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The Rad23/Rad4 nucleotide excision repair (NER) protein

complex functions at an early stage of the NER reaction,

possibly promoting the recognition of damaged DNA. Here

we show that Rad4 protein is ubiquitinated and degraded

in response to ultraviolet (UV) radiation, and identify

a novel cullin-based E3 ubiquitin ligase required for this

process. We also show that this novel ubiquitin ligase

is required for optimal NER. Our results demonstrate

that optimal NER correlates with the ubiquitination

of Rad4 following UV radiation, but not its subsequent

degradation. Furthermore, we show that the ubiquitin–

proteasome pathway (UPP) regulates NER via two distinct

mechanisms. The first occurs independently of de novo

protein synthesis, and requires Rad23 and a nonproteo-

lytic function of the 19S regulatory complex of the 26S

proteasome. The second requires de novo protein synth-

esis, and relies on the activity of the newly identified

E3 ubiquitin ligase. These studies reveal that, following

UV radiation, NER is mediated by nonproteolytic activities

of the UPP, via the ubiquitin-like domain of Rad23 and UV

radiation-induced ubiquitination of Rad4.
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Introduction

The ubiquitin–proteasome pathway (UPP) is the major path-

way for degradation of cellular proteins (Pickart, 2004). This

occurs through two discrete steps: covalent attachment of

multiple ubiquitin molecules (conjugation) to target proteins,

and subsequent degradation of the tagged proteins by the 26S

proteasome (comprised of the catalytic 20S core and the 19S

regulator) (Glickman and Ciechanover, 2002). This canonical

role of the UPP is associated with housekeeping functions,

regulation of protein turnover, and antigenic-peptide genera-

tion (Ciechanover and Ben-Saadon, 2004). More recently, it

has become evident that both components of this pathway

have noncanonical (nonproteolytic) functions that include

the regulation of transcription (Ferdous et al, 2001, 2002;

Salghetti et al, 2001; Gonzalez et al, 2002; Gillette et al, 2004),

endocytosis (Strous and Govers, 1999), and DNA repair

(Russell et al, 1999; Gillette et al, 2001; Dupre et al, 2004).

Nucleotide excision repair (NER) removes lesions in

DNA caused by ultraviolet (UV) light. This process requires

the coordinated activity of over 30 proteins, the majority

of which are conserved from yeast to man. Defective NER

has been documented in the hereditary cancer-prone disease

Xeroderma pigmentosum (XP) and is the primary cellular

phenotype of the disease (Hanawalt, 2001). The frequent

association of the XP homozygous state with various

types of skin cancers established the importance of NER

as a fundamental mechanism for protecting the functional

integrity of the human genome (Friedberg, 2001).

In the yeast Saccharomyces cerevisiae, the ubiquitin-like

(Ubl) domain of the NER protein Rad23 is required for

survival after exposure to UV light (Watkins et al, 1993;

Russell et al, 1999). One of the first links between the UPP

and NER was the observation that the Ubl domain of

Rad23 protein interacted directly with the 26S proteasome

(Schauber et al, 1998). We previously demonstrated that the

19S regulatory complex (19S RC) of the 26S proteasome has a

nonproteolytic function in NER that is mediated through the

Ubl domain of Rad23 protein (Russell et al, 1999). In vivo,

the 19S RC negatively regulates the rate of lesion removal

during NER. Rad23-deleted cells show reduced rates of exci-

sion of UV-radiation-induced DNA damage, and reduced

UV survival. However, this phenotype is significantly rescued

by introducing mutations in specific 19S RC subunits (Gillette

et al, 2001). Importantly, mutations in 20S core proteasome

subunits, which promote a severe defect in proteolysis, fail

to rescue the NER deficiency associated with rad23-deleted

cells (Gillette et al, 2001). These findings and more recent

observations indicate that defective proteolysis does not

correlate with the ability to rescue the NER deficiency

associated with deletion of the RAD23 gene (Ortolan et al,

2004; Xie et al, 2004).

Here we demonstrate that Rad4 is targeted for degradation

by the 26S proteasome following UV radiation. We show that

a novel cullin-based E3 ubiquitin ligase ubiquitinates Rad4

following UV, and demonstrate that cellular survival after

UV correlates with the ubiquitination of Rad4, but not its

subsequent degradation. Finally, we show that two pathways

that are distinct in their requirements for de novo protein

synthesis regulate the NER response to UV radiation. Pathway

I operates independently of de novo protein synthesis, while

pathway II relies on de novo protein synthesis. We show that

pathway I is regulated by the previously reported nonproteo-

lytic activity of the 19S RC and the Ubl domain of Rad23,

while pathway II requires the activity of the newly described

E3 ligase. These studies demonstrate that nonproteolytic

activities of the ubiquitin/proteasome system operate via
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two distinct pathways during NER, and reveal novel insights

about the regulation of NER in response to UV radiation.

Results

Rad4 protein is degraded by the UPP in response to UV

It has been suggested that, following exposure of cells to UV

irradiation, the proteolytic degradation of Rad4 is attenuated,

resulting in accumulation of this repair factor and enhanced

NER (Lommel et al, 2002; Ng et al, 2003). A similar model

was originally proposed for the Rad4 homologue, XPC. More

recent evidence using an antibody to the endogenous protein

suggests that XPC is stable, with a half-life of over 6 h (Okuda

et al, 2004). Since both of these earlier reports employed

overexpressed, epitope-tagged versions of Rad4/XPC, we

wanted to examine the stability of native Rad4 protein

following exposure of cells to UV light, using an antibody

specific to endogenously expressed Rad4 protein.

In the absence of UV light, the steady-state level of Rad4

protein does not alter significantly over a 3-h period following

incubation of cells with the protein synthesis inhibitor

cycloheximide, indicating that, like XPC, Rad4 protein is

stable during this time period, and is not rapidly turned

over by the proteasome (Figure 1A, top). Figure 1A (bottom)

shows that, under the same conditions, an unrelated protein

with a shorter half-life, cyclophilin A, shows a decrease in

steady-state levels over the 3-h period, demonstrating the

activity of the cycloheximide in blocking protein synthesis

during the experiment.

It has been suggested that, in the absence of Rad23, Rad4

protein is rapidly degraded (Lommel et al, 2002). This was

based on the observation that steady-state levels of epitope-

tagged Rad4 are significantly reduced in rad23-deleted cells.

We observed that the steady-state levels of native Rad4

(in the absence of cycloheximide) are also reduced in a

Drad23 strain (Figure 1B). We used the protein synthesis

inhibitor cycloheximide to examine whether the lower steady-

state levels of native Rad4 were due to increased turnover of

Rad4 in the absence of its interacting partner Rad23.

Surprisingly, the steady-state level of Rad4 protein in this

strain did not alter significantly over a 4-h period following

incubation of cells with the protein synthesis inhibitor cyclo-

heximide (Figure 1C). We confirmed these observations in

the absence of cycloheximide by performing pulse-chase

experiments following the metabolic radiolabelling of cellular

proteins and found the half-life of Rad4 to be between 3

and 4 h both in wild-type (WT) and rad23-deleted cells (see

Supplementary data). These results show that the reduced

levels of Rad4 observed in rad23-deleted cells are not due to a

reduction in the half-life of Rad4. To determine the cause of

reduced Rad4 levels in rad23-deleted cells, we investigated

the transcriptional levels of Rad4 in WT and rad23-deleted
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Figure 1 Post-UV degradation of Rad4 is dependent on proteolysis. (A) Anti-Rad4 Western blot of WGC4a (WT) extracts from a strain grown in
the protein synthesis inhibitor cycloheximide for the time indicated (h), along with an anti-cyclophilin control of the same blot. (B) Anti-Rad4
Western blot showing the relative steady-state levels of Rad4 in a WT and Drad23 mutant strain. The bottom panel shows anti-cyclophilin
loading control. (C) Anti-Rad4 Western blot of Drad23 extracts from a strain grown in the protein synthesis inhibitor cycloheximide for the time
indicated (h), along with an anti-cyclophilin control of the same blot. (D) Anti-Rad4 Western blot of WGC4a (WT) extracts from a strain either
unirradiated (�) or UV irradiated (40 J) and allowed to recover for the times indicated (h), along with an anti-cyclophilin control of the same
blot. (E) Anti-Rad4 Western blot of pre 1-1, pre 4-1 extracts from cells either unirradiated (�) or UV irradiated (40 J) and allowed to recover
for the times indicated (h). (F) Deletion of genes encoding the ECS ligase components results in stabilization of Rad4 post-UV. Anti-Rad4
Western blots of extracts from Research Genetics mutant strains listed either unirradiated (�) or UV irradiated and allowed to repair for
the times indicated (h). (G) Northern blot analysis of RAD4 transcript levels in the indicated strains. ACT1 transcript levels are shown as a
loading control.
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cells. Northern blot analysis revealed that Rad4 transcript

levels are significantly reduced in rad23-deleted cells com-

pared with WT cells (Figure 1G). We conclude that the

reduced levels of Rad4 protein in rad23-deleted cells are

due to reduced Rad4 transcript levels, and not due to the

increased proteolytic degradation of Rad4 in the absence of

its interacting partner Rad23.

In contrast to earlier studies which used ectopically ex-

pressed Rad4, we found that endogenously expressed Rad4

protein is not stabilized after UV treatment; rather, it is

rapidly degraded following exposure to UV light. Figure 1D

(top) shows the decrease in steady-state levels of Rad4

protein over a 3-h period following exposure of WT cells to

UV radiation. Rad4 steady-state levels returned to the pre-UV

state within 5–6 h following UV irradiation (data not shown).

The steady-state level of cyclophilin remains unchanged

following exposure of cells to UV light Figure 1D (bottom).

We do not detect a ladder of polyubiquitinated Rad4 follow-

ing UV radiation, but longer running of samples on 5–15%

gradient SDS–PAGE gels revealed the presence of a higher

molecular weight form of Rad4, which is consistent with the

conjugation of a single ubiquitin (Supplementary data S4).

Using an isogenic strain carrying conditional mutations in

two subunits of the 20S proteasome (pre1-1, pre4-1), we

confirmed that the UV-dependent degradation of Rad4 protein

is mediated by the proteolytic activity of the 26S proteasome.

This temperature-sensitive strain shows a marked decrease in

the ability to degrade proteins that have been targeted by the

ubiquitin-dependent proteolytic pathway even at tempera-

tures permissive for growth (Russell and Johnston, 2001).

Figure 1E shows that in the pre1-1, pre4-1 strain, Rad4 protein

steady-state levels do not alter following exposure to UV

light. We also examined the stability of Rad4 protein post-

UV radiation using a chemical approach. The proteolytic

function of the 26S proteasome can be inhibited in yeast

strains mutated in the ise1 gene by growing cells in the

presence of the aldehyde peptide inhibitor (MG132) (Lee

and Goldberg, 1996). Inhibition of proteolysis using this

method also resulted in a stabilization of Rad4 protein

following UV radiation (data not shown). These data show

that endogenous Rad4 protein is targeted for degradation by

the UPP in a UV-dependent fashion. This observation may

have been overlooked in earlier studies due to the inherent

instability of the epitope-tagged Rad4 protein used (Lommel

et al, 2002; Ortolan et al, 2004).

UV-dependent degradation of Rad4 requires a novel

cullin-based E3 ubiquitin ligase

Genetic and biochemical evidence suggests that, in addition

to its ATPase activity (which is fundamental to the role of

Rad16 in an early stage of the global genome repair (GGR)

mechanism), the Rad7/Rad16 complex in concert with Elc1

may also have an additional, separate function as an E3

ubiquitin ligase (Ramsey et al, 2004). Previous studies have

shown that a specific component of the cullin-based E3

ubiquitin ligases functions as a substrate-specific adaptor,

the protein target usually interacting with the adaptor

through a protein–protein interacting domain such as an

SH2 domain or a leucine-rich repeat (LRR) motif. Previous

protein–protein interaction studies predicted that Rad4 might

be a primary target for this putative Rad7-containing E3

ligase, since it was shown that the LRR domain of Rad7 is

required for a two-hybrid interaction between Rad7 and Rad4

(Wang et al, 1997; Pintard et al, 2004). To test whether this

putative E3 ligase is required for the degradation of Rad4

protein in response to UV radiation in vivo, we deleted or

mutated individual components of the Rad7 E3 ligase.

Deletion of any of the components of the Rad7-containing

E3 ubiquitin ligase resulted in stabilization of Rad4 protein

following exposure of these cells to UV light. Figure 1F shows

that steady-state levels of Rad4 protein are stable following

UV in the Delc1 strain, showing that Elc1 protein is required

for the degradation of Rad4 protein after UV. Steady-state

levels of Rad4 protein were also stable in mutants defective

in each of the other predicted components of the Elongin–

Cullin–Socs-box (ECS) ligase complex, including Rad7 and

Rad16 proteins (Figure 1F). Rad7 is an SOCS box-containing

protein (Ho et al, 2002), suggesting that the Rad7 E3 ligase

may be a novel member of the cullin-based ECS-type E3

ubiquitin ligases, a subclass of the Skp1–Cullin–F-box (SCF)

type family of ubiquitin ligases. Therefore, we examined a

number of cullin mutants, including cul3- and cul8-deleted

strains and crl2, 4, and 7 temperature-sensitive mutants. We

showed that CUL3 was uniquely required for the degradation

of Rad4 protein following UV irradiation (Figure 1F, second

to bottom panel). Deletion of an unrelated SOCS box gene,

ELA1, did not result in the stabilization of Rad4 protein after

UV (Figure 1F, bottom panel). We also examined the effect of

other mutants on Rad4 stability post-UV, including the E2

encoding genes UBC4, UBC5, RAD6, and the cullin CUL8.

Deletion of these genes did not result in the stabilization of

Rad4 protein after UV (data not shown). This demonstrates

that the inhibition of Rad4 protein degradation post-UV is

specifically related to deletion of the genes that encode

components of the cullin-based Rad7-containing E3 ligase

complex.

Rad7 is a component of a cullin-based E3 ubiquitin

ligase

The physical interaction of Rad7, Rad16, Elc1, and Cul3

proteins was confirmed by co-immunoprecipitation. A Rad7

polyclonal antibody was used to immunoprecipitate Rad7

protein from a WT extract. Figure 2A shows that, following

immunoprecipitation and Western blotting, Rad16 protein co-

precipitates with Rad7 protein in the WT extract. We found

that, in addition to Elc1 protein, Cul3 protein also co-pre-

cipitated with Rad7 protein. A significant amount of both Elc1

and Cul3 proteins do not co-precipitate with Rad7 protein.

It is likely that they associate with other protein complexes,

possibly functioning in different ubiquitin ligases. None of

these proteins immunoprecipitated in the control experiment

using an extract from Drad7 cells (Figure 2A, right panel).

The specificity of the antibodies used was determined by

comparing the Western blots of either WT or mutant extracts

prepared from strains deleted of the corresponding genes

(Supplementary data S1). The detection of Cul3, Elc1, and

Rad16 proteins co-precipitating with Rad7 protein further

suggests that this complex is a member of the cullin-based

family of E3 ubiquitin ligases.

The Rad7-containing E3 ligase complex ubiquitinates

Rad4 in vitro

Collectively, the above observations suggest the existence of

a complex of proteins that constitute a novel E3 (ECS-type)

NER and the proteasome
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ubiquitin ligase. Previous studies describing the architecture

of cullin-based E3 ligases and our genetic evidence suggest

that Rad4 is a primary target of this E3 ligase (Wang et al,

1997; Pintard et al, 2004). We performed biochemical experi-

ments to examine this. Previously, we described the purifica-

tion of epitope-tagged Rad7 protein (Reed et al, 1999). Cul3

and Elc1 proteins co-purify with Rad7 and Rad16 proteins

through a number of chromatographic steps that include

Ni-NTA, p-11, DEAE Sephacel, and Mono-Q columns. This

results in a nearly 15 000-fold enrichment of Rad7/Rad16.

Western blotting showed that fractions eluted from the mono-

Q column of the Rad7 protein purification (Reed et al, 1998;

Figure 2B) contain Rad7, Rad16, Elc1, and Cul3 proteins. We

expressed Rad4 protein using a coupled transcription/trans-

lation system. The peak mono-Q fractions (Figure 2B, lanes 9

and 10) were added to in vitro expressed Rad4 protein in an

ubiquitination assay. Figure 2C shows that these fractions

were capable of supporting the ubiquitination of Rad4 protein

in vitro. The addition of an antibody specific to Rad7 (or a

Rad16-specific antibody, data not shown) inhibited this

activity (Figure 2C, second to last lane), confirming that the

ubiquitin ligase function was dependent specifically on the

E3 ligase complex and was not an unrelated contaminant.

A non-specific antibody (Figure 2C, last lane) or preimmune

serum (data not shown) had no effect.

Post-UV Rad4 degradation does not correlate

with UV survival

To determine the influence of Rad4 protein stability on

cellular survival after UV, we examined UV survival in

deletion strains for each of the components of the ECS ligase.

Rad4 steady-state levels are stable post-UV in each of the

deletion strains (Figure 1F), but the effect on UV survival

varies (Figure 3A). In the case of Drad7 (Figure 3A) and

Drad16 (data not shown) strains, UV survival is significantly

reduced following exposure of these mutants to UV light, as

expected (Verhage et al, 1996). However, Delc1- and Dcul3-

deleted cells are not significantly UV sensitive (Figure 3A).

This shows that, under the conditions tested, loss of the E3

ligase activity does not significantly affect UV survival. We

speculated that site-directed mutations made to the SOCS box

domain of the Rad7 protein might specifically affect its E3

ligase activity, leaving intact its fundamental role in GGR

(Figure 3B). Rad4 protein stability and UV survival of a Drad7

strain carrying a centromeric plasmid coding for WT Rad7

(pRad7) or the SOCS box-mutated Rad7 (psocs) proteins are

shown in Figure 3C and D, respectively. The psocs strain

exhibits stabilization of Rad4 protein post-UV (Figure 3C).

However, the psocs strain, like those carrying deletions in

Elc1 and Cul3, is not sensitive to UV (Figure 3A and D). These

results demonstrate that altering the stability of Rad4 protein

in response to UV does not affect UV survival in yeast.

SOCS-mutated rad7 cells fail to ubiquitinate

Rad4 after UV radiation

To determine whether the Rad7 E3 ubiquitin ligase is required

for the ubiquitination of Rad4 protein in response to UV

radiation in vivo, we immunoprecipitated Rad4 protein in

a strain expressing Myc epitope-tagged ubiquitin protein

(Hochstrasser et al, 1991) and either WT Rad7 or SOCS

box-mutated Rad7 (psocs) proteins. Immunoprecipitation of

Rad4 protein was followed by Western blotting with anti-Myc

antibody to detect the presence of Myc-tagged ubiquitin.

Figure 3E shows that Rad4 protein is ubiquitinated in re-

sponse to UV in the pRAD7 strain (Figure 3E, lower right

panel), but not in the psocs strain (Figure 3E, lower left

panel). Reprobing the same blot with anti-Rad4 antibody

confirmed the position of Rad4 protein (Figure 3E, upper

left and right panels). This result was confirmed in an

independent Rad4 co-immunoprecipitation experiment

using an antibody raised against ubiquitin by genetic immu-

nization (Chambers and Johnston, 2003; Supplementary data

S2). This result demonstrates that the Rad7 E3 ligase activity

is required for the ubiquitination of Rad4 protein in response

to UV radiation in vivo.

The Rad7-containing E3 ubiquitin ligase regulates

NER in the absence of Rad23

Collectively, our results show that the Rad7-containing E3

ubiquitin ligase targets Rad4 protein for ubiquitination in

response to UV radiation, but neither the ubiquitination nor
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the UV-dependent degradation of Rad4 correlate with cellular

survival following UV radiation. Therefore, what is the sig-

nificance of the Rad7 E3 ubiquitin ligase on NER and UV

survival? Since Rad4 and Rad23 are interacting partners and

Rad23 has a Ubl domain that is required for normal rates of

NER, we tested whether ubiquitination of Rad4 plays a role in

UV survival in the absence of Rad23. Figure 4A shows that a

Drad23 strain carrying an additional mutation in the SOCS

box domain of Rad7 protein is more sensitive to UV than a

strain deleted only in the RAD23 gene. Figure 4B confirms

that, following UV, Rad4 protein is degraded in the Drad23

mutant (Drad23/pRAD7), but in the Drad23/psocs strain Rad4

protein is stable. It is interesting to note that, while the

steady-state levels of Rad4 are lower in the Drad23 mutant,

the increased steady-state levels of Rad4 in the psocs mutant

do not result in an increase in UV survival. This is not

surprising, since we and others have previously shown that

inhibiting the proteolytic activity of the 26S proteasome does

not significantly influence NER in a Drad23 strain (Gillette

et al, 2001; Lommel et al, 2002). We conclude that the effect

of the Rad7-containing E3 ligase on UV survival correlates

with its ability to ubiquitinate Rad4 protein. Figure 4C shows

that a Drad23 mutant additionally mutated in the Elongin C

component of the ECS ligase, elc1, also demonstrates an

increased UV sensitivity. This suggests that the increase in

UV sensitivity in the psocs mutant is due specifically to the

loss of Rad7-containing E3 ligase activity, and is not an

unrelated activity of the Rad7 protein. Furthermore, this

effect is specific to genes encoding components of the

Rad7-containing E3 ligase, since Drad23 strains additionally

mutated in an unrelated SOCS box gene, Ela1, do not exhibit

this phenotype (Figure 4C). These results show that the effect

of the E3 ubiquitin ligase on UV survival includes the

ubiquitination of Rad4 protein in response to UV. They also

demonstrate that the Rad7-containing E3 ligase and Rad23

proteins have overlapping functions in UV survival (Bertolaet

et al, 2001a; Gillette et al, 2001).

The Rad23 protein has two functional domains that sig-

nificantly influence NER: the Ubl domain and the C-terminal

Rad4 protein interacting domain (Bertolaet et al, 2001a, b;

Gillette et al, 2001). The UBA domain of Rad23 does not

appear to have a significant influence on NER (Bertolaet et al,

2001b), although a more recent study suggests that there

might be some role for this domain in UV survival (Heessen

et al, 2005). We next examined whether the overlapping

function of Rad23 and the Rad7 E3 ligase activity was

associated with the Ubl domain of Rad23. Figure 5A shows

that an E3 ligase defective strain (psocs) expressing a Ubl-

deleted version of Rad23 (Dubl) protein also exhibits in-

creased UV sensitivity compared to a strain expressing Ubl-

deleted Rad23 protein alone. This shows that the increased

UV sensitivity of Drad23 mutants additionally defective in the

Rad7 E3 ubiquitin ligase activity (psocs) is specifically related

to the loss of the Ubl domain of Rad23 protein.
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The Rad7 E3 ligase functions in a pathway different

from the Rad23/19S RC activity

Mutations in specific 19S RC subunits including sug2-1 can

rescue the defect in lesion removal caused by the loss of the

ubl domain of Rad23 protein (Gillette et al, 2001). Since our

observations show that the roles of Rad23 and the Rad7 E3

ligase functionally overlap, we reasoned that, in the absence

of Rad23, ubiquitination of Rad4 could compensate for the

loss of the Rad23 ubl domain, either by recruiting the 19S RC

or functionally influencing the 19S RC activity. We tested this

hypothesis by adding the sug2-1 mutation to the UV-sensitive

Drad23, psocs, strain. Adding the 19S RC mutation to the

Drad23, psocs strain could result in a number of different

outcomes. Conceivably, it could have no effect on UV survi-

val of the Drad23, psocs strain (if the function of the E3 ligase

was to recruit the 19S RC), or it could rescue UV sensitivity to

the same level as the Drad23, sug2-1 mutant strain (if the E3

ligase functionally affected the 19S activity). Finally, it could

result in an intermediate UV phenotype (which would be

consistent with a function that was independent of the 19S RC

activity). Figure 5B shows that the sug2-1 mutation displays

an intermediate UV phenotype, partially rescuing the psocs,

Drad23 double mutant, but to a level less than the Drad23,

sug2-1 strain. This observation is consistent with the Rad7-

containing E3 ligase activity functioning in a pathway differ-

ent from the Rad23/19S activity. An alternative interpretation

is that the 19S mutant, which partially rescues the Drad23

phenotype, can no longer rescue the Drad23 phenotype in the

background of a pSOCS strain, but now instead partially

rescues the loss of Rad7 E3 ligase function. We do not favour

this interpretation.

NER in Drad23 cells requires de novo protein synthesis

Since the Rad7-containing E3 ligase activity functions in a

pathway different from the Rad23/19S RC activity, we next

turned our attention to exploring how these two pathways

might differ. In the absence of Rad23 protein, the rate of NER

is markedly reduced (Mueller and Smerdon, 1996). Optimal

rates of NER in yeast cells are determined by two compo-

nents, one that requires de novo protein synthesis and the

other that does not (Waters et al, 1993; Al-Moghrabi et al,

2003). We speculated that the slow rate of NER observed in

Drad23 cells might result from the loss of one of these

components. It has been shown previously that blocking

protein synthesis with cycloheximide reduces the efficiency

of NER in yeast (Al-Moghrabi et al, 2003). We confirmed this

observation by pretreating cells with cycloheximide prior to,

and following exposure to, UV radiation, and measuring

cyclobutane pyrimidine dimer (CPD) removal from the gen-

ome overall in a WT strain (Figure 6). We confirmed the

inhibition of de novo protein synthesis by cycloheximide by

examining cyclophilin levels as described earlier (Figure 1).

Cycloheximide reduced the efficiency of CPD removal during

NER in response to UV radiation over the 3-h period exam-

ined, confirming earlier studies (Al-Moghrabi et al, 2003). In
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contrast to WT cells, when Drad23 cells were treated with

cycloheximide prior to UV irradiation, the rate of lesion

removal was reduced to almost undetectable levels

(Figure 6). Pretreating Drad23 cells with cycloheximide

does not affect Rad4 protein levels (Figure 1A). These results

demonstrate that NER in Drad23 cells is dependent on

de novo protein synthesis.

The Rad23-mediated nonproteolytic activity of the 19S

RC regulates NER pathway I

Mutations in the 19S RC accelerate the rate of lesion removal

in Drad23 cells (Gillette et al, 2001). To determine whether

de novo protein synthesis is necessary for this phenomenon,

we examined repair in Drad23, sug1-20 double-mutant cells

in the presence and absence of cycloheximide. Figure 6 shows

that lesion removal in Drad23 cells is rescued by specific

mutations in the 19S RC even in the presence of cyclohex-

imide, indicating that this component of the NER response

occurs independently of de novo protein synthesis.

Collectively, these observations indicate that there are two

components to the NER response to UV damage: pathway I

occurs independently of de novo protein synthesis; pathway II

is dependent on de novo protein synthesis. Pathway I is

coregulated by Rad23, which functions, in part, by attenuat-

ing the inhibitory effect of the 19S RC on the rate of lesion

removal (see Figure 7; Gillette et al, 2001).

The Rad7 E3 ubiquitin ligase regulates NER pathway II

The dependence of pathway II on de novo protein synthesis

suggests that it may be part of a transcriptional response that

operates following UV radiation. To examine whether the

Rad7-containing E3 ligase regulates the cycloheximide-

dependent pathway (pathway II), we examined the rate of

UV lesion removal in the Rad7-containing E3 ligase-mutated

strain. While UV survival is normal in the psocs strain, careful

examination of UV lesion removal shows a slight decrease in

the amount of lesion removal at later time points (Figure 6).

In contrast to the WT strain, the (reduced) level of lesion

removal observed in the psocs strain is not affected by

cycloheximide. This suggests that the psocs strain is specifi-

cally defective in pathway II that requires de novo protein

synthesis. Consistent with this interpretation, NER in the

psocs, Drad23 double mutant is almost undetectable, and is

not affected by the addition of cycloheximide (Figure 6).

Figure 6 Time course of CPD removal as measured by slot blot
assay (see Materials and methods). Strains indicated were treated
with cycloheximide (þ ) or untreated (�). Times indicated refer to
recovery times post-UV (h).

Figure 7 Regulation of the parallel pathways that regulate the NER response to UV. Pathway I is regulated by Rad23 and operates
independently of de novo protein synthesis. Rad23 functions, in part, by attenuating the inhibitory effect of the 19S proteasome on the
rate of lesion removal. Pathway II relies on de novo protein synthesis and the ubiquitination of Rad4 via the action of the ECS ligase, depicted
in the centre of the figure. Subsequently, Rad4 is degraded via the 26S proteasome, with de novo synthesis eventually restoring Rad4 to its
pre-UV levels.
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Discussion

We have demonstrated that, after exposing cells to UV radia-

tion, the NER response is comprised of two components,

based on their requirement for de novo protein synthesis.

Pathway I requires the interaction of Rad23 protein and the

19S RC, and functions independently of de novo protein

synthesis. Pathway II requires the novel Rad7-containing E3

ubiquitin ligase and depends on de novo protein synthesis.

Both pathways require distinct nonproteolytic activities of the

UPP system (see Figure 7). Our observations show that the

NER defect associated with Drad23 cells is related to the rate

at which DNA damage is removed after UV, which likely

accounts for the moderate UV sensitivity of the Drad23 strain.

Adding cycloheximide to Drad23 cells severely reduces repair,

showing that NER in these cells is dependent on de novo

protein synthesis. In contrast, a strain expressing a Rad7

protein mutated in the SOCS box domain relies on pathway

I for NER. The rate of repair in this mutant strain is reduced at

later times after UV radiation, and is not affected by the

addition of cycloheximide. No significant effect on UV survi-

val is observed in the Rad7-containing E3 ligase mutant strain

(rad7, socs), suggesting that, under the conditions tested,

pathway I primarily influences UV survival. A strain lacking

both Rad23 and the Rad7-containing ECS E3 ligase activity

shows a decrease in UV survival and almost no lesion

removal in the time periods examined. UV survival in this

strain is not as sensitive as a strain mutated in a core NER

factor. This suggests that, while these pathways regulate the

rate of NER, a low level of NER still occurs.

The NER and the UPPs combine to promote efficient DNA

repair and UV survival (Schauber et al, 1998; Russell et al,

1999; Bertolaet et al, 2001b; Gillette et al, 2001; Lommel

et al, 2002; Ng et al, 2002; Sweder and Madura, 2002; Ramsey

et al, 2004). Rad23 protein coordinates these two systems.

Our earlier work revealed a nonproteolytic activity of the 19S

RC that functioned in NER. Significantly, inhibition of pro-

teolysis both in vivo and in vitro had no effect on NER even in

the absence of Rad23 (Russell et al, 1999; Gillette et al, 2001).

However, specific defects in the 19S RC can partially

rescue the loss of NER function of a strain lacking Rad23

(Gillette et al, 2001). Here we show that this rescue occurs

independently of de novo protein synthesis, suggesting

that the nonproteolytic role of the 19S RC specifically func-

tions in pathway I.

An understanding of the relationship between NER and the

proteasome has been made difficult following reports sug-

gesting that the levels of the mouse XPC protein and its yeast

homolog Rad4 protein are modulated by proteolysis (Lommel

et al, 2002; Ng et al, 2003). It was also suggested that the

stabilization of both proteins in response to DNA damage

regulated NER and UV survival. In both cases, these studies

involved the use of tagged versions of XPC and Rad4 proteins.

In both instances, the epitope-tagged proteins have reduced

half-lives compared to the endogenous proteins. Exposure

of cells containing these tagged proteins to UV radiation

results in what is interpreted to be a transient stabilization

of XPC/Rad4 protein. These results led to a model in

which proteolysis by the 26S proteasome was responsible

for the continual turnover of Rad4/XPC protein. The model

suggested that, following UV damage, proteolytic degrada-

tion of Rad4/XPC protein by the 26S proteasome was

attenuated, resulting in accumulation of this repair

factor and enhancement of NER (Lommel et al, 2002; Ng

et al, 2003).

In contrast, our studies show that this is not the case when

antibodies against endogenous Rad4 protein are used. We

show that native Rad4 protein is stable, with a half-life of

around 4 h (Figure 1A and Supplementary data S3). Upon UV

exposure, steady-state levels of Rad4 protein rapidly de-

crease, due to increased proteolysis by the proteasome. It is

known that the Ubl domain and the Rad4 interacting domain

of Rad23 protein are functionally distinct (Bertolaet et al,

2001a, b; Gillette et al, 2001), and it has been suggested that

the Rad4-binding domain of Rad23 protected Rad4 from

degradation by the 26S proteasome. It is clear that, in the

absence of Rad23, steady-state levels of Rad4 are reduced, but

the cause of reduced Rad4 levels and whether they directly

affect NER have not been established. We show that the

reduced levels of Rad4 in Rad23-deleted cells are not due to

increased proteolysis of Rad4 in these cells, but rather due to

reduced production of Rad4 transcript. Our results reveal the

mechanism of reduced Rad4 levels in these cells. Although

Rad4 protein levels are reduced in Drad23 cells, stabilization

of Rad4 in proteolytic defective mutants has no effect on the

NER defective phenotype of a Drad23 strain. Others have

shown that overexpressing Rad4 in a Drad23 background has

only a minor affect in rescuing UV survival (Xie et al, 2004).

These observations suggest that stabilization of Rad4 per se

plays no significant role in UV survival. The relationship

between steady-state levels of Rad23 and its binding partner

is also observed in mammalian cells, where the lack of

hHR23A/B results in lowered steady-state levels of XPC (Ng

et al, 2003; Okuda et al, 2004). However, unlike yeast, in

mammalian cells the half-life of XPC decreases (Okuda et al,

2004). At present it is unclear whether proteolysis plays a role

in mammalian NER.

We identified Rad7, Rad16, Elc1, and Cul3 as part of an

ECS-type E3 ubiquitin ligase that ubiquitinates Rad4 protein

following exposure of cells to UV radiation. This complex

ubiquitinates Rad4 protein in vitro. We do not observe a

ladder of ubiquitination in the in vitro reaction, nor in vivo.

However, Rad4 is degraded by the 26S proteasome in vivo,

suggesting that polyubiquitination does occur. Specific point

mutations within the conserved SOCS domain of Rad7 pro-

tein inhibit the UV-induced ubiquitination of Rad4 protein in

vivo. Our results show that the rad7, psocs mutation increases

the UV sensitivity of a Drad23 strain, even though Rad4

protein is stabilized. In contrast, stabilization of Rad4 protein

in the Drad23 strain, by direct inhibition of 26S proteasome

proteolytic activity, has no effect on NER (see Figure 4;

Gillette et al, 2001). These observations show that the

changes observed in the stability of Rad4 protein in response

to UV do not influence NER and UV survival. Therefore, it is

possible to differentiate between the effect of Rad4 protein

ubiquitination and Rad4 protein degradation on NER and

UV survival. Ubiquitination of Rad4 protein in response

to UV specifically regulates NER via a pathway that requires

de novo protein synthesis. This event directly influences

NER and UV survival. Rad4 protein is subsequently degraded

by the UPP, and this event does not directly influence

NER or UV survival. We suggest that this mechanism

restores cellular Rad4 protein levels to the un-ubiquitinated,

pre-UV state.
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Speculation

The two major NER pathways, transcription-coupled repair

(TCR) and GGR are functionally conserved in yeast and

human cells (Hoeijmakers, 1993). In yeast, Rad7 and Rad16

specifically function in the GGR pathway (Verhage et al,

1996). No structural homologues for these proteins

have been found in mammalian cells. Recently, however,

Groisman et al (2003) have isolated two distinct protein

complexes that differ only in that one contains the DDB2

protein and the other CSA. The DDB1/2 complex functions in

GGR and the DDB1/CSA complex in TCR. Both of these

complexes contain a cullin (Cull4a) and a RING-finger

protein (Roc1), and both are components of cullin-based E3

ubiquitin ligases (Pintard et al, 2004; Willems et al, 2004). It

has been shown that this novel E3 ligase ubiquitinates XPC,

the mammalian homologue of Rad4 protein (Sugasawa et al,

2005). The authors demonstrate that it is the ubiquitination

of XPC protein that influences NER rather than degradation

of the protein. XPC protein ubiquitination alters the DNA

damage binding characteristics of the XPC/Rad23/centrin

complex, and this may alter the way in which NER promotes

lesion recognition. These observations suggest striking

parallels between the regulation of NER in the yeast and

human systems. It appears that functional conservation of the

major NER pathways may have been maintained.

Materials and methods

Yeast strains and plasmids
The yeast strains used in this study are WCG4a (WT) and YH129/14
(pre1-1 pre4-1) (Gillette et al, 2001). Research Genetics parental
strain BY4741, 2782 (Delc1), 1982 (Dela1), 4633 (Dcul3), Sc507
(WT), Sc507R7 (Drad7) and Sc507R23 (Drad23) were described
(Gillette et al, 2001). The deletion of RAD23 in the Research
Genetics strains were constructed as described (Gillette et al, 2001).
Creation of the Rad7 SOCS box mutation was achieved by site-
directed mutagenesis of the WT RAD7 gene cloned in pRS314 as
described (Reed et al, 1998). Two point mutations were made,
resulting in the amino-acid substitutions, L168A and C172A, within
the conserved SOCS box domain. Creation of the Rad16 RING-finger
domain mutation was achieved by site-directed mutagenesis of the
WT RAD16 gene cloned in pRS314 as described (Reed et al, 1998;
data not shown). Two point mutations were made, resulting in
the amino-acid substitutions, C552A and H554A, within the
RING-finger domain. Strains expressing Ubl-deleted versions of
Rad23 were created as described (Russell et al, 1999).

In vitro expression of Rad4 protein
The following primers were used to generate the Rad4 coding
sequence.

FWD: 50AAGAGTACTTAATACGACTCACTATAGGAACAGCCACCA
TGAATGAAGACCTGCCCAA30/REV: 50TTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTAATCAGTCTGATTCCTCTGACATCT30. PCR was per-
formed using genomic DNA as the template. The purification of PCR
product is performed as described (TNT, Promega), with the
following exceptions. A total of 10 tubes of PCR product are pooled
and precipitated with the same volume of 99% alcohol (�201C)
overnight (spin down at 13 000 r.p.m. for 15 min). The pellet was
dried for 30 min. The pellet was redissolved with ddH2O (pH 7–8)
for at least 30 min with occasional gentle vortexing. Short-term
storage was at �201C.

Expression of Rad4 protein via coupled in vitro
transcription/translation
The TNTs T7 PCR Quick Master Mix was thawed rapidly and
placed on ice along with the other components. The reaction
components were assembled in a 0.5 ml thin-wall tube according to
the manufacturer’s protocol (TNT, Promega). After addition of all
the components, they were gently mixed by pipetting. The reaction
was incubated at 301C for 60–70 min. The results of the coupled
in vitro transcription/translation reaction were analysed by Western
blotting following SDS–PAGE gel electrophoresis.

Ubiquitylation reaction of Rad4 protein
The ubiquitylation reaction contains 1 mg E1 (Yeast), 1mg hUbc4a,
1 mg hUbc4b, 13mg hUbc4c, 0.1mg GGR complex, 6ml 5� reaction
buffer (20 mM MgCl2, 200 mM KCl 180 mM Tris, pH 8.0), 6ml ATP
(20 mM), 2ml of TNT-expressed Rad4 protein, or an empty vector
control. The ubiquitylation reaction is initiated by adding 5ml
ubiquitin and then ddH2O to a total volume of 30ml. It is incubated
at 281C for 60 min. After the reaction is finished, the product is run
on SDS–PAGE gels immediately.

Analysis of Rad4 protein stability and UV survival
Yeast protein extracts were prepared by bead beating in yeast
dialysis buffer as described (Reed et al, 1999). Western analysis and
immunoprecipitation of Rad4 protein was performed using standard
methods, using the antibodies mentioned in the Results. Anti-Rad4
antibody was raised against a specific Rad4 peptide (Affiniti
Research Products Limited). Anti-ubiquitin antibody was generated
by genetic immunization as described (Barry and Johnston, 1997).
Pulse-chase experiments were performed by growing cells to a
density of about 1–2�107 cells/ml, pelleted, and washed twice with
PBS. Cells were resuspended in appropriate media and a pulse of
25 mCi 35S-methionine per ml was applied at 301C for 1 h. Cells were
then pelleted, washed, and resuspended in YPD for the times
indicated. Post-UV cellular survival was measured by plating yeast
cells onto the appropriate growth medium prior to UV irradiation at
the doses stated. The precise details of the UV survival experiments
are described elsewhere (Gillette et al, 2001).

Analysis of CPD removal following UV radiation
The slot blot analysis of lesion removal by NER in genomic DNA
has been described in detail previously (Reed et al, 1999). Where
appropriate, cycloheximide was added to a final concentration of
2 mg/ml.

Northern analysis
The hot phenol method was used for RNA isolation and Northern
blotting was described previously (Teng et al, 2002). The probes
used are shown below:

Upper_Rad4(NTS25): biotin-ACTGATCGAAGTTTTTGCACCAACG
ATGATA

Lower_Rad4(TS25): CATAAAATCCGAATAATCCTCCCCG
Actin_NTS: biotin-GCCGGTTTTGCCGGTGACG
Actin_TS: CCGGCAGATTCCAAACCCAAAA

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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