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Global genome nucleotide excision repair (GG-NER) removes
DNA damage from nontranscribing DNA. In Saccharomyces
cerevisiae, the RAD7 and RAD16 genes are specifically required
for GG-NER. We have reported that autonomously replicating
sequence-binding factor 1 (ABF1) protein forms a stable com-
plex with Rad7 and Rad1l6 proteins. ABF1 functions in tran-
scription, replication, gene silencing, and NER in yeast. Here we
show that binding of ABF1 to its DNA recognition sequence
found at multiple genomic locations promotes efficient
GG-NER in yeast. Mutation of the I silencer ABF1-binding site
at the HMLa locus caused loss of ABF1 binding, which resulted
in a domain of reduced GG-NER efficiency on one side of the
ABF1-binding site. During GG-NER, nucleosome positioning at
this site was not altered, and this correlated with an inability of
the GG-NER complex to reposition nucleosomes in vitro. We
discuss how the GG-NER complex might facilitate GG-NER
while preventing unregulated gene transcription during this
process.

ABF1 is an essential and abundant DNA-binding protein in
Saccharomyces cerevisiae (1). Structurally it is comprised of a
N-terminal DNA-binding domain and a C-terminal activation
domain. In this respect ABF1 resembles many site-specific
transcription factors (2). However, this protein is distinct from
other site-specific transcription factors in that it is very abun-
dant, and its ability to bind specifically to multiple sites in DNA
can mediate a variety of nuclear functions (3). Notably whereas
binding of ABF1 at the autonomously replicating sequence des-
ignated ARSI is required for efficient replication from this ori-
gin of replication (4), ABF1 binding at the HMR-E silent mating
type locus is one of three site-specific DNA binding events
required for proper silencing in this region of the genome (5).
Additionally binding of ABF1 at sites located within transcrip-
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tional promoters mediates either activation or repression of
transcription in over 100 different genes with diverse metabolic
activities (6). More recently it has been shown that ABF1 plays
a role during nucleotide excision repair (NER)? of transcrip-
tionally silent regions of the genome, so-called global genome
NER (GG-NER), in yeast (7). Based on this multiplicity of func-
tions, ABF1 is one of three yeast proteins referred to as general
regulatory factors (8). General regulatory factors appear to have
little intrinsic regulatory activity. Rather they apparently
amplify the activity of other regulatory factors with which they
interact. This property has prompted some to refer to general
regulatory factors as “obligate synergizers” (8).

The DNA-binding domain of ABF1 recognizes a large num-
ber of specific DNA sequences scattered throughout the yeast
genome, including the silent mating type loci, ARSs, telomeric
X-regions, and the promoter regions of over a hundred genes.
The DNA sequence RTCRYNNNNNACG has been proposed
as a consensus ABF1-binding site (9-12), and yeast genome
pattern matching of this consensus sequence reveals several
thousand potential ABF1-binding sites. Recent work suggests
that this is a conservative estimate (6, 12). However, ABF1 bind-
ing has been observed at many sites that do not fit this consen-
sus sequence. At the present time genomics and other analyti-
cal approaches designed to elucidate the biological significance
of ABF1 binding to DNA have assigned functions to only a small
fraction of the large number of potential DNA-binding sites in
the yeast genome.

We previously demonstrated that ABF1 protein forms a sta-
ble complex with the yeast Rad7 and Rad16 NER proteins and
plays a functional role in NER in yeast (7). Rad7 and Rad16 are
required for GG-NER, i.e. NER of nontranscribed regions of the
genome and of the nontranscribed strands of actively transcrib-
ing genes (13-16). Our studies additionally demonstrated that
like the well characterized yeast chromatin modification pro-
tein Snf2, the Rad16 component of the Rad7-Rad16-ABF1 com-

2The abbreviations used are: NER, nucleotide excision repair; GG-NER,
global genome nucleotide excision repair; ABF1, autonomously repli-
cating sequence-binding factor 1; ARS, autonomously replicating
sequence; EMSA, electrophoretic mobility shift assay; CPD, cyclobutane
pyrimidine dimer; ChIP, chromatin immunoprecipitation; qPCR, quan-
titative PCR; FPLC, fast protein liquid chromatography; TS, transcribed
strands; NTS, nontranscribed strands; WT, wild type; ATP+S, adenosine
5'-O-(thiotriphosphate).
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plex generates superhelical torsion in DNA (17), an event that is
central to oligonucleotide excision during NER in vitro. Con-
sistent with a functional role of ABF1 protein during NER in
yeast ABF1 is required for survival of yeast cells following expo-
sure to UV radiation and for GG-NER (17). Notably a temper-
ature-sensitive abfI allele that inactivates the DNA-binding
domain of Abfl is also UV radiation-sensitive and defective in
NER.

Here we report that the binding of ABF1 to its cognate DNA
recognition sequence promotes efficient Rad7- and Rad16-de-
pendent GG-NER following UV irradiation of yeast cells. Our
results additionally reveal that the binding of Rad7-Rad16-Abf1
complexes to DNA does not promote significant nucleosome
repositioning in regions where GG-NER is enhanced following
UV irradiation of cells.

EXPERIMENTAL PROCEDURES

Plasmid and Strain Construction—All S. cerevisiae strains
are in the SX46a background. The details for the construction
of plasmids and strains can be found in the supplemental exper-
imental procedures.

DNA Probes for Electrophoretic Mobility Shift Assays
(EMSAs)—A 480-bp ABF1-binding site containing DNA frag-
ments cut from pUC18-ABF1-HIS3 or pUC18-ABF1**-HIS3
with Pvull restriction enzyme was isolated from a 1.5% agarose
gel. To generate labeled DNA probes, the gel-purified DNA
fragments were end-labeled with T4 DNA polynucleotide
kinase and [y->?P]dATP, and the unincorporated dATP was
removed on G25 columns.

EMSAs of DNA Binding by ABF1—ABF1 was produced as
described previously (7). ABF1-DNA binding activity was
measured by EMSAs by incubation of 10 ng of ABF1 with 15
fmol of labeled DNA in a buffer containing 10 mm Tris-HCI, pH
7.5, 50 mm NaCl, 0.5 mm EDTA, and 0.5 mwm dithiothreitol for
30 min at room temperature and separation by electrophoresis
using 4% polyacrylamide gels in a buffer of 22.5 mm Tris borate,
pH 8.3,and 0.5 mMm EDTA for 1 h at 150 V at 4 °C. Competition
assays were performed using unlabeled competitor DNA with
wild-type or mutant ABF1 binding sequence. The gel was
exposed against a phosphor screen and subsequently analyzed
(GE Healthcare).

EMSAs of DNA Binding by GG-NER Complex—Rad7/Rad16-
containing GG-NER protein complex was purified as described
previously (16). GG-NER complex was analyzed for binding
activity in 10 ul with 25 ng of GG-NER complex and 15 fmol of
[y->*P]dATP-labeled DNA probe in a binding buffer contain-
ing 20 mm Hepes, pH 7.6, 40 mMm KCl, 1.0 mm MgCl,, 0.1 mm
EGTA, 0.5 mm dithiothreitol, and 1.0 ug of poly(dI-dC) left for
30 min at room temperature. Supershift assays were carried out
using rabbit polyclonal anti-Rad16 or anti-Rad7 antibodies
(16). Sample mixtures were incubated at room temperature
with antibody at 1:20 dilutions for 30 min. Competition exper-
iments are described above under “EMSAs of DNA Binding by
ABF1.” Samples were fractionated by electrophoresis on a 4%
polyacrylamide gel and electrophoresed for 1.5 h at 300 V at
4. °C. The gel was dried and exposed against a phosphor screen.

B\

KC B

JANUARY 9, 2009+ VOLUME g5 Nl Efom hitp: N0

ABF1 Binding Promotes Efficient GG-NER

Preparation of UV Irradiation-damaged DNA and in Vitro
NER Assay—In vitro NER was undertaken as described previ-
ously (7). Details for the preparation of UV irradiation-dam-
aged pUCI18-ABF1-HIS3 and pUCI8-ABF1*-HIS3 ABF1
binding sequence for in vitro NER assays are noted in the sup-
plemental experimental procedures. We estimated that on
average five to six cyclobutane pyrimidine dimers (CPDs) per
plasmid are induced in the DNA substrates used following UV
irradiation. This lesion density falls well within the linear range
of NER activity based on previous dose range studies (18, 19).

Chromatin Extraction, Micrococcal Nuclease Treatment, and
Low Resolution Nucleosome Mapping—These were undertaken
as described previously (20).

Chromatin Immunoprecipitation (ChIP) and qPCR—ChIP
and qPCR were performed as described previously (21) with
modifications described in the supplemental experimental pro-
cedures. Primers were designed to amplify the inner nucleoso-
mal region of N1, N2, and N3 (see Fig. 1) for histone H3 ChIP
analysis to assess the histone level in these nucleosomal regions.
To assess the occupancy of ABF1 and Rad7 in the HMLa 1
silencer region, primers for the ABF1 binding region (QPCR4),
the upstream (qPCR1) and downstream regions (qQPCR5) of the
ABF1-binding site were used. The sequences of primers can be
found in supplemental Table 1.

UV Treatment of Yeast Cells, DNA Isolation, and the End
Labeling Procedure for Detecting DNA Damage and Repair at
the Level of Nucleotide in Vivo—These were undertaken as
described previously (22).

Nucleosome Reconstitution—Nucleosomes were assembled
by mixing equimolar amounts of histone octamer and DNA in
high salt concentrations and performing stepwise dialysis into
low salt concentrations as described previously (23). DNA for
nucleosome assembly was generated by PCR using a template
sequence derived from a murine mammary tumor virus isolate.
Nucleosomes were assembled on DNA fragments based on the
murine mammary tumor virus nucleosome A positioning
sequence. The sequences of primers used to generate the
105A64 fragment are provided in supplemental Table 1. The
PCR fragments were purified by ion exchange chromatography
on a 1.0-ml RESOURCE 1Q column using an AKTA FPLC sys-
tem (Amersham Biosciences).

Nucleosome Redistribution Assays—All reactions were per-
formed in a final volume of 10 ul containing 2 pmol of nucleo-
somes and 25 ng of GG-NER complex. An ATP-dependent
remodeling reaction was carried out in 50 mm Tris-HCI, pH 7.5,
50 mMm NaCl, 3 mm MgCl,, and 1 mm Mg-ATP for 30 min at
30 °C. The reactions were terminated using 0.5 ug of A DNA/
HindIII competitor DNA, 3.5 ul of 20% sucrose were added,
and the reactions were placed on ice. A thermal shifting reac-
tion was performed by incubating nucleosomes in 50 mm Tris-
HCI, pH 7.5, and 50 mm NaCl at 47 °C for 1 h in a PCR machine.
The samples were resolved on a 5% native polyacrylamide gel
for 3h at 300 V at 4 °C. Gels were scanned by a Typhoon imag-
ing system (Amersham Biosciences).

Triple Helix Displacement Assay—A triple helix displace-
ment assay was performed as described previously (24) with
modifications as described in the supplemental experimental
procedures.
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RESULTS

Mutating the ABF1-binding Site at HM Lo Locus Impairs GG-
NER Complex Binding—W e previously demonstrated that abf1
mutants that harbor mutations in the DNA-binding domain of
the protein and hence are defective in their ability to bind the
ABF1 DNA recognition sequence are UV radiation-sensitive
and defective in NER (7). In contrast, abfl mutants that can
bind ABF1-binding sites but are defective in DNA replication
because of mutations in other regions of the protein are not
abnormally sensitive to killing by UV radiation and are
NER-proficient.

The HMLa ABF1-binding site in the yeast genome has been
studied extensively with respect to ABF1 function, chromatin
structure, transcription, and NER (25-30). This site is located
within the I silencer region and promotes gene silencing at the
HMULa locus. However, inhibition of ABF1 binding at this site
does not alter nucleosome positioning, silencing, or transcrip-
tion of HMLa (27). Furthermore the site is not associated with
an ARS and is not an origin of DNA replication (31). In the
present studies we probed the molecular basis of the require-
ment for ABF1 protein for NER at this well characterized region
of the genome (see Fig. 1).

In initial experiments we investigated the effect of mutating
the ABF1-binding site on NER by comparing ABF1 binding at
the wild-type and a mutated HMLa locus using EMSAs. Puri-
fied ABF1 protein was incubated with radioactively labeled
undamaged double-stranded DNA probes containing either
the wild-type or mutated ABF1 binding sequences. The speci-
ficity of the protein-DNA interactions was verified by control
experiments in which wild-type and mutated unlabeled DNA
fragments were compared for their ability to compete with
labeled probe for ABF1 binding. As shown in Fig. 24, ABF1
efficiently bound the wild-type probe (lane 3). The observed
band shift was significantly competed by an excess of wild-type
cold DNA (lane 7). However, such competition was not
observed in the presence of up to a 50-fold molar excess of
unlabeled mutant DNA (lane 5).

In contrast to these results we observed defective ABF1 bind-
ing to probes containing point mutations in conserved nucleo-
tides in the ABF1-binding site (lane 4), and the addition of cold
competitor DNA merely inhibited background ABF1-DNA
interactions (lane 8). We therefore conclude that mutations in
the ABF-binding site in the HMLea locus severely impair the
binding ability of ABF1 protein to the site.

In light of our previous observations that ABF1 protein inter-
acts with the Rad7-Rad16 GG-NER protein complex (7) we
asked whether defective binding of ABF1 protein weakens the
recruitment of Rad7 and Rad16 to the undamaged DNA probes
used above. As shown in Fig. 2B, purified Rad7-Rad16 GG-NER
complex bound to the wild-type probe (lane 2) more efficiently
than to the mutant probe (lane 7). The specificity of the DNA-
protein interactions was demonstrated by competition assays
with cold competitor DNA probes (lanes 3 and 4). Furthermore
the addition of anti-Rad7 and anti-Rad16 antibodies resulted in
a supershift of the protein-DNA complex (lanes 5 and 11). We
conclude that mutations in the ABF1-binding site that preclude
the binding of ABF1 protein interfere with efficient recruitment
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FIGURE 1. Schematic representation of the physical map of HML« locus
(adapted from Weiss and Simpson (25)). The | silencer is indicated by a
white box labeled “I.” The ABF1 binding sequence is shown by a black bar;
open ellipses indicate positioned nucleosomes (N1-N9). The a1 coding region
is identified by the horizontal arrow. The numbered vertical arrows mark the
relative nucleotide positions from the a1 ATG start codon; A is +1. qPCR
regions (7-5) are as follows: qPCR1, +871 to +959; qPCR2, +1056 to +1156;
gPCR3, +1163 to +1248; qPCR4, +1162 to +1278; qPCR5, +1884 to +2095.

A Competitor - - - Mut Mut WT WT

ABF1 protein - - + + + + + +
WT Mut WT Mut WT Mut

ABF1 binding sequence WT Mut

Shift

B Antbody - - - - RI6 - - R - - RI - - RV
Competitor - - Mut WT - - - - - - - = = =
GG-NER complex - + + + + - + o+ - + + -+ o+

ABF1 binding sequence WT WT WT WT WT Mut Mut Mut WT WT WT Mut Mut Mut

-

Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14
FIGURE 2. EMSAs to detect ABF1 and GG-NER complex DNA binding activ-
ity. A, EMSAs with ABF1. [y->2P]dATP-labeled 480-bp duplex DNA containing
wild-type ABF1 binding sequence (WT; lanes 1, 3, 5, and 7) or triple point-
mutated ABF1 binding sequence (Mut; lanes 2, 4, 6, and 8) was incubated at
room temperature for 30 min either with (lanes 3-8) or without recombinant
ABF1 (lanes 1 and 2). A competition experiment was performed in the pres-
ence of unlabeled DNAs containing three point-mutated (lanes 5 and 6) or
wild-type (lanes 7 and 8) ABF1 binding sequence. B, EMSAs with GG-NER com-
plex. [y->?P1dATP-labeled 480-bp duplex DNA containing wild-type ABF1
binding sequence (lanes 1-5 and 9-11) or triple point-mutated ABF1 binding
sequence (Mut; lanes 6 -8 and 12-14) was incubated at room temperature for
30 min either with (lanes 2-5, 7, 8, 10, 11, 13, and 74) or without GG-NER
complex (lanes 1, 6, 9, and 12). Competition was performed in the presence of
unlabeled DNAs containing triple point-mutated (Mut; lane 3) and normal
(WT; lane 4) ABF1 binding sequence. In supershift assays, antibodies against
Rad16 (R16) (lanes 5 and 8) and Rad7 (R7) (lane 11 and 14) were subsequently
added to the mixture and incubated for another 30 min at room temperature.

of Rad7 and Rad16 proteins, known components of the GG-
NER complex.

Loss of ABF1 Binding Reduces NER Efficiency in Vitro—To
establish that the failure to observe efficient recruitment of
Rad7 and Rad16 proteins indeed affects GG-NER we compared
repair synthesis of UV irradiated plasmids carrying either wild-
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type (pUC18-ABF1-HIS3) or mutated (pUC18-ABF1>*-HIS3)
ABF1 binding sequences (Fig. 3, A and B). Ethidium bromide
staining of the gel (Fig. 34, top) shows the total amount of plas-
mid DNA loaded on the gel. The autoradiograph of the dried gel
(Fig. 34, bottom) indicates the amount of incorporated radiola-
beled dATP during repair synthesis. Control experiments using
undamaged plasmids were routinely included to determine
background levels of radiolabel incorporation (Fig. 34, lanes 3
and 4). The low level of background radiolabel incorporation in
the undamaged plasmid was subtracted from the specific signal
incorporated in the damaged plasmid to determine the level of
DNA repair synthesis. The damaged plasmid DNA containing
triple point mutations in the ABF1-binding site (Fig. 34, lane 2)
was consistently repaired about 50% less efficiently than the
wild-type plasmid (Fig. 34, lane I). This occurred over a range
of initial damaged DNA substrate amounts as shown in Fig. 3B.
This indicates that the presence of an ABF1-binding site in the
damaged DNA plasmid DNA template consistently enhanced
the repair synthesis in the plasmid over the range of DNA sub-
strate amounts indicated.

Loss of ABF1 Binding at HMLa I Silencer Does Not Alter
Nucleosome Positioning in the Region—It has been suggested
that the binding of ABF1 protein to its cognate sites in DNA
alters nucleosome positioning (3, 6, 32). To determine whether
the function of ABF1 protein in GG-NER involves altered
nucleosome positioning we introduced the triple point-mu-
tated ABF1-binding site into the I silencer region of HMLa on
chromosome Il and examined micrococcal nuclease sensitivity
in chromatin extracted from wild-type cells (RAD™) and those
carrying a mutated ABF1-binding site (RAD*/ABF1™) (20).
Stretches of DNA separated by 140—-160 bp in length that are
protected in chromatin but not in naked DNA are diagnostic of
nucleosomes (33, 34). Fig. 4 displays micrococcal nuclease-sen-
sitive sites at low resolution and reveals that the wild-type and
mutated strains exhibited similar sensitivity. Nucleosomes
were found positioned at N1, N2, N3, N4, and N5, which is
consistent with previous reports of nucleosome positioning in
the region (25).

To confirm that no major changes in chromatin structure
transpire following loss of ABF1 binding we measured total
histone H3 levels at the HMLal locus by ChIP at the N1, N2,
and N3 nucleosome sites. Our results show that in each posi-
tion examined the level of total histone H3 is similar in the wild
type and ABF1-binding site mutant (supplemental Fig. 1). Col-
lectively our results demonstrate that mutation of the ABF1-
binding site does not significantly alter chromatin structure in
the region examined.

ABF1 and GG-NER Complex Binding at the ABF1 I Silencer
Site in Vivo—The experiments described above were carried
out using purified proteins or protein complexes and cell-free
extracts. To confirm the effect of altering the consensus ABF1-
binding site sequence on ABF1 binding and hence on the effi-
ciency of GG-NER in vivo, we examined the occupancy of ABF1
and the Rad7-Rad16 GG-NER complex in the vicinity of the
ABF1-binding site at the HMLa I silencer by in vivo ChIP anal-
ysis. This was accomplished using specific antibodies against
ABF1 and Rad7 proteins. First we measured ABF1 occupancy at
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A WT +UV Mut +UV WT -uv Mut -UV
Lane .1 2 ] 3 4
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o838888

100 150 200 250 300
Amount of DNA substrate (ng)

FIGURE 3. In vitro NER analysis to monitor repair synthesis. NER was per-
formed at 26 °C for 2 h using UV radiation-damaged (+UV; 300 J/m?) or
undamaged (—UV) plasmid pUC18-ABF1-HIS3 (WT; lanes 1 and 3, respec-
tively) or pUC18-ABF1 bs_HIS3 (Mut; lanes 2 and 4, respectively) in the presence
of wild-type yeast whole cell extract. A, ethidium bromide-stained gel repre-
sents the total DNA loading (top), and an autoradiograph of the gel indicates
the level of DNA repair synthesis or background radiolabel incorporation for
the damaged (+UV) or undamaged (—UV) plasmids (bottom). M, DNA marker
lane. B, relative levels of DNA repair radiolabel incorporation for the damaged
(+UV) orundamaged (—UV) plasmids at the range of DNA substrate amounts
indicated.

Chromatin
RAD*/Abf{1®= RAD* DNA
MNase 1 5 10 20 1 5 10 2 5 units/ml

FIGURE 4. Low resolution micrococcal nuclease nucleosome mapping.
The amount of micrococcal nuclease (MNase) used is indicated at the top of
each lane. Molecular weight markers (M) on the right indicate the size (bp) of
the bands. The positioned nucleosomes (N1-N5) are shown as ellipses on the
left.

the ABF1-binding site bothin RAD" and RAD " /ABF1"* strains
by mapping the binding of ABF1 using primer pairs spanning
the region surrounding the HMLa I silencer. Fig. 5 shows that
ABF1 bound to the wild-type ABF1 consensus site at the I
silencer (gPCR4) in the absence of DNA damage (U/) consistent
with the expected presence of ABF1 at the I silencer. Following
exposure of cells to UV radiation we observed a small initial
increase (0 h) in ABF1 occupancy followed by a loss of ABF1
occupancy at later times (1 and 2 h). Occupancy of ABF1 at the
I silencer returned to levels detected in unirradiated cells after
4 h. ABF1 occupancy was not detected at positions upstream
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FIGURE 5. ABF1 binding to HVIL« | silencer requires an ABF1-binding site.
Immunoprecipitation with ABF1 antibody was performed in RAD™ and
RAD */Abf1°* cells. The occupancy of ABF1 was measured by gPCR with the
primers spanning the HMLa | silencer region (qQPCR1, gPCR4, and gPCR5).
Data are represented as average of three experiments +S.D.

(+871 to +959) or downstream (+1884 to +2095) of the I
silencer (measured by using the qPCR1 and qPCR5 primers in
either the RAD* or RAD "/ABF1* strains), indicating the spec-
ificity of ABF1 binding at the I silencer site. Furthermore ABF1
occupancy was significantly reduced at the HMLa 1 silencer
regions tested in the RAD"/ABF1®* strain containing a triple
point mutation in the ABF1-binding site of the I silencer,
confirming the importance of this site for ABF1 binding.

We also confirmed the occupancy of Rad7 protein at the I
silencer using qPCR3 primers, which span the same region of
the genome as qPCR4 primers, and antibodies raised against
Rad7 protein (supplemental Fig. 2). We did not detect a signif-
icant change of Rad7 occupancy after exposure to UV radiation
at 1 h (supplemental Fig. 2) or later times (data not shown). In
summary, our results indicate that mutations in the ABF1-
binding site at the I silencer inhibit ABF1 binding to the site and
that changes in the occupancy of individual components of the
GG-NER complex occur at the binding site in response to DNA
damage associated with UV radiation exposure.

Repair of UV Radiation-induced Damage at the I Silencer
ABFI-binding Site of HMLal in Vivo—In subsequent experi-
ments we directly examined GG-NER under the experimental
conditions described above. Yeast cells were irradiated with UV
light at a dose of 100 ]/m?, and DNA was extracted as described
previously (29). NER was examined at nucleotide resolution by
measuring the removal of CPDs from DNA using a 3'-end
labeling technique described previously (22). In this analysis
digestion of DNA with the restriction enzyme Ndel yields a
742-bp DNA fragment containing the HMLal coding region.
Double digestion with Avall and HinfI generates a 852-bp frag-
ment downstream of HMLal containing the ABF1-binding
site, and digestion with HinfI generates a 1118-bp fragment that
encompasses the region generated by Avall and Hinfl double
digestion.

Supplemental Figs. 3—7 show the presence of CPD in tran-
scribed strands (TS) and nontranscribed strands (NTS) of
DNA. The coding sequence of HMLal (supplemental Fig. 3)
and the ABF1 binding sequence (supplemental Figs. 4 and 5) are
indicated in gray bars and unfilled bars, respectively. The quan-
tified results are represented in Fig. 6 as the time taken to
remove 50% (£5,,,) of the initial load of CPDs induced at each
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FIGURE 6. CPD repair in RAD* and RAD*/ABF1* strains. The gels (supple-
mental Figs. 4 - 6) were quantified with ImageQuant software. Repair time for
50% of CPDs (tsq,,) at a site was calculated or extrapolated. Closed triangles
represent CPD repair in the RAD™ strain; open triangles represent CPD repair
inthe RAD " /ABF 1%, Horizontal bars at the bottom of each graph show regions
examined, and numbers indicate nucleotide positions.

+800 +1800

site. As demonstrated in the figure, the repair rates for the
RAD™ and RAD"/ABF1™ both in TS and NTS are similar in
HMLal, indicating that loss of ABF1 binding does not alter
NER efficiency in this region of the ABF1-binding site (+1 to
+528) (Fig. 6 and supplemental Fig. 3). In contrast, reduced
repair efficiency was observed in the strain containing the
mutated ABF1-binding site on the same side of the ABF1-bind-
ing site but downstream of HMLolI (+900 to ABF1-binding
site) and extending for several hundred base pairs from the
ABF1-binding site (Fig. 6 and supplemental Figs. 4 and 5). No
difference in repair rates was observed on the opposite side of
the ABF1-binding site (ABF1-binding site to +1800). The DNA
repair rates plotted in Fig. 6 represent the average values
obtained from at least three independent experiments. The
average (£50,,) in hours and the S.D. for the following regions on
the TS and NTS are: TS: nucleotide position 820-1067: WT,
2.87 * 0.58; mutant, 2.99 = 0.54; nucleotide position 1068 —
1464: W'T,2.97 £ 0.39; mutant, 3.77 = 0.25; nucleotide position
1326 -1559: WT, 2.69 = 0.39; mutant, 2.67 * 0.55; NTS: nucle-
otide position 822—-1067: WT, 3.06 * 0.05; mutant, 2.80 * 0.13;
nucleotide position 1109-1464: WT, 2.16 * 0.36; mutant,
2.97 * 0.36; nucleotide position 1487-1773: WT, 2.91 = 0.26;
mutant, 2.85 = 0.60. These results indicate that ABF1 binding
at the HM Lo locus promotes efficient NER in a single direction
from the ABF1-binding site.
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It is well established that the Rad7 and Rad16 proteins are
required for GG-NER of the transcriptionally repressed HML«
locus but not for repair of the same sequence when present at
the transcriptionally active MA Ta locus (35). To confirm that
we were indeed observing GG-NER in the ABF1-binding site
mutant, the RAD7 gene was deleted in both RAD™ and RAD™/
ABF1" to generate strains Arad7 and Arad7/ABF1", and the
repair of CPDs was examined. Supplemental Figs. 6 and 7 show
no repair within 4 h in the TS or NTS both in the Ndel and
Avall/Hinfl fragments examined in the Arad7/ABF1"* and the
Arad7 strains. Hence NER observed at the HM L« is unequivo-
cally GG-NER.

DNA Translocase Activity of the GG-NER Complex—The
Rad7-Rad16 GG-NER complex has been shown to generate
negative superhelical torsion in damaged DNA that is Rad16-
dependent (17). Rad16 is a member of the Snf2 family of chro-
matin-remodeling proteins, many of which have also been
observed to generate torsion (36). It has been substantiated for
several Snf2 family members that such negative superhelical
torsion is generated as a result of DNA translocation (24,
37-43). To investigate whether Rad16 has DNA translocating
activity we established a triplex strand displacement assay using
a triple helix formed by annealing a homopyrimidine oligonu-
cleotide to a DNA duplex at low pH. Such triplexes are stable at
neutral pH, but if the triplex strand is displaced it will not rean-
neal (44). The triplex has a distinct electrophoretic mobility,
and when the homopyrimidine oligonucleotide is displaced
either by thermal incubation (Fig. 7A, lane 2) or incubation with
SV-40 T-antigen (Fig. 7A, lane 1) an accumulation of free oli-
gonucleotide is observed. When the GG-NER complex was
incubated with the triplex in the presence of ATP, oligonucleo-
tide displacement was observed (Fig. 74, lane 7). The extent of
displacement was reduced to a level similar to that observed in
the absence of ATP (Fig. 74, lane 3) when ATP was substituted
with the poorly hydrolyzable analogue ATPvS (Fig. 7A, lane
6). We conclude that the GG-NER complex promotes DNA
triple helix strand displacement as a result of DNA translo-
case activity.

The GG-NER Complex Has Little Effect on Nucleosome
Mobility—Many Snf2 family proteins that share with Rad16 the
ability to translocate along DNA and generate superhelical tor-
sion are also efficient in redistributing nucleosomes (45). To
determine whether the GG-NER complex can redistribute
nucleosomes we used an iz vitro assay (see “Experimental Pro-
cedures” for details). In this assay mononucleosomes were
reconstituted using a fluorescently labeled 316-bp DNA frag-
ment in which the murine mammary tumor virus NucA posi-
tioning sequence was flanked by 105 and 64 bp of additional
DNA sequence on either side (46). The position of a nucleo-
some on a DNA fragment affects its mobility during native gel
electrophoresis, and this provides a means of assessing nucleo-
some redistribution. Following either thermal treatment or
incubation with the RSC chromatin-remodeling complex
nucleosomal DNA migrated further into the gel consistent with
movement of nucleosomes toward the ends of this fragment
(Fig. 7B, lanes 2 and 3). In contrast, addition of purified GG-
NER complex showed no effect (Fig. 7B, lanes 4—11). We con-
clude that, unlike many other members of the Snf2 family such

JANUARY 9, 2009+VOLUME 25giahbiAEHR o hitp: NRERD

ABF1 Binding Promotes Efficient GG-NER

A GGNERcomplex SV-40 Heat - - + 0+
ATP + - - - + -

ATPyS - i W & W

-
Free TFO .

Lane 1

B GG-NERcomplex - - = + 4+ + + + + + +
RBC - = & = = = @ = = = =
Hat - * = = = » = = « = =

DNA HHHUL‘UHHHUU

Lane 1 2 3 4 5 6 7 8 9 10 11

FIGURE 7. DNA translocase and nucleosome sliding activity of GG-NER
complex. A, triple helix substrates consisting of a 40-nucleotide triple helical
region were prepared as described under “Experimental Procedures.” Sub-
strates were incubated with (lanes 6 -7) or without (lane 3) GG-NER complex at
30 °C for 30 min in the presence of ATP (lanes 5 and 7) or ATPyS (lane 6) or
heated for 5 min at 90 °C (lane 2). SV-40 T-antigen-treated sample (lane 1) is
included as a positive control. Lane 4 contains [y-**P]dATP-labeled third
strand (indicated as Free TFO) only. A control fraction from the final step of the
purification known not to contain GG-NER complex was also tested (/ane 5).
Reaction mixtures were separated on a 1% agarose gel, and displacement of
the free triplex-forming oligonucleotide (TFO) was monitored. B, movement
of nucleosomes on the Cy3-labeled DNA fragment 105A64 was monitored
following heating at 47 °Cfor 1 h (lane 2) or treatment with different GG-NER
complex-containing fractions from the final step of the purification as indi-
cated previously (16) (lanes 4-11) or 0.12 pmol of RSC complex (lane 3) for 30
min by native gel electrophoresis.

Nucleosomes at
M|@M| location

Repositioned
nucleosomes

as the RSC complex, Rad16 as a component of the GG-NER
complex does not promote efficient nucleosome redistribution
under the conditions tested.

DISCUSSION

Previous studies have shown that ABF1 protein forms a sta-
ble complex with the yeast Rad7 and Rad16 GG-NER proteins
and plays a role in NER (7, 17). The present studies were
directed at demonstrating that the role(s) of ABF1 in NER is
dependent on specific binding to ABF1 consensus-binding sites
in DNA in contrast to general nonspecific DNA binding. This
was achieved by inhibiting ABF1 binding at a specific ABF1
DNA-binding site located at the I silencer of the HMLa locus
and examining NER in the vicinity of this site. We cloned a
DNA fragment containing the ABF1-binding site in the I
silencer of HML« into a plasmid and introduced three point
mutations into conserved nucleotides in the ABF1-binding site.
When we examined the ability of purified ABF1 protein to bind
to the plasmid DNA substrate in competitive bandshift assays
in vitro we observed efficient binding to the wild-type ABF1-
binding site, whereas mutation of the binding site severely
inhibited binding. Similarly supershift experiments using anti-
bodies against the Rad7 or Rad16 components of the GG-NER
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complex revealed that it bound to the plasmid containing the
wild-type ABF1-binding site but not when the ABF1 consensus
sequence was mutated. Hence the binding efficiency of both
purified ABF1 and the GG-NER complex to plasmid DNA is
dependent on an intact ABF1 consensus binding sequence.

When wild-type and mutated plasmids were used as sub-
strates for measuring NER activity in vitro, we observed that the
plasmid containing the wild-type ABF1-binding site was
repaired twice as efficiently as that with the mutated ABF1-
binding site, suggesting that the specific binding of ABF1 to its
DNA consensus sequence promotes efficient GG-NER in vitro.
Similar conclusions were derived from studies that examined
the effect of mutating the ABF1 DNA-binding site on chroma-
tin structure and NER in vivo. Notably we confirmed that loss of
ABF1 binding at the I silencer ABF1 consensus sequence does
not significantly alter chromatin structure at the ABF1 site, the
nucleosome content in the region, or the silencing of HMLa.

Our analysis of the effect of I silencer ABF1-binding site
mutations on binding of the Rad7-Rad16 GG-NER complex is
particularly instructive. Both ABF1 and Rad7 proteins are pres-
ent at the ABF1-binding site in the absence of DNA damage,
and occupancy of the Rad7-Rad16 GG-NER complex at the site
is dependent on an intact ABF1 consensus DNA-binding site.
Following UV radiation we observed a small initial increase
followed by a loss of occupancy of ABF1 protein. This returned
to normal levels several hours after irradiation. In contrast,
Rad7 occupancy did not change following DNA damage. The
significance of the differential occupancy of GG-NER compo-
nents at the I silencer-binding site after UV radiation exposure
is not clear.

Failure of the GG-NER complex to bind to the mutated ABF1
consensus sequence resulted in a domain of reduced GG-NER
efficiency extending for ~400 base pairs in one direction from
the ABF1-binding site. We suggest that the GG-NER complex
binds to the ABF1-binding site in an orientation-specific man-
ner, and in response to DNA damage, subsequent activities of
the complex promote efficient GG-NER within a defined region
extending from the ABF1-binding site. This notion is sup-
ported by the results of experiments not reported here that
showed that switching the orientation of the ABF1-binding site
at the I silencer results in reduced GG-NER rates in the affected
repair domain similar to the repair rate observed when ABF1
fails to bind to the mutated ABF1-binding site. However, nor-
mal levels of ABF1 occupancy were observed at the switched
ABF1-binding site. Thus, the orientation of ABF1 binding to
DNA significantly affects its function during GG-NER. We
speculate that the binding of the GG-NER complex to multiple
ABF1-binding sites throughout the genome positions the GG-
NER complex at specific locations in the genome and facilitates
the formation of GG-NER domains in response to DNA dam-
age. We are currently investigating the significance of the loss of
ABF1 occupancy from the I silencer in response to UV radiation
to determine how this relates to the efficiency of GG-NER.

How might putative GG-NER domains be generated by the
GG-NER complex following DNA damage? Our previous stud-
ies explored the biochemical properties of the purified GG-
NER complex (17). These experiments showed that the action
of the complex generates superhelical torsion in DNA. Further-
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FIGURE 8. Proposed model of GG-NER complex function at the HML«
locus ABF1-binding site. In the absence of UV radiation the GG-NER com-
plex binds in a specific orientation to the ABF1-binding site (top panel). Fol-
lowing UV radiation the directional DNA translocase activity of the complex
results in changes in occupancy of the GG-NER complex at the ABF1-binding
site. This generates a domain of altered superhelical torsion in one direction
from the ABF1-binding site. This action promotes efficient GG-NER within the
domain. The GG-NER complex could generate superhelical torsion by DNA
translocation over a short distance from the ABF1-binding site, for example
tens of base pairs generating a domain of torsion over hundreds of base pairs
(left panel), or by long distance tracking of the complex throughout the
domain (right panel). Note that the translational setting of the nucleosomes
(beige circles) on the DNA is not perturbed by this process. DNA damage is
represented by red spots. 7, Rad7; 16, Rad16.

more the generation of torsion is necessary to promote excision
of DNA damage-containing oligonucleotides during NER. We
suggest that in response to UV radiation the GG-NER complex
promotes the formation of a domain of increased superhelical
torsion in DNA following unidirectional translocation initiated
at the ABF1-binding site. A constrained domain of increased
torsion could conceivably be generated by the DNA translocase
activity of the complex acting over a very short distance or by
more extensive translocase activity essentially tracking along
the DNA throughout the domain. A similar activity for a com-
plex of Rad7 and Rad16 proteins has been suggested previously
47).

Although DNA translocation by many Snf2 family proteins
can facilitate the translational repositioning of nucleosomes,
the present study indicates that the GG-NER complex does not
significantly affect nucleosome sliding in vitro. Furthermore
the GG-NER complex does not promote nucleosome reposi-
tioning during GG-NER in vivo. Thus, the ability to translocate
and generate negative helical torsion in DNA is not sufficient to
promote nucleosome repositioning. Our studies also highlight
the fact that some Snf2 family proteins such as SSO1653 and
Mot1 (and now Rad16) do not efficiently alter nucleosome posi-
tioning (36). We therefore speculate that during a global proc-
ess such as GG-NER it is important to ensure that chromatin
structure is not compromised because this could result in
unregulated gene transcription from repressed regions of the
genome. Our results are summarized and shown as a model in
Fig. 8.
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