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a b s t r a c t

Transcription coupled repair (TCR) is a nucleotide excision repair (NER) pathway that is ded-

icated to repair in the transcribed strand of an active gene. The genome overall NER is called

global genomic repair (GGR). Elc1, the yeast homolog of the mammalian elongation factor

elongin C, has been shown to be a component of a ubiquitin ligase complex that contains

Rad7 and Rad16, two factors that are specifically required for GGR. Elc1 has also been sug-

gested to be present in another ubiquitin ligase complex that lacks Rad7 and Rad16 and is

involved in UV-induced ubiquitylation and subsequent degradation of RNA polymerase II.

Here we show that elc1 deletion increases UV sensitivity of TCR-deficient cells but does not

affect the UV sensitivity of otherwise wild type and GGR-deficient cells. Cells deleted for

elc1 show normal NER in the transcribed strand of an active gene but have no detectable

NER in the non-transcribed strand. Elc1 does not affect UV-induced mutagenesis when TCR

is operative, but plays an important role in preventing the mutagenesis if TCR is defective.

Furthermore, the levels of Rad7 and Rad16 proteins are not significantly decreased in elc1

cells, and overexpression of Rad7 and Rad16 individually or simultaneously in elc1 cells does
Saccharomyces cerevisiae not restore repair in the non-transcribed strand of an active gene. Our results suggest that

Elc1 has no function in TCR but plays an important role in GGR. Furthermore, the role of

Elc1 in GGR may not be subsidiary to that of Rad7 and Rad16.

© 2008 Elsevier B.V. All rights reserved.

It is generally thought that a stalled RNA polymerase at a
1. Introduction

Nucleotide excision repair (NER) is a conserved DNA repair
process that is capable of removing a large variety of
helix-distorting lesions including UV-induced cyclobutane
pyrimidine dimers (CPDs) and 6–4 photoproducts [1]. NER has

traditionally been grouped into two pathways: transcription
coupled repair (TCR) and global genomic repair (GGR) [2]. TCR
is dedicated for repairing the transcribed strand (TS) of active

Abbreviations: NER, nucleotide excision repair; TCR, transcription co
polymerase II.
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genes and generally occurs faster than GGR, which removes
lesions throughout the genome [2].

While the mechanism of TCR is relatively well understood
in Escherichia coli [3], the detailed biochemical mechanism of
this repair process remains largely elusive in eukaryotes [4–6].
upled repair; GGR, global genomic repair; Pol II, RNA

DNA lesion serves as the initial signal for TCR [2]. In mam-
malian cells, Cockayne syndrome complementation group A
(CSA) and B (CSB) proteins are required for TCR [7–10]. In Sac-
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haromyces cerevisiae, Rad26 [11], the homolog of human CSB,
nd Rpb9 [12–15], a non-essential subunit of RNA polymerase
I (Pol II), have been shown to mediate two subpathways of
CR.

The process of GGR in mammalian cells depends on xero-
erma pigmentosum complementation group C (XPC) [16,17]
nd damage-specific DNA-binding proteins (DDBs) [18]. In
east, GGR has been shown to rely on Rad7 and Rad16, which
how no significant sequence or structural similarity to XPC
19]. Rad7 and Rad16 form a stable heterodimeric complex
ermed nucleotide excision repair factor 4 (NEF4) [20]. Rad16
s a member of the Swi2/Snf2 family of ATPases, and the
ad7/Rad16 complex binds specifically and preferentially to
V damaged DNA in an ATP-dependent manner [20]. The pre-
ise roles of these proteins remain unclear. One suggestion
s that the Rad7/Rad16 complex acts as an ATP-dependent

otor which translocates along the DNA in search of damage,
nd upon encountering a lesion, ATPase activity is inhibited,
topping the enzyme [21]. This stalled complex may serve to
emodel and open damaged chromatin, thereby facilitating
ecruitment of other repair proteins and access to the lesion
22,23]. Contrary to the supposition that Rad7 and Rad16 are
nvolved the early steps of NER, including DNA damage recog-
ition and stimulation of incision at damage sites, it has also
een posited that the Rad7/Rad16 complex instead partici-
ates in the subsequent postincision events of oligonucleotide
xcision and repair synthesis [24].

Yeast Elc1 is a homolog of mammalian elongin C which
orms a heterotrimeric complex with elongins A and B [25–29].
n mammalian cells, the elongin A, B and C complex increases
he rate of transcription by suppressing Pol II pausing [28,29].
owever, in yeast, only elongins A (Ela1) and C are present,
nd there is no evidence of a role for this complex in tran-
criptional stimulation [30]. The yeast Elc1 has been shown to
e a component of a ubiquitin ligase that contains Rad7 and
ad16, and is responsible for regulating the levels of Rad4 pro-
ein in response to UV damage [31]. It was later found that
his ubiquitin ligase complex also contains Cul3, and plays an
mportant role in ubiquitination and subsequent degradation
f Rad4 [32]. The ubiquitination of Rad4, but not its subsequent
egradation, was shown to facilitate NER [32]. It has also been
uggested that Elc1 is a component of another ubiquitin ligase
omplex, which contains Ela1, Cul3, and Roc1 and is responsi-
le for the polyubiquitylation and subsequent degradation of
ol II in response to DNA damage [33,34].

We sought to determine the roles of Elc1 in different path-
ays of NER, and found that Elc1 has no function in TCR but
lays an important role in GGR. Furthermore, we present evi-
ence that the role of Elc1 in GGR is not subsidiary to that of
ad7 and Rad16.

. Materials and methods

.1. Yeast strains and plasmids
ild type yeast strains Y452 (MAT˛ ura3-52 his3-1 leu2-3 leu2-
12) and BJ5465 (MATa ura3-52 trp1 lys2-801 leu2�1 his3�200
ep4::HIS3 prb1�1.6R can1 GAL) were obtained from Dr. Louise
rakash and the American Type Culture Collection, respec-
0 9 ) 40–50 41

tively. All deletions were made in these backgrounds and
confirmed by PCR analysis using procedures described previ-
ously [14].

Strains with their genomic RAD7 and RAD16 genes tagged
with three consecutive FLAG sequences (3 × FLAG) were
created using PCR products amplified from plasmid p3FLAG-
KanMX, as described previously [35]. PCR primers were
designed to include about 20 bases complementary to the tag-
ging cassette and approximately 50 bases complementary to
the gene of interest. These primers were used to amplify the
dictated segment using PCR and subsequently transformed
into the appropriate yeast strains. The correct integration of
the tagged sequences was confirmed by PCR.

The plasmid overexpressing 3 × myc tagged Rad16 was cre-
ated using vector pESC-URA (Stratagene). The vector contains
divergent GAL1-10 promoters, and genes inserted downstream
of the promoters can be highly induced by galactose. Two
consecutive myc tag sequences were inserted in-frame down-
stream of the vector’s native single myc sequence to create
a vector for overexpressing 3 × myc tagged proteins under
the control of the GAL1 promoter. The RAD16 gene cod-
ing sequence was amplified by PCR and inserted in-frame
upstream of the 3 × myc sequences (between the XmaI and
Sal sites) to create plasmid pRAD16-3 M.

The plasmid overexpressing 3 × FLAG tagged Rad7 was
created using another modified version of pESC-URA. Two con-
secutive FLAG sequences were inserted in-frame downstream
of the vector’s native single FLAG sequence to create a vector
for overexpressing 3 × FLAG tagged proteins under the control
of the GAL10 promoter. The coding sequence of the RAD7 gene
was amplified by PCR and inserted in-frame upstream of the
3 × FLAG sequences (between the SpeI and ClaI sites), yielding
plasmid pRAD7-3F.

The plasmid simultaneously overexpressing 3 × FLAG
tagged Rad7 and 3 × myc tagged Rad16 (pR16R7) was cre-
ated by replacing the SpeI–PacI sequence (encompassing the
FLAG sequence) in plasmid pRAD16-3 M with the entire RAD7-
3 × FLAG segment (between the SpeI and PacI sites) from
pRAD7-3F.

2.2. UV sensitivity assay

Yeast cells were grown at 30 ◦C in YPD medium (2% peptone,
1% yeast extract, 2% glucose) or minimal medium containing
2% galactose to saturation, and sequential 10-fold dilutions
were made. The diluted samples were spotted onto YPD or
YPG (2% peptone, 1% yeast extract, 2% galactose) plates. When
the spots had dried, the plates were irradiated with different
doses of 254-nm UV light. The plates were incubated at 30 ◦C
for 3–4 (on YPD plates) or 5–7 (on YPG plates) days in the dark
prior to being photographed.

2.3. UV irradiation, repair incubation, and DNA
isolation

Yeast cells were grown at 30 ◦C in minimal medium containing

2% glucose or galactose to late log phase (A600 ≈ 1.0), har-
vested, and washed twice with ice-cold water. The washed
cells were resuspended in ice-cold 2% glucose (for glucose
cultures) or 2% galactose (for galactose cultures) and irra-
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diated with 80 J/m2 of 254 nm UV light. One-tenth volume
of a stock solution containing 10% yeast extract and 20%
peptone was immediately added to the irradiated cell sus-
pension. The cells were incubated at 30 ◦C in the dark and
aliquots were collected at different time points. Total DNA
was isolated from the collected cells using a glass beads
method [14].

2.4. NER analysis of UV-induced CPDs

The gene fragments of interest were 3′ end labeled with
[�-32P]dATP using a procedure previously described [36,37].
Briefly, ∼1 �g of genomic DNA was digested with restriction
enzyme(s) to release the fragment of interest and incised at
CPDs 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 min 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 [�-32P]dATP (PerkinElmer) and
resolved on sequencing gels. The gels were dried and exposed
to a Phosphoimager screen (BioRad). The signal intensities at
gel bands corresponding to CPD sites were quantified using
Quantity One software (BioRad).

2.5. UV-induced mutagenesis
Cells were cultured to stationary phase in YPD medium. To
select for canavanine resistant (CanR) mutants, 100 �l of satu-
rated culture from each strain was spread on minimal medium

Fig. 1 – Effect of the elc1 deletion on UV sensitivity of otherwise w
10-fold dilutions were made, spotted onto YPD plates, and irradi
0 0 9 ) 40–50

plates containing 60 mg/L of canavanine. Plates were irradi-
ated at various doses of 254 nm UV light, and CanR colonies
were counted after 5–10 days of incubation in the dark at
30 ◦C. To measure the numbers of viable cells at the differ-
ent UV doses, serial 10-fold dilutions of each saturated culture
were spread onto minimal medium plates lacking canava-
nine. The plates were irradiated with the same doses of UV
as those for selecting CanR mutants and incubated in the dark
at 30 ◦C before colonies were counted. Mutation frequencies
were calculated by dividing the number of canavanine resis-
tant colonies by the number of viable cells.

2.6. Western blot

Yeast cells were cultured in minimal medium to late log phase
(A600 ≈ 1.0) and pelleted by centrifugation. The cell pellet from
a 5 ml culture was resuspended in 500 �l of 15% TCA and bro-
ken by vortexing them with acid washed glass beads. The
proteins in the cell lysates were pelleted by centrifugation at
20,000 × g for 15 min at 4 ◦C. The protein pellet was washed
with ice-cold 80% acetone and dissolved in 2 × sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel
loading buffer [38]. The insoluble cell debris was removed by
centrifugation.

Proteins in the whole cell extracts were resolved on an
SDS-PAGE gel and transferred onto a polyvinylidene diflu-
oride membrane (Immobilon-P; Millipore). 3 × FLAG tagged
proteins were probed with an anti-FLAG antibody M2 (Sigma).
As a loading control, Rpb1, the largest subunit of RNA
polymerase II, was probed with antibody 8WG16, which
specifically recognizes the C-terminal heptapeptide repeats

of Rpb1 [39]. Blots were incubated with SuperSignal West
Femto maximum-sensitivity substrate (Pierce), and the pro-
tein bands were detected using a chemiluminescence scanner
(VersaDoc Imaging System; BioRad).

ild type and GGR- and TCR-deficient cells. Sequential
ated with different doses of 254-nm UV light.
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. Results

.1. UV sensitivities of elc1 mutants
t has been shown that ELC1 is epistatic to RAD7/RAD16, and
lc1 deletion increases UV sensitivity of rad26 cells [33]. In
greement with the previous report, elc1 deletion did not

ig. 2 – The elc1 deletion has no effect on TCR. Gels show NER in t
nirradiated (U) and UV irradiated cells following different times
els. The arrow on the left of the gels marks the transcription sta
0 9 ) 40–50 43

enhance the UV sensitivity of otherwise wild type and GGR-
deficient rad16 cells (Fig. 1). The deletion also did not increase
the UV sensitivity of rad16 rad26 cells, where the Rpb9 medi-
ated TCR is functional, and rad16 rpb9 cells, where the Rad26

mediated TCR is operative [14,15]. This further indicates that
ELC1 is epistatic to RAD16. However, the deletion significantly
increased the UV sensitivities of rad26 cells, which are partially
deficient in TCR (the Rpb9 mediated TCR is still active), and

he TS of the RPB2 gene. The lanes are DNA samples from
(hours) of repair incubation as indicated at the top of the
rt site.
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rad26 rpb9 cells, which are completely deficient in TCR [14,15]
(Fig. 1A). Taken together, these observations support the idea
that Elc1 plays a role in GGR but does not significantly affect
TCR. However, the role of Elc1 in GGR may not be as significant
as Rad7 and Rad16, as elc1 single deletion mutants are not UV
sensitive (Fig. 1A), whereas rad7 and rad16 cells are (Fig. 1B)
[19,40,41].

3.2. The role of Elc1 in GGR and TCR
To examine to what extent Elc1 may contribute to GGR and to
definitively determine if Elc1 plays a minor role in TCR that is
not reflected by the UV sensitivity test, we directly analyzed

Fig. 3 – The elc1 deletion results in undetectable GGR. Gels show
samples from unirradiated (U) and UV irradiated cells following d
the top of the gels. The arrow on the left of the gels marks the tr
0 0 9 ) 40–50

the effect of elc1 deletion on different NER pathways. Repair
of CPDs in the constitutively transcribed RPB2 gene was mea-
sured with a high resolution method, which uses streptavidin
magnetic beads and biotinylated oligonucleotides to facilitate
end-labeling of DNA fragments of interest [36,37]. Yeast cells
were cultured to late log phase (A600 ≈ 1.0), UV irradiated, and
incubated in a repair medium for varying lengths of time. Total
DNA was isolated, digested with a restriction enzyme to excise
the fragment of interest, and incised at the UV-induced CPDs

with an excess amount of T4 endonuclease V [42]. The incised
fragments were strand-specifically end-labeled, resolved on a
DNA sequencing gel, and exposed to a Phosphoimager screen
[36,37]. The band intensities in the gel lane denoted “0” time

NER in the NTS of the RPB2 gene. The lanes are DNA
ifferent times (hours) of repair incubation as indicated at

anscription start site.
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Fig. 4 – Plots showing repair of CPDs in the NTS of the RPB2 gene. The data were obtained by quantification of the gels
showing GGR in the different strains (as shown in Fig. 3). Plot in (A) shows the average (mean ± S.D.) of percent CPDs
remaining at individual sites in the non-transcribed strand of the RPB2 gene at different repair times in the cells of wild type
(solid diamonds, quantified from gels as shown in Fig. 3A) and elc1 (empty squares, quantified from gels as shown in
Fig. 3B). Plot in (B) shows the average (mean ± S.D.) of the percent CPDs remaining at individual sites in the non-transcribed
strand of the RPB2 gene at different repair times in rad26 cells (solid diamonds, quantified from gels as shown in Fig. 3C)
and rad26 elc1 cells (empty squares, quantified from gels as shown in Fig. 3D). It should be noted that some minor repair
m natu

r
i
a

b
c

ay not be able to be detected due to the semi-quantitative

epair indicate the yields of CPDs at different sites. A decrease
n band intensities at respective sites indicates CPD removal

nd DNA repair at these sites.

The NER rates in the TS of the RPB2 gene were similar
etween wild type and elc1 and between rad16 and rad16 elc1
ells (Fig. 2), indicating that Elc1 is entirely dispensable for

Table 1 – Frequencies of canavanine resistant (CanR) mutations

UV dose (J/m2) 0 5

Wild type CanR frequencya 1.68 (0.83) 16 (1.01)

elc1 CanR frequency 0.77 (0.14) 6.6 (0.85)
Fold increaseb 0.46 0.42

rad16 CanR frequency 27 (0.95) 1081 (113
Fold increase 16 69

rad16 elc1 CanR frequency 28 (0.97) 1048 (104
Fold increase 17 67

rad26 CanR frequency 9.2 (2.08) 24 (1.86)
Fold increase 5.45 1.55

rad26 elc1 CanR frequency 4.24 (0.54) 49 (9.47)
Fold increase 2.52 3.13

rad26 rpb9 CanR frequency 1.42 (0.23) 12 (2.16)
Fold increase 0.84 0.74

rad26 rpb9 elc1 CanR frequency 15 (1.44) 923 (19)
Fold increase 9.1 59

a The frequencies (per 106 viable cells) of CanR mutants are shown as th
standard deviation.

b Relative to the frequency of CanR mutants of wild type cells.
re of the gels.

TCR. It has been established that the NER rates in the NTS of
an active gene reflect GGR [2]. Indeed, NER rates in the NTS of

the RPB2 gene of rad26 and rad26 rpb9 cells were similar to that
of wild type cells (Fig. 3, compare panels A, C and E), indicating
that Rad26 and Rpb9, two factors involved in TCR [14,15], do
not play a role in the repair. In the period of 4 h incubation, no

in different isogenic strains

10 20 40 80

43 (19) 93 (6.2) 126 (10) 1014 (109)

41 (0.24) 122 (4.8) 285 (11) 668 (22)
0.96 1.31 2.27 0.66

) 2856 (416)
67

) 3262 (673)
76

37 (7.8) 77 (2.7)
0.86 0.83

65 (20) 313 (129)
1.52 3.36

7.52 (0.64) 10 (2.18)
0.18 0.11

4909 (195) 6858 (921)
115 74

e mean of at least three experiments. Numbers in parentheses are
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Fig. 5 – Rad7 and Rad16 protein levels are not decreased in
elc1 cells. Western blots show cellular levels of Rad7 (A) and

Rad16 (B) levels in wild type and different mutant cells.
Rpb1 serves as an internal loading control.

obvious repair can be detected in the NTS of the RPB2 gene in
all types of cells analyzed that lack Elc1 (Fig. 3B, D and F; Fig. 4),
indicating that Elc1 plays an important role in GGR. This is
surprising in view of the fact that elc1 single deletion mutants
are not UV sensitive, whereas the well-known GGR-deficient
rad7 and rad16 cells are (see above). Repair in the time period
of over 4 h was not performed because significant cell growth
occurs if UV irradiated cells are incubated in repair media for
over 4 h, and this obscures the fraction of repaired DNA in the
samples (because of the increased fraction of newly replicated,
undamaged DNA).

3.3. The effect of elc1 deletion on UV-induced
mutagenesis
We also examined the effect of elc1 deletion on UV-induced
mutagenesis. All mutations resistant to canavanine, the toxic
analog of arginine, occur at the single CAN1 gene, which
encodes the arginine permease [43]. CanR mutants can be

Fig. 6 – Overexpression of Rad7 and/or Rad16 does not restore U
plasmids overexpressing either 3 × FLAG tagged Rad7 or 3 × myc
tagged Rad16 and their parent strains (without plasmids) were s
containing galactose (to induce overexpression of the tagged pro
light.
0 0 9 ) 40–50

selected by plating cells on media containing canavanine
instead of arginine [43]. The frequencies of UV-induced CanR

mutations in rad16 cells was over 60 times of those in wild
type cells (Table 1), indicating that Rad16 plays a significant
role in preventing UV-induced mutagenesis. In contrast, the
mutation frequencies were not dramatically higher in rad26
(partially deficient in TCR) and rad26 rpb9 (completely defi-
cient in TCR) [14] cells than in wild type cells (Table 1). In fact,
for an unknown reason, the mutation frequency appeared to
be somewhat lower in rad26 rpb9 cells than in wild type cells
(Table 1). These results indicate that Rad26 mediated TCR or
the entire TCR may contribute little to the prevention of UV-
induced mutations.

The frequencies of UV-induced CanR mutations were not
dramatically different between elc1 and wild type cells and
between rad16 elc1 and rad16 cells (Table 1), indicating that
Elc1 does not dramatically affect UV-induced mutagenesis in
these TCR-proficient cells. However, the UV-induced mutation
frequencies in rad26 elc1 cells were ∼2–4 times of those in
rad26 cells (Table 1), indicating that Elc1 may play a minor role
in preventing UV-induced mutagenesis when TCR is partially
defective. Intriguingly, the UV-induced mutation frequencies
were dramatically higher (∼70–680 times) in rad26 rpb9 elc1
cells than in rad26 rpb9 cells (Table 1), indicating that Elc1 plays
a critical role in preventing UV-induced mutagenesis when
TCR is completely abolished.

3.4. Cellular Rad7 and Rad16 levels are not affected in
the absence of Elc1

It has been shown that, in elc1 cells, the level of Rad7 is dra-
matically decreased, although the level of Rad16 is normal
[31]. Furthermore, it has previously been demonstrated that
the addition of the purified Rad7/Rad16 complex to a reconsti-
tuted NER reaction in vitro enhances incision of UV-damaged
DNA [20], indicating that Rad7/Rad16 facilitates GGR in the
absence of Elc1. These observations prompted us to exam-
ine if the function of Elc1 for GGR is achieved by keeping
Rad7 from degradation and therefore maintaining the level of
the Rad7/Rad16 complex. To this end, we genomically tagged
the Rad7 and Rad16 proteins with three consecutive FLAG

sequences (3 × FLAG) in wild type and different elc1 deletion
mutants. The 3 × FLAG tag did not cause any noticeable pheno-
typic changes to the cells (not shown). Expression levels of the
tagged proteins were analyzed by probing with an anti-FLAG

V resistance of rad26 elc1 cells. Yeast cells containing
tagged Rad16, or both 3 × FLAG tagged Rad7 and 3 × myc

equentially 10-fold diluted, spotted onto agar plates
teins), and irradiated with different doses of 254-nm UV
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Fig. 7 – Overexpression of Rad7 and/or Rad16 does not
restore GGR in rad26 elc1 cells. Gels show NER in the NTS of
the RPB2 gene in rad26 elc1 cells transformed with plasmids
overexpressing 3 × FLAG tagged Rad7 (pRAD7-3F) or 3 × myc
tagged Rad16 (pRAD16-3 M), or both (pR16R7). Lanes labeled
U are unirradiated samples. Other lanes are samples with
different times (hours) of repair incubation. The arrow on
the left of the gels marks the transcription start site.
0 9 ) 40–50 47

antibody on a Western blot. In agreement with the previous
report [31], Rad16 levels were not significantly decreased in elc1
and rad7 cells (Fig. 5A), and Rad7 levels were not significantly
decreased in rad16 cells (Fig. 5B). Different from the previous
report, however, Rad7 levels were not dramatically decreased
in all elc1 cells we analyzed (Fig. 5B). Our results indicate that
the role of Elc1 in GGR may not be achieved by maintaining
the levels Rad7 and Rad16 in the cells.

3.5. The role of Elc1 in GGR can not be substituted for
by overexpressing of Rad7 and Rad16 individually or
simultaneously

Next, we examined if overexpression of Rad7 and Rad16 indi-
vidually or simultaneously could restore GGR in elc1 cells. We
surmised that if Elc1 merely served a subsidiary role, e.g., by
assisting the Rad7/Rad16 complex, overexpression of the abso-
lutely required Rad7 and/or Rad16 should be able to recover
some, if not all, of the cell’s capacity for GGR. To address this,
we constructed multicopy plasmids overexpressing 3 × myc
tagged Rad16 (pRAD16-3 M) and 3 × FLAG tagged Rad7 (pRAD7-
3F) under the control of the highly inducible GAL1 and GAL10
promoters, respectively. The divergent GAL1 and GAL10 pro-
moters share the same upstream activating sequence (UAS)
and are induced identically by galactose [44]. We also created a
plasmid (pR16R7) that simultaneously overexpresses 3 × FLAG
tagged Rad7 and 3 × myc tagged Rad16. The plasmids over-
expressing the different proteins were able to complement
the UV sensitivity of the cells lacking the respective protein
(not shown), indicating that the proteins encoded by them are
functional for GGR.

We examined the effect of the overexpressions of Rad7
and/or Rad16 on the UV sensitivity of rad26 elc1 cells cultured
in a galactose medium (to induce the tagged proteins). The
reason for using rad26 elc1, rather than elc1 cells, for the exam-
ination is that elc1 deletion enhances UV sensitivity in rad26
cells (Fig. 1A) so that the restoration of UV resistance (and pre-
sumably GGR) can be easily observed. As shown in Fig. 6, the
overexpressions did not significantly change the UV sensitiv-
ity of rad26 elc1 cells.

We also directly examined the effects of Rad7 and/or
Rad16 overexpressions on NER in the NTS of the RPB2 gene
in rad26 elc1 cells. As can be seen in Fig. 7, the overex-
pressions did not restore the repair. Taken together, our
results indicate that the role of Elc1 in GGR cannot be substi-
tuted for by Rad7 and Rad16, even when they are overexpre-
ssed.

4. Discussion

In this paper, we present the first direct evidence that Elc1
has no function in TCR but plays an important role in GGR.
How Elc1 functions in GGR remains to be elucidated. One
possibility is that Elc1, Rad7 and Rad16 need to be in one com-
plex to be functional for GGR. It was shown that Elc1, along

with Cul3, Rad7 and Rad16, is present in a ubiquitin E3 ligase
complex, which regulates the efficiency of NER by ubiquity-
lating Rad4 [32]. However, it is unlikely that the role of Elc1 in
GGR is achieved primarily by ubiquitylating Rad4. First, abol-
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ishment of Rad4 ubiquitylation by mutating the Rad7 SOCS
domain results in only a slight decrease in overall NER [32],
which contrasts to the undetectable GGR in elc1 cells. Sec-
ond, Rad4 is an essential NER protein, required for both TCR
and GGR [22], whereas Elc1 is only involved in GGR but not
TCR.

It was shown that Elc1 also interacts strongly with a class of
proteins that can be loosely defined as stress-responsive pro-
teins [45]. Some of these interacting proteins were shown to be
stabilized by Elc1 [46]. We did not observe significant changes
in the levels of either Rad7 or Rad16 in elc1 cells, indicating
that Rad7 and Rad16 are not stabilized by Elc1. Furthermore,
we observed that overexpression of Rad7 and Rad16 individ-
ually or simultaneously did not significantly enhance GGR in
elc1 cells, suggesting that the role of Elc1 in GGR is not achieved
by stabilizing Rad7/Rad16. Therefore Rad7/Rad16 and Elc1 may
mainly exist in different complexes and participate in GGR
independently with each other.

The ubiquitin E3 ligase complex that is involved in ubiqui-
tylation of Pol II was proposed to contain Elc1, Ela1, Cul3, and
Roc1, but not Rad7 and Rad16 [34]. It was suggested that, in
the absence of Rad26 or in the regions of the TS where Rad26-
dependent TCR may be unable to act (e.g., in the promoter
regions), Pol II removal upon the E3 ligase-mediated ubiquity-
lation may be a necessary precondition for repair to take place
[34]. This proposition perfectly explained the observed epista-
sis of rad7 over elc1, ela1 and cul3, and the synergism between
rad7 and each of the E3 ligase components. However, in elc1
cells, the abolition of NER in the NTS of a gene, where Pol II is
not stalled by a lesion [47], cannot be explained by this propo-
sition. Therefore, the role of Elc1 in GGR may not be achieved
primarily by ubiquitylating Pol II.

In some cases, UV sensitivity of a mutant does not faith-
fully reflect its NER capacity, presumably due to the fact that
UV sensitivity is caused by a combination of different DNA
damage responses, such as NER, activation or suppression of
certain genes, and checkpoint activation and recovery. The
elc1 single mutant, which is not UV sensitive but is defi-
cient in GGR, is one of these cases. One possibility is that,
deletion of elc1 may activate a DNA damage response mech-
anism that somehow increases the cell viability following
UV irradiation, although GGR is abolished or greatly compro-
mised. If this is the case, the activation of the DNA damage
response mechanism may require either TCR or the transcrip-
tion elongation functions of Rad26 and Rpb9, as elc1 deletion
only increases the UV sensitivities of rad26 and rad26 rpb9
cells. Our observations that elc1 deletion does not affect UV-
induced mutagenesis in TCR-proficient cells but dramatically
increases the mutagenesis frequency in rad26 rpb9 cells sup-
port this idea. It is also possible that GGR in elc1 cells is
too slow to be detected. This slow repair, alone or combined
with an activation of a DNA damage response mechanism,
may be able to ensure cell viability following UV irradia-
tion. A similar slow repair mechanism has been proposed
for human TTD-A (trichothiodystrophy type A) cells, which
lack a functional Tfb5, the 10th subunit of TFIIH, and are

mildly UV sensitive but have very little NER activity [48–50].
Similar to human TTD-A cells, yeast cells lacking Tfb5 are
also mildly UV sensitive [51] but have very little NER activity
[52].
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