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The repair of UV-induced photoproducts (cyclobutane pyrimidine dimers) in a well-characterized minichro-
mosome, genomic DNA, and a transcribed genomic gene (RPB2) of a rad23Dmutant of Saccharomyces cerevisiae
was examined. Isogenic wild-type cells show a strong bias for the repair of the transcribed strands in both the
plasmid and genomic genes and efficient overall repair of both DNAs (>80% of the dimers were removed in 6
h). However, the rad23Dmutant shows (i) no strand bias for repair in these genes and decreased repair of both
strands, (ii) partial repair of genomic DNA (;45% in 6 h), and (iii) very poor repair of the plasmid overall
(;15% in 6 h). These features, coupled with the decreased UV survival of rad23D cells, indicate that Rad23 is
required for both transcription-coupled repair and efficient overall repair in S. cerevisiae.

Nucleotide excision repair (NER) is one of several mecha-
nisms involved in the removal of DNA damage, including that
caused by cis-syn cyclobutane pyrimidine dimers (CPDs) in-
duced by UV radiation (reviewed in reference 7). It now ap-
pears that NER in chromatin may be divided into two kineti-
cally different subpathways: one involved with repair of the
overall genome (or bulk DNA) and one involved with more
rapid repair of actively transcribing genes. (Note that this di-
vision is not meant to imply there are two different biochemical
pathways for NER in the genome.) The latter mode has been
shown for a variety of RNA polymerase II (pol II) genes and
is specific for the template strand (reviewed in reference 13).
This type of repair does not occur in all transcribed regions of
chromatin, however. For example, repair of CPDs is very poor
in each strand of the transcriptionally active fraction of ribo-
somal genes transcribed by RNA pol I (8). In addition, chro-
matin domains with high basal levels of repair (or bulk DNA
repair) may not yield an obvious repair bias for strands of
actively transcribed pol II genes (5, 23, 27).
The enhanced repair of transcribed strands of active pol II

genes is referred to as transcription repair coupling (TRC) and
appears to occur when there is an elongating pol II complex (4,
20, 38). Recent studies have demonstrated that several DNA
repair proteins in yeast and mammalian cells (e.g., Rad3 and
XPD) are part of the transcription factor IIH complex (re-
viewed in reference 7), and some of these proteins may play a
role in TRC.
In Escherichia coli, a protein required for TRC is the prod-

uct of the mfd gene (33). This protein displaces E. coli RNA
polymerase that is stalled at a CPD site in vitro, allowing the
(A)BC excinuclease to make incisions in the CPD-containing
strand (33). This displacement may be accomplished via the
Mfd protein’s affinity for the UvrA subunit of the A2B com-
plex, which preferentially binds to damaged DNA (reviewed in
reference 34), although the mechanism in vivo may be more
complex (19). The mfd mutant shows no strand bias in the
repair of transcriptionally active genes and an approximately
threefold reduction in the overall removal rate of CPDs (9, 34).
A protein that seems to be involved in TRC in the yeast

Saccharomyces cerevisiae is the product of a new gene, desig-

nated RAD26 (41). This gene was found by homologous clon-
ing with the human CSB/ERCC6 gene being used as a probe
for a yeast genomic phage library (41). In a disruption mutant
of RAD26, a marked reduction in TRC was observed in the
RPB2 gene compared with that in wild-type (wt) cells while the
removal of CPDs from the genome overall was unaffected (41).
In addition, no marked increase in UV sensitivity was observed
for the rad26 cells compared with wt cells (41), similar to what
is observed with mfd mutant cells (9, 28). Thus, it appears that
RAD26 encodes a TRC factor in S. cerevisiae (41).
There are several other proteins involved in but not essential

for NER in S. cerevisiae (reviewed in reference 30). One of
these is the Rad23 protein. The RAD23 gene was cloned by
Watkins et al. (46), who observed that the sequence of the
amino-terminal region of the Rad23 protein is very similar to
that of ubiquitin and is essential for its role in NER. This
region could be substituted with the actual ubiquitin sequence,
and the Rad23 protein still appeared to maintain its function in
NER (46). However, this region of Rad23 does not mediate
protein degradation (46), a common role of ubiquitin tagging
(reviewed in reference 17). Recently, Guzder et al. (10) re-
ported that Rad23 promotes complex formation between
Rad14, a damage recognition protein (12), and the Rad25 and
TFB1 components of transcription factor TFIIH. Further-
more, these authors have also reported that reconstitution of a
damage-incision complex of purified yeast Rad proteins, rep-
lication protein A, and the TFIIH complex requires the Rad4-
Rad23 complex (11). These observations indicate that Rad23
could play an active role in establishing the incision complex
for TRC and possibly bulk repair in yeast cells.
In this study, we have examined the repair of UV-induced

CPDs in a rad23D strain of S. cerevisiae, in which almost 90%
of the RAD23 gene is deleted by homologous recombination,
and in its isogenic wt parent. Repair in a 2.6-kbp autonomously
replicating plasmid (TRURAP) containing 14 nucleosomes
(Fig. 1A) (40), genomic DNA, and a transcribed genomic gene
(RPB2) was monitored. Two nucleosomes are unstable in the
TRURAP minichromosome during incubation in water, the
liquid-holding condition used to limit replication during repair
experiments (Fig. 1A) (2). Five different transcripts are made
from this plasmid at various transcription rates (Fig. 1A),
though only one of these (URA3 mRNA) appears to encode a
functional protein (2, 36). Repair in TRURAP was studied by
examining both the average rate of removal of CPDs from the

* Corresponding author. Phone: (509) 335-6853. Fax: (509) 335-
9688.

2361



entire plasmid (whole-plasmid repair) (35) and removal rates
at specific CPD sites throughout the plasmid (37). The time
course of whole-plasmid repair in rad23D and wt cells was
compared with that of repair in the genome overall and in the
essential genomic gene RPB2 (39). There is no strand-specific
repair in the rad23D strain, and there is a reduction of the
repair of the nontranscribed strand and the genome overall.
The results indicate that the Rad23 protein is essential for both
transcription-coupled repair and efficient bulk DNA repair in
S. cerevisiae.

MATERIALS AND METHODS

Media and strains. A minimal medium (SDM,H,W) was used in all experi-
ments. This medium is a synthetic dextrose medium (2% dextrose and 0.67%
yeast nitrogen base without amino acids [Difco]) supplemented with histidine (20
mg/ml; Sigma) and tryptophan (40 mg/ml; Sigma) (1). Strain FTY23 (MATa
his3-1 trp1 ura3-52::URA3 gal2 gal10 [cir0]) is RAD wt, and strain JMY4-23
(MATa his3-1 trp1 ura3-52::URA3 gal2 gal10 [cir0] rad23D) is a rad23D isogenic
mutant constructed for this study (see below). Strain JMY1-1 (MATa his3-D1
trp1-289 ura3-52::URA3 rad1D) is a nonisogenic rad1D strain used as a negative
control. The isogenic rad23D mutant strain was constructed as previously de-
scribed (26) with plasmid pDG28 (kindly provided by Louise Prakash, University
of Texas, Galveston) digested with EcoRI. The major portion of the open
reading frame of the RAD23 gene (nucleotides 147 to 11143 [termination
codon at 11193] [29a]) is replaced by a single copy of the hisG sequence of
Salmonella typhimurium.
UV irradiation and repair incubation. For all experiments, cultures were

grown at 308C in SDM,H,W. UV survival and repair experiments were per-
formed as described by Mueller and Smerdon (26). Briefly, for UV survival
curves, cultures were spread on SDM,H,W plates and irradiated with a germi-
cidal lamp (primarily at 254 nm) at various doses (measured with a Spectroline
DM-254N shortwave UV meter; Spectronics Corp., Westbury, N.Y.) before
incubation at 308C in the dark. Colonies were counted after 2.5 days. For repair
experiments, cells were transferred to a 50-ml centrifuge tube and pelleted. Cells
were washed once, suspended in 50 ml of sterile water, and allowed to incubate
for 1 h to halt cell replication (35). Cells were then poured into sterile glass petri
dishes and irradiated at 25 J/m2 before repair incubation (in the dark) for various
times. Plasmid DNA was isolated as described previously (26, 35), and genomic
DNA was isolated by the spheroplast method described by Mueller and Smerdon
(26).

CPD analysis in DNA. CPD analyses were done as described by Mueller and
Smerdon (26). Briefly, the resistance of DNA to cutting with T4 endonuclease V
(T4 endo V) was monitored as a measure of repair. Resistant DNA was sepa-
rated from sensitive DNA in either a neutral agarose gel (for plasmid DNA, form
I and form II, respectively) or an alkaline agarose gel (for site-specific repair of
TRURAP and analyses of the repair of the genome overall and the RPB2 gene).
For analysis of the RPB2 gene, genomic DNA was first digested with PvuI and
PvuII (38) to generate a 5.2-kb fragment encompassing the RPB2 gene (Fig. 1B)
prior to T4 endo V digestion and electrophoresis. After electrophoresis and
transfer of the DNA to a nylon membrane (Hybond-N1; Amersham Corpora-
tion, Arlington Heights, Ill.), the DNA was hybridized with riboprobes made
from plasmid pKS212 (Fig. 1B) (38) at 658C in 250 mM sodium phosphate (pH
7.2)–250 mM NaCl–1 mM EDTA. Membranes were stripped in 0.4 M NaOH at
room temperature before rehybridization. Autoradiograms were digitized with a
Personal Densitometer SI (Molecular Dynamics, Sunnyvale, Calif.), and signals
in the full-length band were determined with ImageQuaNT software (Molecular
Dynamics).

RESULTS

UV survival and damage levels. The rad23D strain used in
these studies was constructed by homologous recombination in
which almost 90% of the open reading frame of the RAD23
gene is replaced with a Salmonella hisG sequence (see Mate-
rials and Methods). We measured the survival characteristics
of the rad23D strain and compared them with those of a strain
lacking NER, the rad1D strain, and the isogenic wt strain. As
can be seen in Fig. 2, the survival curve for the rad23D strain is
intermediate to those of the wt and rad1D strains. In agree-
ment with past reports (25, 46), this result indicates that the
RAD23 gene product is involved in but not essential for NER
in S. cerevisiae, unlike the RAD1 gene product (24, 47). For
comparison, the survival curve of an isogenic rad7D strain is
also shown in Fig. 2 (26). Remarkably, the survival curves of
these two partially repair-competent strains are almost identi-
cal.
In all repair studies, CPDs were measured with T4 endo V,

which makes a single-strand cut at CPDs in DNA (6). The
number of nicks generated is then measured in each of the
various repair assays (see Materials and Methods) (26). The

FIG. 1. Diagrams of plasmid TRURAP and the RPB2 gene. (A) A linear
representation of the yeast plasmid TRURAP, constructed by inserting the
HindIII fragment of the URA3 gene into the HindIII site of the TRP1ARS1
circle, disrupting the TRP1 gene (40). Nucleosome positions (40) are shown as
circles, with two unstable nucleosomes in water (2) being shown as stippled
circles. Locations and directions of transcription (2) are indicated by dashed
lines. Three transcripts go across the EcoRI restriction site (at the ends of the
map). The URA3 and interrupted TRP1 genes are indicated by hatched blocks.
The dark arrowhead indicates the ARS1 site. The dark bar lying between the
EcoRI and XbaI restriction sites indicates the position of the probe used for
site-specific repair studies (37). (B) A map of the genomic gene RPB2. Tran-
scription start and direction are indicated by the wavy arrow. The thick solid bar
shows the location of the probe used for strand-specific repair studies. The
sequence of this gene between the KpnI and the SalI sites is known (39).

FIG. 2. UV survival curves of three yeast strains. UV survival curves were
generated as previously described (26) (see also Materials and Methods). Error
bars indicate standard errors of the means of three separate experiments in
which an average count of three plates was taken at each time. E, FTY23 (wt);
■, JMY4-23 (rad23D); {, JMY1-1 (rad1D). The dotted line is the survival curve
of an isogenic rad7D strain (26).
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UV dose used for most of the repair experiments (25 J/m2)
yields an average of 1.26 0.2 CPDs per TRURAP plasmid (2.6
kbp) in both the rad23D and wt strains. Assuming a Poisson
distribution, approximately 30% of the plasmids remain un-
damaged at this CPD yield. At the same dose, genomic DNA
receives an average of 1.2 6 0.2 CPDs per 5.2 kb of single-
stranded DNA (i.e., 1.2 6 0.2 CPDs per 2.6 kbp), or the same
CPD yield as in TRURAP. At this level of damage, the survival
of actively growing cells is ;80% for wt cells and 0.2% for
rad23D cells (Fig. 2). Thus, we chose to use growth-arrested
cells for our repair experiments (liquid holding), where far less
cell death occurs (14) and repair measurements are not com-
plicated by replication.
Overall repair of UV-damaged TRURAP plasmid. The over-

all repair of TRURAP in intact yeast cells was examined by
determining the resistance of supercoiled (form I) plasmid
DNA to cutting with T4 endo V as an assay for the average
number of CPDs per plasmid (35). Figure 3A shows represen-
tative gels from experiments with the rad1D, rad23D, and wt
strains. In the T4 endo V-treated lanes, wt cells show a de-
crease of nicked plasmid DNA (form II) and a concurrent
increase of supercoiled plasmid DNA (form I) with repair
incubation. Quantitative analysis of the photographic negatives
of such gels indicates that.80% of the CPDs in TRURAP are
removed (repaired) within 6 h in the wt strain (Fig. 3B). On the
other hand, the rad1D strain shows no removal over the 6 h of
repair incubation (Fig. 3A and B), in agreement with previous
results (31, 35, 47).
The rad23D strain also shows a very low level of repair of

TRURAP after 6 h (Fig. 3A). This result is surprising, since
the UV survival curves (Fig. 2) predict an intermediate level of
repair of the plasmid. Quantitation of several such gels indi-
cates that;15% of the CPDs in TRURAP are removed by the
rad23D strain during this time (Fig. 3B). A similar result was
observed in a different rad23D strain (i.e., different genetic
background) also containing TRURAP (data not shown).
Since the rad23 and rad7 mutants have similar survival curves
(Fig. 2), the repair curve of TRURAP in a rad7D strain is also
shown in Fig. 3B as a dotted line (see reference 26). The
difference in repair time courses between the two mutant
strains cannot be attributed to differences in CPD yield in
TRURAP, since the rad7D strain also yielded 1.2 6 0.2 CPDs
per plasmid at 25 J/m2 (26).
Repair at specific CPD sites within TRURAP. It is possible

that a small number of CPD sites in TRURAP are efficiently
repaired in the rad23D strain or that there is an overall loss of
repair at all CPD sites. Therefore, we examined repair at 40
different CPD sites in TRURAP in this strain (see reference
37). For this assay, aliquots of supercoiled TRURAP are di-
gested with restriction enzyme (EcoRI or XbaI) and T4 endo V
before electrophoresis through an alkaline agarose gel (Mate-
rials and Methods). The DNA is transferred to a nylon mem-
brane and probed with a short, strand-specific probe hybridiz-
ing to one end of the fragment. The short probe acts as an
indirect end label for the T4 endo V-cut sites (CPDs), and the
positions of these sites are obtained from the fragment sizes
(37). The rate of repair at each CPD site is then obtained from
the rate of decrease in band intensity (see Materials and Meth-
ods and also reference 37).
Figure 4 shows autoradiograms from such an experiment

with the rad23D strain. Individual bands in each panel repre-
sent sites where unrepaired CPDs remained after each repair
time. As can be seen, none of the bands disappear rapidly
during the 6-h period, regardless of where they are located on
TRURAP (Fig. 4; compare gels with maps between panels).
Similar experiments were performed with the isogenic wt cells,

and the autoradiograms were similar to those reported previ-
ously for this strain (i.e., rapid removal of CPD bands in tran-
scribed regions [37]). These results indicate that TRC does not
occur in TRURAP in the rad23D strain.
By comparing the intensity of each band (after correction for

loading) with that of its corresponding band in the no-repair
lane (0 h), the rate of repair at that site can be determined (37).
For example, Fig. 5A shows data for the 760- and 1,410-base

FIG. 3. Overall repair of plasmid DNA. (A) Representative gels of whole-
plasmid repair experiments using three different strains. Supercoiled TRURAP
was isolated after various repair times (0, 1/2, 1, 3, or 6 h) and either cut (1) or
not (2) with T4 endo V. (B) Repair curves for the wt (E), rad23D (■), and rad1D
({) strains. Datum points are averages of three or more independent experi-
ments and were calculated as previously described (26, 35). Standard deviations
ranged from617% for the 0.5-h time point to65% for the 6-h repair time. Also
shown (dashed line) is the repair of TRURAP in an isogenic rad7D strain (26).
The data for the wt and rad1D strains are from Mueller and Smerdon (26).
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bands (Fig. 4 [solid and open arrowheads, respectively]) from
the EcoRI-SP6 autoradiogram for the rad23D and wt strains.
The slope of each line gives the first-order rate constant for
repair at these sites (37). Note that while wt cells repair these
sites quite quickly and extensively (95 and 79% after 6 h for the
760- and 1,410-base bands, respectively), the rad23D strain
repairs them quite slowly. However, even though the rate of
repair in the rad23D strain is quite low at these sites, there is
some repair (35% for the 760-base band and 11% for the
1,410-base band) after 6 h.
Repair rate constants for 40 different CPD sites in TRU

RAP for the rad23D strain and 43 sites for the wt strain were
determined (Fig. 5B). Average rate constants from the EcoRI
and XbaI gels are given in Fig. 5B (SP6 RNA probed on top
and T7 RNA probed on bottom). At almost all sites measured
on both strands, the rad23D strain shows very inefficient repair

FIG. 4. Site-specific repair gels. Autoradiograms of plasmid DNA from
rad23D cells that were isolated after various repair times, treated with restriction
enzyme and T4 endo V, and probed with strand-specific RNA probes are shown.
SP6-generated RNA probes the transcribed strand of the URA3 gene while
T7-generated RNA probes the opposite strand. Between each pair of gels is an
abbreviated map of TRURAP showing the location of the URA3 and interrupted
TRP1 genes. The arrows indicate the positions of the marker bands (M) (2,619,
1,576, 938, 615, and 186 bases [top to bottom]; see reference 37). Arrowheads
next to the EcoRI-SP6 panel indicate the CPD sites at bases 760 (solid) and 1410
(open) used in Fig. 5A.

FIG. 5. Repair rates in rad23D and wt cells. (A) Generation of repair rate
constants. The log10 of the percentage of the intensity of the no-repair sample,
corrected for loading, is plotted against the repair time for the 760- (circles) and
1,410-base (squares) bands (Fig. 4). Open symbols are for the rad23D strain, and
the solid symbols are for wt cells. The slopes of the linear regressions to the data
(lines) were taken as first-order rate constants for those sites (37). (B) Site-
specific repair map. The rate constants generated as described in the legend to
panel A for 40 (rad23D; E) and 43 (wt; F) (26) different CPD sites in TRURAP
are shown. The top panel shows data for the transcribed strand of URA3 (SP6
RNA probed), and the bottom panel shows data for the nontranscribed strand
(T7 RNA probed). Averages for the same sites and for between closely spaced
sites were taken from EcoRI- and XbaI-generated data. In between the panels is
a linear map of TRURAP, similar to that shown in Fig. 1A. Major tick marks on
the x axes are 500 bases apart, starting at the EcoRI site.
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rates compared with those of the wt strain. (A possible excep-
tion is observed at sites in the nontranscribed strand of URA3;
however, in this region, we measured somewhat less repair in
the wt strain in these experiments than we had obtained pre-
viously [37], and the very shallow slopes obtained for the repair
curves [Fig. 5A] are subject to systematic error.) Furthermore,
there is no apparent correlation with nucleosome position,
transcribed regions (Fig. 1A and 5B), or transcription rate (2,
36). Northern (RNA) blot analysis indicates that the rad23D
strain does indeed make all five RNAs from TRURAP in the
same proportion as that seen in wt cells (2) following at least 3
h of repair incubation (data not shown). However, there is
little (or no) strand-specific repair observed in the rad23D
strain, while the wt strain clearly carries out TRC, as previously
reported (37). This result is especially obvious in the region of
the URA3 gene (Fig. 5B).
Overall repair of genomic DNA. The results shown in Fig. 2

suggest that the rad23D strain should be partially competent at
repairing UV-induced photoproducts. This supposition would
agree with a previous report for rad23mutant strains that show
partial repair competence in genomic DNA (25). However,
since very inefficient repair occurs in the TRURAP plasmid,
we examined repair of CPDs in the genome overall. For these
experiments, cells were treated the same way as for the plasmid
repair experiments (described above), except genomic DNA
was isolated and treated with (or without) T4 endo V. The
DNA was separated on alkaline agarose gels and visualized
with ethidium bromide, and the number average molecular
length for each sample was determined from the photographic
negatives, which were calibrated for film response by an optical
density step filter (see reference 26 for details). These values
were used to calculate the average number of CPDs per kilo-
base and the extent of repair (see Materials and Methods)
(26). Typical gels for these experiments are shown in Fig. 6A.
In the T4 endo V-treated lanes, a shift in the intensity of the
smear of DNA toward higher molecular weights indicates re-
pair. As can be seen, this shift is visible in the gel containing
DNA from wt cells (e.g., compare the lanes marked with plus
signs for 0 and 6 h in the left panel of Fig. 6A). The gel from
the rad23D strain (Fig. 6A, right panel) shows a lower level of
repair compared with that for wt cells, evidenced by a less
pronounced shift of DNA toward larger sizes.
The average number of CPDs per kilobase was determined

from gel photos like those in Fig. 6A (26). As can be seen from
Fig. 6B, wt cells remove over 80% of the CPDs in genomic
DNA after 6 h, while the rad23D strain removes about 45% of
the CPDs during this time. Conversely, the rad1D strain re-
moves few (or no) CPDs from genomic DNA in this time
period (Fig. 6B) (26), as was observed for plasmid DNA (Fig.
3) (26). For comparison, the repair curves of plasmid DNA for
the wt and rad23D strains are also shown (Fig. 6B). The shaded
region in Fig. 6B shows the range of fits of repair time courses
for both plasmid and genomic DNA in an isogenic rad7D strain
(26). As can be seen, the time courses of repair for plasmid and
genomic DNA are similar for the wt, rad1D, and rad7D strains
(Fig. 6B) (26). However, these curves are significantly different
from that for the rad23D strain, indicating that the survival of
this mutant reflects repair of CPDs in genomic DNA (see
Discussion). The similarity of the genomic repair curves for the
rad7D and rad23D strains explains the similarity of the UV
survival curves for these strains (Fig. 2). Furthermore, suffi-
cient levels of undamaged plasmid are present (in the dose
range used in Fig. 2) to supply the required Ura3 protein in
UV survival experiments (see Discussion).
Repair of RPB2 in genomic DNA. In order to determine if

the absence of TRC in TRURAP reflects a lack of TRC in the

genome of the rad23D strain, we investigated repair of the
constitutively expressed genomic gene RPB2. This gene has
been used by others to monitor TRC in the yeast genome (38,
44). Once again, cells were treated as for the genomic DNA
repair experiments, except genomic DNA was digested with
restriction enzymes (PvuI and PvuII) prior to treatment with
(or without) T4 endo V. The DNA was separated on alkaline
agarose gels, transferred, and hybridized with a strand-specific
probe for the RPB2 gene (Fig. 1B). The CPD yield in the
5.2-kb band was measured by the method of Bohr et al. (3) to
determine the extent of repair.
Typical autoradiograms for wt and rad23D cells are shown in

Fig. 7A. As can be seen, the wt strain shows a marked strand

FIG. 6. Overall repair of genomic DNA. (A) Representative gels of genomic
DNA that was isolated from either wt (26) or rad23D cells after various repair
times (indicated in hours above the gels), treated (1) or not treated (2) with T4
endo V, and electrophoresed through alkaline agarose gels are shown. Marker
(M) is phage l DNA digested with HindIII. (B) Repair curves of genomic DNA
(solid lines) determined from gels such as those shown in panel A. E, wt cells; ■,
rad23D cells; {, rad1D cells. (Data for wt and rad1D cells are from reference 26.)
The data represent the means of three independent experiments. Standard
deviations range from 625% for the 0.5-h time point to 68% for the 6-h repair
time. Also shown are the repair curves for TRURAP in wt and rad23D cells
(dashed lines [Fig. 3]) and the range of fits to genomic and plasmid repair data
(shaded region) for an isogenic rad7D strain (26).
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bias in the repair of RPB2 (Fig. 7A), in agreement with past
reports (38, 44). However, for the rad23D strain (Fig. 7A), both
strands of this gene appear to be repaired poorly (i.e., not very
resistant to T4 endo V cutting even after 6 h). Quantitative
analysis of autoradiograms such as these (3, 27) indicates that
both strands of the RPB2 gene in the rad23D strain are re-
paired at a low level (about 15% after 6 h), with no significant
difference between the transcribed and nontranscribed strands
(Fig. 7B). In contrast, wt cells remove about 85% of the CPDs
from the transcribed strand, while only about 40% of the CPDs
are removed from the nontranscribed strand after the same
time period (Fig. 7B).

DISCUSSION

We have examined the repair of UV-induced CPDs in a
minichromosome (TRURAP) and in genomic DNA in a
rad23D mutant of S. cerevisiae. Only about 10% of the double-
stranded DNA in TRURAP (and;35% of the single-stranded
DNA in TRURAP) is not transcribed, and the five different
transcripts made are synthesized at different rates in wt cells (2,
36). Northern blot analysis (e.g., see reference 2) indicates that
these same RNAs are made in similar proportions in the
rad23D strain (data not shown). However, the mutant removes
only about 15% of the CPDs in plasmid DNA after 6 h com-
pared with .80% removed in its isogenic wt strain (Fig. 3). In
contrast, the rad23D mutant removes about 45% of the CPDs
from genomic DNA during this period, which is also lower
than that observed for wt cells (.80% in 6 h) (Fig. 6). In
addition, the rad23D mutant shows no TRC in the repair of
genomic gene RPB2, removing only about 15% of the CPDs
from each strand in 6 h compared with 85% and 40% CPDs
repaired in the transcribed and nontranscribed strands, respec-
tively, in wt cells (Fig. 7B).
The level of repair of the genome overall in the rad23D

strain is consistent with the UV survival of this strain (Fig. 2).
The UV survival curve of rad23D cells is very similar to that of
rad7D cells (26) and lies midway between those of the wt strain
and completely repair-defective strain rad1D, in agreement
with past reports (24, 25, 46). In contrast to the rad23D strain,
however, the rad7D strain yields similar repair curves for plas-
mid and genomic DNA (26) which are also similar to the curve
for genomic repair in the rad23D strain (Fig. 6B). This result
may be explained by consideration of the number of URA3
genes damaged in UV-irradiated cells. Assuming a Poisson
distribution, .10% of the plasmid molecules (and a larger
fraction of the URA3 genes) contain no CPDs in the UV dose
range used for the survival curves (Fig. 2). Therefore, even
though there is lower repair of CPDs in the plasmid compared
with that in the rad7D strain, sufficient levels of undamaged
URA3 genes may exist in the plasmid population (even after an
exposure of 50 J/m2) to complement the genomic ura3-52 de-
fect in the rad23D cells.
The enhanced repair efficiency of CPDs in the genome of

rad23D compared with that of the plasmid may reflect a dif-
ference in total transcribed regions in each (2, 16, 29) and/or
differential access by repair enzymes to extrachromosomal
DNA. It is interesting to note that in the rad23D mutant, the
level of repair after 6 h in the two different transcribed regions
studied (especially in the RPB2 gene) is lower than both the
level of repair in bulk DNA in the mutant and the nontran-
scribed strand of RPB2 in the wt strain (compare Fig. 6B and
7B). It may be that an RNA polymerase stalled at a CPD site
on the transcribed strand of a gene interferes with damage
recognition proteins involved in bulk DNA repair because of
the absence of an Mfd-like factor. If there is no dislodging of
the stalled RNA polymerase, then it could prevent recognition
of damage at that site by proteins scanning the DNA for
lesions. Indeed, in a defined in vitro system, Selby and Sancar
(32) observed that a stalled RNA polymerase inhibited the
action of the (A)BC excinuclease at the polymerase-blocking
CPD site. This inhibition was reversed when purified Mfd
protein was added to the system (33).
The lower repair in transcribed DNA of rad23D cells may

reflect an overall decrease of damage recognition and/or inci-
sion by repair proteins in this mutant. The recent report that
reconstitution of a damage-incision complex of purified yeast
proteins requires Rad23 supports this possibility (11). Tran-
scription-coupled repair in the rad23D mutant could be re-

FIG. 7. Repair in the RPB2 gene. (A) Representative autoradiograms show-
ing the full-length, 5.2-kb DNA fragment encompassing genomic gene RPB2.
Genomic DNA was isolated after various repair times (shown above the auto-
radiograms in hours), cut with PvuI and PvuII, and then treated with T4 endo V
(1) or not treated (2). The DNA was separated on alkaline agarose gels,
transferred, and hybridized with RNA probes specific for the transcribed (TS) or
nontranscribed (NTS) strands. (B) Repair curves of both strands of the RPB2
gene in wt (squares) and rad23D (circles) cells generated from autoradiograms
such as those shown in panel A. Solid symbols represent data for the transcribed
strand, and open symbols represent data for the nontranscribed strand (the
half-solid circle is for overlapping datum points). The symbols show the averages
of two (wt) or three (rad23D) independent experiments. Standard deviations for
the rad23D data range from 628% for the 0.5-h time point to 69% for the 6-h
time point.
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duced to a lower level of efficiency than that in the genome
overall (see above). If Rad23 is also involved in the repair of
bulk DNA (and nontranscribed strands of active genes), then
both strands of RPB2 would be repaired to the same low
extent, as was observed (compare Fig. 6B and 7B). The rate of
repair of the nontranscribed strand of RPB2 is also lower than
that of the genome overall in wt cells. Therefore, repair of the
nontranscribed strand of some active genes in wt cells may be
less efficient than that of the genome overall, and this differ-
ence may be maintained in rad23D cells.
Similar to our observation with rad23 cells, van Gool et al.

(41) found no significant difference in both the rates and ex-
tents of repair of CPDs in each strand of the RPB2 gene in a
rad26 disruption mutant. However, in contrast to our results,
repair of CPDs (and 6-4 photoproducts) in the genome overall
was unaffected in the rad26 strain (41). In addition, the dis-
ruption of the RAD26 gene did not change the UV sensitivity
from that of the wt strain. The data suggest that RAD26 is the
yeast equivalent of the mfd gene in E. coli (i.e., a TRC factor
in yeast cells). However, since at least 40% of the genome in
yeast cells is actively transcribed (e.g., see references 16 and
29), it would appear that if Rad26 is a global TRC factor (i.e.,
required for the repair of most transcribed genes), yeast cells
are still capable of efficiently removing the bulk of the DNA
damage in rad26 cells (41). This theory would also explain the
lack of effect of UV radiation on the survival of rad26 cells
(41).
It was shown that about 70% of the CPDs are repaired in

both strands of the RPB2 gene of rad26 cells after 2 h of repair
time (41) while about 15% of the CPDs were removed from
each strand in the rad23Dmutant (Fig. 7B). van Gool et al. (41)
speculate that yeast cells have another way besides the Rad26
pathway to release a stalled RNA polymerase, such as an
interaction with elongating replication enzymes, and that over-
all genomic repair could be unaffected by mutations in the
RAD26 gene. Thus, if replicative enzymes remove a stalled
RNA polymerase, both replicative synthesis and postreplica-
tion repair could contribute to the repair they observe. A
marked difference between those studies and the studies re-
ported here is the growth conditions used. van Gool et al. (41)
studied repair in actively growing rad26 cells, whereas we ex-
amined repair in growth-arrested rad23 cells suspended in wa-
ter (35), during which the removal of CPDs occurs only
through unassisted NER.
In another study, Masutani et al. (22) reported that one or

possibly two human homologs to RAD23 (HHR23B and
HHR23A) are associated with a protein complex that corrects
the bulk DNA repair defect of human cells from patients with
xeroderma pigmentosum (complementation group C; XPC).
Another protein in this complex is the product of the XPC-
complementing gene (designated XPCC), tentatively identified
as the human homolog of the yeast Rad4 protein (15, 21).
These results imply that at least one of the RAD23 homologs in
humans is involved in bulk DNA repair, as this mode of NER
is deficient in XPC cells (18, 42, 43). This observation also
supports our earlier suggestion that Rad23 is involved in NER
of the two different chromatin regions in yeast cells.
Finally, considering the similarity of the UV survival rates of

the rad7 and rad23 strains (Fig. 2), it is interesting to note that
their repair phenotypes are so different (Fig. 6B). The Rad7
protein is involved primarily in the repair of bulk DNA (26, 44,
45), whereas Rad23 affects both transcription-coupled and
bulk DNA repair in S. cerevisiae.
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