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Abstract
Nucleotide excision repair (NER) is a conserved DNA repair mechanism capable of removing a
variety of helix-distorting DNA lesions. Rad26, a member of the Swi2/Snf2 superfamily of proteins,
has been shown to be involved in a specialized NER process called transcription coupled NER.
Rad16, another member of the same protein superfamily, has been shown to be required for genome-
wide NER. Here we show that Rad16 and Rad26 play different roles in repairing repressed and
actively transcribed genes in yeast. Rad16 is partially dispensable, and Rad26 plays a significant role
in repairing certain regions of the repressed GAL1-10, PHO5 and ADH2 genes, especially in the core
DNA of well positioned nucleosomes. Simultaneous elimination of Rad16 and Rad26 results in no
detectable repair in these regions of the repressed genes. Transcriptional induction of the GAL1-10
genes abolishes the role of Rad26, but does not affect the role of Rad16 in repairing the nontranscribed
strand of the genes. Interestingly, when the transcription activator Gal4 is eliminated from the cells,
Rad16 becomes partially dispensable and Rad26 plays a significant role in repairing both strands of
the GAL1-10 genes even under inducing conditions. Our results suggest that Rad16 and Rad26 play
different and, to some extent, complementary roles in repairing both strands of repressed genes,
although the relative contributions of the two proteins can be different from gene to gene, and from
region to region of a gene. However, Rad16 is solely responsible for repairing the nontranscribed
strand of actively transcribed genes.
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1. Introduction
Nucleotide excision repair (NER) is a conserved DNA repair mechanism that removes a wide
range of bulky DNA lesions, including UV induced cyclobutane pyrimidine dimers (CPDs)
and 6-4 photoproducts [for a review see [1]]. NER is a multistep reaction and requires the
coordinated action of about 30 proteins implicated in damage recognition, helix opening, lesion
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verification, dual incision of the damaged strand bracketing the lesion, removal of an
oligonucleotide containing the lesion, gap-filling DNA synthesis, and ligation [2].

A specialized NER pathway, called transcription coupled NER (TC-NER), refers to
preferential repair in the transcribed strand (TS) of an actively transcribed gene. A transcribing
RNA polymerase complex stalled at a DNA lesion on the TS may serve as a signal for rapidly
recruiting NER machinery [2]. The genome-wide NER process is sometimes termed as global
genomic NER (GG-NER), to be distinguished from the process of TC-NER. Most NER
proteins are shared by GG-NER and TC-NER. However, some factors have been shown to be
specifically required for GG-NER or TC-NER. In Saccharomyces cerevisiae, Rad7 and Rad16,
components of a complex that has DNA-dependent ATPase activity [3], have been shown to
be essential for repairing the nontranscribed strand (NTS) of actively transcribed genes, but
dispensable for TC-NER [4]. Rad16 is a member of the Swi2/Snf2 superfamily of proteins,
many of which are involved in remodeling of chromatin structure [5,6]. Rad7 and Rad16 appear
to be present in different protein complexes. A stable heterotrimeric complex of Rad7/Rad16/
Abf1 (replicating sequence binding factor 1) was isolated from yeast [7,8]. This heterotrimeric
complex generates superhelicity in DNA through the catalytic activity of the Rad16
component. It was proposed that the torsion generated in the DNA by this complex is necessary
to remove the damage-containing oligonucleotide during NER [7,8]. Recently, it was found
that Rad7 and Rad16 are also components of an E3 ubiquitin ligase complex [9,10].

In mammalian cells, Cockayne syndrome (CS) group A (CSA) and B (CSB) proteins have
been shown to be specifically required for TC-NER, but not for GG-NER [11–14]. In S.
cerevisiae, Rad26, the yeast homologue of the mammalian CSB, and Rpb9, a nonessential
subunit of RNA polymerase II (Pol II), appear to be involved in two subpathways of TC-NER
[15–17]. Rad26 [18] and CSB [19] are also DNA-dependent ATPases of the Swi2/Snf2
superfamily of proteins, and both factors enhance transcription elongation [20,21]. Our recent
data suggests that the roles of both Rad26 and Rpb9 in TC-NER may be indirect, as elimination
of a transcription elongation/repression factor reinstates TC-NER in cells lacking both Rad26
and Rpb9 [22].

Chromatin structure may significantly affect NER in living cells [23]. In the nuclei of
eukaryotic cells, DNA is packaged into a nucleoprotein complex known as chromatin [24].
This complex provides the compaction and structural organization of DNA for processes such
as replication, transcription, recombination, and repair. The fundamental subunits of chromatin
are nucleosome cores, where 147 bp of DNA is wrapped in 1.65 left-handed superhelical turns
around a histone octamer [25]. The DNA between adjacent nucleosome cores is called linker
DNA; it varies in length from about 20 to 90 bp in different organisms and tissues or even
between individual nucleosome cores in the same cell [26].

In this paper, we present evidence that, in repressed genes, Rad16 is partially dispensable, and
Rad26 plays a significant role in repairing both DNA strands, especially in the core regions of
well positioned nucleosomes. Active transcription abolishes the role of Rad26 but does not
affect the role of Rad16 in repairing the NTS.

2. Materials and Methods
2.1. Yeast strains

The wild-type yeast strain Y452 (MATα, ura3-52, his3–1, leu2-3, leu2-112, cir°) and its
isogenic rad16, rpb9 and rad26 deletion mutants were created as described previously [16].
Deletions of RAD1, RAD2, RAD4, RAD7 and RAD14 were made by replacing sequences
between nucleotides (with respect to the start codon ATG) −212 and +3853, +129 and +2911,
+75 and 2885, +214 to +1454, and +202 and +1114 with the yeast URA3 gene, respectively.
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Deletion of GAL4 was achieved by replacing the sequence between nucleotides +8 and +2126
with the LEU2 gene.

2.2. UV irradiation, repair incubation and DNA isolation
Yeast cells were grown at 30°C in minimal medium, containing 2% glucose, 2% galactose, or
a combination of 2% galactose, 3% glycerol and 2% ethanol to late log phase (OD600 ≈ 1.0),
washed and resuspended in 2% glucose, 2% galactose, or a combination of 2% galactose, 3%
glycerol and 2% ethanol, respectively. The resuspended cells were irradiated with 50 J/m2 UV
light. One-tenth volume of a stock solution containing 10% yeast extract and 20% peptone was
added immediately to the irradiated cell suspension, and the cells were incubated for various
times in the dark at 28°C before being pelleted. Total DNA was isolated from the pelleted cells
using a glass beads method [16].

2.3. Mapping of NER
DNA fragments of interest in the yeast genomic GAL1-10 genes were strand specifically end
labeled using the procedure described previously [27,28]. Briefly, ~ 1 μg of total DNA was
digested with restriction enzyme(s) to release the fragments of interest and incised at CPD sites
with an excess amount of purified T4 endonuclease V (Epicentre). Excess copies of biotinylated
oligonucleotides, which are complementary to the 3′ end of the fragments to be labeled, were
mixed with the sample. The mixture was heated at 95°C for 5 minutes to denature the DNA
and then cooled to an annealing temperature of around 50°C. The annealed fragments were
attached to streptavidin magnetic beads (Invitrogen) and the other fragments were removed by
washing the beads at the annealing temperature. The attached fragments were labeled with
[α-32P]dATP (Perkin Elmer), resolved on sequencing gels. The gels were dried and exposed
to a Phosphorimager screen (GE Healthcare or Bio-Rad).

2.4. Northern blot analysis
Yeast cells were cultured to late log phase under the same conditions as those used for NER
analysis. Total RNA was isolated using a hot acidic phenol method, as described [29]. The
RNA was fractionated by electrophoresis on formaldehyde-agarose gels [30], transferred to
Hybond-N+ membranes (GE Healthcare), and hybridized with radioactive probes generated
using the Prime-It® II Random Primer Labeling Kit (Stratagene). The probe for the
GAL1-10 transcripts was generated from a 2 kb GAL1-10 DNA fragment encompassing the
UAS and 5′ portions (0.7 kb) of each of the genes. The probes for ACT1 and 25S rRNA (used
as loading controls) were made from 1 kb ACT1 and 2.9 kb 25S rDNA fragments.

3. Results
3.1. Rad16 is partially dispensable for repairing both strands of the repressed GAL1-10 genes

The divergent yeast GAL1 and GAL10 genes, which share a common upstream activating
sequence (UAS), are regulated identically [31,32]. Extensive studies have shown that these
genes are completely repressed in glucose media and highly induced by galactose. In agreement
with previous reports, essentially no transcription was detected in either strand of the
GAL1-10 genes in glucose cultured yeast cells (Fig. 1, lanes 1 – 4). In contrast, a high level of
transcription occurred in these genes when cells were grown in galactose media (Fig. 1, lanes
5 – 8). These results suggest that transcription in the glucose repressed GAL1-10 genes is either
absent or too low to be detected.

Repair of CPDs was measured with a high resolution method, which uses streptavidin magnetic
beads and biotinylated oligonucleotides to facilitate end-labeling of DNA fragments of interest
[27,28]. Yeast cells were cultured to late log phase (OD600 ≈ 1.0), UV irradiated and incubated
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in a repair medium for different lengths of time. Total genomic DNA was isolated, digested
with restriction enzymes to release the fragments of interest, and incised at the UV induced
CPDs with excess amount of T4 endonuclease V [33]. The incised fragments were strand
specifically end-labeled, resolved on DNA sequencing gels and exposed to a phosphorimager
screen [27,28]. To specifically locate the damaged sites along a fragment of interest, sequencing
ladders of the same fragment were generated through the Maxam-Gilbert method and resolved
on sequencing gels along with UV irradiated samples. The band intensities in the gel lane of
“0” time repair reflect the yields of CPDs at different sites. A decrease in band intensities at
respective sites indicates that CPDs at these sites are repaired.

NER occurred in both strands of the GAL1 gene in glucose cultured wild type cells (Fig. 2A
and F; Fig. 3, black squares and lines). Surprisingly, quite efficient repair also occurred at most
sites in both strands of the glucose repressed GAL1 gene in cells lacking Rad16 (Fig. 2B and
G, Fig. 3 blue triangles and lines), which has been shown to be required for GG-NER [4].
Further analysis showed that, in glucose cultured rad16 cells, this repair was not limited to the
GAL1 gene but occurred in both strands of the whole GAL1-10 region (Fig. 3, blue triangles
and lines). Deletion of genes that are essential for NER (e.g., RAD1, RAD2, RAD4 and
RAD14) eliminated repair in the glucose repressed GAL1-10 genes (Fig. 2E and J, and data not
shown), indicating that the repair was accomplished by a Rad16-independent NER mechanism.

We showed previously that, in glucose repressed GAL1-10 genes of intact cells, well positioned
nucleosomes exist in regions adjacent to the UAS, and the variability of nucleosome positioning
sharply increases with increasing distance from the UAS [34]. In rad16 cells, the repair rates
in the glucose repressed GAL1-10 genes did not seem to be correlated with the positioning of
nucleosomes, even in the most well positioned ones close to the UAS (Fig. 2B and G; Fig. 3,
blue triangles and lines). Therefore, nucleosome structure may not pose (or indirectly impose)
an inhibitory effect on the Rad16-independent NER.

3.2. Rad26 is responsible for Rad16-independent NER in both strands of the repressed
GAL1-10 genes

We searched for the factor(s) that is/are responsible for the Rad16-independent NER in both
strands of the repressed GAL1-10 genes. Deletion of RPB9, which mediates a subpathway of
TC-NER [16], did not affect repair in the repressed GAL1-10 genes of rad16 cells (not shown).
Surprisingly, deletion of RAD26 in rad16 cells eliminated repair in the glucose repressed genes
(Fig. 2D and I), indicating that the Rad16-independent NER is dependent on Rad26.

To dissect the relative contributions of Rad16 and Rad26 to repair of the repressed GAL1-10
genes, we analyzed rad26 cells, where the NER should be solely dependent on Rad16 (as
deletions of both RAD16 and RAD26 completely abolish NER in the repressed genes). In
rad26 cells, repair rates in the repressed GAL1-10 genes seemed to be correlated tightly with
the nucleosomes that are close to the UAS, being fast in the nucleosome linker and slow in the
nucleosome core regions (Fig. 2C and H; Fig. 3, red circles and lines). This correlation fades
off in nucleosomes that are more distant from the UAS, in agreement with the observations
that the variability of nucleosome positioning increases with distance from the UAS [34]. This
indicates that Rad16-dependent NER in the repressed genes is effective in nucleosome linker
regions, but not efficient in the core regions of well positioned nucleosomes.

As mentioned above, in the repressed GAL1-10 genes of rad16 cells, where NER should be
solely dependent on Rad26, the repair rates were not correlated with positioning of
nucleosomes (Fig. 2B and G; Fig. 3, blue triangles and lines). This indicates that Rad26-
dependent NER in the repressed genes is effective in nucleosome core regions. Taken together,
our results indicate that the roles of Rad16 and Rad26 in NER of the repressed genes are not
entirely redundant, but can be complementary to a certain extent.
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3.3. Active transcription abolishes the role of Rad26 but does not affect the role of Rad16 in
NER in the NTS of the GAL1-10 genes

Galactose induction of wild type and rad16 cells caused rapid repair in the TS of the
GAL1-10 genes (Fig. 4A, B, G and H; Fig. 5, black and blue symbols). This rapid repair is
accomplished by Rad26 and Rpb9 mediated TC-NER [15,16]. In agreement with our previous
results [15,16], TC-NER initiates ~ 180 and 120 bp upstream of the transcription start sites of
the GAL1 and GAL10 genes, respectively (Fig. 4A, B, G and H; Fig. 5, blue and black symbols).
Galactose induction also caused very rapid repair in the TS of the GAL1-10 genes in rad16
rad26 cells (Fig. 4D and J), agreeing with our previous results that Rad26 is almost dispensable
for TC-NER in the highly induced genes [15,16]. However, in rad26 cells, most sites in the
TS of the induced GAL1-10 genes were repaired quite slowly (Fig. 4C and I; Fig. 5, red circles
and lines in the TS regions of the genes), indicating that, in the presence of Rad16, Rad26 may
play a larger role in TC-NER of the highly induced GAL1-10 genes. At present, it is unclear
why Rad26 is required to different degrees for TC-NER in the induced genes in rad16 and
RAD16+ cells. One possibility is that GG-NER mediated by Rad16 competes with TC-NER.
Elimination of Rad16 makes more NER factors available for Rpb9 mediated TC-NER, making
Rad26 almost dispensable for TC-NER. We also consistently noticed that TC-NER rates are
more or less faster in rad16 or rad7 cells than in wild type cells (e.g., Fig. 4, compare panels
A and B, and G and H), indicating that a competition of NER factors between GG-NER and
TC-NER may indeed exist in the cells.

No repair can be seen in the NTS of the induced GAL1-10 genes in rad16 cells (Fig. 4H; Fig.
5, blue symbols in the NTS of the genes). Furthermore, in agreement with previous reports
[4,35], no repair occurred in the NTS of the constitutively expressed RPB2 gene in either
glucose- or galactose-cultured rad16 cells (not shown). However, essentially normal repair
occurred in the NTS of the induced genes in rad26 cells (Fig. 5, compare black and red symbols
in the NTS of the GAL1-10 genes). These results indicate that active transcription abolishes
the role of Rad26, but does not affect the role of Rad16 in NER of the NTS.

3.4. Both Rad16 and Rad26 play roles in repairing both strands of the GAL1-10 genes in cells
lacking Gal4

The experiments described above suggest that Rad26 plays a role in NER in both strands of a
gene only in the absence of detectable transcription. To further examine the notion, we analyzed
repair in cells lacking Gal4, which activates transcription of the GAL1-10 genes [31,32]. A
medium containing galactose, ethanol and glycerol supports growth of cells with or without
Gal4, and induces transcription of the GAL1-10 genes when Gal4 is present [36]. Deletion of
the GAL4 gene resulted in essentially no detectable transcription from the GAL1-10 genes in
all the cells tested (Fig. 6, compare lanes 1 – 3 and 4 – 6; data not shown). However, apparent
repair can be seen in both strands of the GAL1-10 genes in rad16 gal4 cells cultured in the
galactose medium (Fig. 4E and K). However, no repair can be seen in both strands of the
GAL1-10 genes in rad16 rad26 gal4 cells cultured in the same galactose medium (Fig. 4F and
L). These results indicate that Rad16 becomes partially dispensable and Rad26 plays a role in
repairing both strands of the GAL1-10 genes when transcription is absent or critically low,
through either elimination of the transcription activator Gal4 or glucose repression (see above).

3.5. Both Rad16 and Rad26 play roles in repairing both strands of the repressed PHO5 and
ADH2 genes

The GAL1-10 genes are unique in that they share the same UAS, and are transcribed
divergently. One question we asked is whether Rad26 plays a general role in repairing repressed
genes. To address this question, we analyzed NER in the repressed PHO5 and ADH2 genes,
which are regulated differently from each other and from the GAL1-10 genes.
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PHO5, which encodes the major phosphate-regulated secreted acid phosphatase, is repressed
when phosphate is abundant and highly expressed when phosphate is depleted [37,38].
Efficient NER occurred in both strands of the PHO5 gene in wild type (Fig. 7A and E) and
rad16 (Fig. 7B and F) cells cultured in normal minimal medium, which contains a high level
of inorganic phosphate. This indicates that Rad16-independent repair also occurs in the
repressed PHO5 gene. However, no repair can be seen in the repressed gene in rad16 rad26
cells (Fig. 7D and H), indicating that the Rad16-independent repair is dependent on Rad26.

It has been shown that, in the PHO5 promoter region, certain nuclease-hypersensitive
sequences serve as boundary for nucleosome positioning [39]. At a greater distance from these
sequences, nucleosome positioning becomes more irregular [39]. Therefore, in the repressed
PHO5 gene, well positioned nucleosomes have been detected only in the promoter-proximal
regions. Deletion of RAD26 slowed down NER in both strands of the gene (Fig. 7, compare
panels A and C, and E and G). Furthermore, in rad26 cells, there appears to be a mild correlation
between repair rates and nucleosome positioning in the regions around the transcription start
site, being slower in the core regions and faster in the linker DNA (Fig. 7, compare panels C
and G with nucleosome positions marked on the right of the gels). However, repair in other
regions of the repressed gene showed no apparent periodicity of the size of a nucleosome (Fig.
7). Presumably, irregularity of nucleosome positioning masked the effect of nucleosome
structure on Rad26-independent repair.

ADH2 encodes an alcohol dehydrogenase, which is responsible for catalyzing the initial step
in the utilization of ethanol as a carbon source [40]. This gene is also repressed by glucose
[41,42]. Efficient repair can be seen in both strands of the gene in wild type (Fig. 8A and E)
and rad16 (Fig. 8B and F) cells cultured in minimal medium containing 2% glucose. For
unknown reason(s), the repair was faster in the NTS than in the TS (Fig. 8, compare panels A
and E, and B and F). This indicates that Rad16-independent repair also occurs in the repressed
ADH2 gene. However, no repair can be seen in the repressed gene in rad16 rad26 cells (Fig.
8D and H), indicating that the Rad16-independent repair is dependent on Rad26.

Well positioned nucleosomes have been detected in the repressed ADH2 gene [43]. Deletion
of RAD26 slowed down repair in both strands of the repressed ADH2 gene (Fig. 8, compare
panels A and C, and E and G; Fig. 9, red symbols). Furthermore, in rad26 cells, repair rates in
the repressed ADH2 gene appear to be tightly correlated with nucleosomes, being slow in the
nucleosome cores and fast in the nucleosome linkers (Fig. 8C and G; Fig. 9, redsymbols).

4. Discussion
In this study, we present evidence that Rad16 and Rad26 play different and, to some extent,
complementary roles in repairing both strands of the repressed GAL1-10, PHO5 and ADH2
genes in yeast. It was shown previously that some repair also occurs in the repressed GAL7
gene in rad7 and rad16 cells [35]. Also, the Rad7/Rad16-independent repair in the repressed
GAL7 gene appears to be dependent on Rad26, as essentially no repair was seen in rad7
rad26 and rad16 rad26 cells [35]. Therefore, Rad26 may play a common role in repairing both
strands of repressed genes.

A heterotrimeric complex of Rad7/Rad16/Abf1 can generate superhelicity in naked DNA,
through the catalytic activity of the Rad16 component [7,8]. It was proposed that the torsion
generated in the DNA by this complex is necessary to remove the damage-containing
oligonucleotide during NER [7,8]. Although Rad16 is a DNA-dependent ATPase [3], and
shares homology with Snf2 protein [5], the catalytic subunit of the Swi2/Snf2 chromatin
remodeling complex, there is no evidence that Rad16 plays a role in nucleosome remodeling
during NER in the cells. We observed that, in rad26 cells, a strong correlation exists between
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repair rates and well positioned nucleosomes in the repressed GAL1-10 and ADH2 genes (Figs.
3 and 9, red symbols). A mild correlation can also be seen in the region of the repressed
PHO5 gene that is close to the promoter (Fig. 7). These results indicate that nucleosome
structure may inhibit Rad26-independent repair, which we show here is dependent on Rad16.
Therefore, nucleosome structure may hinder the action of Rad16 for inducing torsional change
in the nucleosome core DNA, resulting in inefficient removal of the damage-containing
oligonucleotide in the core region.

The mechanism as to how Rad26 plays a role in repairing both strands of repressed genes
remains to be understood. One possibility is that the Rad26-dependent repair is simply a form
of TC-NER, due to “noise” transcription in both strands of the repressed genes. Recent studies
suggest that “noise” transcription, which can not be detected by traditional ways, is quite
common in eukaryotic cells [44]. In the absence of Rad26, a well positioned nucleosome may
pose a halt to a Pol II complex engaged in “noise” transcription, resulting in inefficient repair
in the nucleosome core regions. Induced or constitutive transcription from the TS of a gene
may abolish “noise” transcription from the NTS, resulting in confinement of Rad26-dependent
repair to the TS. However, the “noise” transcription may not be fully responsible for Rad26-
dependent repair in both strands of a repressed gene. First, it was found recently that an unstable,
uncoding, antisense RNA is transcribed from the NTS of the repressed PHO5 gene [45]. This
antisense transcription may explain the slightly faster repair in the NTS than in the TS of the
repressed PHO5 gene in rad16 cells (Fig. 7, compare panels B and F). However, this can not
explain why Rad26 also plays a role in repairing the TS of the repressed gene (Fig. 7, compare
panels B, C and D). Second, many chromatin immunoprecipitation studies [e.g. [46,47]] have
shown that no association between Pol II and GAL1-10 genes exists in glucose cultured yeast
cells. Third, we recently observed that deletion of the GAL1 TATA element caused Rad26
mediated repair to occur in both DNA strands downstream of the GAL1 promoter [48].
However, the deletion also resulted in no detectable association of Pol II with the sequence
downstream of the TATA-deleted GAL1 promoter [48].

Alternatively, Rad26 may play a role in repairing both strands of a repressed gene through a
mechanism that is independent of Pol II. Like Rad16, Rad26 and its human homolog CSB are
members of the Swi2/Snf2 superfamily of ATPases, and both of these proteins have DNA-
dependent ATPase activity [18,19]. In an in vitro system, it was shown that CSB can remodel
reconstituted mononucleosome cores and disarrange an array of nucleosomes regularly spaced
on plasmid DNA [49]. Furthermore, CSB interacts not only with double-stranded DNA but
also directly with core histones, and intact histone tails play an important role in CSB
remodeling [49]. It was proposed that the capability of CSB to modulate DNA double helix
conformation may directly facilitate TC-NER [49]. We observed that, in rad26 cells, repair in
nucleosome core regions is inefficient. It is possible that Rad26, and its human homolog CSB,
may facilitate NER by remodeling nucleosome structure in the cells.

The contributions of Rad26 to NER in different repressed genes, or in different regions or
strands of the same repressed gene can vary significantly. Rad26-dependent (Rad16-
independent) repair appears to be faster in the TS than in the NTS of the repressed GAL7 gene
[35]. In contrast, Rad26-dependent repair seems to be more or less faster in the NTS than in
the TS of the GAL1-10, PHO5, and ADH2 genes (Fig. 2, compare panels B and G; Fig. 3,
compare blue symbols in the top and bottom panels; Fig. 7, compare panels B and F; Fig. 8,
compare panels B and F; Fig. 9, compare blue symbols in the top and bottom panels). The
variations may be caused by different levels of “noise” transcription, and/or differences in local
chromatin structure.

In view of the fact that the yeast Rad26 and the human CSB are highly conserved [17], it is
reasonable to speculate that CSB may play a similar role in repairing both strands of repressed
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genes (or genomic regions) in human cells. Yeast rad26 single mutants are not UV sensitive
[16,17], indicating that the role of Rad26 in NER of repressed genes may be limited to a small
portion of the yeast genome. However, human CSB cells are UV sensitive [50], which may be
partially due to a role for CSB in repairing a larger fraction of the human genome — the
repressed genes or genomic regions.
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Fig. 1. Northern blot showing transcription in the GAL1-10 genes
Total RNA was isolated from late log phase cells cultured in minimal medium containing 2%
glucose or 2% galactose. The RNA was resolved on a formaldehyde-agarose gel, transferred
to a membrane, and hybridized with radioactive probes. The probes were generated by random
primer extension, using a 2 kb GAL1-10 fragment, encompassing the shared UAS and ~ 700
bp of each of the genes, as template. ACT1 mRNA serves as an internal loading control.
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Fig. 2. NER in the glucose repressed GAL1 gene
Panels A – E and F – J show NER in the TS and NTS of the gene, respectively. Lanes AG and
CT are Maxam-Gilbert sequencing ladders. Lanes U are unirradiated samples. Other lanes are
samples of different times (in hours) of repair incubation. The solid arrows on the left of the
gels indicate the major transcription start site (when the gene is induced). Open box and shaded
bar on the left of the gels mark the TATA box and UAS, respectively. Nucleotide positions
marked on the left of the gels are relative to the major transcription start site of GAL1. Open
circles and solid triangles on the left of panel A mark the transcribed and upstream regions of
the TS, respectively, where TCR operates when the gene is induced by galactose. Open
diamonds on the left of panel A indicate the upstream region of the TS where TCR does not
operate. Solid triangles and open circles on the left of panel F indicate the upstream and the
coding regions of the NTS, respectively. Ovals on the right of the gels indicate positions of
nucleosomes in the repressed gene, with the extent of shading reflecting the variability of
positioning (darkest, least variable; lightest, most variable) [34]. Nucleotide positions marked
on the right of the gels are numbered from a site that is 810 nucleotides downstream of the
major transcription start site of the GAL10 gene (see Fig. 3 for a schematic of the GAL1-10
genes). Plots underneath each of the panels show percent of CPDs remaining (mean ± SD) for
the respective strains. The symbols (open circles, solid triangles and open diamonds) in the
plots represent percent of CPD remaining in different regions (as marked on the left of panels
A, for the TS, and F, for the NTS) of the gene. WT, wild type.
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Fig. 3. Plot showing NER in the glucose repressed GAL1-10 genes
The upper and lower panels represent the top (TS for GAL10 and NTS for GAL1 genes) and
bottom strands, respectively. Between the panels is a schematic diagram of the GAL1-10 region,
where ovals denote the locations of nucleosomes, with the extent of shading reflecting the
variability of positioning (darkest, least variable; lightest, most variable) [34]. Abscissa values
are nucleotide positions numbered from a site that is 810 nucleotides downstream of the major
transcription start site of the GAL10 gene. Arrows indicate the major transcription start sites
when the genes are induced. Open vertical bars denote TATA boxes of the GAL10 and
GAL1 genes, and hatched box denotes the common UAS of the two genes. Individual symbols
in the plot represent time (in hours) required for repairing 50% (T1/2) CPDs at individual sites
of the GAL1-10 genes. Black squares, blue triangles and red circles represent wild type,
rad16 and rad26 cells, respectively. Black, blue and red lines in the plot are smoothed T1/2
values for wild type, rad16 and rad26 cells, respectively. Smoothing was carried out by
averaging the individual T1/2 values at continuous intervals of 40 nucleotides, where the 40
nucleotide brackets were ramped along the DNA by one nucleotide.

Li et al. Page 13

DNA Repair (Amst). Author manuscript; available in PMC 2008 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4. NER in the GAL1-10 genes of cells cultured in minimal medium containing 2% galactose,
3% glycerol and 2% ethanol
Panels A – F and G – L show NER in the TS and NTS of the GAL1 gene, respectively. Lanes
U are unirradiated samples. Other lanes are samples of different times (in hours) of repair
incubation. The solid arrows on the left of the gels indicate the major transcription start sites.
Open box and shaded bar on the left of the gels mark the TATA boxes and UAS, respectively.
Nucleotide positions marked on the left of the gels are relative to the major transcription start
site of the GAL1 gene. Open circles and solid triangles on the left of panel A mark the
transcribed and upstream regions of the GAL1 TS, respectively, where TCR operates. Open
diamonds on the left of panel A indicate the upstream region where TCR does not operate.
Open diamonds, open circles and solid triangles on the left of panel G indicate the GAL10 TS,
GAL1 NTS and the upstream regions (where TCR does not operate), respectively. Ovals on
the right of the gels indicate positions of nucleosomes in the repressed genes, with the extent
of shading reflecting the variability of positioning (darkest, least variable; lightest, most
variable) [34]. Nucleotide positions marked on the right of the gels are numbered from a site
that is 810 nucleotides downstream of the major transcription start site of the GAL10 gene (see
Fig. 3 for a schematic of the GAL1-10 genes). Plots underneath each of the panels show percent
of CPDs remaining (mean ± SD) for the respective strains. The symbols (open circles, solid
triangles and open diamonds) in the plots represent percent of CPD remaining in different
regions (as marked on the left of panels A, for the GAL1 TS, and G, for the GAL1 NTS) of the
genes. WT, wild type.
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Fig. 5. Plot showing NER in the galactose induced GAL1-10 genes
The upper and lower panels represent the top (TS for GAL10 and NTS for GAL1 genes) and
bottom strands, respectively. Between the panels is a schematic diagram of the GAL1-10 region,
where ovals denote the locations of nucleosomes, with the extent of shading reflecting the
variability of positioning (darkest, least variable; lightest, most variable) [34]. Abscissa values
are nucleotide positions numbered from a site that is 810 nucleotides downstream of the major
transcription start site of the GAL10 gene. Arrows indicate the major transcription start sites.
Open vertical bars denote TATA boxes of the GAL10 and GAL1 genes, and hatched box denotes
the common UAS of the two genes. Individual symbols in the plot represent time (in hours)
required for repairing 50% (T1/2) CPDs at individual sites of the GAL1-10 genes. Black squares,
blue triangles and red circles represent wild type, rad16 and rad26 cells, respectively. Black,
blue and red lines in the plot are smoothed T1/2 values for wild type, rad16 and rad26 cells,
respectively. Smoothing was carried out by averaging the individual T1/2 values at continuous
intervals of 40 nucleotides, where the 40 nucleotide brackets were ramped along the DNA by
one nucleotide.
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Fig. 6. Northern blot showing transcription in the GAL1-10 genes in GAL4+ and gal4 cells
Total RNA was isolated from late log phase cells cultured in minimal medium containing 2%
galactose, 3% glycerol and 2% ethanol. The RNA was resolved on a formaldehyde-agarose
gel, transferred to a membrane, and hybridized with radioactive probes. The probes were
generated by random primer extension, using a 2 kb GAL1-10 fragment, encompassing the
shared UAS and ~ 700 bp of each of the genes, as a template. 25S rRNA serves as an internal
loading control.
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Fig. 7. NER in the repressed PHO5 gene
Panels A – D and E – H show NER in the TS and NTS of the gene, respectively. Lanes CT and
AG are Maxam-Gilbert sequencing ladders. Lanes U are unirradiated samples. Other lanes are
samples of different times (in hours) of repair incubation. Open circles and solid triangles on
the left of panel A mark the transcribed and upstream regions of the gene, respectively. Solid
diamonds on the left of panel E indicate the coding region of the NTS. Ovals on the right of
the gels indicate positions of nucleosomes present in the repressed gene [39]. The rest of the
gene is not marked with nucleosomes, as nucleosome positioning is irregular in the regions
that are distant from the promoter [39]. Nucleotide positions are relative to the transcription
start site of the gene. Plots underneath each of the panels show percent of CPDs remaining
(mean ± SD) for the respective strains. The symbols (open circles, solid triangles and diamonds)
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in the plots represent percent of CPD remaining in different regions (as marked on the left of
panels A, for the TS, and E, for the NTS) of the gene. WT, wild type.
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Fig. 8. NER in the repressed ADH2 gene
Panels A – D and E – H show NER in the TS and NTS of the gene, respectively. Lanes CT and
AG are Maxam-Gilbert sequencing ladders. Lanes U are unirradiated samples. Other lanes are
samples of different times (in hours) of repair incubation. Ovals on the right of the gels indicate
positions of nucleosomes in the repressed gene [43]. Nucleotide positions are relative to the
transcription start site of the gene. Plots underneath each of the panels show percent of CPDs
remaining (mean ± SD) for the entire fragments analyzed in the respective strains. WT, wild
type.
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Fig. 9. Plot showing NER in the repressed ADH2 gene
Upper and lower panels represent NTS and TS, respectively. Between the panels is a schematic
diagram of the ADH2 gene, where ovals denote locations of nucleosomes [43]. Abscissa values
are nucleotide positions relative to the transcription start site. Individual symbols in the plot
represent time (in hours) required for repairing 50% (T1/2) CPDs at individual sites of the gene.
Black squares, blue triangles and red circles represent wild type, rad16 and rad26 cells,
respectively. Black, blue and red lines in the plot are smoothed T1/2 values for wild type,
rad16 and rad26 cells, respectively. Smoothing was carried out by averaging the individual
T1/2 values at continuous intervals of 40 nucleotides, where the 40 nucleotide brackets were
ramped along the DNA by one nucleotide.

Li et al. Page 20

DNA Repair (Amst). Author manuscript; available in PMC 2008 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


