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Nucleotide excision repair factor 4 (NEF4) is required for repair of nontranscribed DNA in Saccharomyces
cerevisiae. Rad7 and the Snf2/Swi2-related ATPase Rad16 are NEF4 subunits. We report previously unrecog-
nized similarity between Rad7 and F-box proteins. Radl6 contains a RING domain embedded within its
ATPase domain, and the presence of these motifs in NEF4 suggested that NEF4 functions as both an ATPase
and an E3 ubiquitin ligase. Mutational analysis provides strong support for this model. The Rad16 ATPase is
important for NEF4 function in vivo, and genetic analysis uncovered new interactions between NEF4 and
Rad23, a repair factor that links repair to proteasome function. Elcl is the yeast homologue of a mammalian
E3 subunit, and it is a novel component of NEF4. Moreover, the E2s Ubc9 and Ubc13 were linked to the NEF4
repair pathway by genetic criteria. Mutations in NEF4 or Ubcl3 result in elevated levels of the DNA damage
recognition protein Rad4 and an increase in ubiquitylated species of Rad23. As Rad23 also controls Rad4
levels, these results suggest a complex system for globally regulating repair activity in vivo by controlling

turnover of Rad4.

UV light induces primarily the formation of cyclobutane
pyrimidine dimers and (6-4) photoproducts in DNA (14). Nu-
cleotide excision repair (NER) is the main pathway for re-
moval of these lesions as well as for removal of a variety of
other bulky DNA adducts (12, 14). All of the core components
of the NER machinery have been identified and cloned, and
the repair reaction has been reconstituted in vitro with highly
purified or recombinant components (1, 19). The enzymatic
activities (e.g., ATPase and structure-specific nuclease) and
DNA binding properties of many proteins have been exten-
sively described (2, 12). Multiple pairwise interactions between
these components have also been detected (12, 19, 21), and
based on these interactions, the Saccharomyces cerevisiae NER
components can be subdivided into four nucleotide excision
repair factors, NEF 1, 2, 3, and 4 (reviewed in reference 2).

While impressive progress has been made in defining the
mechanism of the NER reaction in vitro, comparatively little is
known about how the NER machinery contends with chroma-
tin or how the repair reaction is regulated (17, 66, 71). Rad23,
a nonessential NER component, participates in DNA damage
recognition, physically links the proteasome to ubiquitylated
substrates, and regulates ubiquitin chain elongation (2, 6, 9, 19,
57). These observations suggest that Rad23 performs a regu-
latory function in NER (66). In addition to Rad23, loss of
Rad16 or Rad7 also gives rise to a moderate degree of UV
sensitivity (5, 14, 48). These components have also been pro-
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posed to regulate the repair reaction or to augment repair of
certain regions of the genome (51).

Rad16 and Rad7 form a stable complex called NEF4 (21)
and are required in vivo for repair of transcriptionally silent
DNA (e.g., HML«) and repair of the nontranscribed strand of
transcribed genes (5, 45, 67, 73). Overall, it has been estimated
that Rad7 and Rad16 contribute to the repair of a substantial
fraction of the genome: between 20 and 50% of UV-induced
lesions in DNA require Rad7 and Rad16 for repair in vivo
(73). Furthermore, transcription-coupled repair and Rad16-
mediated global genome repair are the only NER pathways for
handling DNA damage in the yeast GAL genes (40). Consis-
tent with the roles of these proteins in repair of nontranscribed
DNA, extracts made from cells with deletions of RAD7 or
RADI6 are defective in transcription-independent repair in
vitro (23, 76). The specific function(s) of Rad7 and Rad16 is
unclear, however.

The Rad7 subunit of NEF4 interacts with the Rad4-Rad23
complex (called NEF2) via its Rad4 subunit (51, 76). NEF2 is
involved directly in the recognition of DNA damage, and it
functions to recruit other repair factors to sites of DNA dam-
age (6). Rad16, a member of the Snf2/Swi2 ATPase family (13,
52), has DNA-stimulated ATPase activity, and it has been
proposed that NEF4 functions as an ATP-driven motor which
can scan along DNA to locate DNA damage (21). A number of
DNA-stimulated ATPases in this protein family have been
shown to remodel chromatin (74), leading to the suggestion
that NEF4 might also function to open damaged chromatin,
thereby allowing access by the NER machinery (51, 68). Rad16
also contains a zinc-binding domain called a RING-H2 finger
(henceforth referred to as RING) (13, 52, 58). RING proteins
can interact with ubiquitin-conjugating enzymes (Ubcs or E2s),
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TABLE 1. Plasmids used in this study

Plasmid Characteristics Source
pRADI16-4 GALI-EE-RADI16 LEU2 2pm This study
pRADI16-11 GALI-EE-RAD16-K2164A LEU2 2pm This study
pRADI16-16 EE-RADI6 LEU2 This study
pRAD16-17 EE-RADI16-K216A LEU2 This study
pRAD16-24 EE-RADI16-C5404 LEU2 This study
pRAD16-25 EE-RADI16-C557A LEU2 This study
pRADI16-31 pET16b::RAD16 This study
pRAD16-35-3  pET16b::RADI16,ELCI This study
pRAD16-500 EE-RAD16-K216A4,C5404 LEU2 This study
pRAD16-502 EE-RADI16-C537A LEU2 This study
pRAD16-503 EE-RADI16-C5804 LEU2 This study
pRAD16-504 EE-RAD16-C540A4,C5804 LEU2 This study
pRAD16-507 EE-RAD16-Y564A LEU2 This study
pRAD16-508 EE-RADI16-C5604A LEU2 This study
pRAD16-509 EE-RAD16-K216A4,Y564A LEU2 This study
pAD6 pET41a:RAD7 This study
pAD15 RAD7 TRPI This study
pAD16 FLAG-RAD7 TRPI This study
pRAD7-500 FLAG-RAD7-137A TRPI1 This study
pRAD7-501 FLAG-RAD-W41A TRPI1 This study
pRAD7-502 FLAG-RAD7-K40A,043A TRP1 This study
pRAD7-503 FLAG-RAD7-AF-box TRP1 This study
pET15b-ELC1  pET15b:ELCI C. Koth
pELC1-500 ELCI HIS3 This study
pELC1-501 ELCI LEU2 This study
pELC1-502 ELCI URA3 This study
pELC1-503 HA-ELCI HIS3 This study
pELC1-504 HA-ELCI LEU2 This study
pMT2104 CUPI-GST-ELC1 URA3 leu2-d 2pm M. Tyers

and many function as ubiquitin-protein ligases (E3s) (3, 34,
44). E3s participate in an enzyme cascade in which ubiquitin
(or a ubiquitin-like protein) is transferred from an E2 to a
substrate protein (26).

We report that Rad7 has previously unrecognized similarity
to the F-box subunits of SCF-type ubiquitin ligases, and we
also define the yeast homologue of human elongin C Elcl, as
a new component of NEF4. All three NEF4 subunits bear
sequence hallmarks of ubiquitin ligase subunits. We demon-
strate that the ATPase activity of NEF4 is important for its
repair function in vivo, and mutational analysis demonstrates
that NEF4 participates in a repair pathway that controls the
steady-state levels of Rad4. The apparent ubiquitin ligase ac-
tivity of NEF4 is phenotypically redundant with the activity of
Rad23, and both of these factors control the steady-state level
of Rad4, a ubiquitylated protein in S. cerevisiae (42). Rad23 is
also known to be ubiquitylated (39). The results presented here
better define the function of NEF4 and illuminate new com-
plexity in NER involving posttranslational modification of
Rad4 and Rad23. The modulation of Rad4 levels by NEF4
complements and extends recent observations indicating that
the levels of a mammalian homologue of Rad4, XPC are like-
wise controlled by a ubiquitin-mediated pathway in mamma-
lian cells (46), suggesting that the control of Rad4 levels is of
fundamental importance in eukaryotes.

MATERIALS AND METHODS

Plasmids and yeast strains. The plasmids used in this study are described in
Table 1. CEN ARS plasmids encoding RADI6, RAD7, and ELCI were con-
structed by PCR and standard subcloning procedures. The R4D16 wild-type and
mutant genes encode N-terminal polyomavirus medium T (Py) epitope tags
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recognizing the EE peptide (61), wild-type and mutant RAD7 genes encode
N-terminal Flag tags, and ELCI encodes a single N-terminal hemagglutinin
(HA) epitope tag. Plasmids with the RADI16 gene were obtained by subcloning
from pBLTY4 (60). The RAD7 constructs were obtained by subcloning the RAD7
open reading frame (ORF) from pDG649 (47), and the RAD7 promoter was
obtained by PCR of yeast genomic DNA. The ELCI OREF plus 300 bp of 5" and
3’ flanking DNA was PCR amplified from genomic DNA and subcloned into
pRS413 (pELC1-500) (65). The HA-ELC1 plasmid was obtained by subcloning
a Clal- and BamHI-cut fragment containing the HA-ELCI ORF from pYeF1H-
ELCI (a gift from Linda Hyman) (32) into pELC1-500 cut with Clal and BamHI.

pET15b-ELC1 was obtained from Chris Koth (38). pAD6 was made by insert-
ing an EcoRI fragment from pDG649 (containing the entire RAD7 ORF) into
the EcoRlI site of pET41a (Novagen). pPRAD16-31 was obtained by inserting the
Py-tagged RAD16 OREF into the Ndel and BamHI sites of pET16b (Novagen).
pRAD16-35-3 is derived from pET16b and was used for expression of both
Py-tagged Rad16 and Elcl under T7 control, both with histidine tags. Site-
directed mutations were generated by overlapping PCR (4) or with the Strat-
agene Quick Change kit as recommended by the manufacturer. pMT2104 (25)
expresses glutathione S-transferase (GST)-ELCI under CUPI control and was a
gift from Mike Tyers. Additional details concerning plasmid construction are
available upon request.

The strains used in this study are described in Table 2. RAD16 was deleted by
one-step transformation with pBLY22 (60), obtained from Brehon Laurent.
Other gene deletions were constructed as previously described (16, 43) with
PCR-generated HIS3, KANMX, or NATMX cassettes for yeast transformation.
Tandem affinity purification (TAP)-tagged strains were generated by integration
of sequences encoding the TAP tag immediately 3’ of the indicated ORF (54).
Appropriate integration events were confirmed by PCR.

UV survival assays. Cells were grown in liquid culture (YPD or the appropri-
ate dropout medium for plasmid selection) to an optical density at 600 nm of
about 1.0 at 30°C unless otherwise indicated. Following mild sonication to dis-
perse clumps of cells, the cells were plated on YPD or the appropriate dropout
agar and irradiated in a Stratalinker with the indicated doses of UV light. The
UV dose delivered was calculated with a UVX radiometer (UVP). Following
irradiation, plates were immediately wrapped in foil and incubated for 2 to 4 days
at 30°C (or the indicated temperature). Cell survival was determined from the
number of colonies relative to that in the unirradiated control. Experiments were
performed in triplicate, and the error bars on the graphs represent standard
deviations.

Alternatively, S. cerevisiae strains were analyzed for UV sensitivity by UV
irradiation of spot dilutions of the indicated strains. For spot assays, strains were
grown at 30°C (unless otherwise indicated) to an optical density at 600 nm of 1.0
and washed in sterile water, and 10-fold serial dilutions were spotted on YPD or
appropriate dropout plates. Once dried, the plates were UV irradiated as indi-
cated above. Experiments were performed in triplicate with different clones, and
sensitivity to UV was graded according to the point at which growth was inhib-
ited.

ATPase activity assays. Expression and purification of Py epitope-tagged
Rad16 used for the ATPase assays was similar to the procedure described
previously (4) with the following modifications. For high-copy-number expres-
sion of RADI6 or RAD16-K216A under GALI control, strains were grown in
5-ml cultures of yeast extract-peptone medium with 2% raffinose and then
subcultured into 100 ml of synthetic medium plus raffinose but lacking leucine. A
strain bearing pRS425 was used for the plasmid vector control. When the cells
had reached an approximate optical density at 600 nm of 1.0, protein expression
was induced by addition of galactose to 2% for 2 h at 30°C. Cells were harvested
by centrifugation and washed in 10 ml of extraction buffer (200 mM Tris-HCI
[pH 8.0], 400 mM ammonium sulfate, 10 mM magnesium chloride, 1 mM EDTA,
10% glycerol, 7 mM B-mercaptoethanol, 1.0 mM phenylmethylsulfonyl fluoride,
2.0 mM benzamidine, 2.0 uM pepstatin, 0.6 wM leupeptin, and 2.0 ug of chy-
mostatin per ml). The cell pellets were then resuspended in 400 .l of extraction
buffer, and glass beads (400 to 625 wm in diameter) were used to disrupt cells by
vortexing, and large debris and unlysed cells were removed from the lysate by
centrifugation. Protein concentrations were determined by the Bradford assay
with bovine serum albumin as the standard. Extracts were stored at —80°C.

Purification of epitope-tagged Rad16 from yeast whole-cell extracts was per-
formed by incubation of 1.0 mg of extract protein with 60 pl of Py antibody-
coupled beads in 300 pl of HEG buffer (20 mM HEPES [pH 7.6 with KOH], 1
mM EDTA, 10% glycerol, 1 mM dithiothreitol, and protease inhibitors as de-
scribed above) plus 300 mM potassium acetate and 0.1% octylglucoside. The
extracts were incubated with the beads for 2 h at 4°C with rotation. Beads were
then washed four times with 1 ml of HEG buffer plus 0.5 M potassium acetate
and 0.1% Nonidet P-40 and once with 1 ml of HEG plus 0.2 M potassium acetate
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TABLE 2. Strains used in this study

MoL. CELL. BIOL.

Strain

Genotype

Reference or source

YPH499
YPH500
AY68
KLR1
KLR2
KLR3
KLR4

KLRS
KLR6
KLR7
KLRS8

KLR14
KLR15
JJSY283

JJSY284
JISY285
JISY297

JISY505
JISY506
KLR16
KLR17
KLR18
KLR19
KLR20
KLR21

KLR22
KLR23
KLR24
KLR25
BY4741
BY4742
JISY13
ubc2A
ubc4A
ubcSA
ubc7A
ubc8A
ubc10A
ubcllA
ubcl2A
ubcl13A
rad16A
JISY58
JISY61
JISY65
JISY68
JISY70
JISY72
JISY74
JISY78
MHY501
MSY1211
MHY509
MHY495
JISY103
MSY1212
JISY106
MSY347
JISY118
JISY122

MATa ura3-52 lys3-52 lys2-801° ade2-101° trp1-A63 his3-A200 leu2-A1

MATao ura3-52 lys3-52 lys2-801° ade2-101° trp1-A63 his3-A200 leu2-Al

MATo ura3-52 lys3-52 lys2-801° ade2-101° trp1-A63 his3-A200 leu2-Al rad16A::URA3

MATo ura3-52 lys3-52 lys2-801° ade2-101° trp1-A63 his3-A200 leu2-Al rad7A::KAN

MATa ura3-52 lys3-52 lys2-801° ade2-101° trp1-A63 his3-A200 leu2-Al rad23A::HIS3

MATo ura3-52 lys3-52 lys2-801° ade2-101° trp1-A63 his3-A200 leu2-Al rad7A::KAN rad23A::HIS3

MATo ura3-52 lys3-52 lys2-801¢ ade2-101° trp1-A63 his3-A200 leu2-Al rad7A::KAN radl6A::URA3
rad23A::HIS3

MATo ura3-52 lys3-52 lys2-801¢ ade2-101° trp1-A63 his3-A200 leu2-Al rad7A::KAN rad16A::URA3

MATa ura3-52 lys3-52 lys2-801° ade2-101° trp1-A63 his3-A200 leu2-Al elc1A::NAT

MATo ura3-52 lys3-52 lys2-801¢ ade2-101° trp1-A63 his3-A200 leu2-Al rad7A::KAN elc1A::NAT

MATa ura3-52 lys3-52 lys2-801 ade2-101° trp1-A63 his 3-A200 leu2-Al rad23A::HIS3 elcIA::NAT
rad7A::KAN

MATo ura3-52 lys3-52 lys2-801 ade2-101° trp1-A63 his 3-A200 leu2-A1 RAD4TAP-URA3
rad7A::KAN rad23A::HIS3

MATo ura3-52 lys3-52 lys2-801 ade2-101° trp1-A63 his 3-A200 leu2-A1 RAD4TAP-URA3
rad7A::KAN

MATo ura3-52 lys3-52 lys2-801 ade2-101° trp1-A63 his 3-A200 leu2-A1 RAD4TAP-URA3
elcIA::NAT

MATa ura3-52 his 3-A200 leu2-A1 RAD4TAP-URA3 ubcl3A::KAN

MATa ura3-52 trpl-A63his 3-A200 leu2-A1 ubc9A::TRP ubc9-1::LEU2::LEU2 RAD4TAP-URA3

MATo ura3-52 lys3-52 lys2-801 ade2-101° trp1-A63 his 3-A200 leu2-A1 RAD4TAP-URA3
radl6A::URA3

MATo ura3A0 leu2 A0 his 3A1 met15A0 RAD4TAP-URA3 cim5™

MATo ura3A0 leu2 A0 his 3A1 met15A0 RAD4TAP-URA3 cim5"™ rad7A::KAN

MATa his3A1 leu2A met15A ura3A RAD7TAP-URA3

MATa his3AI leu2A met15A ura3A RAD7TAP-URA3 radl16A::KAN

MATa his3A1 leu2A met15A ura3A RAD7TAP-URA3 radl6A::KAN elc1A::NAT

MATa his3A1 leu2A met15A ura3A RAD16TAP-URA3

MATa his3AI leu2A met15A ura3A RAD16TAP-URA3 rad7A::KAN

MATo ura3-52 lys3-52 lys2-801° ade2-101° trp1-A63 his 3-A200 leu2-A1 RAD16TAP-URA3
rad7A::KAN elc1A::NAT

MATo ura3-52 lys3-52 lys2-801¢ ade2-101° trp1-A63 his 3-A200 leu2-Al radl6A::URA3 ubc4A::KAN

MATa ura3-52 lys3-52 lys2-801 ade2-101° trp1-A63 his 3-A200 leu2-Al ubc4A::KAN

MATo ura3-52 lys3-52 lys2-801¢ ade2-101° trp1-A63 his 3-A200 leu2-A1 radl6A::URA3 ubc5A::HIS3

MATa ura3-52 lys3-52 lys2-801 ade2-101° trp1-A63 his 3-A200 leu2-Al ubc5A::HIS3

MATa his3A1 leu2A met15A ura3A

MATa his3AI leu2A lys2A ura3A

MATo his3AT leu2A lys2A ura3A rad23A::NAT

MATa his3AI leu2A met15A ura3A ubc2A::KAN

MATa his3AI leu2A met15A ura3A ubc4A::KAN

MATa his3AI leu2A met15A ura3A ubc5A::KAN

MATa his3AI leu2A met15A ura3A ubc7A::KAN

MATa his3AI leu2A met15A ura3A ubc8A::KAN

MATa his3A1 leu2A metl15A ura3A ubcl0A::KAN

MATa his3A1 leu2A met15A ura3A ubcllA:KAN

MATa his3A1 leu2A metl15A ura3A ubc12A::KAN

MATa his3A1 leu2A metl5A ura3A ubcl3A::KAN

MATa his3A1 leu2A met15A ura3A radl6A::KAN

MATa his3A1 leu2A metl5A ura3A ubc2A::KAN rad23A::NAT

MATa his3A1 leu2A met15SA ura3A ubc4A::KAN rad23A::NAT

MATao his3AI leu2A lys2A ura3A ubc5A::KAN rad23A:NAT

MATa his3A1 leu2A met15A ura3A ubc7A::KAN rad23A::NAT

MATa his3A1 leu2A metl5A ura3A ubc8A::KAN rad23A::NAT

MATa his3A1 leu2A metl15A ura3A ubcl0A::KAN rad23A::NAT

MATa his3A1 leu2A metl5A ura3A ubcl2A::KAN rad23A::NAT

MATa his3A1 leu2A metl15A ura3A ubcl3A::KAN rad23A::NAT

MATao his3A-200 leu2-3,112 ura3-52 lys2-801 trpl-1

MATa his3A leu2A lys2A trpI A ura3A

MATao his3A-200 leu2-3,112 ura3-52 lys2-801 trpl-1 ubclA::HIS3

MATahis3A-200 leu2-3,112 ura3-52 lys2-801 trpl-1 ubc6A::HIS3

MATao his3A-200 leu2-3, 112 ura3-52 lys2-801 trpI1-1 ubc6A::HIS3 rad23A::NAT

MATa his3A leu2A lys2A trpI A ura3A ubc9A::-TRP ubc9-1::LEU2::LEU2

MATa his3A1 leu2A metl5A ura3A ubcllA::KAN rad23A::NAT

MATa cdc34 his3A ura3-52

MATa his3A leu2A lys2A trpl A ura3A rad23A::NAT

MATao his3A-200 leu2-3,112 ura3-52 lys2-801 trpl-1 rad23A::NAT

65

65

This study
This study
This study
This study
This study

This study
This study
This study
This study

This study
This study
This study

This study
This study
This study

This study
This study
This study
This study
This study
This study
This study
This study

This study
This study
This study
This study

M. Smith

M. Smith

This study
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
EUROSCARF
This study
This study
This study
This study
This study
This study
This study
This study

M. Hochstrasser
M. Smith

M. Hochstrasser
M. Hochstrasser
This study

M. Smith

This study

M. Smith

This study
This study

Continued on following page
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TABLE 2—Continued

Strain Genotype Reference or source
JJISY123 MATa leu2-2 ura3-1 trpl-1his3-11 his15 ade2-1canl-100 rad23A::NAT This study
JISY124 MATa his3A-200 leu2-3,112 ura3-52 lys2-801 trpl-1 ubclA::HIS3 rad23A::NAT This study
JISY125 MATa his3A leu2A lys2A trpI A ura3A ubc9A::TRP ubc9-1::LEU2::LEU2 rad23A::NAT This study
JISY151 MATa his3AI leu2A lys2A ura3A ubc13A::KAN rad23A:NAT radl6A::URA3 This study
JISY152 MATa his3AT leu2A lys2A ura3A ubc2A::KAN rad23A::NAT rad16A::URA3 This study
JISY156 MATa his3A leu2A lys2A trpl A ura3A radl6A::URA3 This study
JISY159 MATa his3A-200 leu2-3,112 ura3-52 lys2-801 trp1-1 rad16A::URA3 This study
JISY162 MATo his3AI leu2A lys2A ura3A rad23A::NAT rad16A::URA3 This study
JISY163 MATa his3A leu2A lys2A trpI A ura3A ubc9A::TRP ubc9-1::LEU2 radl16A::URA3 This study
JISY165 MATa his3AI leu2A metl5A ura3A ubcl3A::KAN radl6A::URA3 This study
JISY167 MATa his3A1 leu2A met15A ura3A ubc2A::KAN radl16A::URA3 This study
JISY171 MATa cdc34 his3A ura3-52 rad16A::URA3 This study
JISY174 MATo his3A-200 leu2-3,112 ura3-52 lys2-801 trpl-1 ubclA::HIS3 radl6A::URA3 This study
JISY191 MATa cdc34 his3A ura3-52 rad23A::NAT This study
JISY238 MATa his3A1 leu2A met15A ura3A ubc8A::KAN radl16A::URA3 This study
JISY240 MATa his3A leu2A lys2A trpl A ura3A rad23A::NAT rad16A::URA3 This study
JJSY242 MATa his3A1 leu2A met15A ura3A ubc8A::KAN rad23A:NAT rad16A::URA3 This study
JISY243 MATa his3A leu2A lys2A trpl A ura3A ubc9A::TRP ubc9-1::LEU2::LEU?2 rad23A::NAT This study

radl16A::URA3
YJG1 MATa ura3A0 met15A0 trp1-A63 his3-A200 TAPRAD23-TRP1 This study
JISY358 MATa ura3A0 met15SA0 trpI-A63 his3-A200 TAPRAD23-TRP1 rad16A::URA3 This study
JISY360 MATa ura3A0 met15A0 trp1-A63 his3-A200 TAPRAD23-TRPI rad7A:KAN This study
JJSY362 MATa ura3A0 met15SA0 trpl-A63 his3-A200 TAPRAD23-TRPI ubcI3A::KAN This study
JISY367 MATa ura3A0 met15A0 trp1-A63 his3-A200 TAPRAD23-TRPI ubc2A::KAN This study

and 0.1% Brij 58. Bound protein was eluted in two 50-ul washes of HEG plus 0.2
M potassium acetate and 0.1% Brij 58 containing 0.2 mg of Py-peptide per ml
following incubation at room temperature for 10 min each. Purified protein
yields were determined both by Western blotting with the Py monoclonal anti-
body and by Coomassie staining polyacrylamide gels with known amounts of
bovine serum albumin for quantitation. The affinity-purified protein was stored
at —80°C.

Approximately 40 ng of purified Rad16, Rad16-K216A, or mock-purified ma-
terial was mixed with 250 ng of $X double-stranded DNA in a 20-pl reaction
mixture containing 10 pM unlabeled ATP and 1 wCi of [y**P]ATP (6,000
Ci/mmol; Perkin Elmer) in buffer B (30 mM Tris-HCI [pH 7.5], 5 mM MgCl,, 1
mM dithiothreitol, 100 wg of bovine serum albumin). The reaction mixtures were
incubated for various times at room temperature, and the reactions were termi-
nated by adding 1 pl of 100 mM EDTA plus 1 pl of 12 mM ATP to each reaction
mix. One microliter was then spotted onto BakerFlex polyethyleneimine thin-
layer chromatography plates, which were developed in 0.6 M KH,PO, (pH 3.4).
The plates were air dried, and the amount of hydrolyzed ATP was quantified by
analysis with a Molecular Dynamics PhosphorImager.

Extract preparation and Western blotting. Whole-cell extracts were prepared
with glass beads by either manually vortexing or use of a Fast Prep machine (Bio
101) as recommended by the manufacturer. For the extracts in Fig. 6 and 9, cells
were lysed in 20 mM Tris-acetate (pH 8.0), 300 mM potassium acetate, 20%
glycerol, 5 mM B-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride, 0.3 wg
of leupeptin per ml, and 1.4 pg of pepstatin per ml. For the extracts in Fig. 2, 3,
and 4, cells were lysed in 40 mM HEPES (pH 7.5), 350 mM NaCl, 1% Triton
X-100, 10% glycerol, 1 mM dithiothreitol, I mM phenylmethylsulfonyl fluoride,
0.3 pg of leupeptin per ml, and 1.4 ng of pepstatin per ml.

To determine the levels of Rad4, S. cerevisiae strains were grown as for the UV
survival assays, and cells were washed in sterile water, treated with UV light at
100 J/m?, and allowed to recover in fresh medium for 2 h in foil-wrapped flasks.
Samples were taken at the indicated times following UV treatment, and whole-
cell extracts were prepared. For induction of GST-Elcl, cells were induced by
addition of copper sulfate to 0.5 mM, and cells were harvested after 1 h of
induction. Protein yields were determined with the Bradford protein assay (Bio-
Rad); equivalent amounts of whole-cell extract protein were resolved on poly-
acrylamide protein gels and transferred to Immobilon-P (Millipore). Membranes
were blocked in 5% nonfat dry milk in 50 mM Tris-Cl (pH 7.5), 0.9% NaCl,
0.05% Tween 20, and 0.01% antifoam A, and proteins were detected with
antibodies at the following dilutions: M2 Flag (Sigma), 1:5,000; Py monoclonal,
1:200; 12CAS anti-HA monoclonal, 1:3,000; anti-protein A, 1:50,000; and anti-
GST (Amersham), 1:12,500. Anti-mouse and anti-rabbit immunoglobulin sec-
ondary antibodies (Amersham) were used at 1:5,000, and anti-goat immunoglob-

ulin antibody was used at 1:10,000. Proteins were detected with the Amersham
ECL+ kit as recommended by the manufacturer. All rad16 and rad7 mutant
proteins listed in Table 3 were expressed at levels that were similar to the
wild-type levels, as determined by Western blotting analysis (not shown). Bac-
terially expressed proteins were detected with either anti-GST antibody at
1:5,000 and secondary anti-goat antibody at 1:10,000; anti-His antibody (Santa
Cruz Biotechnology) at 1:2,000 and anti-rabbit secondary antibody at 1:2,000; or
Py monoclonal antibody at 1:5,000 with anti-mouse secondary antibody at
1:5,000.

Coimmunoprecipitation experiments. Three to five milligrams of yeast whole-
cell extract protein was incubated with 20 to 40 pl of HA antibody-coupled
agarose beads (Roche), Flag M2 antibody-coupled beads (Sigma), calmodulin
affinity resin (Stratagene), or immunoglobulin G-Sepharose 6 fast flow (Amer-
sham) in cell lysis buffer (see above). Immunoprecipitation with calmodulin
beads was performed in buffer that also contained 2 mM CaCl,. Extracts were
incubated with the beads at 4°C for 3 h with gentle mixing. Bead-bound com-
plexes were washed three times at 4°C with 1 to 2 ml of the same buffer; the beads
were then suspended in sodium dodecyl sulfate sample buffer, boiled, and loaded
on gels.

Bacterial expression of Rad7, Radl6, and Elcl. BL-21 codon-positive cells
harboring the indicated expression plasmids were inoculated into 6 ml of YT
medium (0.55% yeast extract, 0.83% NaCl, and 1.33% tryptone) with appropri-
ate drug selection (ampicillin and/or kanamycin) at 37°C with shaking for 6 h.
The cultures were then added to 1 liter of selective medium and incubated at
18°C with shaking until the optical density at 600 nm reached approximately 0.6
to 1.0. Expression was induced by addition of isopropyl-B-p-thiogalactoside to 1
mM, and cells were harvested after 2 h at 18°C. Cells were subjected to three
cycles of freezing and thawing, resuspended in 137 mM NaCl-2.7 mM KCI-10
mM Na,HPO,-1.8 mM KH,PO,-10% glycerol-1 mM phenylmethylsulfonyl flu-
oride-31 pg of benzamidine per ml-1.4 pg of pepstatin per ml -0.2 ug of
chymostatin per ml-0.3 g of leupeptin per ml, and lysed by sonication. Cell
lysates were clarified by centrifugation and incubated with glutathione-Sepharose
4B (Amersham Biosciences) for 2 h at 4°C. Unbound material was removed by
washing the beads with lysis buffer, and bound and unbound material was ana-
lyzed by Western blotting as described above.

Sequence analysis. PSI-BLAST search (http://www.ncbi.nlm.nih.gov/BLAST/)
of the SWISSPROT and S. cerevisiae databases was performed with the Rad7
sequence (accession number A25226) as the query with default settings. Grrl
(accession number NP_012623) was the only protein detected with a significant
expectation value (E, ~107%). The significance of the alignment was confirmed
by performing a similar analysis with shuffled sequences with PRSS (http:
/lwww.ch.embnet.org/software/PRSS_form.html). A BLOCKS search (http:
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FIG. 1. Conserved sequences in Rad16 and Rad7. (A) Alignment of Rad16 with some of its homologous proteins containing Snf2/Swi2-related
ATPase domains (green) and RING domains (yellow). (B) Alignment of the Rad16 RING domain with the RING domains of Rad5, RAG1, and
c-Cbl. Note that Rad16 Y564 is analogous to ¢-Cbl W408 (81) and Rad5 Y944 (69), necessary for interaction of c-Cbl and Rad5 with their E2s.
(C) Alignment of Rad7 with some of its homologous proteins containing F-box domains (red) and leucine-rich repeats (LRRs, yellow).
(D) Alignment of F-box residues from different proteins; the F-box consensus sequence shown at the top. Rad7 residues in boxes were mutated

in this study.

//blocks.fhere.org/blocks/blocks_search.html) identified the F-box domain in
Rad7. The leucine-rich repeats in Rad7 were reported previously (62). Further-
more, when searching with Rad7 with SGD (http://www.yeastgenome.org/),
BLAST searches show that the proteins listed in Fig. 1C were homologous to
Rad7. The PSI-BLAST search engine was also used to search SWISSPROT with
Rad16 (accession number NP_009672) as the query sequence. There were 201
hits on iteration 1 and Fig. 1 lists eight of these, including Rad16. The homol-
ogous proteins listed have expectation values (E) of less than 1073, Rad16’s
RING domain was reported previously (13, 52) and was also identified with the
PFAM (http://www.sanger.ac.uk/Software/Pfam/search.shtml) and BLOCKS da-
tabases.

RESULTS

Sequence analysis of Rad16 and Rad7. As shown in Fig. 1A
and B, Rad16 is a member of a subfamily of Snf2/Swi2-related
proteins that contain RING domains inserted between blocks
of conserved sequences that comprise the ATPase domain (5,
13, 52, 58). The general activity of RING domain proteins as

E3s (34, 44) suggested an unanticipated role for Rad16 in a
ubiquitin-mediated repair pathway. E3s function via physical
interaction between the RING domain and an E2 (26, 81). The
RING domains of Ragl and Rad5 are homologous to the
Rad16 RING domain (Fig. 1A and B), and both Ragl and
Rad5 have E3 activity or are components of multisubunit E3
complexes (69, 77). Thus, Radl6 is homologous to proteins
with known E3 activity. These results suggest that the Rad16
RING domain physically interacts with an E2.

Substrates for ubiquitylation are recruited via specific inter-
actions between the substrate and an E3 subunit, which is often
distinct from the RING protein (26, 80, 81). We observed that
the NEF4 subunit Rad7 bears striking similarity to substrate
recognition subunits of SCF-like E3s. Rad7 was previously
reported to contain 12 C-terminal leucine-rich repeats (62). As
shown in Fig. 1C and D, the Rad7 N-terminal region has
similarity to the N-terminal F-box domain of Grrl and related
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FIG. 2. Mutation of the ATPase domain impaired Rad16 function in vivo. (A) UV sensitivity of wild-type (RADI16), rad16A, and rad16-K216A
strains. The graph shows the relative number of colonies that grew on agar plates following irradiation with the indicated doses of UV irradiation;
100% survival represents the number of colonies on the unirradiated control plates for each strain. For this and all subsequent graphs, the error
bars represent the standard deviations determined from measurements made in triplicate. (B) ATP hydrolysis catalyzed by wild-type Rad16 (WT),
rad16-K216A (K216A), or mock-purified material from cells with untagged Rad16 (Mock) was determined after incubation of reaction mixtures
with the indicated proteins for the indicated times. The inset shows the relative ATPase activity of wild-type Rad16 and rad16-K216A derived from
the hydrolysis detected following a 10-min incubation. The error bar represents the standard deviation derived from three separate experiments.
Note that the very low ATPase activity of the rad16-K216A preparation was indistinguishable from that of the mock-purified material. (C) Co-
immunoprecipitation of Flag-tagged Rad7 and TAP-tagged Rad16 in yeast whole-cell extracts. Extracts containing TAP-tagged Rad16 and/or
Flag-tagged Rad7 (+) or untagged proteins (—) were immunoprecipitated with calmodulin beads, which bind the TAP tag on Rad16. Western blots
of the immunoprecipitated material were probed for either Rad16 (protein A antibody) or Rad7 (Flag antibody). (D) Similar to panel C except
that Flag-tagged Rad7 was immunoprecipitated with anti-Flag beads and the immunoprecipitates were probed with Flag antibody to detect

Flag-Rad7 or Py monoclonal antibody to detect EE-tagged Rad16 (lanes 1 to 3) or rad16-K216A (lanes 4 and 5).

F-box proteins. The presence of a RING domain-containing
subunit and an F-box-containing subunit in the NEF4 complex
provides strong circumstantial support for the idea that the
NEF4 complex functions as both an E3 and an ATPase.
Function of Rad16 RING domain and ATPase in vivo. To
test the idea that NEF4 has dual functions in NER, mutations
were made in the motifs identified above, and strains harboring
these alleles were analyzed for UV sensitivity. In parallel, the
effects of these mutations on NEF4 complex stability were
determined by performing coimmunoprecipitation assays.
First, the requirement for Rad16 ATPase activity was tested
through mutation of lysine 216 to alanine. Lysine 216 is in the

Walker A box (75) and is a conserved catalytic residue essen-
tial for ATPase activity of all Snf2/Swi2 ATPases that have
been tested (49). As shown in Fig. 2A, the K216A mutation
impaired Rad16 function in vivo, but rad16-K216A retained
some activity, suggesting that it has some ATPase-independent
function. To determine if the K216A mutation destroyed
ATPase activity, ATPase assays were performed with affinity-
purified wild-type Rad16, rad16-K216A, or material obtained
from a mock purification with extract containing untagged
Rad16. As shown in Fig. 2B, wild-type Rad16 had readily
detectable ATPase activity, whereas the rad16-K216A mutant
had no detectable ATPase activity. These results indicate that,
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TABLE 3. Summary of Rad16 and Rad7 mutant data

UV sensitivity” in background:

Coimmunoprecipitation” in
background:

Allele Location of mutation
RAD23" rad23A RAD23" rad23A
Radl6
K216A Intermediate Intermediate + ATPase (Walker A)
C537A Same as radl6A Same as radl6A rad23A - RING domain
C540A Intermediate Same as radl6A rad23A - RING domain
C557A Wild type Same as radl6A rad23A - RING domain
C560A Intermediate Same as radl6A rad23A - — RING domain
Y564A Wild type Same as radl6A rad23A + + RING domain
C580A Intermediate Same as radl6A rad23A - RING domain
C540A,K216A Same as radl6A Same as radl6A rad23A — RING and Walker A
C540A,C580A Same as radl6A Same as radl6A rad23A - RING domain
Y564A,K216A Intermediate Same as radl6A rad23A + + RING and Walker A
Rad7
137A Wild type Intermediate + + F-box
W41A Wild type Same as rad23A F-box
K40A,Q43A Wild type Intermediate + + F-box
A37-43 Wild type Same as rad7A rad23A + + F-box deletion

¢ Intermediate, the strain is UV sensitive compared to the wild-type strain but not as UV sensitive as a strain with a deletion of the gene of interest; same as rad16A,
the UV sensitivity of the strain carrying this allele is the same as the UV sensitivity of a strain with a deletion of the gene.
? 4+, Rad16 and Rad7 coimmunoprecipitate; —, the two proteins do not coassociate. If no result is shown, the combination was not tested.

indeed, rad16-K216A retains some other activity in vivo de-
spite the fact that its ATPase activity has been abolished.
Wild-type Rad16 and Rad7 were coimmunoprecipitated from
cell extracts, and as expected, the K216A mutation did not
detectably affect the association of Rad16 and Rad7 (Fig. 2C
and D).

RING domains consist of conserved cysteine and histidine
residues that coordinate two zinc atoms (Fig. 1B) (58); a con-
served hydrophobic residue is also essential for interaction
between RING domains and certain E2s (Fig. 1B) (81). To
determine the role for the Rad16 RING domain in UV repair,
mutations in several of these critical RING domain residues
were constructed and tested for activity in vivo. As shown in
Table 3, mutation of presumed zinc-coordinating cysteine res-
idue 537, 540, 560, or 580 caused some degree of UV defect in
vivo. rad16-C557A conferred wild-type UV survival but was
still defective for interaction with Rad7 (Table 3). It is possible
that Rad16 has a Rad7-independent function, but as the bio-
chemical and genetic data strongly favor an exclusive function
for Radl6 in a complex with Rad7 (20, 52), these results
suggest instead that the rad16-C557A-Rad7 complex is intact
but weakened in vivo and is destabilized during the coimmu-
noprecipitation procedure.

All of the other mutations destabilized the interaction be-
tween Radl6 and Rad7, as judged by immunoprecipitation
experiments (Table 3), but it was unclear if the RING domain
participates directly in the interaction with Rad7 or if the
defects resulted indirectly from instability of the Rad16 folded
structure. To distinguish between these possibilities, RING
domain residue Y564 was mutated to alanine. Y564 is analo-
gous to a solvent-exposed hydrophobic residue, W408, in the
c-Cbl RING domain (81) and Y944 in Rad5 (69), which are
essential for interaction with the E2s UbcH7 and Ubcl3, re-
spectively. Unexpectedly, rad16-Y564A did not confer a UV-
sensitive phenotype in otherwise wild-type cells (Fig. 3A). As
modeling studies predicted that Y564 would be critical for an

interaction between the RING domain and another protein,
these results suggest that mutations of zinc-coordinating cys-
teine residues do destabilize the folded structure of Rad16, but
the RING domain interaction surface per se is not required for
NEF4 function in otherwise wild-type cells.

Functional overlap of the Rad16 RING domain and Rad23
in NER. One explanation for the wild-type UV sensitivity of
the rad16-Y564A strain is that another activity can compensate
for the RING defect. Previous genetic analyses revealed phe-
notypic similarities between rad16, rad7, and rad23 strains (48,
76). Rad23 possesses ubiquitin-binding domains, has a ubiqg-
uitin-like N-terminal domain, and is associated with the pro-
teasome (72). These observations suggested that Rad23 might
compensate for defects in NEF4. As shown in Fig. 3B, in
marked contrast to the wild-type activity of rad16-Y5644 in
RAD23 cells, radl6-Y564A displayed a strong synthetic UV
defect in rad23A cells. Deleting RAD16 resulted in roughly the
same degree of UV sensitivity in RAD23 and rad23A cells; in
some strain backgrounds, the loss of both R4D16 and RAD23
resulted in somewhat enhanced UV sensitivity compared to
the single mutants alone (see Fig. 8, discussed below, and data
not shown). The combined results of Fig. 3A and B are con-
sistent with the hypothesis that Rad16 possesses more than one
biochemical activity; only one of these activities requires
Rad16-Y564 and is functionally redundant with Rad23.

All of the other Rad16 RING domain mutants also con-
ferred synthetic UV sensitivity when tested in rad23A cells
(Table 3). Rad7 and rad16-Y564A associate in vivo, with only
an approximate twofold decrease in coassociation in rad23A
cells (Fig. 3C). Similar results were obtained when the immu-
noprecipitation was performed with extract from RAD23 cells
(not shown). Therefore, the rad16-Y564A defect is not due to
disruption of the Rad16-Rad7 interaction, but instead these
observations support the idea that the RING domain partici-
pates in some other function. In contrast to the results with the
RING mutants, the UV sensitivity of a rad23A rad16-K216A
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FIG. 3. Mutation of the RING domain impaired Rad16 function in vivo. (A) UV sensitivity of wild-type (RADI16), rad16A, and radl6-Y564A
strains, determined as described for Fig. 2A. rad16-Y564A encodes a mutation in the RING domain. (B) UV sensitivity of rad23A strains with
wild-type RAD16, rad16A, or rad16-Y564A. (C) Coimmunoprecipitation experiment performed as in Fig. 2D, but the reactions in lanes 1 and 2 were
performed with extracts from rad23A cells harboring EE-tagged rad16-Y564. Note that Rad7 and rad16-Y564A coassociate in rad23A cells with
only an approximate twofold decrease, as determined by densitometric analysis of the Western blot.

strain roughly reflected the additive UV sensitivities conferred
by the individual mutations (Table 3). Additionally, the radl6-
K216A4,Y564A allele conferred moderate UV sensitivity in
RAD?23 cells (reflecting loss of ATPase activity). This double
point mutant had no detectable function in rad23A cells, re-
flecting the importance of the RING domain when Rad23 is
absent (Table 3 and data not shown).

Function of the Rad7 F-box in NER. A similar analysis was
performed to determine the role of the Rad7 F-box in NER.
rad?7 alleles were constructed with point mutations in the F-box
or with the entire F-box motif deleted (Table 3). As shown in
Fig. 4A, a strain that contains RAD7 with the whole F-box
deleted (rad7-AF-box) was not sensitive to UV damage. Strik-
ingly, however, a synthetic UV defect was observed in rad23A
rad7-AF-box cells (Fig. 4B) that was quantitatively similar to
the synthetic UV defect observed in rad23A rad16-Y564A cells
(Fig. 3B). This result fits well with a previous report demon-
strating a synthetic UV defect in rad23A cells carrying an allele
of rad7 with a large deletion of the 5" end of the gene removing
the newly identified F-box and additional sequences (48). As
shown in Fig. 4C Radl6 was associated with rad7-AF-box in
both RAD23 and rad23A cells, indicating that the Rad7 F-box
is not required for association with Rad16. Other alleles of
rad7 that encode point mutations in the Rad7 F-box motif were
also tested (Table 3). rad7-W41A was not defective for UV
repair, but rad7-I37A and the F-box double point mutant rad7-
K40A,Q43A conferred synthetic UV defects in rad23A cells,
and both proteins associated with Rad16, as judged by coim-
munoprecipitation (Table 3 and Fig. 4D).

Genetic connection between ELC1 and NEF4. While this
analysis was in progress, Elcl was identified as a Rad7-associ-
ated protein (25). A human Elcl homologue is a component of
an E3 ubiquitin ligase that contains a RING domain subunit
(37). Little is known about the function of Elcl in S. cerevisiae,
although it has been shown to regulate the degradation of
stress proteins (31). These results suggest another link between
NEF4 and a ubiquitin-mediated repair pathway. To determine
if Elcl functions with Rad16 and Rad7 in NER, various elc]A
strains were tested for UV sensitivity. As shown in Fig. 5A, an

elcIA strain was not sensitive to UV damage. However, an
elc1A rad23A strain displayed the same synthetic UV sensitivity
as was observed in rad23A strains with genes encoding rad16
RING or rad7 F-box mutations. As shown in Fig. 5B, a rad7A
elcIA strain had the same UV sensitivity as a rad7A strain, and
the triple deletion rad7A rad23A elc1A strain had the same UV
sensitivity as the rad7A rad23A and rad23A elc1A strains. These
results are consistent with the idea that Elcl functions in the
NEF4 pathway. To complete the analysis, the effect of elcIA on
the UV sensitivity of various radl6 strains was also examined
(Fig. 5C). Loss of ELCI did not affect the UV sensitivity of a
radl6A strain or a radl16-K216A strain. On the other hand, an
elc1A rad16-Y564A strain had a weak but statistically significant
UV defect compared to the elcI/A and radl16-Y564A strains
(compare Fig. 5C to 3A).

Elcl is physically associated with Rad7 and Rad16. To de-
termine the physical relationship between Elcl and NEF4, the
levels of Elcl, Rad7, and Radl6 proteins were analyzed in
various mutant strains, and immunoprecipitation experiments
were performed. As shown in Fig. 6A, deletion of ELCI re-
sulted in greatly reduced levels of Rad7 protein. This result
was surprising because an elcA strain did not have enhanced
UV sensitivity compared to wild-type cells (Fig. 5A). Since
there are detectable, albeit low, levels of Rad7 in elcIA cells,
and since loss of ELCI does not bypass the requirement for
either RAD7 or RADI16 (Fig. 5 and data not shown), these
results suggest that NEF4 function is retained in elc/A cells
despite the low levels of Rad7 polypeptide.

One likely possibility is that elc/A cells possess a kinetic
defect in the repair of UV damage, a suggestion that is con-
sistent with the observation that elcIA cells were recently
found to be UV sensitive with a competitive growth assay (22).
Deletion of RAD7 resulted similarly in nearly undetectable
levels of Elcl protein (Fig. 6B). In contrast, Rad16 protein
levels were unaffected by loss of Elcl or Rad7 (Fig. 6C). North-
ern analysis demonstrated that RAD7 message levels were not
affected by elcIA, and conversely, ELCI message levels were
not affected by rad7A (not shown). These results suggested that
Elcl is a component of NEF4 and that loss of Elcl or Rad7
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FIG. 4. Function of the Rad7 F-box. (A) UV sensitivity of wild-type (RAD?7), rad7-AF-box, and rad7A strains. The experiment was performed
as in Fig. 2A. (B) UV sensitivity of rad23A RAD7, rad23A rad7-AF-box, and rad23A rad7A strains, determined as described for Fig. 2A. Note that
the rad7-AF-box allele is indistinguishable from rad7A in the rad23A background, whereas rad7-AF-box has wild-type activity in RAD23 cells.
(C) Rad7 F-box was not required for association of Rad7 with Rad16. Yeast whole-cell extracts with the indicated epitope-tagged proteins were
used for immunoprecipitation with the Flag antibody, and Western blots of the immunoprecipitates were probed with the indicated antibodies. In
lanes 1 to 3, the extracts contained Flag-tagged wild-type Rad7 or rad7-AF box. +, the protein was epitope tagged; —, untagged Rad7 (lane 4).
All reaction mixtures contained EE-tagged Rad16, and extracts were made from cells with wild-type RAD23 except lane 2, in which the extract was
prepared from a rad23A strain. (D) rad7 F-box mutant K40A,Q43A associated with EE-tagged Rad16 in yeast whole-cell extracts. The experiment

was performed as in C except lane 1 contains extracts from rad7-K40A,Q43A. RAD23 was wild-type (+) or deleted from the strain (A), as indicated.
In lane 2, wild-type Rad7 was untagged.

destabilized the NEF4 complex. As shown in Fig. 6D (lanes 1
and 2), Rad7 and Elcl are physically associated in whole-cell
extracts. This result is in good agreement with previous results
(25). Furthermore, the Rad7-Elcl interaction is independent
of the Rad7 F-box (Fig. 6D, lanes 3 and 4). As shown in Fig. 6E
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and F, Rad7 and Rad16 were associated with immunoprecipi-
tated Elcl, and Elcl and Rad7 were associated with immuno-
precipitated Rad16. Thus, Elcl, Rad7, and Rad16 are present
in the same complex(es) in S. cerevisiae extracts.
Recombinant Elcl, Rad7, and/or Rad16 were coexpressed in
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FIG. 5. Genetic interactions between ELCI, RAD7, RAD16, and RAD23. (A to C) The UV sensitivity of the indicated strains was determined
by counting colonies derived from cells surviving irradiation at the indicated doses of UV light (see legend to Fig. 2A). Note that deletion of ELC!

alone did not affect UV sensitivity, nor did it alter the UV sensitivity of rad16A, rad7A, or rad7A rad23A strains, whereas the elclA rad23A strain
is markedly more UV sensitive than the rad23A strain.



VoL. 24, 2004 NEF4 REGULATES Rad4 LEVELS 6371

A B C

Flag-FIad? + + + = + HA-Ele1 A + & 3 TAP-Radi16 - + + + +
Elet + & + A Radi6 + o+ A+ Eel + A + + &
Radte + & A +  Rad7 A + o+ Rad? *+ A A + +
Blot:Flag = - - - Blot:HA -— - BIOLTAP o i . e
1 2 3 4 5 1 2 3 4 5 1 2 34 5

D E F IP: TAP IP: Flag

IP: Flag IP: HA IP:Flag  rappaars - . . . T
I
+ o+ ¥ & GST-B TAPRadls % © ¥ + +I Flag-Rag( LA T S T T
. ) . . F!ag-Had? FIag—Had? + + A HA-Ele1 + i) -+ 4+ o+
HA-Elct + A +
Blot: TAP S—— —
W @ ooy BotTAP = -
= B sotgsT DotFlag = - Blot:Flag - - a»
1 2 3 4
= prere RAD7 BlotHA == BlotHA = -
-DOX
1.2 38 45 1 2 345 68 7

FIG. 6. Elcl associated with Rad16 and Rad7 in yeast whole-cell extracts. (A) Immunoprecipitation of Flag-Rad7 from extracts with (lanes 1,
3, and 4) or without (lanes 2 and 5) Elcl and with (lanes 1, 4, and 5) or without (lanes 2 and 3) Rad16. —, protein was present but untagged.
Flag-Rad7 was detected by Western blotting with Flag antibody. (B) Similar to A except immunoprecipitation and Western blotting were
performed with HA antibody with extract from an elcA strain (lane 1), from an HA-Elcl strain (lanes 2 to 4), or from a strain with untagged Elcl
(lane 5). Wild-type Rad7 and Rad16 were present (+) or absent (A) from the strains. (C) TAP-tagged Rad16 levels were determined in yeast
whole-cell extracts by Western blotting with protein A antibodies. Extracts contained untagged Rad16 (lane 1) or TAP-tagged Rad16 (lanes 2 to
5). Wild-type ELCI and RAD7 were present (+) or deleted (A) from the strains, as indicated. (D) Coimmunoprecipitation of GST-Elcl and
Flag-Rad7 from yeast whole-cell extracts with Flag antibodies. The experiment was performed as in Fig. 4C except that extracts contained
GST-Elcl with wild-type Rad7 (lanes 1 and 2) or Rad7-AF-box, Flag-tagged (+) or untagged (—), as indicated. Western blot analysis of Flag
immunoprecipitates was performed with the indicated antibodies. (E and F) Reciprocal coimmunoprecipitation reactions demonstrate that Rad7,
Rad16, and Elcl are coassociated in yeast whole-cell extracts. (E) HA antibody was used for immunoprecipitation of HA-Elc1 in lanes 1 to 3, and
Flag antibody was used for immunoprecipitation of Flag-Rad7 in lanes 4 and 5. (F) Protein A antibody was used for immunoprecipitation of
TAP-Rad16 in lanes 1 to 5, and Flag antibody was used for immunoprecipitation of Flag-Rad7 in lanes 6 and 7.

bacterial cells and analyzed by affinity purification. Full-length NEF4 repair pathway. Biochemical approaches have not iden-
Rad7 was expressed as a GST fusion, and cell lysates were tified an E2 that physically associates with NEF4 (15, 25), so a
incubated with glutathione-agarose in the presence or absence genetic approach was undertaken to identify E2s that might
of full-length histidine-tagged Elcl and Py-tagged Radl6. interact weakly or transiently with NEF4. Since mutations in
GST-Rad7 alone was poorly expressed (Fig. 7A, lane 2), al- the F-box and RING domains of NEF4 confer synthetic UV
though some GST-Rad7 binding to glutathione-agarose beads defects in rad23A cells, double mutant strains were constructed
could be detected (Fig. 7B, lane 15). Elcl and Rad16 did not with a deletion of R4D23 and a mutation in one of 13 E2-
bind to the glutathione beads, either alone or together (Fig. encoding UBC genes. The UV sensitivity of the double mutant
7B, lanes 1, 2 and 5 to 8). On the other hand, Elcl bound to strains was scored by a serial dilution spot assay. The results
GST-Rad7 in the absence of Rad16, and Rad16 was bound to are summarized in Fig. 8. rad23A strains with deletions of
Rad7 in the absence of Elcl (Fig. 7B, lanes 9 to 12). When all UBC2/RADG6 or UBCI3 had increased UV sensitivity com-
three proteins were expressed in the same cell, all three were pared to strains with any single gene deletion. A rad23A ubc9-1
bound to glutathione agarose (Fig. 7B, lanes 13 and 14). Since strain displayed a slight slow-growth phenotype in the absence
Rad16 and Elcl can bind to Rad7 independently, it was not of UV damage and increased UV sensitivity compared to ei-
possible to determine if all three recombinant proteins can ther the rad23A or ubc9-1 strain. No other double mutant

form a discrete complex in this system, but Rad16-Rad7 and strains had increased UV sensitivity, as would be expected for
Rad7-Elcl binary complexes can clearly assemble in the ab- loss of an E2 that participates in the NEF4 pathway.
sence of other S. cerevisiae proteins. Both UBC2/RAD6 and UBC13 play roles in postreplication

Genetic interactions between RAD16 and certain UBC repair, which explains why rad16A ubc2A and rad16A ubcl3A
genes. If NEF4 is an E3, then an E2 must also function in the strains are more UV sensitive than strains missing any of the
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FIG. 7. Association of recombinant Rad16 and Elcl with Rad7 in
vitro. (A) Bacterial lysates were analyzed by Western blotting to detect
the expression of recombinant GST-tagged Rad7, EE-tagged Rad16,
and/or His-tagged Elcl. The proteins were expressed either alone or in
combination, as indicated by the + and — symbols. Full-length GST-
Rad7 is indicated by an asterisk. Note that significantly more GST-
Rad7 was made when Elcl or Elcl and Rad16 were coexpressed with
GST-Rad7 than when GST-Rad7 was expressed alone (lanes 5 and 7
compared to lane 2). (B) Western blot analysis of material bound to
glutathione-agarose beads (B) and flowthrough (F) with the bacterial
lysates in panel A. Lanes 15 and 16 are from a longer exposure of lanes
3 and 4. Note that GST-Rad7 alone was expressed poorly and did not
bind well to glutathione-agarose beads. Similarly, His-Elcl and EE-
Rad16 did not bind to glutathione beads, either alone or in combina-
tion (lanes 1, 2, and 5 to 8). In contrast, GST-Rad7, His-Elcl, and
EE-Rad16 were all bound to beads when GST-Rad7 was coexpressed
with any combination of the other two (lanes 9 to 14).

single genes alone (Fig. 8). The enhanced UV defects in these
double mutant strains could therefore be due solely to the
combined defects in two repair pathways or could in principle
be due to an additional, novel interaction with NEF4. To
distinguish among these possibilities, the UV sensitivities of
radl6A rad23A ubc2A, radl6A rad23A ubc9-1, and radl6A
rad23A ubc13A triple mutant strains were compared to the UV
sensitivities of the respective rad23A ubc strains (Fig. 8). The
prediction was that loss of the NEF4 component Rad16 would
not increase the UV sensitivity of a strain missing Rad23 and
the E2 with which NEF4 interacts.

As shown in Fig. 8, the rad16A rad23A ubc2A strain had a
severe growth defect in the absence of UV irradiation, and the
comparative UV sensitivity of this strain could not be deter-
mined. In contrast, the UV sensitivity of the radl6A
rad23Aubc9-1 strain was very similar to that of the rad23A
ubc9-1 strain, and the sensitivity of the radl6A rad23A ubc13A
strain was similar to that of the rad23A ubc13A strain. A similar
epistatic relationship between RADI16 and UBCI3 was also
observed when double and triple mutant strains were tested
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with the rad16-Y564A allele rather than radl6A (data not
shown). Thus, both UBC9 and UBC13 fulfill genetic criteria for
participation in the NEF4 pathway. As an additional control
for the specificity of these genetic interactions, no change in
UV sensitivity was observed in rad23A and radl6A rad23A
strains when UBCS8 was deleted (Fig. 8).

NEF4 regulates Rad4 levels and affects ubiquitylation of
Rad23. Rad4 interacts with Rad7 by two-hybrid analysis (76),
and the Rad4-Rad23 complex recognizes UV-damaged DNA
(6, 68). These observations suggested that Rad4 could be a
substrate for the inferred E3 activity of NEF4. To determine if
NEF4 affects Rad4 levels during repair, cells were UV irradi-
ated and harvested at various times thereafter. In wild-type
cells, UV irradiation led to a five- to ninefold increase in Rad4
protein, as reported previously (Fig. 9A) (66). In rad7A cells,
Rad4 levels were elevated in undamaged cells and remained
high throughout the 2-h time course postirradiation (Fig. 9A).
In contrast, Rad4 levels were induced about fourfold following
irradiation of rad23A cells, but the induction of Rad4 levels
was only transient. The levels of Rad4 in rad7A rad23A cells
following irradiation were even more markedly reduced than
in rad23A cells (Fig. 9A). The effect of rad23A on Rad4 levels
fits well with recently published data (46), and the very low
levels of Rad4 in UV-irradiated rad7A rad23A cells suggest an
explanation for the synthetic UV sensitivity of this double
mutant strain.

The most striking effect of rad7A in the above experiment
was to cause Rad4 levels to be elevated in undamaged cells. As
shown in Fig. 9B and C, Rad4 protein levels were also elevated
in elcIA and rad7-AF-box cells. Rad4 levels were also assessed
in undamaged ubcl3A cells and ubc9-1 cells at the permissive
(23°C) and semipermissive (30°C) temperatures. The levels of
Rad4 were elevated in ubcI3A cells to a level that was com-
parable to the levels seen in the NEF4 mutant strains (Fig. 9B
and C). This is consistent with the idea that Ubc13 interacts
with NEF4. Surprisingly, Rad4 levels were very low in ubc9-1
cells at the semipermissive temperature of 30°C (Fig. 9B and
C), suggesting that while Ubc9 is involved in the regulation of
Rad4 protein levels, it functions in a different pathway. The
effect of ubc9-1 on Rad4 protein levels is likely responsible, at
least in part, for the UV sensitivity of the ubc9-1 strain and the
synthetic UV sensitivity of the ubc9-Irad23A strain.

To further test the relationship between NEF4 function and
Rad4, the effects of RADI16 mutations on Rad4 levels were
determined. As shown in Fig. 9D, Rad4 levels are elevated in
the rad16A strain compared to the wild-type strain. Rad4 levels
were unaffected by the loss-of-function mutation in the Rad16
ATPase, K216A, indicating that ATPase activity is not re-
quired for turnover of Rad4. Rad4 levels were elevated, how-
ever, in the radl6-Y564A and radl6-K216A,Y564A strains, re-
sults that are fully consistent with the inferred function of the
NEF4 E3 activity in Rad4 turnover. Finally, a role for NEF4 in
control of R4AD4 transcription was tested directly. Deletion of
RAD?7 did not affect RAD4 message levels (not shown), con-
sistent with the conclusion that NEF4 regulates Rad4 protein
levels by a posttranscriptional mechanism.

Rad4 and Rad23 have been shown to be ubiquitylated and
degraded by the 26S proteasome (39, 42, 59). To determine if
the proteasome is required for NEF4-mediated turnover of
Rad4, strains were constructed with a conditional mutation in
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FIG. 8. Systematic analysis of UV sensitivities of ubc strains. UV sensitivity spot assays of various ubc, ubc radl16A, ubc rad23A, and ubc rad16A
rad23A strains were performed, and the data are summarized on the left. Strains were ranked by degree of UV resistance as follows: ++++++,
+++++, ++++, +++, ++, and + indicate growth at 150, 100, 75, 50, 10, and 5 J/m?, respectively. Growth intermediate between two exposures
is indicated by *. Temperature-sensitive (ts) strains were tested at the semipermissive temperature (ubc3 at 35°C and ubc9-1 at 32°C). a, strains
with growth defects in the absence of UV irradiation; n.d., not determined. Representative composite panels of the UV spot assays for a rad23A
strain and rad16A rad23A strain along with ubc2A, ubc9-1%, or ubc13A are shown on the right.

CIM5 (RPTI), a gene encoding a component of the protea-
some 19S regulatory cap (10). The 19S subunits Cim3 (Rpt6)
and Cim5 were previously shown to cofractionate with Rad23
in S. cerevisiae (59), and mutation of CIM5 stabilizes Rad23
(59). As expected, in undamaged cells, Rad4 levels were low in
wild-type cells and elevated in rad7A cells (Fig. 9E). Rad4
levels were also elevated in cim5 cells, consistent with the idea
that Rad4 is degraded in a proteasome-dependent manner
(Fig. 9E). Rad4 levels were equivalently elevated in cim),
rad7A, and rad7A cim5 cells (Fig. 9E). This epistatic relation-
ship provides support for a pathway in which NEF4 regulates
turnover of Rad4 by directing it to the proteasome.

To determine if NEF4 also affects ubiquitylation or steady-
state levels of Rad23, we first examined Rad23 by Western
blotting extracts from wild-type cells following UV exposure.
As shown in Fig. 10A, steady-state levels of Rad23 were not

detectably affected by UV irradiation, but instead, UV irradi-
ation led to the accumulation of slower-migrating, modified
forms of Rad23 (compare lane 2 to lanes 3 to 6 or lane 8 to
lanes 9 to 12). These modified forms of Rad23 are indistin-
guishable from the ubiquitylated forms of Rad23 previously
reported by Madura and colleagues (39). As shown in Fig. 10B,
the levels of Rad23 and its ubiquitylated forms were elevated
in nonirradiated rad7A, rad16A, and ubc13A strains compared
to wild-type and ubc2A cells. Thus, NEF4 function appears to
antagonize ubiquitylation of Rad23.

DISCUSSION

Phenotypic redundancy and unique roles for NEF4 and
Rad23 in NER. Previous analyses defined physical and genetic
relationships between Rad7, Rad16, and Rad23 (55, 76). First,
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FIG. 9. Effect of NEF4 on Rad4 protein levels. (A) Western blot of Rad4-TAP in whole-cell extracts from wild-type (wt), rad7A (7A), rad23A
(23A), and rad7A.rad23A (7A23A) strains harboring a chromosomal copy of Rad4 with a TAP epitope tag or wild-type cells in which Rad4 was
untagged (U). Extracts were made from nonirradiated cells (lanes 1, zero minutes) or from cells irradiated with 100-J/m? UV light. Cells were
harvested at the indicated times following UV irradiation. For all Western blots in this figure, equivalent loading of total protein was verified by
staining the blots with Ponceau S (not shown). (B) Western blot of Rad4-TAP in whole-cell extracts from undamaged wild-type (wt), 7A,
rad7AF-Box (AF-Box), elc1A, rad23A, rad7A0.23A, ubc13A, and ubc9-1 strains. Extracts from cells harboring untagged Rad4 (U) are shown in lanes
8,9, and 12. Extracts in lanes 1 to 11 were from cells grown at 30°C; extracts in lanes 12 to 16 were from cells grown at the temperatures indicated.
Note that lanes 12 to 16 were from an exposure 30 times longer than that of lanes 1 to 11 to detect the low levels of Rad4-TAP in ubc9-1 cells
grown at 30°C (lane 14). (C) Quantitation of Rad4 levels in extracts from the indicated undamaged cells was performed by densitometric analysis
of Western blots like the one in Fig. 9B. Rad4 levels were normalized to the wild-type level and corrected for background in the untagged strain.
Data from the ubc9-1 strain was obtained from cells grown at 30°C. The data were obtained from three to six separate experiments; error bars
represent the standard deviation. (D) Western blot of Rad4-TAP in whole-cell extracts from undamaged wild-type (wt), rad16A (16A), radl6-
K216A (K), rad16-Y564A (Y), or rad16-K216A4,Y564A (KY) cells. (E) Western blot of Rad4-TAP in whole-cell extracts from undamaged wild-type
(wt), rad7A (7A), cim5® (cim5), and rad7A cim5® (7A.cim5) cells or cells with untagged Rad4 (U). Cells were grown at the semipermissive
temperature of 23°C prior to extract preparation.
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and 8 to 12) or wild-type cells in which Rad4 was untagged (U, lanes 1 and 7). Extracts in lanes 2 to 6 and 8 to 12 were prepared from unirradiated
cells (lanes 2 and 8, zero minutes) or cells irradiated with 100-J/m? UV light that were harvested at the indicated times (minutes) following UV
irradiation. Lanes 7 to 12 are the same as 1 to 6 except the blot was exposed six times longer to better visualize higher-molecular-weight species
of TAP-Rad23. The assignment of slower-migrating Rad23 species as ubiquitylated forms follows from the published work of Madura and
colleagues (39). For all Western blots in this figure, equivalent loading of total protein was verified by staining the blots with Ponceau S (not shown).
(B) Western blot of TAP-Rad23 in whole-cell extracts from undamaged wild-type (wt, lanes 2 and 8), rad7A (7A, lanes 3 and 9), rad16A (16A, lanes
4 and 10), ubc2A (lanes 5 and 11), and ubcI3A (lanes 6 and 12) strains harboring a chromosomal copy of Rad23 with a TAP epitope tag. Extract
from wild-type cells in which Rad4 was untagged (U) is in lane 1. Lanes 7 to 12 are the same as 1 to 6 except the blot was exposed six times longer
to better visualize the higher-molecular-weight species of TAP-Rad23.
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there are phenotypic similarities between rad7, radl6, and
rad23 strains. For example, all three mutations confer a mod-
erate degree of UV sensitivity and are involved in the repair of
nontranscribed DNA (48, 51, 76). The results presented here
provide a biochemical framework for understanding how these
factors cooperate in NER. We propose that a central function
of NEF4 is to regulate the levels of Rad4 and that Rad4 levels
are coordinately regulated by the activities of NEF4 and
Rad23. In addition, NEF4 has a unique role in NER that
requires the Snf2/Swi2 ATPase activity of Rad16.

Rad23 has well-established roles in ubiquitin-mediated pro-
tein turnover (9) and was previously reported to regulate Rad4
protein levels (42, 46). Interestingly, the binding of Rad23 to
ubiquitylated proteins inhibits ubiquitin chain elongation, re-
sulting in protein stabilization (9, 24, 53, 66). This mechanism
can explain in principle how Rad23 stabilizes Rad4 (42). In
agreement with previous studies (42, 46), we observed that
Rad4 levels are reduced in undamaged rad23A cells compared
to a congenic wild-type strain. In undamaged cells, loss of
NEF4 function allows Rad4 protein levels to accumulate. In
addition, mutation of Cim5, a proteasomal subunit implicated
in regulating stabilization of Rad23, causes Rad4 levels to be
elevated similarly to that seen when NEF4 is crippled. Loss of
NEF4 function has little effect on Rad4 levels in damaged cells;
perhaps NEF4-mediated degradation of Rad4 is inhibited
when cells are damaged. On the other hand, deletion of
RAD23 results in reduced accumulation of Rad4 following
DNA damage, indicating that Rad23 inhibits Rad4 degrada-
tion regardless of whether the cells have sustained DNA dam-
age.
In undamaged rad7A rad23A cells, the levels of Rad4 are
reduced. When these cells are treated with UV light, Rad4
protein levels are weakly and transiently induced. The low
levels of Rad4 protein in this double mutant offer a possible
explanation for why these cells are so UV sensitive. The syn-
thetic UV sensitivity of rad23A cells with defects in the RING
domain, F-box domain, or Elcl can also be explained by low
Rad4 protein levels resulting from combined defects in these
two Rad4 regulatory pathways. But if NEF4 is responsible for
targeting Rad4 for ubiquitylation, why are Rad4 levels low in
these double mutant strains? It is possible that the loss of two
Rad4-interacting proteins, Rad7 and Rad23, causes instability
of the Rad4 folded structure and leads to its degradation.
Alternatively, there may be another pathway for specifically
targeting Rad4 for degradation that has not been elucidated so
far.

Interestingly, while the levels of the human Rad4 homo-
logue, XPC, are also dictated by ubiquitin-mediated turnover
controlled by Rad23 (46), there is no known NEF4 complex in
human cells. The overall conservation of the NER machinery
suggests that NEF4 probably does exist in humans, but its
identification may be complicated by the large number of Snf2/
Swi2-related and F-box family members. Biochemical analysis
of human Elcl may lead to the identification of a human NEF4
complex. Why are Rad4 protein levels normally maintained at
a low level in undamaged cells? One possibility is that elevated
levels of Rad4 in an undamaged cell might lead to inappropri-
ate “repair” of normal replication and recombination interme-
diates (66). An alternative possibility is that low Rad4 levels
allow Rad23 to be liberated for non-repair-related functions,
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although compared to Rad4, there is a vast excess of Rad23 in
yeast cells (30).

New function for NEF4. It was reported that NEF4 has
DNA-stimulated ATPase activity and displays ATP-dependent
binding to damaged DNA (20, 21). These observations led to
the hypothesis that NEF4 uses ATP hydrolysis to translocate
along DNA as a scanning mechanism to locate DNA damage
(20). As most nontranscribed DNA in S. cerevisiae is nucleo-
somal (41), this activity might also be used to remodel chro-
matin to allow access by the NER machinery. Here we report
that Radl6 ATPase activity is indeed important for Radl6
function in vivo but that NEF4 regulates turnover of Rad4 as
well. In this model, the ATPase activity of Rad16 provides a
unique function in NER, whereas the E3 activity cooperates
with Rad23 to regulate Rad4. As shown in Fig. 9A, loss of both
Rad7 and Rad23 results in very low levels of Rad4 protein
following UV damage. We propose that this explains the syn-
thetic UV defect in these double mutant strains. In the absence
of sufficient Rad4, the ATPase activity of Rad16 would be
irrelevant because there is too little of the essential NER factor
Rad4 to nucleate the assembly of repair complexes. This model
can also explain why the rad16-Y564A rad23A cells have the
same UV sensitivity as radl6A rad23A cells (Fig. 3A and B).
Additionally, if the only unique function for Rad16 were its
ATPase activity, then the radl6A and radl6-K216A alleles
would cause the same UV sensitivity in RAD23 cells. The fact
that the RADI6 deletion strain is more UV sensitive than the
ATPase mutant suggests that NEF4 has another unique func-
tion which has yet to be discovered.

We propose that NEF4 controls Rad4 turnover by function-
ing as an E3 ubiquitin (or ubiquitin-like protein) ligase. While
we have not yet been able to demonstrate E3 activity for NEF4
in vitro, six lines of evidence support the suggestion that NEF4
is an E3. First, two NEF4 subunits possess domains that are
hallmarks for SCF-like ubiquitin ligases. The Radl6 RING
domain is homologous to the RING domain of Ragl (Fig. 1),
a protein with demonstrated E3 activity in vitro (77). Rad7 has
sequence similarity to other F-box proteins in both the F-box
domain and in the C-terminal leucine-rich repeats (Fig. 1),
strongly suggesting that Rad7 adopts an overall fold that is
similar to the SCF subunit Grrl. Second, we report that Elcl is
a component of NEF4. Elcl is related to the SCF component
Skp1 (7), and elongin C is a component of certain mammalian
E3s (8). Third, mutations in the RING and F-box domains and
deletion of ELCI cause defects in the function of NEF4 con-
sistent with loss of E3 activity, based on biochemical and struc-
tural studies of other E3s. Mutations in these motifs also dis-
play synthetic UV sensitivity when combined with a deletion of
RAD?23, a gene encoding a protein with a well-documented
role in regulating ubiquitin-mediated protein turnover. Fourth,
we provide genetic evidence for the involvement of two E2s in
the NEF4 pathway, as expected if NEF4 functions as an E3.
Fifth, mutations in NEF4 affect Rad4 protein levels, suggesting
that Rad4 is a downstream target of NEF4 E3 activity. Finally,
a mutation in a subunit of the 19S cap of the proteasome
results in accumulation of Rad4 in undamaged cells to the
same extent as observed in a rad7A strain, linking NEF4 con-
trol of Rad4 protein levels to the proteasome.

The combination of ATPase and ubiquitylation functions in
NEF4 is reminiscent of the activity of the postreplication re-
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pair factor Rad5 (27, 69). Like Radl6, Rad5 also contains
ATPase and RING domains (36). Rad5 interacts with the
RING domain-containing protein Rad1l8 and recruits the
Mms2-Ubc13 heterodimer to chromatin (27, 70). One function
of the Rad5-containing E3 is to direct modification of PCNA
(27). As shown in Fig. 1, sequence analysis demonstrates that
there are several other Snf2/Swi2-related ATPases in this sub-
class that contain RING domains. These factors play diverse
but poorly understood roles in maintenance of silent DNA (79)
and transcription (78). Thus, the combination of Snf2/Swi2
ATPase activity and E3 activity in the same functional complex
appears to be a general strategy for controlling nucleic acid
metabolism through coordinated action of ATP-driven “re-
modeling” and ubiquitylation.

NEF4 complex redefined. While this work was in progress, a
physical interaction between Rad7 and Elcl was reported (25).
Whether Rad7 formed complexes with Elcl and Rad16 inde-
pendently was unknown, however. The immunoprecipitation
experiments in Fig. 6 demonstrated that Elcl, Radl6, and
Rad7 are coassociated in yeast extracts. We conclude that all
three proteins are in the same complex or complexes. NEF4
purified from yeast extracts was previously reported to behave
as a discrete species composed of Rad7 and Rad16 proteins in
a 1:1 stoichiometry (21). The results in Fig. 7 indicate that Elcl
and Radl16 can interact with Rad7 independently, and it is
likely that Elcl was not detected previously in native NEF4
simply because of its very small size. The role for Elcl in NER
is consistent with a recent study that demonstrated a function
for Elcl in the S. cerevisiae UV response in a competitive
growth assay (22). Amplification of elongin C has been re-
ported in certain prostate and breast cancers (50); a functional
role for elongin C in cancer may be related to its function in
NER, as genomic instability arising from defects in DNA re-
pair is a hallmark of many types of cancer (56).

Architecture of NEF4. The analysis of NEF4 complexes in
various rad7, radl6, and elc] mutant strains suggests an un-
usual arrangement of subunits compared to other well-charac-
terized E3s. In SCF complexes, the F-box interacts with several
subunits, including the RING domain-containing subunit (80).
In NEF4, however, deletion of the F-box does not impair the
interaction between Rad7 and the RING domain-containing
subunit Rad16. Elcl is distantly related to Skpl but is missing
the C-terminal portion of Skp1 that is required for its interac-
tion with the F-box (63). Consequently, it is not surprising that
the Rad7 F-box is not required for interaction with Elcl. The
Rad7 F-box is in the region of Rad7 that was shown to interact
with Rad4 via a two-hybrid assay (76), and the accumulation of
Rad4 levels in the rad7-AF-box strain suggests that the function
of the Rad7 F-box is to interact with Rad4 rather than with
Rad16 or Elcl. Elcl possesses secondary structural elements
H2, S3, and HS5 that are present in Skpl and provide the
surface for interaction with Cull (80). However, the Skpl
residues that mediate its interaction with Cull are not well
conserved in Elcl (not shown).

Could there be a cullin that assembles with NEF4? The
native molecular weight of NEF4 is not consistent with the
presence of a cullin (21), and a cullin was not associated with
either native Rad7 (25) or Rad16 (15) complexes purified from
S. cerevisiae. We performed genetic analyses to determine if
one of the three yeast cullins might participate in the NEF4
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repair pathway. The results from these studies do not support
a role for a cullin in NEF4 function (see supplemental Fig. 1 and
2 at http://www.people.virginia.edu/~dta4n/auble_lab/Ramsey
_et_al_supplement4.html). Together, these results indicate
that neither a cullin nor Skpl is a component of NEF4, and
furthermore, the Rad7 F-box likely interacts with Rad4.

New roles for Ubc9 and Ubcl3 in NER. If NEF4 functions as
an E3, then it must recruit an E2 for modification of one or
more substrates. None of the E2s in S. cerevisiae have been
implicated in NEF4 function by previous biochemical or ge-
netic analyses. The failure to identify a stable interaction be-
tween an E2 and NEF4 by a biochemical approach is perhaps
not surprising because the enzymatic cycle leading to multiu-
biquitylation involves a cycle of E2-E3 association and disso-
ciation (11). Identification of an E2 that works in conjunction
with NEF4 is complicated genetically by the involvement of
several E2s in other repair pathways and the phenotypic re-
dundancy of Rad23 and the NEF4 E3 activity. Nonetheless,
our analysis identified two UBC genes, UBC9 and UBCI3,
which fulfill the requirements for participation in the NEF4
pathway. Ubc9 is responsible for conjugation of Smt3, the yeast
SUMO homologue (35). Rad4 levels are very low in ubc9-1
cells, indicating that Ubc9 functions in a pathway to stabilize
Rad4. As Rad23 also stabilizes Rad4, one possibility is that
Smt3/SUMO modification of Rad4 or Rad23 is important for
Rad4 stability. Interestingly, while a physical interaction be-
tween Ubc9 and Rad23 has not been reported, an interaction
between these two proteins is predicted by meta-analysis of
yeast biochemical, expression, and interaction data (33) (data
not shown).

Ubcl13, in contrast, has a well-defined role in postreplication
repair and functions with its heterodimeric partner Mms2 to
catalyze the addition of lysine 63-linked ubiquitin chains to
substrates (29). In contrast to lysine 48-linked chains, covalent
modification by Ubc13-Mms2 does not lead to degradation of
the modified target protein (28). Thus, neither Ubc9 nor
Ubcl3 is known to be involved in targeting substrates for
degradation directly; instead, they are thought to regulate
other properties of their substrates. Ubc9 and Ubcl3 both
participate in postreplication repair by modifying the same
residue on PCNA to facilitate its different functions in repli-
cation and repair (27). Similarly, NEF4 may regulate Rad4
levels indirectly by altering the activity of another factor
through SUMO or lysine 63-linked multiubiquitylation. Ubig-
uitylation of Rad23 is enhanced in NEF4- and Ubc13-defective
cells, indicating that NEF4 is not directly responsible for these
modifications of Rad23. If NEF4 regulates Rad4 levels di-
rectly, then accumulation of Rad4 might trigger the ubiquity-
lation of Rad23. Alternatively, the levels of Rad4 might be
determined by the modification status of Rad23, which could
itself be dictated by the modification status of an unknown
substrate for NEF4.

Some rules for predicting RING domain-Ubc interactions
emerged from the structure of the c-Cbl RING-UbcH7 com-
plex (81). In particular, a hydrophobic residue at the position
of residue Y564 in Rad16 is critical for the interaction between
¢-Cbl and UbcH7 and between Rad5 and Ubcl3, and the
nature of the residue at that position allows RING domains to
discriminate among different Ubcs (69, 80, 81). Importantly,
the Rad5-Ubcl3 interaction depends on a tyrosine residue at
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this position (69), so the suggestion that the Radl6 RING
domain physically interacts with Ubcl3 is compatible with
structural as well as genetic data. As ubcl3A affects Rad4 and
Rad23 proteins similarly to E3 mutations in NEF4, we favor
the idea that Ubcl13 interacts directly with NEF4. It is of course
possible that NEF4 interacts with more than one E2; for in-
stance, Ubc4 and UbcS5 are highly related and have overlapping
functions (64).

The emerging evidence indicates that there are several roles
for the proteasome in NER. In addition to the roles of Rad23
and NEF4 in Rad4 turnover, there is also support for a non-
proteolytic role for the proteasome (57). Both proteolytic and
chaperone-like functions for the proteasome could therefore
contribute to disassembling complexes bound to damaged
DNA during the repair reaction. Interestingly, the mammalian
DDB2 and Cockayne syndrome group A complexes possess
ubiquitin ligase activities that are regulated by the COP9 sig-
nalosome (18). As DDB2 and Cockayne syndrome group A
play critical roles in NER, the links between damage recogni-
tion and ubiquitin appear to extend to other NER pathways.
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