the appearance of fibers and the reduc-
tion in histone density are both physical manifestations of the
same DDB2-mediated chromatin remodeling event. To analyze
the histone reduction at damaged sites in more detail, we measured
the pixel distribution of GFP-H4 signals at sites of local damage
and compared it with the pixel distribution in a similarly sized
region elsewhere in the nucleus. Our analysis shows that local
UV exposure resulted in a reduction in the heterogeneity of chro-
matin structure at regions exposed to UV light (Fig. 4, H and I),
suggesting that the chromatin structure at damaged sites is more
uniform than elsewhere in the nucleus. This local loss of hetero-
geneity in chromatin density did not occur when cells were ATP
depleted before local UV irradiation (Fig. 4, J and K). We con-
clude that UV exposure causes an ATP-dependent reorganization
of chromatin in subnuclear regions containing DNA lesions.

We subsequently used the XP23PV cell line, which is derived
from an XP-E patient and hence lacks functional DDB2 (Rapi¢-
Otrin et al., 2003), to address the role of DDB2 in ATP-dependent
chromatin decondensation in response to UV exposure. In agree-
ment with a role for DDB2 in UV-induced chromatin decon-
densation, we did not observe a reduction in GFP-H4 density in
XP-E cells (Fig. 5, A and D). Strikingly, complementation of
XP-E cells by ectopic expression of DDB2-mCherry restored
the decrease in histone density at damaged sites (Fig. 5, B and D),
confirming that the DNA damage—induced histone reduction
strictly depends on the presence of functional DDB2 protein.
The DDB2-dependent nature of chromatin decondensation in
UV-damaged cells could also, however, be attributed to events
that occur later in NER, such as preincision complex assembly,
which is significantly stimulated by DDB2 (Moser et al., 2005;
Nishi et al., 2009). To investigate this possibility, we analyzed
the effect of UV exposure on the histone density in a cell line
derived from an XP-C patient. Whereas XP-C cells still display
recruitment of DDB2 to photolesions, the recruitment of XPC
itself and the assembly of subsequent global genome repair
complexes are severely impaired (Volker et al., 2001; Luijsterburg
et al., 2007; Alekseev et al., 2008). The local reduction in GFP-H4
was not affected in XP-C cells (Fig. 5, C and D), showing that
XPC and the subsequent binding of other global genome repair
proteins are not required for UV-induced chromatin changes.
These results demonstrate an essential role for DDB2 in mediat-
ing UV-induced chromatin remodeling independently of XPC
and other NER factors. Importantly, we also observed that large-
scale chromatin decondensation induced by the tethering of
mCherry-LacR-DDB2 in AO3 cells was accompanied by a strik-
ing reduction in the levels of GFP-H4 at the array (Fig. 5 E).
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Figure 5. UV-induced chromatin changes require DDB2. (A-C) Distribu-
tion of GFP-H4 at sites of local damage (100 J/m? through 5-pm pores) in
a DDB2-deficient XP-E cell line XP23PV (A), an XP-E cell line complemented
by transient expression of DDB2-mCherry to restore the DDB2 deficiency (B),
and an XP-C cell line (C). (D) Quantification of the intensity of GFP-tagged
histones at sites of UV-induced DNA damage shown in a box plot (~50
cells for each condition). The dotted line represents a ratio of 1, which
means that the intensity in the local damage is the same as the intensity
elsewhere in the nucleus. Asterisks indicate significant differences based
on a ttest (P < 0.05). Open circles are data points that are considered
outliers, as their value is greater than the upper quartile, +1.5 the inter-
quartile distance, or less than the lower quartile, —1.5 the interquartile
distance. (E) Distribution of GFP-H4 at the LacO array in AO3 cells upon
tethering LacR-DDB2.

Together, our results provide direct evidence for DDB2-mediated
large-scale chromatin remodeling at sites of UV-induced
DNA lesions.

We subsequently tested the involvement of SWI/SNF chro-
matin remodeling complexes in the DDB2-dependent reorga-
nization of chromatin, given that these types of complexes
have previously been linked to NER (Gong et al., 2008;
Zhang et al., 2009; Zhao et al., 2009) and operate in an
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GFP-H4

ATP-dependent manner. For this purpose, we used a C33A
cervical cancer cell line that lacks both catalytic subunits of
SWI/SNF complexes: BRM and BRG1 (Wong et al., 2000).
Local UV irradiation of C33A cells expressing GFP-H4
revealed DDB2 recruitment and a local reduction in histone
intensity similar to wild-type cells (Fig. 6, A and F), indicat-
ing that chromatin remodeling by SWI/SNF complexes is not
involved in DDB2-mediated chromatin changes. We then
tested a possible involvement of poly(ADP-ribosyl)ation in
UV-induced chromatin changes, given that several chromatin
remodeling events during the repair of DNA double-strand
breaks are regulated by this modification (Ahel et al., 2009;
Gottschalk et al., 2009; Chou et al., 2010; Polo et al., 2010).
Strikingly, we found that chemical inhibition of poly(ADP-
ribosyl)ation, using PARP inhibitor KU-0058948, significantly
suppressed the reduction of linker histone GFP-H1 at sites of
local UV irradiation, whereas a reduction in GFP-H1 was
detected in untreated wild-type cells (Fig. 6, B and F). Simi-
larly, the reduction of GFP-tagged core histone H4 at sites of
local damage was also significantly suppressed by PARP inhi-
bition, whereas control cells displayed clearly reduced H4 lev-
els at sites of DNA damage (Fig. 6, C and F). To corroborate
these findings, we reduced the levels of PARP1 by RNAi and
measured how this affected UV-induced changes in chromatin
structure. Western blot analysis confirmed that siRNAs directed
against PARPI efficiently lowered the PARP1 protein levels in
U20S cells (Fig. 6 D). Similar to chemical inhibition of PARP
activity, we found that siRNA-mediated depletion of PARP1
significantly suppressed the reduction of GFP-H4 at sites of
local UV damage compared with cells transfected with control

GFP-H1

GFP-H4 GFP-H4

siRNAs (Fig. 6, E and F). These findings show that poly(ADP-
ribosyl)ation contributes to chromatin rearrangements after
exposure to UV light.

To test whether the activity of PARP enzymes and ATP hydroly-
sis is required for DDB2-mediated chromatin unfolding in the
tethering system, we transfected U20S 2-6-3 cells harboring a
LacO array with LacR-tagged DDB?2 in the presence of IPTG to
prevent the newly synthesized LacR-DDB2 protein from binding
to the array. We subsequently removed IPTG and released the
cells in fresh medium in the absence (Fig. 7 A) or presence of
PARP inhibitor (Fig. 7 B), after which cells were fixed, and the
size of the arrays was quantified. Alternatively, cells were re-
leased in regular medium to allow unfolding of the array, after
which cells were incubated for 30 min in control (Fig. 7 C) or
ATP depletion medium (Fig. 7 D). Binding of LacR-DDB?2 to the
array was not detected until 4 h after IPTG washout, and clear
unfolding of the array occurred between 8 and 16 h in control
cells (Fig. 7, A, C, and E). However, either treatments with PARP
inhibitor (Fig. 7 B) or ATP depletion (Fig. 7 D) significantly sup-
pressed unfolding of the array at both 8 and 16 h after IPTG re-
moval (Fig. 7 E). These experiments show that tethering of DDB2
to chromatin triggers an ATP-dependent and PAR-dependent
rearrangement of higher-order chromatin structure, which is in
line with our finding that the DDB2-mediated rearrangement of
chromatin structure at sites of UV-induced DNA damage requires
ATP hydrolysis (Fig. 4) and the activity of PARP1 (Fig. 6).

DDB2 mediates chromatin remodeling at DNA lesions
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To gain insight in the role of ATP-dependent chromatin de-
condensation at sites of UV damage, we assessed whether the
binding of XPC to photolesions requires ATP hydrolysis. For
comparison, we also analyzed the ATP dependency of DDB2

recruitment to UV-induced DNA lesions. We first tested
whether the mobility of XPC and DDB2 in unchallenged cells
is ATP dependent by treating cell lines stably expressing
a GFP-tagged version of these proteins with the metabolic
inhibitors 2-deoxyglucose and sodium azide to deplete cells of
ATP (Fig. 8 A; Kruhlak et al., 2006). FRAP analysis showed
that the mobility of XPC-GFP or GFP-DDB2 in unchallenged
cells was not affected by ATP depletion (Fig. 8, B and C).
Global irradiation of the cells with UV-C light (8 J/m?; Fig. 8 D),
which is known to significantly reduce the mobility of NER pro-
teins as a result of their transient incorporation into chromatin-
bound complexes engaged in repair (Houtsmuller et al., 1999;
Hoogstraten et al., 2002, 2008; Rademakers et al., 2003;
Zotter et al., 2006; Luijsterburg et al., 2007, 2010), led to a sig-
nificant immobilization of GFP-DDB?2 in both control and ATP-
depleted cells (Fig. 8 E), suggesting that the binding of DDB2
to photolesions is ATP independent. Conversely, we found that
ATP depletion severely compromised the UV-induced immobi-
lization of XPC, consistent with a role of ATP-dependent chro-
matin remodeling in lesion recognition by XPC (Fig. 8 F). To
validate these findings, we locally irradiated cells expressing
GFP-DDB2 with UV-C light (50 J/m?) through 5-um pores
followed by the detection of endogenous XPC using specific
antibodies to simultaneously monitor DNA damage—induced
accumulation of GFP-DDB2 and XPC in the same cells (Fig. 8 G).
Whereas mock-treated cells showed clear colocalization of
GFP-DDB2 and endogenous XPC at sites of local UV-induced
DNA lesions, ATP depletion led to significantly impaired XPC
recruitment, whereas the GFP-DDB2 accumulation was not
affected (Fig. 8 H). Our findings demonstrate that, in contrast to
DDB2, efficient binding of XPC to photolesions is ATP depen-
dent, suggesting an important role for DDB2-induced, ATP-
dependent chromatin remodeling in XPC recruitment.
Previous studies revealed that the accumulation of XPC
at UV-induced DNA lesions is significantly enhanced by DDB2
(Moser et al., 2005; Nishi et al., 2009). Our findings that ATP
depletion impairs both XPC recruitment and UV-induced
chromatin rearrangement, which is also dependent on DDB2,
prompted us to assess whether the ATP-dependent association
of XPC requires DDB2. To this aim, we locally irradiated (25
and 50 J/m?) wild-type VH10 cells or XP-E cells (GMO1389),
which were either mock treated or ATP depleted and subse-
quently detected endogenous XPC and UV-induced DNA
lesions (CPDs) using specific antibodies. Importantly, the
accumulation of XPC was significantly suppressed by ATP
depletion in VH10 wild-type cells at both 25 J/m? (Fig. 9, A
and E) and 50 J/m* (Fig. 9, C and F), underscoring that XPC
recruitment is indeed partially ATP dependent. Similarly, XPC
accumulation was also significantly compromised in XP-E
cells compared with wild-type cells (Fig. 9, E and F), showing
that DDB2 contributes to efficient XPC recruitment, as pre-
viously reported (Moser et al., 2005; Nishi et al., 2009). Finally,
the DDB2-independent accumulation of XPC (in XP-E cells)
was not suppressed by ATP depletion at 25 J/m* (Fig. 9, B
and E) and only marginally suppressed at 50 J/m? (Fig. 9, D
and F). These data are consistent with the model that the ATP-
dependent recruitment of XPC is, to a large extent, regulated
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cate significant differences based on a ttest (P < 0.01).

through DDB2-mediated chromatin remodeling at UV-induced
DNA lesions.

PAR synthesis promotes recognition of UV
lesions by XPC

Given that, in addition to ATP hydrolysis, the activity of PARP
enzymes is also required for UV-induced chromatin decon-
densation (Fig. 6, B-F), we subsequently assessed whether the
binding of XPC to photolesions involves poly(ADP-ribosyl)ation.

FRAP analysis showed that the mobility of XPC-GFP in un-
challenged cells was not affected by PARP inhibitors com-
pared with mock-treated cells (Fig. 10 A). Whereas global
irradiation with UV-C light (8 J/m?) led to a significant immo-
bilization of XPC-GFP in mock-treated cells, we found that
treatment with PARP inhibitors suppressed the UV-induced
immobilization of XPC, suggesting that PAR synthesis pro-
motes lesion recognition by XPC (Fig. 10 B). To validate
these findings, we locally irradiated U20S cells with UV-C
light (10 and 25 J/m?) through 8-um pores followed by the de-
tection of endogenous XPC and UV-induced DNA lesions.
Treatment with PARP inhibitor KU-0058948 significantly
suppressed the recruitment of XPC at 10 J/m? (Fig. 10, D and F),
whereas XPC recruitment at 25 J/m® was not affected (Fig. 10 G).
We subsequently transfected cells with siRNAs targeting the
PAR glycohydrolase PARG, which led to increased steady-
state levels of PAR chains, as shown by Western blot analysis
(Fig. 10 C). Importantly, the steady-state levels of bound XPC
at sites of DNA damage were significantly higher after PARG
knockdown, which was most pronounced at 10 J/m? (Fig. 10,
E-G), suggesting that PAR synthesis promotes the association
of XPC with UV-induced DNA lesions. These findings reveal
that efficient binding of XPC to photolesions is regulated
through PAR synthesis.

Discussion

The NER proteins XPC, TFIIH, XPA, XPG, RPA, ERCCI, and
XPF are sufficient to reconstitute in vitro lesion recognition and
dual incision on naked DNA (Aboussekhra et al., 1995). Al-
though this represents the minimal number of proteins to per-
form NER on naked DNA, the efficiency of repair in a chromatin
context is decreased to about only 10% (Wang et al., 1991; Hara
et al., 2000; Ura et al., 2001). This shows that the packaging of
genomic DNA into chromatin is a major obstacle for efficient
NER and suggests that additional factors are required to medi-
ate efficient DNA repair in vivo. Kinetic analysis of the NER
system revealed that lesion recognition in chromatin is the rate-
limiting step in this pathway, whereas subsequent repair com-
plexes are rapidly assembled (Dinant et al., 2009; Luijsterburg
et al., 2010). Electron microscopic studies suggest that lesion
recognition by NER may be accompanied by changes in chro-
matin structure (Solimando et al., 2009). Although several chro-
matin remodeling activities have been linked to NER (Jiang et al.,
2010; Lans et al., 2010), the underlying mechanisms are poorly
understood. The observation that the lesion recognition protein
DDB2 is nonessential for NER in vitro but is required for CPD
repair and significantly promotes 6-4PP repair in vivo (Hwang
etal., 1999; Tang et al., 2000; Moser et al., 2005) has led to the
idea that this early NER factor may link chromatin remodeling
to DNA repair (Jones et al., 2010; Palomera-Sanchez and
Zurita, 2011).

To directly investigate the impact of DDB2 on higher-order
chromatin structure, we used a system that allows visualization
of chromatin unfolding triggered by a single repair factor in living
cells (Tumbar et al., 1999; Ye et al., 2001). We show that tether-
ing DDB2 to a chromosomal locus elicits extensive chromatin
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Figure 9. The impact of DDB2 deficiency and ATP depletion
on XPC recruitment to DNA damage. (A and B) Wild-type
VH10 cells (A) or XP-E (GMO1389-TERT) cells (B) were either
mock treated (top rows) or ATP depleted (bottom rows),
locally UV irradiated (25 J/m? through 8-pm pores), and sub-
sequently stained for endogenous XPC (green) and CPDs (red).
(C and D) Wild-ype VH10 cells (C) or XP-E (GMO1389-TERT)
cells (D) were either mock treated (top rows) or ATP depleted
(bottom rows), locally UV irradiated (50 J/m? through 8-pm
pores), and subsequently stained for endogenous XPC (green)
and CPDs (red). (E and F) The quantification of the relative ac-
cumulation of XPC (red bars) or the enrichment of CPDs (blue
bars) is shown in E (25 J/m? and F (50 J/m?). The signal
represents the relative increase at the locally damaged site
relative to the signal in the nondamaged nuclear region (~50
cells for each condition collected in two independent experi-
ments). Error bars represent the SD. depl, depleted.
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decondensation in hamster, mouse, and human cells, providing
direct evidence for DDB2-mediated chromatin decondensation
in living cells. Additionally, we show that chromatin unfolding
triggered by tethered DDB2 is ATP dependent and requires the
activity of PARP enzymes. As a complementary approach, we
examined the effect of DNA damage on the density of core his-
tones H2A and H4 and linker histone H1 at UV-irradiated re-
gions in living human cells. We find that chromatin regions
containing UV-induced DNA lesions undergo ATP-dependent
chromatin decondensation that is strictly dependent on the pres-
ence of functional DDB2. Additionally, the DNA damage—
induced reduction in histone density also required the activity
of PARP1, which has recently been linked to chromatin remod-
eling in response to double-strand DNA breaks (Ahel et al.,
2009; Gottschalk et al., 2009; Chou et al., 2010; Polo et al.,
2010). Moreover, we found that efficient recruitment of XPC to
DNA lesions is markedly ATP dependent, whereas DDB2 re-
cruitment to UV-induced lesions does not require ATP hydrolysis.
Additionally, efficient accumulation of XPC at UV-induced
DNA lesions also required the synthesis of PAR chains, in agree-
ment with an important role for PARP-dependent chromatin
decondensation in promoting XPC recruitment to UV-induced
DNA lesions in chromatin.

Our findings directly link lesion recognition by DDB2 to
changes in higher-order chromatin structure and suggest that
these chromatin changes may enable efficient lesion recogni-
tion by XPC and assembly of the NER complex. However, our
data do not exclude the possibility that ATP-dependent and
PARP-dependent events other than chromatin remodeling are
involved in lesion recognition. How PARP is mechanistically
linked to chromatin remodeling is also currently unclear. It is
possible that DDB2, in concert with poly(ADP-ribosyl)ation,
facilitates the recruitment of chromatin-modifying activities to
promote structural rearrangement in UV-damaged chromatin. It
is interesting to note that the ATPase activity of some chroma-
tin remodeling enzymes is stimulated by PAR synthesis (Ahel
et al., 2009; Gottschalk et al., 2009), which may explain the
requirement for both ATP hydrolysis and PAR synthesis in
DDB2-mediated chromatin decondensation and lesion recogni-
tion by XPC. However, establishing whether such a mechanism
takes place in UV-damaged chromatin merits further study. We
also noticed that the effect of ATP depletion on XPC recruit-
ment is more pronounced than the impact of inhibiting PARP
enzymes. This could indicate that these processes are not neces-
sarily coupled. Alternatively, we cannot exclude the possibility
that our ATP depletion protocol, in addition to suppressing
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UV-induced chromatin rearrangements, also suppresses the
ubiquitin ligase activity of the DDB2-CRL4 complex, which
could further impact lesion recognition by XPC (Sugasawa
et al., 2005; Wang et al., 2006). As we found that SWI/SNF
complexes are not required for local chromatin structural
changes, we are currently undertaking an unbiased proteomics
approach to identify novel DDB2-associated factors to gain
insight into the mechanisms underlying DDB2-mediated chro-
matin remodeling (unpublished data).

When analyzing the ability of naturally occurring DDB2
mutants to mediate chromatin decondensation, we found that
tethering DDB2"**" or DDB2"*"Y to chromatin promoted exten-
sive chromatin decondensation to the same extent as wild-type

DDB2. As both of these mutants fail to form a complex with
DDB1 and CUL4A (Rapi¢-Otrin et al., 2003; this study), these
findings show that chromatin decondensation is a previously
unrecognized activity of DDB2, which does not require the
function of the CRL4-DDB2 ubiquitin ligase complex. In
agreement with these findings, we show that a region encom-
passing the first five (3 blades of DDB2, but lacking the domain
required for incorporation in the ubiquitin ligase complex,
comprises the minimal domain that is sufficient to mediate
chromatin unfolding. Even though these DDB2 mutants sup-
port chromatin decondensation in the targeting system, we
also show that they fail to bind to UV-induced DNA lesions in
living cells. Thus, although capable of modifying chromatin,
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this activity is absent at photolesions in cells expressing these
mutant DDB2 proteins.

Previous studies have shown that DDB2 is essential to
target DDB1 and CUL4A to chromatin, whereas DDB1 and
CULA4A, in turn, are dispensable for DDB2 recruitment to pho-
tolesions (El-Mahdy et al., 2006; Li et al., 2006; Alekseev et al.,
2008). However, reducing the levels of DDB1 or CUL4A by
RNAI confers a CPD repair defect, despite the fact that DDB2 is
still recruited to damaged sites under those conditions (El-Mahdy
et al., 2006; Li et al., 2006), indicating that DDB2-mediated
chromatin remodeling is not sufficient to promote repair and
that CRL4-DDB2 complex—mediated activities are also
required. Indeed, early studies have revealed that UV-induced
ubiquitylation of XPC by the CRL4-DDB2 complex increases
its affinity for DNA independently of the presence of helix-
distorting lesions (Sugasawa et al., 2005), which may contrib-
ute to enhanced repair by NER. Additionally, the UV-induced
ubiquitylation of the core histones H3 and H4 by CRL4-DDB?2
may also enhance NER as a result of increased nucleosome de-
stabilization (Wang et al., 2006). Another explanation for the
requirement of the ubiquitin ligase function of the CRL4-DDB?2
complex is that the levels of DDB2 need to be proteolytically
lowered, which does not occur in DDB1/CUL4A knockdown
cells (EI-Mahdy et al., 2006; Li et al., 2006) because DDB2
may otherwise occupy potential binding sites for XPC. Indeed,
the in vitro NER reaction using purified components is inhibited
by the addition of excessive DDB2, which can be partially
alleviated by the addition factors that support ubiquitylation
(Sugasawa et al., 2005). Moreover, interference with DDB2
proteolysis in cells was found to compromise the repair of CPDs
(Wang et al., 2005). Our present study suggests that, in addition
to these catalytic activities of the CRL4-DDB2 complex,
DDB2 also elicits local chromatin unfolding in a ubiquitylation-
independent manner. It is tempting to speculate that the chromatin
remodeling and ubiquitylation activities of the CRL4-DDB2
complex act synergistically to facilitate efficient recognition of
photolesions by XPC. Consistent with a role for DDB2-dependent
chromatin remodeling in NER, we show that lesion recognition
by DDB2 in chromatin is independent of ATP, whereas lesion
recognition by XPC is ATP dependent. An explanation for these
findings is that DDB2 has access to lesions in chromatin structure,
whereas the accessibility of XPC to lesions in chromatin is more
limited and, thus, is significantly stimulated by the ATP-dependent
and PARP-dependent opening of chromatin structure. This re-
modeling event, possibly together with DDB2-mediated histone
acetylation and H3/H4 ubiquitylation, may create a local chro-
matin environment that is permissive to lesion recognition by
XPC and thus amendable to repair.

Materials and methods

Cell lines

To establish VHTO-TERT cells stably expressing human GFP-DDB2, DDB2
cDNA was cloned into pENTR4-GFP-C1. The resulting pENTR4-GFP-DDB2
plasmid was subsequently recombined with plenti6.3 V5 M EST (Invitro-
gen) using Gateway recombination. Lentiviral particles were produced by
cotransfection of 293T cells with plentié.3 GFP-DDB2 plasmid and the
packaging/envelope plasmids pMDLg/pRRE, pRSV-REV, and pCMV-VSV-G

using polyethylenimine (Polysciences, Inc.). Lentiviruscontaining supernatant
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was collected 48 h affer transfection and used to infect VH10-hTERT cells.
Clones stably expressing GFP-DDB2 were selected with 5 pg/ml blasticidin
S (Invitrogen). AO3 hamster cells, containing a 90-Mbp amplification of
LacO sequences and flanking DNA (Tumbar et al., 1999), were cultured
in a 1:1 mixture of DME/Ham’s F12 medium supplemented with antibiot-
ics and 20% FCS. Mouse NIH2/4 cells (Soutoglou et al., 2007), human
U20S cells, U20S 2-6-3 cells (Janicki et al., 2004), human C33A cervi-
cal cancer cells (Wong et al., 2000), human VH10-TERT GFP-DDB2 cells,
VH10-TERT, GMO1389-TERT (XP-E), and SV40-immortalized human
MRC5 cells XP4PA (XP-C) complemented with XPC-GFP (Hoogstraten et al.,
2008; Solimando et al., 2009), XP4PA (XP-C), and XP23PV (XP-E) were
cultured in DME supplemented with 10% FCS.

Transfection and drug treatments

Cells were transiently transfected with Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Cells were typically imaged
24 h after transfection. 100 pM anacardic acid (Sigma-Aldrich) or 10 yM
PARP inhibitor KU-0058948 was added to the culture medium for 3 h.
For ATP depletion, cells were incubated in ATP depletion medium (137 mM
NaCl, 5.4 mM KCl, 1.8 mM CaCl,, 0.8 mM MgSO,, 60 mM deoxyglu-
cose, 30 mM NaAz, 20 mM Hepes, and 10% FCS), and mock-treated
cells were incubated in microscopy medium (137 mM NaCl, 5.4 mM
KCI, 1.8 mM CaCl,, 0.8 mM MgSQOy, 20 mM p-glucose, 20 mM Hepes,
and 10% FCS). The ATP depletion protocol was as follows (see also Fig. 8):
cells were rinsed with PBS and incubated in microscopy medium or ATP
depletion medium for 7.5 min at 37°. Cells were subsequently rinsed with
PBS and either mock treated or either globally (8 J/m?) or locally (25 or
50 J/m?) UVC irradiated and transferred to the microscope chamber or
an incubator in microscopy medium or ATP depletion medium for 7.5 min
at 37° to allow repair proteins to accumulate at DNA lesions. The bind-
ing of GFP-tagged NER factors to DNA lesions was subsequently analy-
zed by Strip-FRAP for 15 min, or cells were fixed and stained with the
indicated antibodies. 5 mM IPTG was added to U20S 2-6-3 cells before
and during the transfection with the mCherry-LacR-DDB2 plasmid. IPTG
was washed out 24 h after transfection, and cells were released in regu-
lar medium for 3.5, 7.5, or 15.5 h followed by a 30-min incubation in
ATP depletion medium (137 mM NaCl, 5.4 mMKCl, 1.8 mM CaCl,, 0.8 mM
MgSO,, 60 mM deoxyglucose, 30 mM NaAz, 20 mM Hepes, and 10%
FCS) or microscopy medium (137 mM NaCl, 5.4 mM KCI, 1.8 mM
CaCly, 0.8 mM MgSQOy,, 20 mM p-glucose, 20 mM Hepes, and 10%
FCS) before fixation. Alternatively, cells were released in medium con-
taining 1 pM PARP inhibitor KU-0058948 or DMSO after IPTG washout
and fixed after 4, 8, or 16 h.

RNAi

siRNA oligonucleotides (Thermo Fisher Scientific) were synthesized to tar-
get human PARPT (5-GAAAGUGUUCAACUAAU-3'), luciferase (5-CGU-
ACGCGGAAUACUUCGA-3’), or an siRNA smart pool targeting human
PARG (Thermo Fisher Scientific). Cells were transfected with 40 nM siRNA
using Lipofectamine 2000 at O and 36 h and were typically analyzed 60 h
after the first transfection.

Western blotting

Cell extracts of U20S cells after transfection with control siRNAs, PARP1 or
PARG siRNAs, or cell extracts of NIH2/4 cells after transfection of GFP-
tagged or mCherry-LacR-tagged DDB2 constructs were generated by cell
lysis, boiled in Laemmli buffer, separated by SDS-PAGE, and transferred to
polyvinylidene fluoride membranes (Millipore). Expression of PARP1 or
PAR chains was analyzed by immunoblotting with mouse monoclonal anti-
PARP1 antibodies at 1:1,000 (Abnova) or mouse a-PAR antibodies at
1:1,000 (Abcam) and rabbit monoclonal anti-H2B antibodies at 1:5,000
(Santa Cruz Biotechnology, Inc.) followed by secondary antibodies donkey
anti-rabbit 700CW at 1:10,000 and donkey anti-mouse 800CW at
1:5,000 and detection using the Odyssey infrared imaging scanning sys-
tem (L-COR Biosciences). Expression of GFPtagged or mCherry-LacR-tagged
DDB2 proteins was analyzed by immunoblotting with rabbit anti-GFP at
1:5,000 (Abcam), rabbit anti-mCherry at 1:5,000 (a gift from J. Neefjes,
Netherlands Cancer Institute, Amsterdam, Netherlands), and mouse anti—
B-actin at 1:5,000 (Sigma-Aldrich) followed by secondary antibodies (goat
anti-rabbit 1:5,000 and goat anti-mouse 1:5,000) and ECL detection.

Plasmids

To generate a LacRtagged DDB2 fusion protein, murine DDB2 (Moser
et al., 2005) was amplified using the following primers: 5-GGTACCA-
TGGCTCCCAAGAAATGCC-3" and 5-AGATCTTTATAGTCTTTCATGATC-
TITCTGTGAC-3'. The product was inserted as a Kpnl-Bglll fragment into



the Kpnl-BamH1 site of the mCherry-LacR-NLS-Kpnl plasmid (Kaiser et al.,
2008; Soutoglou and Misteli, 2008). This generated mCherry-LacR-
NLS-DDB2, which was subsequently used to generate mCherry-LacR fused
to the naturally occurring mutants DDB2X244€, DDB2'%%, and DDB2P%7Y
using site-directed mutagenesis (Agilent Technologies). The following
mutagenesis primers were used: 5-CCGAATGCACAAGAAGGAAG-
TAGCCCACGTGGC-3’ and 5'-GCCACGTGGGCTACTTCCTTCTTGTG-
CATTCGG-3' (K244E),5"-ATICACGGCACAACCCCATIGTIGTGGGCCG-3
and 5-CGGCCCACAACAATGGGGTTGTGCCGTGAAT-3" (L350P), and
5"-GAGCTCGGCTCCTGACTACTTACCAGAACAATGAG-3" and 5'-CTCA-
TIGTTCTGGTAAGTAGTCAGGAGCCGAGCTC-3" (D307Y). Truncation
mutants of DDB2 consisting of amino acids 1-324, 1-108, 108-216,
216-324, and 108-324 were generated by PCR and inserted as Kpnl-
Bglll fragments into the Kpnl-BamH1 site of the mCherry-LacR-NLS-Kpnl
plasmid. In addition, wildtype and mutant DDB2 products were inserted
into EGFP-C1, generating EGFP-DDB2, EGFP-DDB2X244E, EGFP-DDB2'35%",
and EGFP-DDB22%%7Y. All constructs were verified by sequencing, and
expression was verified by Western blot analysis. The mCherry-DDB1
plasmid (Alekseev et al., 2008) was used to generate EGFP-DDB1 by re-
placing mCherry with EGFP (using Agel and BsrGl). EGFP-CUL4A was gen-
erated by inserting EGFP (from GFP-C2) as an EcoRI-Nhel fragment into
pcDNA3.1-CUL4A, as previously described (Luijsterburg et al., 2007). The
H1.0 cDNA was amplified by PCR using primers 5'-AGATCTATGACCGA-
GAATTCCACGTC-3" and 5-GGATCCTCACTTCTTCTTGCCGGCCC-3’
inserted into pEGFP-C1, yielding EGFP-H1. The cDNAs for H2A and H4
were inserted in pEGFP-C1 or SCFP-C1, yielding EGFP-H2A, EGFP-H4,
and SCFP-H4.

Immunofluorescent labeling

Cells were fixed with 4% formaldehyde in PBS for 15 min at 4°C, perme-
abilized in 0.5% Triton X-100 (SERVA) in PBS for 5 min, and incubated
with 100 mM glycine in PBS for 10 min to block unreacted aldehyde
groups. For CPD staining, DNA was denatured with 0.1 M HCl for 10 min
at 37°C, and cells were blocked in 10% BSA in phosphate buffer for 15 min.
Cells were subsequently rinsed with PBS and equilibrated in wash buffer
(PBS containing 0.5% BSA and 0.05% Tween 20; Sigma-Aldrich). Anti-
body steps and washes were performed in wash buffer. The primary anti-
bodies were incubated overnight at 4°C. The primary antibodies used
were mouse anti-H3ac at 1:100 (Abcam), mouse anti-H4K16éac at 1:100
(Abcam), rabbit anti-XPC at 1:500 (a gift from W. Vermeulen, Erasmus
Medical Center, Rotterdam, Netherlands), mouse anti-DDB2 at 1:500
(MyBioSource), and mouse anti-CPD at 1:1,000 (a gift from O. Nikaido,
Kanazawa University, Kanazawa, Japan). Detection was performed
using goat anti-mouse or goat anti-rabbit Ig coupled to Alexa Fluor 488,
546, or 647 (1:1,000; Invitrogen). Samples were mounted in Mowiol,
and images were acquired on a confocal microscope (LSM 510; Carl
Zeiss) or a widefield microscope (Axioplan 2; Carl Zeiss; see Microscopy
for details).

UV-C irradiation

UV lamp-induced damage was inflicted using a customized UV cross-
linker (CL-1000; UVP, LLC) or with a UV source (TUV PL-S 9W; Philips)
above the microscope stage. For induction of global UV damage, cells
were rinsed with microscopy medium and irradiated with 8 or 16 J/m?.
For induction of local UV damage, cells were UV irradiated through a
polycarbonate mask (Millipore) with pores of 5 or 8 pm and subsequently
irradiated with 10, 25, 50, or 100 J/m?.

FRAP

FRAP analysis was used to measure the mobility of GFP-DDB2 and natu-
rally occurring GFPtagged DDB2 mutants. FRAP analysis was performed
by bleaching (five iterations) a narrow strip (512 x 40 pixels at zoom 8)
spanning the nucleus with a maximal 488-nm laser infensity (acousto-optic
tunable filter at 100%). The reequilibration of bleached and nonbleached
molecules was monitored in a region of 512 x 50 pixels (zoom 8) with low
laser infensity (acousto-optic tunable filter at 0.5%) for at least 700 images,
with a 38-ms time inferval between images. The data were normalized to
pre- or postbleach intensity.

Microscopy

Livecell imaging and analysis of fixed samples were performed on a confo-
cal microscope (LSM 510 META; Carl Zeiss) equipped with a 37°C cli-
mate chamber, a 63x Plan-Apochromat (1.4 NA) oil immersion lens (Carl
Zeiss), a 60-mW argon laser (488 and 514 nm), a 5-mW helium-neon 1
(543 nm) laser, a 15-mW helium-neon 2 (633) laser, two photomultiplier
tubes, and a META detector. Images were recorded using LSM imaging

software in multitrack mode (Carl Zeiss). Living cells were examined in cul-
ture medium at 37°C in an atmosphere of 5% CO,. An argon-ion laser
(60 mW) was used for excitation at 488 nm and passed onto the sample
by a 490-nm dichroic mirror, and emission light was filtered by a 505-
550-nm emission filter. A helium-neon laser (5 mW) was used for excitation
at 543 nm and passed onto the sample by a 543-nm dichroic mirror, and
emission light was filtered by a 560-615-nm emission filter. A helium-neon
laser (15 mW) was used for excitation at 633 nm and passed onto the
sample by a 633-nm dichroic mirror, and emission light was filtered by a
650-nm long-pass emission filter. Realtime assembly of DDB2 was moni-
tored on a widefield fluorescence microscope (Axiovert 200M; Carl Zeiss)
equipped with a 100x Plan-Apochromat (1.4 NA) oil immersion lens and
a xenon arc lamp with a monochromator (Cairn Research Limited). Images
were recorded with a cooled charge-coupled device camera (CoolSNAP
HQ; Roper Scientific) using MetaMorph imaging software (Molecular De-
vices). Images of fixed samples were captured using a widefield micro-
scope (Axioplan 2) equipped with a Plan-NEOFLUAR 63x (1.25 NA) oil
immersion lens (Carl Zeiss) and an HBO mercury lamp. Images were re-
corded with a cooled 12-bit camera (AxioCam MRm; Carl Zeiss) using
AxioVision software (Carl Zeiss). All images were quantified using Image)
software (National Institutes of Health).

Online supplemental material

Fig. S1 shows the quantification of the recruitment of DDB1 and CUL4A
to LacR-tethered wild-type and mutant DDB2and shows that the LacR-DDB2
induces a comparable chromatin decondensation in NIH2/4 and U20S
2-6-3 cells. Fig. S2 shows that LacR-DDB2 does not change acetyla-
tion of histone H3 and H4. Fig. S3 demonstrates that LacR tethering of an
N-terminal fragment of DDB2, but not its central part, results in recruitment
of DDB1. Fig. S4 shows that local UV irradiation causes a very similar
reduction in density of GFPtagged and SCFPtagged histone H4. Fig. S5
shows that local UV irradiation causes a reduction in DNA content. Video 1
shows that local UV damage results in the appearance of fiberlike DDB2-
YFP-positive structure emanating from within the locally damaged area.
Online supplemental material is available at http://www.jcb.org/cgi/
content/full/jcb.201106074/DC1.
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