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ABSTRACT

Nucleotide excision repair (NER) consists of global
genomic NER (GG-NER) and transcription coupled
NER (TC-NER) subpathways. In eukaryotic cells, ge-
nomic DNA is wrapped around histone octamers (an
H3-H4 tetramer and two H2A-H2B dimers) to form
nucleosomes, which are well known to profoundly in-
hibit the access of NER proteins. Through unbiased
screening of histone H4 residues in the nucleosomal
LRS (loss of ribosomal DNA-silencing) domain, we
identified 24 mutations that enhance or decrease UV
sensitivity of Saccharomyces cerevisiae cells. The
histone H4 H75E mutation, which is largely embed-
ded in the nucleosome and interacts with histone
H2B, significantly attenuates GG-NER and Rad26-
independent TC-NER but does not affect TC-NER
in the presence of Rad26. All the other histone H4
mutations, except for T73F and T73Y that mildly at-
tenuate GG-NER, do not substantially affect GG-NER
or TC-NER. The attenuation of GG-NER and Rad26-
independent TC-NER by the H4H75E mutation is not
due to decreased chromatin accessibility, impaired
methylation of histone H3 K79 that is at the center of
the LRS domain, or lowered expression of NER pro-
teins. Instead, the attenuation is at least in part due to
impaired recruitment of Rad4, the key lesion recogni-
tion and verification protein, to chromatin following
induction of DNA lesions.

INTRODUCTION

Nucleotide excision repair (NER) is a conserved DNA re-
pair pathway that removes bulky and/or helix-distorting
DNA lesions, such as ultraviolet (UV) induced cyclobutane
pyrimidine dimers (CPDs) and 64 photoproducts (1,2).

The serial steps in NER are similar in organisms from bac-
teria to complex mammals and plants, and involve lesion
recognition and verification, incision of the DNA on both
sides of the lesion, excision of an oligonucleotide contain-
ing the lesion, repair synthesis copying the opposite un-
damaged strand, and ligation. Global genomic NER (GG-
NER) is an NER subpathway that removes lesions through-
out the genome, whereas transcription coupled NER (TC-
NER) is the other NER subpathway that is dedicated to
rapid removal of lesions in the transcribed strand of ac-
tive genes. The two NER subpathways differ at the damage-
recognition step, but share common factors in the later steps
of the repair process. In Saccharomyces cerevisiae, Rad26,
the yeast homolog of mammalian CSB, is well known to
facilitate TC-NER (3). However, a substantial level of TC-
NER still occurs in rad26A cells, and Rpb9, a nonessen-
tial subunit of RNA polymerase I (RNAPII), is largely re-
sponsible for Rad26-independent TC-NER (4). Senl, a &'
to 3’ RNA and DNA helicase has also been shown to fa-
cilitate TC-NER 1in yeast (5). Rad7, Rad16 (6) and Elcl (7)
are known to be specifically required for GG-NER in yeast.
Rad4 is the yeast sequence homolog of mammalian XPC.
However, unlike XPC that is specifically required for GG-
NER in mammalian cells, Rad4 is essential for both GG-
NER and TC-NER in yeast (2). Rad4 has a sequence- and
damage-independent DNA binding domain that anchors
the protein on the DNA and a damage specific binding do-
main that senses the single-stranded character induced by
the damage without directly interacting with the damage
(8). Rad4 interacts with and is stabilized by Rad23, which in
addition to functioning in NER, plays a central role in tar-
geting ubiquitylated proteins for proteasomal degradation
(9). Among other core NER proteins shared by TC-NER
and GG-NER are Radl, Rad2, Rad10, Rad14 and TFIIH,
a 10 subunit complex that is required for both transcription
initiation and NER (2).
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In eukaryotic cells, genomic DNA is wrapped around hi-
stone octamers (an H3-H4 tetramer and two H2A-H2B
dimers) to form nucleosomes, which are further folded
into higher order chromatin structures (10). The chromatin
structure is needed to package the large genome but pro-
foundly inhibits the access of NER proteins. Indeed, NER
has been shown to be inhibited within nucleosomes in vitro
(11) and in vivo (12-14). A single histone H4 R45H or R45C
mutation, which is located in the SIN (Switch-independent)
domain of the nucleosomal surface (Figure 1A), increases
UV resistance and NER in yeast (15). The H4 R45 side
chain protrudes into the minor groove of the nucleosomal
DNA, and a mutation at this site may create a more acces-
sible landscape for NER proteins (15).

The LRS (loss of ribosomal DNA-silencing) domain is
another nucleosomal surface structure (Figure 1A) that is
required for heterochromatin formation and transcriptional
repression at specific yeast loci (16,17). Although they map
to completely different regions of the nucleosome, the three-
dimensional histone-fold structures and the interacting nu-
cleosomal DNA of the SIN and LRS domains can be super-
imposed following rotation of 180° around a symmetry axis
(17). However, mutations in the LRS domain do not allevi-
ate the need for the Swi/Snf chromatin remodeling factors
during transcription, nor do they disrupt higher order nu-
cleosomal folding as mutations in the SIN domain (18).

At the center of the LRS domain is the side chain of his-
tone H3 lysine 79 (H3K79) (Figure 1), which can be methy-
lated by the methyltransferase Dotl in yeast (19). A role for
H3K79 methylation in NER was suggested by the observa-
tion that dotl deletion or H3K79E mutation is epistatic to
deletion of radl, the essential gene for NER in yeast (20).
Direct analyses of UV induced CPDs in yeast cells showed
that the H3K79 methylation is required for efficient NER at
least in certain genes (21,22). To date, however, how H3K 79
methylation affects NER remains unknown. The side chain
of H3K79 is largely surrounded by histone H4 residues in
the LRS domain (Figure 1). NER may be facilitated by
(i) methylated H3K 79 itself, (ii) a specific structure jointly
formed by the methylated H3K79 and certain surround-
ing residues or (iii) a structure formed by the surrounding
residues that can be efficiently accessed following H3K79
methylation. Even if the methylated H3K 79 itself can facili-
tate NER, the surrounding residues are likely to play signif-
icant roles by affecting either the methylation efficiency or
the accessibility of the methylated residue. To clarify the dif-
ferent scenarios, we performed UV sensitivity screening of
random histone H4 mutations located in the LRS domain in
yeast. We found that histone H4 H75E (H4H75E) mutation
dramatically attenuates GG-NER and Rad26-independent
TC-NER, but does not affect TC-NER in the presence of
Rad26. The attenuation is not due to decreased chromatin
accessibility, impaired H3K79 methylation, or lowered ex-
pression of NER proteins. Instead, the attenuation appears
to be at least in part due to impaired recruitment of Rad4
to chromatin following induction of DNA lesions in yeast
cells. Our findings challenge the typical view that nucleo-
some structure just passively inhibits NER and the NER
machinery battles to overcome the inhibition. A nucleoso-
mal feature conferred by H4H75 may actually play an active
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role in the repair process by enhancing damage recognition
and verification in the chromatin.

MATERIALS AND METHODS
Yeast strains

All yeast strains used in this study were derivatives of
YBL574 [MATa, leu2Al, his3A200, ura3-52, trpl A63,
lys2—128A,  (hhtl-hhfl) A::LEU2, (hht2-hhf2) A::HIS3
Ty912A35-lacZ::his4, (pDM9)], which has its divergent
HHTI-HHFI and HHT2-HHF? gene pairs (both pairs en-
code histones H3 and H4) deleted and complemented with
a centromeric URA3 plasmid (pDM9) bearing the wild
type HHTI-HHFI gene pair (23). Deletions of additional
genes were accomplished by using procedures as described
previously (4). Strains with their genomic genes tagged
with three consecutive FLAG (3 x FLAGQG) sequences were
created by using PCR products amplified from plasmid
p3FLAG-KanMX, as described previously (24).

UV sensitivity screening and confirmation of random histone
H4 mutations located in the LRS domain

The screening strategy is outlined in Figure 2. Plasmid
pHTEF2 was created by inserting the wild type HHT2-HHF?2
gene pair (2.1 kb) into the Xhol and SacllI sites of the cen-
tromeric TRPI plasmid pRS414 (25). Using pHTF2 as a
backbone, 17 sets of plasmids were created, each of which
contains random mutations at one of the 17 codons for his-
tone H4 residues 64-80. The random mutations were intro-
duced by solid-phase synthesis of a PCR primer, which was
then used for amplification of a HHF2 gene fragment. To
maximize the possibility that all 20 possible natural amino
acids can be encoded by each of the 17 randomly mutated
codons, 4000-5000 independent E. coli transformants were
obtained for each of the 17 sets of plasmids. Equal amounts
of the 17 sets of plasmids were pooled and transformed
into YBL574 cells to generate ~1 million independent yeast
transformants. The pDM?9 plasmid bearing the wild type
HHTI-HHFI gene was removed from the cells by selec-
tion with 5-fluoorotic acid (5-FOA) (26). One billion of the
5-FOA selected yeast cells were further irradiated with 60
J/m? of UV (254 nm, from a 15 W UV germicidal bulb,
General Electric), which kills ~90% of wild type yeast cells.
The UV irradiated cells were allowed to grow for 10 cell
divisions to let the UV sensitive histone H4 mutants ‘di-
lute’ and the UV resistant ones enrich in the cell popula-
tion. The TRPI plasmids encoding the histone H4 mutants
were isolated from the unirradiated and UV-irradiated yeast
cells. The region containing the random histone H4 muta-
tions in the original pooled plasmid libraries and in the UV-
irradiated and unirradiated cells were sequenced. The se-
quencing reads were translated into amino acid sequences
using EMBOSS TRANSEQ (27). The abundances of the
randomly mutated histone H4 codons were calculated.

To confirm the UV sensitive or resistant histone H4 mu-
tations, TRPI plasmids that bear the HHT2-HHF2 genes
with the candidate mutations were created and shuffled into
YBL574 cells.
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Figure 1. Features of a nucleosome. (A) Structure of a yeast nucleosome (11D3) (45). The approximate SIN and LRS domains are indicated by the yellow
and red circles, respectively. (B and C) The LRS domain and surrounding nucleosomal areas. The locations of certain residues are indicated. The dotted
blue lines are hydrogen bonds between the side chain of H4H75 and those of H2BE96 and H2BT99.

UV sensitivity assay

Yeast cells were grown in synthetic dextrose (SD) medium at
30°C to saturation, sequentially 10-fold diluted and spotted
onto YPD (1% yeast extract, 2% peptone and 2% dextrose)
plates. After different doses of UV irradiation, the plates
were incubated in the dark at 30°C for 3-6 days before being
photographed.

Repair analysis of UV induced CPDs

Yeast cells were grown in SD medium at 30°C to late log
phase (Agoo ~ 1.0), irradiated with 120 J/m? of UV and in-
cubated in YPD medium in the dark at 30°C. At different
times of the repair incubation, aliquots were removed, and
the genomic DNA was isolated. Nucleotide-level analyses
of repair of CPDs were performed as described previously
(28).

Chromatin accessibility assay

Micrococcal nuclease (MNase) digestion was done essen-
tially as described previously (29). Briefly, yeast cells were
grown in SD medium at 30°C to late log phase. Half of the
culture was irradiated with 120 J/m? of UV followed by in-
cubation at 30°C for 1 h. Cells from 45 ml of the irradiated
and unirradiated samples were treated with 50 units of Zy-
molyase (Zymo Research) in 5 ml zymolyase buffer (50 mM
Tris, pH 7.8, 1 M sorbitol, 5 mM B-ME, 0.5 mM PMSF) at
30°C for 40 min. The resulting spheroplasts from each sam-
ple were then suspended in 2 ml of spheroplast digestion

buffer (50 mM Tris, pH 7.8, 1 M sorbitol, 50 mM NaCl,
5 mM MgCl,, 1 mM CaCl,, | mM B-ME, 0.5 mM PMSF
and 0.075% v/v NP-40), divided into 300-u.1 aliquots and
digested with varying concentrations of MNase for 10 min
at 37°C. The reactions were terminated by mixing with 60
w1 of stop solution (6% SDS, 250 mM EDTA) and imme-
diately incubated at 65°C for 3 h. The genomic DNA was
isolated from the aliquots and fractionated on 1.2% agarose
gels.

Measurements of expression and chromatin-association of
NER proteins

Cells were cultured in SD medium at 30°C to late log phase.
Half of the cultures were irradiated with 120 J/m? of UV.
At different times of incubation at 30°C, aliquots were re-
moved. To measure the cellular levels of NER proteins,
whole cell protein extracts were prepared from the UV irra-
diated and unirradiated cell aliquots by using the procedure
as described previously (30).

To measure the association of NER proteins with chro-
matin, the UV irradiated and unirradiated cell aliquots were
treated with 1% formaldehyde at room temperature for 30
min, quenched with 125 mM glycine, washed and then pel-
leted. The cells from a 40 ml aliquot were mixed with 0.5 ml
ice cold cell lysis buffer [20 mM HEPES (pH 8.0), 60 mM
KCI, 15 mM NacCl, 10 mM MgCl,, 1 mM CaCl,, 10 mM
N-butyric acid, 0.8% Triton X-100, 0.25 M sucrose, 2.5 mM
spermidine, 0.5 mM spermine, 3 x concentrated protease in-
hibitor cocktail (78438, Thermo Fisher Scientific), | mM
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Figure 2. Screening of UV sensitive or resistant histone H4 mutations in the LRS domain. (A) Shuffling of a TRP! plasmid library bearing HHT2-HHF2
with randomly mutated histone H4 codons with a URA3 plasmid bearing the wild type HHTI-HHF]I. Stripped gray arrows denote the deleted genomic
HHTI-HHFI and HHT2-HHF?2 (hht1-hhfl A and hht2-hhf2 A). (B) Assessments of viabilities and UV sensitivities of H4 mutations by next generation
DNA sequencing. Black lines indicate the TRPI-plasmid-born HHF2 gene with random mutations. Dots of different colors denote different mutated
codons. The region containing the mutations in the original pooled plasmid libraries and in the UV-irradiated and unirradiated cells shuffled with the
libraries were sequenced. The abundancies of the amino acid codons in the mutated region of the HHF2 gene in the different samples were calculated.
Lethal mutations (shown as red dots) are indicated by their substantial presence in the original plasmid libraries but not in the shuffled (unirradiated) yeast
cells. UV sensitive (shown as gray and green dots) or resistant (shown as blue and purple dots) mutations are indicated by their ‘dilution’ or enrichment,
respectively, in the UV irradiated yeast cells (compared to the unirradiated ones).

PMSF] and 0.5 ml acid washed beads. Cells were lysed by 8
x 30 s pulses of bead-beating (kept on ice for 1 min between
beat-beating). Residual intact cells were removed by cen-
trifugation at 500 g for 5 min. The cell lysate was centrifuged
at 2000 g for 20 min. The pellet (chromatin fraction) was
washed once with ice-cold cell lysis buffer. The protein pel-
let was dissolved in 60 wl 2x SDS-PAGE gel loading buffer
and boiled for 30 min to reverse formaldehyde crosslinks.

Proteins of interest were detected by western blots. Anti-
FLAG antibody (M2) was from Sigma. Antibodies against
mono-, di- and tri-methylated H3K79 and total histone H3
were from Abcam.

RESULTS

Identification of UV sensitive or resistant histone H4 muta-
tions in the LRS domain

We performed UV sensitivity screening of random muta-
tions of histone H4 residues 64-80 (Figure 2), which are
largely located in the nucleosomal LRS domain (Figure 1).
Only one (R67F) (Supplementary Table SI, marked with

‘—") out of the 340 (17 x 20) possible amino acids at the
17 randomly mutated residues of histone H4 was not ade-
quately covered by our high throughput screening. For an
unknown reason, we obtained < 10 sequencing reads for
the R67F mutation from the original pool of the plasmid
libraries. We obtained at least 50 sequencing reads for all
other mutations from the original plasmid library. Among
the 339 amino acids covered by our screening, 106 muta-
tions were lost in the unirradiated yeast cells shuffled with
the plasmid libraries (Supplementary Table S1, marked with
‘x”). This indicates that ~ 1/3 of the histone H4 mutations
are inviable. Substitutions of amino acids whose side chains
are nucleosomal surface-exposed (e.g. R67, V70, T71, E74,
K77 and K79) appeared to be more likely to be viable than
those whose side chains are embedded. A previous report
showed that a large fraction of alanine and certain other
amino acid substitutions of histones H3 and H4 are viable,
although these proteins are highly conserved (31). Our re-
sults agree generally well with the previous report. Among
the 233 viable histone H4 mutations we screened, 24 ap-
peared to be >3 times more UV sensitive than wild types
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(Supplementary Table S1, shown in red). Interestingly, 18
mutations appeared to be > 3 times more UV-resistant
than wild types (Supplementary Table S1, shown in green).
The more UV-resistant mutations tend to cluster within the
stretch of residues 64-71 and the more UV-sensitive ones
within the stretch of residues 73-80 (Supplementary Table
S1).

To confirm the screening results, we created yeast strains
specifically expressing the mutant histone H4. Twenty-four
of the histone H4 mutations were confirmed to be truly UV
sensitive or resistant although their degrees of UV sensitiv-
ity or resistance might be somewhat different from those of
the screening results (compare the data in Supplementary
Tables S1 and S2).

H4H75E mutation attenuates GG-NER and Rad26-
independent TC-NER

To determine the effects of the confirmed histone H4 mu-
tations on GG-NER, we measured repair of UV induced
CPDs in the non-transcribed strand of the RPB2 gene in
cells with these mutations (Supplemental Figures S1 and
S2; Figure 3A and B). The repair was significantly slower
in the H4H75E mutant than in the wild type cells (Figure
3A-C), indicating that the mutation attenuates GG-NER.
The repair in the H4T73F and H4T73Y mutants were also
somewhat slower than that in the wild type cells (compare
Supplemental Figure S2B and C with Figure 3A). However,
all the other histone H4 mutants did not show obvious de-
fects in GG-NER (Supplemental Figures S1 and S2).

To determine the effects of the confirmed histone H4 mu-
tations on TC-NER, we measured repair of UV induced
CPDs in the transcribed strand of the RPB2 gene in rad7 A
and rad7 A rad26 A cells with these mutations (Supplemen-
tary Figures S3 and S4; Figure 3D-I). As expected, the re-
pair was fast, starting at about 40 nucleotides upstream (-
40) of the transcription start site of the RPB2 gene in rad7 A
cells (Figure 3D). No apparent repair can be seen in the re-
gion over 40 nucleotides upstream (below nucleotide —40 on
the gel) of the RPB2 gene, where only GG-NER but not
TC-NER has been known to be operative (Figure 3D). The
repair in rad7 A H4H75E cells was similar to that in rad7 A
cells (Figure 3D-F). As expected, rad7 A rad26 A cells have
significantly decreased repair in the transcribed strand of
the RPB2 gene, except for certain sites, especially those in
the short region (between nucleotides +1 and +50) immedi-
ately downstream of the transcription start site, where TC-
NER has been known to be independent of Rad26 (4) (Fig-
ure 3, compare G with D). Essentially no repair can be seen
in the rad7 A rad26 A H4H75E cells (Figure 3H and I). These
results indicate that the H4H75E mutation does not signif-
icantly affect TC-NER in the presence of Rad26 but dra-
matically attenuates Rad26-independent TC-NER. All the
other confirmed histone H4 mutations, including H4T73F
and H4T73Y, did not substantially affect TC-NER in the
presence of Rad26 (not shown) or Rad26-independent TC-
NER (Supplementary Figures S3 and S4).

The H4H75E mutation increased the UV sensitivity of
otherwise wild-type (Figure 4A) and rad7 A rad26 A (Figure
4C) cells ~10-fold. However, the mutation caused little in-
crease of UV sensitivity in rad7A (Figure 4B) and radl4 A

(which is completely defective for both GG-NER and TC-
NER) (Figure 4D) cells. These results are in line with the
above notion that the H4H75E mutation primarily attenu-
ates GG-NER and Rad26-independent TC-NER. We no-
ticed that the H4H75E mutant cells grow much slower than
wild type cells (Figure 4). To the best of our knowledge, a
slow growth does not seem to correlate with slow NER, pre-
sumably due to the fact that the NER speed is limited by the
time-consuming lesion-recognition, rather than the subse-
quent steps (including repair synthesis) (32). In support of
this notion, TC-NER (in the presence of Rad26) occurred
normally in the H4H75 mutant cells (see above).

H4H75E mutation enhances chromatin accessibility but does
not affect either H3K79 methylation or NER protein expres-
sion

To determine if the attenuation of GG-NER and Rad26-
independent TC-NER in the H4H75E mutant were caused
by decreased accessibility of chromatin, we examined the
cleavage of cellular chromatin DNA by MNase. Decreased
chromatin accessibility allows less MNase cleavage of nucle-
osomal linker DNA, generating longer nucleosomal DNA
(i.e., associated with more nucleosomal repeats). As can be
seen in Figure 5A, at the same amount of MNase, relatively
shorter nucleosomal DNA was generated in the H4H75E
mutant than in the wild type cells, indicating that chromatin
in the H4H75E mutant is more, rather than less, accessible.
UV irradiation did not significantly affect the accessibility
in either the wild type or mutant cells (Figure 5A).

On the nucleosome, H4H75 is in close proximity to
H3K79 (Figure 1), whose methylation has been shown
to attenuate GG-NER (21,22). We therefore tested if
the H4H75E mutation affected H3K79 methylation. As
expected, no H3K79 methylation (mono-, di- or tri-
methylation) can be detected in dotl/A cells (Figure 5B).
In agreement with previous reports (e.g. (33)), cells lack-
ing Rtfl, one of the 5 subunits of the RNAPII-associated
factor 1 complex (Paf1C), showed no tri-methylation, dra-
matically reduced di-methylation and increased mono-
methylation of H3K79 (Figure 5B). By modulating mono-
ubiquitination of histone H2B K123, Paf1C is known to be
absolutely required for tri-methylation, partially required
for di-methylation and dispensable for mono-methylation
of H3K79 (34). The H4H75E mutation did not seem to af-
fect the tri-, di- or mono-methylation of H3K79 (Figure
5B).

We also tested if the H4H75E mutation affected the ex-
pression of NER proteins, including Rad3, a TFIIH sub-
unit that is well known to be required for NER. The levels
of all key NER proteins in the H4H75E mutant were simi-
lar to those in the wild type cells (Supplementary Figure S5
and Figure 6A). Also, UV irradiation did not seem to sig-
nificantly affect the levels of the NER proteins in either the
wild type or mutant cells.

H4H75E mutation impairs recruitment of Rad4 to chromatin
following UV irradiation

To gain insights into how H4H75E mutation might atten-
uate GG-NER and Rad26-independent TC-NER, we mea-
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Figure 3. H4H75E mutation attenuates GG-NER and Rad26-independent TC-NER. (A and B) Sequencing gels showing CPDs remaining in the non-
transcribed strand of the RBP2 gene in the wild type and H4H75E cells at the indicated repair time (h). ‘U’ indicates samples from unirradiated cells.
Approximate nucleotide positions relative to the transcription start site (+1) of the RPB2 gene are indicated on the left. (C) Percent CPDs remaining in the
nontranscribed strand of the RPB2 gene. (D and E) Sequencing gels showing CPDs remaining in the transcribed strand of the RBP2 gene in the rad7 A and
rad7 A HAHT5E cells. (F) Percent CPDs remaining in the coding region (between nucleotides +1 and +940) of the transcribed strand of the RPB2 gene. (G
and H) Sequencing gels showing CPDs remaining in the transcribed strand of the RBP2 gene in the rad7 A rad26 A and rad7 A rad26 A HAH75E cells. (I)
Percent CPDs remaining in the coding region of the transcribed strand of the RPB2 gene.
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Figure 4. The effects of H4H75E mutation on UV sensitivity. (A-D) Images of spotted yeast cells following irradiation with the indicated doses of UV.

sured recruitment of NER proteins to chromatin. In agree-
ment with a previous report showing that Rad4 is recruited
to chromatin upon induction of UV DNA lesions (35), the
association of Rad4 with chromatin was dramatically in-
creased in the wild type cells shortly after UV irradiation
(Figure 6B). However, no such an increase was observed
in the H4H75E mutant (Figure 6B). The increased associ-
ation could also be seen in rad7 A but not rad7A H4AHT75E
cells (Figure 6C), indicating that the recruitment of Rad4 to
chromatin after UV irradiation is independent of the GG-
NER factor Rad7 but is impaired by the H4H75E mutation.

Following UV irradiation, the associations of other NER
proteins with chromatin were not nearly as dramatically
changed (if any) as Rad4 in either the wild type or H4H75E
mutant cells (Supplementary Figure S6).

DISCUSSION

Through unbiased screening of histone H4 residues in the
nucleosomal LRS domain, we identified novel UV sensitive
and resistant mutations. Most of these mutations, except for
H4H75E (and to a lesser extent, H4T73F and H4T73Y), do
not significantly affect NER but may be implicated in other
as-yet to be characterized DNA repair or damage tolerance
pathways. The H4H75E mutation appears to attenuate GG-
NER and Rad26-independent TC-NER at least in part by

impairing the recruitment of Rad4 to chromatin upon in-
duction of UV DNA lesions.

Rad4 is well-known to be involved in lesion recognition
and verification during NER (36). Rad4 forms a complex
with Rad23, which in addition to functioning with Rad4 in
NER, plays a central role in targeting ubiquitylated proteins
for proteasomal degradation (9). An in vitro study demon-
strated that Rad4-Rad23 randomly diffuses along naked
undamaged DNA and forms stable complexes with DNA
containing a fluorescein-modified deoxythymidine, a model
NER substrate (37). However, Rad4-Rad23 does not form
stable complex with DNA containing a less helical distort-
ing CPD, although its motion along the DNA becomes con-
strained around the CPD (37). It was therefore proposed
that recognition and verification of lesions with minimal
helical distortions (e.g., CPDs) might be accomplished by
co-operative actions of Rad4, Rad14 (the yeast homolog of
human XPA) and TFIIH (37). The increased association of
Rad4 with chromatin in wild type cells following UV irra-
diation observed by us here and by others previously (35)
may reflect the formation of lesion recognition and verifica-
tion complex following remodeling of the nucleosome struc-
ture. Rad4 and Rad23 have been shown to become more
tightly associated with the SWI/SNF (38) and INOS8O (35)
chromatin remodeling complexes and target them to chro-
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Figure 5. H4H75E mutation enhances chromatin accessibility to MNase but does not affect methylation of H3K79. (A) Top, gel images of bulk chromatin
DNA following digestion with the indicated amount of MNase. M, D and T denote mono-, di- and tri-nucleosomal DNA, respectively. Bottom, scans
of signal intensities of the chromatin DNA shown at the top. (B) Western blots showing mono-, di- and tri-methylation of H3K79 in the indicated cells.
Asterisks indicate nonspecific bands. Total histone H3 serves as loading control.

matin to facilitate NER in yeast cells. The H4H75 residue,
especially its side chain, is largely embedded in the nucleo-
some and interacts with histone H2B (Figure 1). It is there-
fore quite unlikely that the residue is directly involved in in-
teractions with factors other than histone H2B. However,
the H4H75E mutation will likely cause a conformational
change to the nucleosome, as evidenced by enhanced acces-
sibility of chromatin DNA to MNase in the mutant cells.
The conformational change may impair the recruitment of
chromatin remodeling complexes and/or inhibit the remod-
eling of nucleosome structure, thereby preventing the for-
mation of lesion recognition and verification complex con-
taining Rad4.

The recruitment of Rad4 to chromatin in wild type cells
after UV irradiation should in theory lead to increased
recruitment of downstream NER proteins. However, we
did not detect dramatic changes in chromatin associations
of the other NER proteins, including the Rad4 interact-
ing partner Rad23. Rad23 has Rad4-independent functions
and is much more abundant than Rad4 (9), which may
be why we did not detect significantly increased recruit-
ment of Rad23 to chromatin. The formation of the le-
sion recognition and verification complex containing Rad4
may be the rate-limiting step during NER and relatively
long-lived. In contrast, the downstream reactions may be
fast and involve only transient recruitment of the down-

stream NER factors (32), which might be one reason that
we missed the detection of chromatin-recruitment of the
downstream factors. Also, certain NER factors may be in-
herently associated with chromatin, and upon induction of
DNA lesions, the factors may simply redistribute to the le-
sion sites within chromatin. Our chromatin fractionation
analyses here would not detect intra-chromatin redistribu-
tions of the NER factors. Indeed, certain NER factors have
been shown to be recruited to a gene promoter along with
TFITH and RNAPII in human cells in the absence of exoge-
nously induced DNA damage (39). Rad7 and Rad16 have
been shown to inherently bind to intergenic regions of the
genome, and upon UV irradiation, redistribute to gene cod-
ing regions (40).

TC-NER is believed to be triggered by stalling of
RNAPII at DNA lesions in the transcribed strand of ac-
tively transcribed genes (3,41). To the best of our knowl-
edge, the requirement of a nucleosomal feature for TC-
NER has not been documented. Here, we found that the
H4H75E mutation impairs Rad26-independent TC-NER
but does not affect TC-NER in the presence of Rad26.
We recently found that Rad26 moderately evicts Spt5, a
key transcription elongation factor and TC-NER repressor,
from the RNAPII complex and promotes transcriptional
bypass of UV induced DNA lesions (42). Unlike its mam-
malian homolog XPC, which is only required for GG-NER
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Figure 6. H4H75E mutation impairs recruitment of Rad4 to chromatin
following induction of UV damage. (A) Western blots showing the levels of
total 3 x FLAG-tagged Rad4 in the indicated cells at the indicated times af-
ter UV irradiation. (B and C) Western blots showing chromatin-associated
3 x FLAG-tagged Rad4 in the indicated cells at the indicated times after
UV irradiation. Histone H3 serves as loading control.

but completely dispensable for TC-NER, Rad4 is required
for both GG-NER and TC-NER in yeast. In the presence
of Rad26, the moderate eviction of Spt5 may allow a lesion-
stalled RNAPII to efficiently recruit NER factors (includ-
ing Rad4), making the recruitment of Rad4 to chromatin
unnecessary for efficient TC-NER. However, in the absence
of Rad26, the tight association of Spt5 and other TC-NER
repressors with RNAPII (41) may impair the recruitment of
NER factors, making the recruitment of Rad4 to chromatin
necessary for efficient TC-NER.

In mammalian cells, the UV-DDB complex consisting of
DDBI and DDB2 plays an important role in GG-NER of
minimally helix-distorting lesions such as CPDs by recog-
nizing and handing over the lesions to XPC (36). It has been
proposed that the yeast GG-NER complex consisting of

Rad7 and Rad16 may be the functional counterpart of UV-
DDB although no sequence homology exists between the
two complexes (43). However, we found that the recruitment
of Rad4 to chromatin after UV irradiation is independent of
Rad7 (Figure 6C), which argues against the possibility that
the recruitment of Rad4 to chromatin results from handing
over of lesions by the yeast GG-NER complex. One pos-
sibility is that the yeast GG-NER complex function after
the recruitment of Rad4 to chromatin. Indeed, a previous
report showed that Rad7 and Rad16 are required for GG-
NER at a step after incision of the damaged DNA (44).

The accessibility of cellular chromatin to MNase was not
significantly changed upon UV irradiation even in the wild
type cells (Figure 5), indicating that our assay missed the
detection of structural changes of nucleosomes caused by
CPDs and the remodeling of nucleosomes during NER.
This may be due to the fact that only a small fraction
(<1/5) of the cellular nucleosomes would contain a mini-
mally helix-distorting CPD (the UV dose of 120 J/m? we
used would induce ~1 CPD/kb of double-stranded DNA),
and the chromatin remodeling events during NER were
transient. Also, the enhancement of chromatin accessibil-
ity to MNase in H4H75E cells compared to wild type cells
was modest (Figure 5). Clearly, elucidating exactly how the
H4-H75E mutation impacts nucleosome structure and in-
terferes with recruitment of Rad4 will require further study
and a more sensitive technique for mapping of nucleosome
structure will be needed.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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Supplementary materials for Selvam et al. entitled “Histone H4 H75E mutation attenuates global genomic and Rad26-
independent nucleotide excision repair”

Supplementary Table S1. UV sensitivity (%) of histone H4 mutants suggested by random mutation screening.

Histone H4 residues

S64 V65 166 R67 D68 S69 V70 T71 Y72 T73 E74 H75 A76 K77 R78 K79 T80

A | 86 79 X 324 76 266 117 83 X 83 79 29 100 227 «x 156 41

C | x X 173 48 100 195 «x 119 56 89 43 71 141 127 «x 223 84

D | 59 X 396 100 «x 404 177 69 8 88 47 47 179 «x X X

E | x X X 88 115 «x 276 X X 62 100 O X 102 x 134 x

F | 317 60 X — 34 116 61 68 117 21 29 30 X 139 «x 150 4
8| G |432 X 267 50 254 122 114 «x 59 74 X 127 98 58 156 84
T | H|186 X 206 145 x 136 181 131 65 99 100 «x 212 138 187 «x
E I | 409 x 100 125 26 X 163 510 425 133 140 «x X 169 13 112 32
g K | x X X 199 80 X 76 66 X 50 60 X X 100 158 100 «x
ol L |13 171 x 217 76 X 44 X 276 193 76 38 X 159 «x 160 26
§ M | x 582 340 28 68 X 558 121 «x 143 17 X 12 121 27 124 66
§ N | 232 X 210 109 «x 81 100 20 86 93 63 X 142 49 98 45
TP |x X 822 «x 33 «x X X X X X 29 x X 36 x
g1a|x X 148 108 x 110 121 «x 80 53 33 X 66 X 197 «x
g R | 422 «x X 100 x X 85 56 X 100 «x 52 41 126 100 129 101
I s [100 221 «x 340 90 100 147 127 «x 113 87 40 104 116 10 102 57

T | 247 974 x 168 109 218 109 100 8 100 68 36 19 178 82 54 100

VvV | 23 100 «x 317 85 121 100 &5 X 326 110 45 90 100 «x 141 74

W | x X X 38 X X 80 76 X X 47 X X 180 x 156 x

Y

64 0 X 222 576 X 136 94 100 31 100 89 55 181 «x 116 44

Mutations appeared to be 3 times less or more resistant to UV than wild types are shown in red and green, respectively. x:
inviable mutations, which were present in the original plasmids but absent in the 5-FOA-selected yeast cells. —: not
calculated for UV survival, as fewer than 10 sequencing reads for this H4 R67F mutation were obtained from both the
original plasmid library and plasmids isolated from UV irradiated or unirradiated yeast cells.

Supplementary Table $2. Summary for confirmation of UV sensitivity (S) or resistance (R) of histone H4 mutants (fold
change relative to wild type cells)®.

Mutation Fold change Mutation Fold change
S64G 3 (R) T73D 10 (S)
Se4l 3 (R) T73F 10 (S)
V65T 10 (R) T73Y 30 (S)
V65YP 3 (R) E74M 10 (S)
R67A 10 (R) H75E 10 (S)
R67D 10 (R) A76P 5(S)
R67S 5 (R) A76T 5(S)
R67V 5 (R) R78I 50 (S)
D68l 5(S) R78S 10 (S)
D68Y* 3(S) T8OF 10 (S)
T711 2 (R) T80I 5(S)
Y727 5(S) T80L 5(S)

@ The fold changes shown are at 120 J/m? of UV and the averages of at least 3 independent experiments. ? The screening
(Supplementary Table S1) indicated that this mutation was UV sensitive. ¢ The screening (Supplementary Table S1) indicated
that this mutation was UV resistant.
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Supplementary Fig. S1. Sequencing gels showing CPDs remaining in the nontranscribed strand of the RPB2 genes in cells
with the indicated histone H4 mutations. The times (h) of repair incubation are indicated at the top. ‘U’ indicates samples
from unirradiated cells. Approximate nucleotide positions relative to the transcription start site (+1) of the RPB2 gene are
indicated on the left.
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Supplementary Fig. S2. Sequencing gels showing CPDs remaining in the nontranscribed strand of the RPB2 genes in cells
with the indicated histone H4 mutations. The times (h) of repair incubation are indicated at the top. ‘U’ indicates samples
from unirradiated cells. Approximate nucleotide positions relative to the transcription start site (+1) of the RPB2 gene are
indicated on the left.
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Supplementary Fig. S3. Sequencing gels showing CPDs remaining in the transcribed strand of the RPB2 genes in rad7A4
rad26A cells with the indicated histone H4 mutations. The times (h) of repair incubation are indicated at the top. ‘U’

indicates samples from unirradiated cells. Approximate nucleotide positions relative to the transcription start site (+1) of the
RPB2 gene are indicated on the left.
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Supplementary Fig. S4. Sequencing gels showing CPDs remaining in the transcribed strand of the RPB2 genes in rad7A4
rad26A cells with the indicated histone H4 mutations. The times (h) of repair incubation are indicated at the top. ‘U’
indicates samples from unirradiated cells. Approximate nucleotide positions relative to the transcription start site (+1) of the

RPB2 gene are indicated on the left.
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Supplementary Fig. S5. H4H75E mutation does not significantly affect cellular levels of NER proteins. (A-H) Western blots
showing cellular levels of 3xFLAG tagged NER proteins. Total histone H3 serves as loading control.
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Supplementary Fig. S6. H4H75E mutation does not dramatically affect the association of NER proteins (other than Rad4)
with chromatin. (A-H) Western blots showing the levels of chromatin-associated 3xFLAG tagged NER proteins. Histone H3

serves as loading control.



