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ABSTRACT

Single amino acid changes at specific DNA contacts
of histones H3 and H4 generate SWI/SNF-indepen-
dent (Sin) mutants in yeast. We have analyzed the
effect of the Sin mutation at R45 of histone H4 on cell
survival following UV irradiation, nucleotide excision
repair (NER) and chromatin structure. We find that
this mutation renders yeast cells more resistant to
UV damage and enhances NER at specific chromatin
loci. In the transcriptionally silent HML, repressed
GAL10 and the constitutively active RPB2 loci, H4
R45 mutants exhibit enhanced repair of UV-induced
cyclobutane pyrimidine dimers (CPDs) compared to
wild-type (wt). However, the H4 R45 mutation does
not increase the transcription of NER genes, disrupt
transcriptional silencing of the HML locus or alter
repression in the GAL10 locus. We have further
shown that the H4 R45C mutation increases the
accessibility of nucleosome DNA in chromatin to
exogenous nucleases andmay expedite nucleosome
rearrangements during NER. Taken together, our
results indicate that the increased repair observed in
Sinmutants is a direct effect of the altered chromatin
landscape caused by the mutation, suggesting that
such subtle changes in the conserved histone
residues can influence the accessibility of DNA
repair factors in chromatin.

INTRODUCTION

Cellular DNA is continually exposed to threats from
various endogenous and exogenous sources of damage
that can compromise the functional integrity of the
genome. Assaults caused by different types of genotoxic
agents exert evolutionary pressure on all organisms, which
have developed sophisticated responses to cope and
survive (1). An important form of damage response

exhibited by cells is their ability to repair DNA lesions
caused by environmental sources such as UV radiation,
ionizing radiation and chemical agents (2). Failure to
repair such DNA lesions is known to cause mutations that
can lead to genomic instability, cell death or life-
threatening diseases like cancer in higher eukaryotes.
Nucleotide excision repair (NER) is an important

mechanism for removal of a wide variety of bulky DNA
lesions, such as cis-syn cyclobutane pyrimidine dimers
(CPDs) and (6–4) photoproducts caused by ultraviolet
(UV) radiation. NER consists of two pathways: global
genome repair (GGR) and transcription-coupled repair
(TCR) (3–5). TCR is specifically responsible for repair of
the transcribed strand of actively transcribed genes and
appears to be triggered by stalled elongating RNA
polymerase. GGR is involved in removal of lesions from
unexpressed regions of the genome and the nontranscribed
strand of actively transcribed genes. In eukaryotic cells,
accessibility of lesions in highly condensed 100–400 nm
chromatin fibers adds further complexity (6,7) and the
compact DNA packaging into chromatin is refractory to
DNA repair enzymes (8,9). This structural hierarchy
hinders the access of nuclear factors that detect and
subsequently repair lesions in nuclear DNA. However, the
chromatin environment is dynamic and early studies
showed that chromatin rearrangements occur during
NER in intact cells (9,10).
Nucleosomes, the basic structural component of chro-

matin represents the first level of DNA compaction in
eukaryotes (11). This fundamental unit consists of 147 bp
of DNA wrapped in 1.65 superhelical turns around an
octamer of the core histones H2A, H2B, H3 and H4. The
histone folds of H3 and H4, as well as H2A and H2B,
interlock to form a stable H3–H4 tetramer and two
H2A–2B dimers, giving rise to the canonical core octamer
assembly (12). Interaction is primarily between amino
acids in the a-helices or intervening loop regions of the
core histones and the phosphodiester backbone of the
DNA. Of the 14 sites where the DNA minor groove con-
tacts the histone octamer, 12 are penetrated by side-chains
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of an arginine residue located in either a histone fold
domain or an N-terminal tail region (11). Furthermore,
at 8 of these 12 sites, a threonine side chain from a
neighboring histone forms either direct (H3 T118 with
H4 R45) or water-mediated hydrogen bonds with the
penetrating arginine residue (13).
Mutations that alter one of a cluster of amino acid

residues lying in the specific DNA-histone contact sites
of histones H3 and H4 are known to generate a class of
mutants called SWI/SNF-independent (Sin) mutants (14).
These mutants were identified by their ability to carry on
transcription in the absence of yeast chromatin remodel-
ing complex SWI–SNF. The Sin mutations are found to
be clustered in the L1L2 loop regions of the H3–H4
tetramer that participates in binding the central two turns
of nucleosomal DNA (14), and broadly fall into two
groups: (i) mutations that target H4 R45, H3 T118 and H3
R116 are located very near the dyad center contact points
(15) and (ii) mutations that target H4 V43 or H3 E105, are
located more distant from the dyad center. Previous
studies demonstrated that Sin mutations do not alter the
histone octamer stoichiometry, but in general render
nucleosome DNA more accessible to enzymes such as
micrococcal nuclease and Dam methylase (16–18). Sin
mutant nucleosomes mobilize at lower temperatures and
dissociate at lower salt concentrations (14,19), with an
increased ability to reposition on the DNA. Interestingly,
nucleosome arrays reconstituted with octamers containing
the H4 R45C mutant histone exhibit a defect in
magnesium-dependent intramolecular folding (18).
The Arg 45 residue of histone H4 that has been mutated

in our study is one of the 10 Arg residues whose side chain
protrudes into the minor groove of the DNA (11,13).
Mutation of H4 R45 to cysteine or histidine results in an
‘empty’ minor groove, leading to a disruption of the
histone–DNA interactions. However, this mutation has
only a moderate effect on global nucleosome structure
(14). It is suggested that the H4 R45 mutation leads to an
altered nucleosome state that mimics SWI/SNF-depen-
dent nucleosome disruption, a typical consequence of Sin
mutations. In the present study, we examined the effect of
H4 R45C and R45H Sin mutations on NER of UV
damage. Our results show that cells containing these
versions of histone H4 have more efficient NER than wild-
type (wt) cells, and are more resistant to UV-induced cell
death. In agreement with past reports (16,17), we find
increased accessibility of nucleosomal DNA in the chro-
matin of these cells. These results indicate that the subtle
change in chromatin induced by a single-site mutation in
a core histone of yeast cells allows enhanced UV survival
and increased DNA repair in specific chromatin regions.

MATERIALS AND METHODS

Construction of H4 R45 Sin histone mutants

Plasmid shuffle method was used to introduce mutated
versions of histone H4 gene. Yeast strain WY121, a
derivative of W303, in which all four histone H3 and H4
genes have been disrupted was used. WY121 bears
plasmid pJL001 (CEN URA3 HHT2-HHF2) containing

a single copy of the wt histone gene pairs HHT2-HHF2
and a counter-selectable marker URA3 (20).

Microarray data accession number

The data discussed in this report have been deposited in
the NCBI Gene Expression Omnibus (GEO; http://
www.ncbi.nlm.nih.gov/geo/) and is accessible through
GEO series accession number GSE11282. The strain was
transformed with plasmids bearing either H4 R45C or
R45H (HHT2-hhf2) derivative of HHT2-HHF2 plasmid
pJW028 (CEN ADE2 HHT2-HHF2) having a selectable
marker ADE2. The QuickChange Kit (Stratagene, La
Jolla, CA, USA) was used to introduce the R45C/R45H
mutation into plasmid pJW028. It was found that the
yeast strain transformed with H4 R45H plasmid bore
single plasmid population expressing the mutant H4 gene.
The H4 R45C cells, however, contained both wt (HHT2-
HHF2) and the mutant H4 R45C (HHT2-hhf2) expressing
plasmids. As already reported (21), it is possible that, in
this wt background yeast strains bearing H4 R45C as the
sole source of histone H4 are not viable.

UV-sensitivity and repair assays

Yeast cells were grown at 308C in YPD to early log phase
(A600� 0.6), harvested, placed on ice for 1 h, and washed
with ice-cold PBS (phosphate-buffered saline). The
washed cells were resuspended in ice-cold PBS and
irradiated with 100 J/m2 UV light (254 nm). The cells
were then allowed to repair by incubation in prewarmed
YPD for various time periods in dark at 308C followed by
pelleting and DNA isolation using the glass-bead method
as described previously (22). For UV sensitivity assay,
cells were diluted to different concentrations, spread on
YPD plates and irradiated with the indicated UV doses.
Colonies were counted after 48 h of incubation at 308C in
the dark.

Locus-specific repair analyses

NruI, Bsp1286I and EcoRI–EcoRV were used to release
the 3.4-kb fragment containing the RPB2 gene, the 2.3-kb
fragment from the HML locus and the 2.2-kb fragment
of the GAL10 locus, respectively. The number of CPDs
in specific restriction fragments was determined as
described previously (23,24). Briefly, equal amounts of
purified and restriction-digested DNA were either mock
treated or treated with T4 endonuclease V for 60min at
378C. DNA was denatured and electrophoresed on 1%
alkaline agarose gel, transferred to Hybond N+ mem-
branes, and hybridized with specific radioactive DNA
or RNA probes. The probes for RPB2 locus were
generated using linearized plasmid pKS212 (3). For the
HML locus, a fragment representing nucleotides +1 to
+518 was generated from the HML�1 ORF by PCR
amplification. For the GAL10 probe a fragment represent-
ing +1 to +800 bp relative to the start site was used. The
fragments were radiolabeled using [a32P]dATP and Prime-
It Random Primer Kit (Stratagene). Southern blots were
quantified using PhosphorImager and IMAGE-QUANT
software (GE Healthcare, Piscataway, NJ, USA). The level
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of repair was calculated as the amount of CPDs remaining
per fragment, according to Poisson distribution (3).

Chromatin accessibility assay

Micrococcal nuclease (MNase) digestion was done
following protocols as described (25,26). Briefly, 100ml
of mid-log phase (�1.0–2.0� 107 cells/ml) yeast cells
were pelleted, washed with 1M sorbitol, suspended in
YLE (10mg/ml zymolyase in 1M sorbitol and 5mM
b-mercaptoethanol) and incubated at 228C for 30min.
Cells were repelleted and washed twice with sorbitol wash
buffer (1M sorbitol, 1mM PMSF, 2mM b-mercaptoetha-
nol). Sphaeroplasts were then suspended in sphaeroplast
digestion buffer (1M sorbitol, 50mM NaCl, 10mM
Tris–HCl, pH 7.5, 5mM MgCl2, 1mM CaCl2, 1mM
b-mercaptoethanol, 0.5mM spermidine and 0.075% v/v
NP-40), divided into 200-ml aliquots and digested with
varying concentrations of MNase (10 U/ml) for 10min at
378C. The reactions were terminated with 0.1 vol of stop
solution (5% SDS, 250mM EDTA) followed by protein-
ase-K treatment for 2 h at 558C. Samples were extracted
twice with phenol:chloroform, treated with 5 mg/ml of
RNase A and ethanol precipitated. DNA was resuspended
in TE (10mM Tris pH-8.0, 1mM EDTA) and electro-
phoresed on 1.2% agarose gel. Southern blots were done
with random primed 32P-labeled probes specific for HML
or RPB2 locus.

For restriction enzymes accessibility assay, log-phase
yeast cells were treated with 100 J/m2 UV light followed by
repair incubation for various time periods. Nuclei were
isolated as described above and subjected to EcoRV
digestion for 20min. DNA was purified, further digested
with Bsp1286I to release the HML fragment and resolved
on 1% agarose gel. Southern blot analysis was done using
random primed 32P-labeled 150-bp fragment spanning +1
to +150 nt of HML�1 ORF.

Genome-wide expression profiling

For each genome-wide expression experiment, three
mutant and three wt yeast cultures were grown in YPD
medium to a final optical density at 600 nm of 0.4–0.7 and
then harvested. Total RNA was isolated from each yeast
culture and used to prepare cDNA and biotinylated
c-RNA, as described previously (20). The cRNA was then
hybridized to a single S98 genome oligonucleotide array
and scanned following standard protocols (Affymetrix).
Intensities were captured using GeneChip software
(Affymetrix), and a single raw expression level for each
gene was determined.

Data analysis

The data from each chip were normalized using GeneChip
software (version 5; Affymetrix). The microarray data
were analyzed using modified triple error model to cal-
culate the significance (P-value) of the observed change in
mRNA levels. A change in mRNA levels was deemed
significant based on the following criteria: (i) the average
change up or down was >2-fold; (ii) the change (up or
down) in each replicate experiment was >1.5-fold and

(iii) the absolute intensity change was above background
levels. [For details, see the report by Martin et al. (20)].

RT–PCR analysis

Cells were grown to log phase under the same conditions
as used for microarray experiments. Total RNA was iso-
lated from each yeast culture and 5 mg of RNA from each
sample was reverse transcribed using Superscript III RT
enzyme (Invitrogen, Carlsbad, CA, USA), as per manu-
facturer’s instructions. The product was treated with
RNase H and PCR amplified for 25 cycles using gene-
specific primers.

RESULTS

The H4 R45 mutants used in this study were generated by
plasmid shuffling into a wt yeast strain, where the four
chromosomal copies of H3 and H4 histone genes have
been disrupted, and the wt or mutant H3 and H4 genes are
expressed on a plasmid (see Materials and methods
section). As mentioned earlier, unlike the H4 R45H
mutant strain, we were unable to generate an H4 R45C
strain whose sole source of histone H4 was the mutant
plasmid. Indeed, we examined over 20 different H4 R45C
mutant clones, by sequencing the isolated plasmid, and in
each case at least a small amount of wt plasmid was
present (unpublished data). This result suggests that the
H4 R45C mutant strain can not survive with H4 R45C as
the sole source of histone H4, and is in agreement with
past reports on this mutant (21). However, Sin mutants
are known to be partially dominant to wt histone genes
and the mutant histones lead to a Sin phenotype even in
the presence of wt histones (15).
Both the H4 R45 mutants used in our experiments

exhibit a slower growth rate at 308C, compared to wt cells,
and exhibit a slightly more resistant (lower cell death)
phenotype to UV irradiation (Figure 1). Interestingly,

Figure 1. UV sensitivity of wt, H4 R45C and H4 R45H. Colony-
forming ability following UV irradiation was monitored in exponen-
tially growing cultures. Cells were appropriately diluted, spread on
YPD plates, subjected to the UV doses shown and their survival
monitored. For each strain, data represent the mean� 1 SD for four
independent experiments.
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among several other Sin histone mutants (H3 R116H, H3
T118I, H4 V43I) that we tested, only H4 R45 mutants
showed resistance to UV irradiation compared to wt
(Figure 1 and data not shown). These observations led us
to explore DNA repair of UV damage as a possible
defence mechanism affected by such a subtle change in
chromatin.

H4R45 mutants have enhanced NER activity
at specific chromatin loci

For NER studies, yeast cells were irradiated with 254-nm
UV light (100 J/m2) and incubated for different time

periods following irradiation. Based on the chromatin
structure, three different kinds of loci in yeast were
tested for CPD removal: (i) the nucleosome-loaded and
silenced mating-type locus HML; (ii) the nucleosome-
loaded inducible GAL10 locus under transcriptionally
repressed conditions; and (iii) the constitutively expressed
RPB2 gene, encoding the second largest subunit of
RNA Pol II. Total DNA was isolated, digested with
appropriate restriction enzymes and cut specifically at
CPDs with T4 endonucleaseV (T4 endoV). Repair of
CPDs was analyzed following separation of the cleaved
DNA fragments on alkaline agarose gels as previously
described (3).

Figure 2. Nucleotide excision repair in the HML, GAL 10 and RPB2 loci of H4 R45 cells. Diagram of the HML, GAL10 and RPB2 loci are shown
in (A), where pertinent restriction sites and fragment lengths are denoted. For repair experiments, cells were UV irradiated (100 J/m2) and incubated
in the dark for various time periods (0.5 to 3 h). Genomic DNA was isolated, digested with appropriate restriction enzyme and then digested to
completion with T4 endo V. Southern analyses were performed using radiolabeled probes specific for HML, GAL10 and RPB2 loci, respectively.
Representative alkaline agarose gels showing CPD removal from the 2.3-kb Bsp1286I fragment (HML), 2.2- kb EcoRI–EcoRV fragment (GAL10)
and the 3.4-kb NruI fragment (RPB2) are shown in (B), (D) and (F), respectively. The time courses calculated for CPD removal from the HML,
GAL10 and RPB2 loci are shown in (C), (E) and (G), respectively. For each strain, data represent the mean� 1 SD for three independent
experiments.
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Repair of CPDs in the HML locus of H4 R45 mutant
and wt cells was monitored in a 2.38-kb Bsp1286I
fragment (Figure 2A). This fragment contains several
positioned nucleosomes (27) and bound silencing proteins
Sir2, Sir3 and Sir4 which form the Sir complex (28). As
shown in Figure 2B and C, CPD removal is about 50%
more efficient in H4 R45 mutant cells than wt after 2 h of
repair, and is essentially complete by 3 h after irradiation
(compared to only �70% repair in wt cells). Similar results
were obtained for CPD repair in a 2.2-kb EcoRI–EcoRV
fragment containing the GAL10 gene (Figure 2A). Under
repressed conditions (i.e. in glucose medium), this region
contains nucleosomes of varying stability (29) and no
bound silencing complex (30). As with the HML locus, we
found that both of the H4 R45 mutants have more rapid
NER in the GAL10 locus, where �40% more CPDs are
removed by 1 h after irradiation compared to wt cells
(Figure 2D and E).

We also examined removal of CPDs from a 3.4-kb NruI
fragment in the RPB2 locus (Figure 2A). Once again, it
was found that NER of UV damage in both H4 R45
mutants is more rapid than in wt cells (Figure 2F and G).
Analogous to the GAL10 locus, following 1 h repair incu-
bation, both H4 R45C and R45H cells show �40% more
efficient CPD removal from the RPB2 locus, compared to
wt. Overall, our results indicate that the two H4 R45

mutant strains have increased resistance to UV by virtue
of increased repair of UV-induced DNA damage.

Chromatin in H4 R45C cells has increased accessibility
to nucleases

It was reported previously that H4 R45 mutant chromatin
has increased nuclease sensitivity compared to wt (17).
As such a feature could influence NER, we examined the
MNase accessibility of DNA in chromatin from the H4
R45C cells used in our experiments and compared this
to wt chromatin. We investigated the DNA accessibility of
both bulk chromatin and the three different chromatin loci
tested for NER activity (Figure 2).
For these studies, spheroplasts were isolated from wt and

H4 R45C cells and treated with varying concentrations of
nuclease. Comparison of the MNase digestions show that
the H4 R45C chromatin is more sensitive compared to wt.
As shown in Figure 3A, the same amount of enzyme
generated nucleosome ladders of 3–7 repeats in wt
chromatin compared to only di- or tri-nucleosome repeats
in the mutant chromatin (e.g. compare 10, 12 and 16 units
lanes). Moreover, while nearly equal amounts of DNA
were loaded on each agarose gel (quantified from the total
DNA in undigested samples), MNase digestion always
yielded more digested material in mutant samples

Figure 3. Accessibility of H4 R45C chromatin to MNase digestion. Isolated spheroplasts from wt and H4 R45C cells were treated with different
concentrations of MNase, as described in Materials and methods section, and genomic DNA was isolated and separated on 1.2% agarose gels.
(A) Digestion profile of bulk chromatin, stained with ethidium bromide. M, D and T denote mononucleosome, dinucleosome and trinucleosome
DNA, respectively. (B) Scans of 10 ml of MNase (10U/ml) lanes shown in (A). Southern blot hybridization with probe to the (C) HML locus and
(D) RPB2 locus.
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compared to wt (Figure 3A, uncut band). Scans of lanes
with equivalent digestion conditions, however, revealed no
distinguishable differences between the nucleosome repeats
of H4R45C andwt cells (Figure 3B), indicating that similar
nucleosome loading occurs in both wt and mutant
chromatin. Moreover, Southern blot analyses with HML,
RPB2 or GAL10 probes indicate that MNase has increased
accessibility to each of these loci in H4 R45C chromatin
(Figure 3C and D, data not shown). The H4 R45C
mutation, therefore, does not appear to alter nucleosome
spacing, yet renders chromatin more accessible to MNase.
These observations may reflect the increased ability of Sin
histone octamers to reposition (or slide) on DNA with
elevated temperature and/or disrupt higher order folding of
chromatin, as reported earlier (14,18).
To further explore the accessibility of DNA in H4 R45

mutant chromatin, we also examined accessibility of the
lone EcoRV restriction site, located within a positioned
nucleosome, in the HML locus (27). As shown in
Figure 4A, only a minor fraction (�20%) of the EcoRV
sites are cleaved in either wt or H4 R45C nuclei from
unirradiated cells. However, this fraction increases by
more than 2-fold during the repair process following UV
irradiation (Figure 4B). Interestingly, a consistent differ-
ence was observed between the cell types in the maximum
fraction of cut sites during repair. The maximum fraction
cut (�45%) was observed after 30min of repair incuba-
tion in H4 R45C nuclei, while the maximum for wt nuclei
(�40%) was observed after 1 h of repair incubation
(Figure 4B and C). Finally, in both strains, this enhanced
EcoRV accessibility started to decline after 1 h of repair
incubation (Figure 4C). These results support the
‘unfolding-refolding’ model for NER of UV damage
(31), and again may reflect enhanced DNA accessibility
in H4 R45 mutant chromatin.

H4R45 mutations increaseRPB2 expression without
affectingHML silencing

It is possible that H4 R45 mutations alter the transcription
levels of the genes we tested for NER activity. Therefore,
RT-PCR analyses were performed on total RNA isolated
from H4 R45 mutants using gene specific primers. We
observed a small increase of 1.3- and 1.7-fold in the
level of RPB2 transcripts for H4 R45C and H4 R45H
cells, respectively, when compared to wt (Figure 5, middle
panel). However, no significant amount of HML a1
transcript was observed in either of the H4 R45 mutants
compared to wt (Figure 5, top panel), indicating that these
mutations do not affect transcriptional silencing in the
HML locus. Similarly, no significant transcription of the
GAL10 gene was found in any of these cells grown in
glucose (data not shown). These results indicate that the
increased repair of the HML and GAL10 loci do not
reflect increased transcription in the H4 R45 mutant cells.
On the other hand, the enhanced NER observed in the
RPB2 gene, most likely reflects, at least in part, the
increased transcription of RPB2 in H4 R45 mutant cells.

Increased TCR in H4 R45C cells leads to faster repair
in theRPB2 locus

As transcription of theRPB2 gene was found to increase in
the H4 R45 mutant cells, we examined TCR (i.e. strand-
specific repair) in the RPB2 locus of the H4 R45C cells.
As shown in Figure 6A, TCR in the RPB2 locus is more
efficient in H4 R45C cells compared to wt. Over 95% of the
lesions in H4 R45C cells are removed within 2 h of repair
incubation, compared to <75% in wt cells. In contrast,
CPD removal in the nontranscribed strand of RPB2 is
slower in H4R45C cells compared to wt (Figure 6A). These
results suggest that faster repair of the RPB2 locus in H4
R45 mutant cells reflects increased TCR, while GGR is
somewhat suppressed, possibly by high levels of TCR.

Figure 4. Accessibility of the EcoRV site in HML chromatin. Nuclei
were isolated from wt and H4 R45C cells (A) before or (B) after UV
irradiation (100 J/m2) and digested with EcoRV, as described in
Materials and methods section. Arrows show the positions of the
uncut and cut bands. (C) Percent of HML DNA in chromatin
accessible to EcoRV, where bars show values obtained for wt (shaded)
and H4 R45C (open) cells. Data represent the mean� 1 SD of three
independent experiments.

Figure 5. RT–PCR analysis of transcription in H4 R45 mutants. RT–
PCR analysis was performed on total RNA from wt, H4 R45C and H4
R45H cells using primers specific for the RPB2 and HML genes, as
described in Materials and methods section. The RT–PCR product of
ACTIN was used as a loading control to normalize the transcript levels
of RPB2 and HML�1 from each strain. The normalized value for the
wt cells was set as 1.0.
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Deletion ofRAD26 reduces the rapid rate of repair
at theRPB2 locus without affecting repair of the
HML locus in H4 R45C cells

To confirm that the increased repair of the RPB2 gene in
H4R45C cells is due to enhanced TCR, the effect ofRAD26
deletion on NER was examined. Inactivation of RAD26 in
yeast is known to cause defective TCR of UV-damaged
DNA (32). We found that repair of CPDs at the RPB2
locus decreases significantly in H4 R45CDrad26 cells
(Figure 6B). Reduced repair is also observed in wtDrad26
cells compared to wt, but the relative decrease is much less
than that observed for the same comparison for H4 R45C
cells (Figure 6B, compare open and closed symbols for each
strain). These results strongly suggest that TCR is primarily
responsible for the enhanced repair of the transcriptionally
active RPB2 locus in H4 R45C cells. Importantly, how-
ever, the RAD26 deletion has little effect on repair of the
HML locus (Figure 6C). NER in the HML locus of H4
R45CDrad26 cells remains more efficient than both wt and
wtDrad26 cells (Figure 6C, compare open and closed

symbols for each strain). The RAD26 deletion, however,
does yield a slight reduction in NER in each strain.

H4R45 mutation does not affect expression of NER genes

Another explanation for the enhanced NER in H4 R45
mutant cells is increased expression of NER genes.
Therefore, we examined the change in mRNA levels
using whole-genome Affymetrix oligonucleotide arrays.
For each microarray experiment, triplicate mRNA sam-
ples from mutant and wt strains were profiled. A total of
475 genes were found to be upregulated (>2-fold increase)
and 21 genes downregulated (>2-fold decrease) in the H4
R45H cells compared to wt. Among the upregulated genes
is PHO5 (3.6-fold), which was previously reported to have
disrupted repression in H4 R45 mutant cells (17). As
shown in Table 1, among the commonly known NER
genes only RAD2 was found to be increased (2.04-fold) in
the mutant strain compared to wt. The microarray results
were confirmed by RT-PCR experiments (Figure 7),
performed on total RNA from wt and mutant cells treated

Figure 6. Transcription coupled repair and effect of RAD26 deletion on NER of the RPB2 gene in H4 R45C cells. (A) Both wt and H4 R45C cells
were treated, and samples prepared, as described in legend to Figure 2. Southern analyses were performed using radiolabeled RNA probes specific for
transcribing and nontranscribing strands of RPB2. The time course for CPD removal from each strand of the 3.4-kb NruI fragment of RPB2 are
shown. (B) CPD removal from the RPB2 and HML loci of H4 R45C and wt strains was examined in UV irradiated cells with and without RAD26,
as described in Materials and methods section. The corresponding time courses for CPD removal from the 3.4-kb NruI fragment (RPB2) and 2.3-kb
Bsp1286I fragment (HML) are shown. Data represent the mean� 1 SD for three independent experiments.
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with or without UV radiation. Thus, both assays indicate
that the H4 R45 mutation causes little or no change in
expression of the NER genes.

DISCUSSION

The structural hierarchy of chromatin plays an integral
role in determining the distribution of damage within
DNA, as well as, repair of this damage (8). For example,
studies with Saccharomyces cerevisiae have revealed that
both CPDs and 6-4PPs are removed more rapidly from

nucleosome-free regions and linker DNA compared to
nucleosome cores (33,34). In this report, we have shown
the effect of Sin mutations R45C and R45H in histone H4
of yeast on cell survival, excision repair following UV
damage, chromatin structure and transcription.

The H4 R45 mutation enhances repair in specific
chromatin loci

Early experiments showed that nucleosome rearrange-
ments occur during NER in human cells (10). These
findings led to the ‘unfolding-refolding’ model of nucleo-
some rearrangement during NER (31,35), which has been
given the designation ‘access, repair, restore’ (ARR) by
Green and Almouzni (36). Recent findings show that the
heterodimer Rad4-Rad23, interacts with the chromatin
remodeling complex Swi/Snf during NER in intact yeast
cells (37), indicating that rearrangement in at least some
regions of chromatin is required for efficient NER. It has
been reported that Sin histone mutants require less
thermal energy for ‘nucleosome sliding’ along the DNA,
which may reflect increased nucleosome mobility and
disrupted higher order chromatin structure in vitro
(14,18,19). Here we report that, H4 R45 mutant strains
are more resistant to UV damage (Figure 1), which is
unusual for yeast mutants (1). We examined removal of
UV-induced CPDs in three different types of chromatin in
yeast: transcriptionally silenced chromatin (HML locus)
with positioned nucleosomes and bound Sir complexes
(27,28); transcriptionally repressed (GAL10 locus) with
nucleosomes of varying stability (29) and no bound
silencing complexes (30,38); and transcriptionally active
chromatin (RPB2 locus). We found that in each case NER
is more rapid in H4 R45C and H4 R45H cells than in wt
(Figure 2). Thus, our results suggest that the H4 R45
mutation increases the repair activity in specific chromatin
loci in yeast.

H4R45 mutant chromatin provides a better ‘landscape’
for NER

It has been hypothesized that mutation at R45 of histone
H4 may weaken the central wrap of DNA around the
histone octamer, leading to an altered nucleosome struc-
ture. Indeed, the H4 R45 mutations studied in this report,
are known to (i) render the DNA more accessible to
MNase and Dam methylase, (ii) eliminate Mg2+-depen-
dent intramolecular folding of nucleosomal arrays and
(iii) have a pronounced effect on thermally driven nucleo-
some sliding (14,17–19). Moreover, nucleosome arrays
reconstituted with histone octamers containing H4 R45C
or R45H mutations generate improved substrates for
SWI/SNF remodeling complex (18). Therefore, a compel-
ling argument is that chromatin in H4 R45 cells is a better
‘landscape’ for processing by repair proteins, and this
accounts for the enhanced repair we observe in these cells.

In agreement with this hypothesis, our results show that
DNA in bulk chromatin, as well as in HML, GAL10 and
RPB2 loci, is more accessible to MNase in H4 R45C cells
compared to wt (Figure 3 and data not shown).
Furthermore, the MNase digestion patterns indicate that
nucleosome spacing in these cells is similar to wt.

Figure 7. RT–PCR analyses of expression of NER genes. RT–PCR
analysis was performed on total RNA isolated from wt and H4 R45H
cells, following treatment with or without 100 J/m2 UV radiation, using
gene-specific primers, as described in Materials and methods section.

Table 1. Comparative expression analysis of NER genes in H4 R45H

and wt cells

Gene name Specific function Increase
(n-fold)a

RAD 1 DNA endonuclease;
DNA damage recognition

NS

RAD10 DNA endonuclease;
DNA damage recognition

NS

RAD14 DNA endonuclease;
DNA damage recognition

NS

RAD2 DNA endonuclease 2.0
RAD4 DNA damage binding NS
RAD23 DNA damage binding NS
RAD26 Functions in TCR NS
RAD7 DNA-dependent ATPase,

DNA damage recognition
NS

RAD16 DNA-dependent ATPase,
DNA damage recognition

NS

PHO5 Repressible acid phosphatase 3.6

aNS, not significant [for details, see Materials and methods section, and
Martin et al. (20)]
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As mentioned previously (18), this implies that H4 R45
mutant histones form nucleosomes similar to wt histones
and the mutation does not alter nucleosome loading or
spacing; and it is higher order folding of chromatin that is
most likely affected in these cells.

To examine accessibility of nucleosome DNA in H4
R45C cells during NER, we monitored accessibility of
the single EcoRV recognition site normally present within
a positioned nucleosome in the HML locus. As shown
previously for the repressed MFA2 locus (39), we observe
that in both cell types the accessibility of the EcoRV
cutting site increases after UV irradiation. Interestingly,
in H4 R45C cells, the maximum fraction of these sites
exposed is slightly higher and achieved at an earlier repair
time (30min) than in wt cells (1 h; Figure 4). These data
further support the notion that the H4 R45 mutant
chromatin is more accessible during NER than in wt,
thereby improving the efficiency of DNA repair in
chromatin.

Dissecting the effect of H4 R45 mutation on NER
and transcription

It has been reported that the H4 R45 mutation leads to
impaired nucleosome-mediated repression of the PHO5
gene (17,21). Therefore, we wondered if the enhanced
repair rate observed in H4 R45 mutants is an indirect
effect of enhanced transcription of the three loci tested.
However, RT-PCR experiments showed that neither the
transcriptional silencing of the HML locus nor the
repression of the GAL10 gene is disrupted in H4 R45
mutant cells. On the other hand, expression of the RPB2
gene was found to be increased (1.3- to 1.7-fold) in the H4
R45 mutant cells compared to wt. Therefore, we examined
strand-specific repair in this locus, and found that the
enhanced repair is the result of more rapid repair of the
transcribed strand (Figure 6). This demonstrated that
TCR is the primary repair pathway for removal of CPD
lesions from this locus, and the increased transcription
rate leads to more efficient CPD removal in the RPB2
locus of H4 R45C cells. Interestingly, repair in the
nontranscribed strand of RPB2 in H4 R45C cells occurs
at a slower rate than either TCR or GGR in wt cells.
This correlates with the report by Aboussekhra and
Al-Sharif (40) that GGR increases in the nontranscribed
strand of the GAL10 gene in RAD26D cells. Therefore, it
is possible that the high rate of TCR in the RPB2
gene reduces GGR in the same locus. This suppression
of GGR may reflect either competition for NER
factors, or physical hindrance caused by the transcription
and/or repair machinery recruited to the transcribed
strand.

The fact that TCR plays a primary role in CPD removal
at the RPB2 locus is supported by the result that repair
drops significantly in H4 R45C cells depleted of RAD26
(Figure 6B). As RAD26 deletion had little effect on NER
of the HML locus in both wt and H4 R45C cells
(Figure 6C), this result indicates that TCR has little (or
no) role in CPD removal from a transcriptionally silent
locus, like HML. Thus, the increased NER observed

seems to be an effect of the H4 R45 mutation on HML
chromatin structure. Indeed, nucleosomes in the HML
locus of some Sin mutants are associated with less Sir
proteins compared to wt cells (21). Similarly, in the
transcriptionally repressed GAL10 locus of H4 R45
mutants, where TCR plays no significant role in repair,
the increased NER must reflect a property of the mutant
nucleosomes at this locus, which facilitates more rapid
repair.
In support of the above notion, genome-wide expression

analysis indicates that the enhanced repair observed in H4
R45 mutant cells is not due to increased expression of
NER genes. Among the 475 genes that are transcription-
ally upregulated in H4 R45H cells, only one NER gene,
RAD2, was found to have a >2-fold increase in expres-
sion. Interestingly, the microarray data indicate that many
of the genes upregulated in H4 R45H cells function in the
oxidative or osmotic stress response pathway (unpub-
lished data). Thus, all our results indicate that the
increased NER efficiency we observe in the different
chromatin loci is a direct effect of altered chromatin
structure in the H4 R45 mutants.
In summary, we have shown that single-point mutations

in histone H4 (R45C, R45H) of yeast results in increased
UV survival, and enhanced NER in specific chromatin
loci. The increased NER observed in these mutants
primarily reflects an altered chromatin structure, which
provides a better substrate for NER complexes than wt
cells. Among the other Sin mutants we tested for UV
sensitivity, H4 V43I is known to have a less pronounced
effect on chromatin structure (17), which may explain the
decreased UV resistance compared to H4 R45 mutants.
Furthermore, it will be interesting to examine the
chromatin structure of H3 T118I mutants, which exhibit
a severe Sin phenotype similar to H4 R45 mutants (14,15),
but show decreased UV resistance compared to H4 R45
mutants. In conclusion, our results present the first report
of enhanced NER in chromatin resulting from a single
amino acid change in a core histone and demonstrate how
subtle changes in the highly conserved histone sequences
can have a major impact on vital cellular functions like
DNA repair.
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