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ABSTRACT

TFIIH is indispensable for nucleotide excision
repair (NER) and RNA polymerase Il transcription.
Its tenth subunit was recently discovered in yeast
as Tfb5. Unlike other TFIIH subunits, Tfb5 is not
essential for cell survival. We have analyzed the
role of Tfb5 in NER. NER was deficient in the tfb5
deletion mutant cell extracts, and was specifically
complemented by purified Tfb5 protein. In contrast
to the extreme ultraviolet (UV) sensitivity of rad74
mutant cells that lack any NER activity, tfb5 deletion
mutant cells were moderately sensitive to UV
radiation, resembling that of the tfb7-1017 mutant
cells in which TFIIH activity is compromised but
not eliminated. Thus, Tfb5 protein directly parti-
cipates in NER and is an accessory NER protein
that stimulates the repair to the proficient level.
Lacking a DNA binding activity, Tfb5 was found to
interact with the core TFIIH subunit Tfb2, but not
with other NER proteins. The Tfb5-Tfb2 interaction
was correlated with the cellular NER function of
Tfb5, supporting the functional importance of this
interaction. Our results led to a model in which
Tfb5 acts as an architectural stabilizer conferring
structural rigidity to the core TFIIH such that the
complex is maintained in its functional architecture.

INTRODUCTION

Nucleotide excision repair (NER) is a major cellular mecha-
nism for removing DNA lesions, especially helix distorting
lesions, such as N-acetyl-2-aminofluorene (AAF) adducts
and the major ultraviolet (UV) lesions (1-7). Deficiency in
NER results in human diseases xeroderma pigmentosum
(XP), Cockayne’s syndrome (CS) and trichothiodystrophy
(TTD), depending on the specific mutations affecting various
NER genes (8-10). NER consists of two sub pathways, global
genome repair and transcription-coupled repair (11,12), and
the repair pathways involve damage recognition, incision,
excision, repair synthesis and DNA ligation.

In the yeast Saccharomyces cerevisiae, multiple proteins
are involved in the early steps of NER, which include
Radl, Rad2, Rad4, Rad7, Radl0, Radl4, Radl6, Rad23,
Rad26, Rad28, TFIIH and RPA. Rad7, Radl6, Rad26
and Rad28 are pathway-specific NER proteins in that the
Rad7-Radl6 complex is specifically required for global
genome repair, while Rad26 (CSB homologue) and Rad28
(CSA homologue) are specific to transcription-coupled repair
(13-17). The remaining proteins are further divided into
two categories: indispensable NER proteins, and accessory
NER proteins. Losing any of the indispensable NER proteins
results in complete inactivation of NER. In contrast, an
accessory NER protein, such as Rad23 is required for full
NER activity, but not all NER activity. In the absence of
an accessory NER protein, some residual levels of repair
remain, leading to moderate rather than severe cellular
sensitivity to DNA damaging agents.

TFIIH is a large protein complex indispensable for both
NER and RNA polymerase II transcription (2,18-21). The
holo TFIIH is composed of two sub-complexes: core TFIIH
and TFIIK (22-26). While core TFIIH is sufficient for the
NER function, holo TFIH is essential for transcription
(2,18,27). For a long time, it was believed that core TFIIH
consists of six subunits, Ssl2, Rad3, Tfbl, Tfb2, Ssll1 and
Tfb4; and TFIIK is composed of three subunits: Tfb3,
Kin28 and Ccll (22). Recently, Ranish et al. (28) identified
the tenth subunit of TFIIH, named Tfb5, by quantitative
proteomic analysis of RNA polymerase II preinitiation com-
plexes. Tfb5 is believed to constitute a component of the core
TFIIH complex, as it co-precipitates and co-purifies with the
core TFIIH (28). However, TFBS is in drastic contrast to the
other nine subunits of TFIIH in that it is not essential for cell
survival (28). Furthermore, Tfb5 is an unusually small pro-
tein of only 8 kDa. The tfb5 deletion mutant cells are sensi-
tive to UV radiation, an indication that this protein likely
plays a role in DNA repair (28). The discovery of Tfb5 led
to the finding that its human homologue is encoded by the
TTD-A gene (29). TTD-A cells lacking the functional
TTD-A protein are known to be deficient in NER and sensi-
tive to UV radiation (10,30). The uniqueness of Tfb5 protein
raised the possibility that it may play an unusual role in
TFIIH.

To better understand the Tfb5 function, we analyzed its
in vitro and in vivo role in NER and examined its physical
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relationship with other subunits of TFIIH and NER proteins.
In this report, we (i) demonstrate that Tfb5 interacts with
the core TFIIH subunit Tfb2; (ii) provide evidence that the
Tfb5-Tfb2 interaction is important for the NER function of
Tfb5 in cells; (iii) show that Tfb5 protein directly partici-
pates in NER and (iv) reveal that Tfb5 is an accessory
NER protein that stimulates the repair to the proficient
level. Our results led to a model in which Tfb5 acts as
an architectural stabilizer conferring structural rigidity to
the core TFIIH such that the complex is maintained in the
functional architecture.

MATERIALS AND METHODS
Materials

Purified yeast Tfb5 protein was obtained from Enzymax
(Lexington, KY), which was purified from Escherichia coli
cells overexpressing the yeast TFB5 gene. Mutant Tfb5
proteins were custom-purified by Enzymax following their
expression in E.coli cells. Protease inhibitors, alkaline
phosphatase-conjugated anti-mouse IgG, 5-bromo-4-chloro-
3-indolyl phosphate and nitro blue tetrazolium were obtained
from Sigma Chemicals (St. Louis, MO). A mouse monoclo-
nal antibody against the Hisg tag was purchased from Qiagen
(Valencia, CA). Protein G-agarose beads were purchased
from Invitrogen (Carlsbad, CA). N-acetoxy-N-2-acetylamino-
fluorene (AAAF, the activated form of AAF) was obtained
from the Midwest Research Institute (Kansas City, MO).
All oligonucleotides were synthesized by Operon (Alameda,
CA). All plasmid constructs were provided by Enzymax.

S.cerevisiae strains

BY4741 (Mata his3 leu2 metl5 ura3) was purchased from
ATCC (Manassas, VA), and its isogenic radl4 deletion
mutant strain BY4741Arad14 was purchased from Research
Genetics (Huntsville, AL). BY4742 (Mato. his3 leu2 lys2
ura3) and its isogenic #fb5 deletion mutant strain
BY4742Attb5 were provided by Ranish er al. (28). YSB207
and its isogenic #fbI-101 strain YSB260 were obtained
from Stephen Buratowski (31). Y190 (32) for the yeast
two-hybrid assays was obtained from Errol C. Friedberg.

Yeast two-hybrid assays for protein interactions

Yeast Y190 cells were transformed by plasmids pAS2-TFBS5
and one of the followings: pACT2-TFB1, pACT2-TFB2,
pACT2-TFB3, pACT2-TFB4, pACT2-SSL1, pACT2-CCLI,
pACT2-RAD3, pACT2-KIN28, pGad-SSL2, pACT2-RADI,
pACT2-RAD2, pACT2-RAD4, pACT2-RAD7, pACT2-
RADI10, pACT2-RAD14, pACT2-RAD16, pACT2-RAD23,
pACT2-RAD26 and pACT2-RAD28. In control experiments,
the pAS2-TFBS5 construct was replaced by the empty vector
pAS2 for transformation. In another control experiment,
cells were transformed by pAS2-Tfb5 and pACT2 or pGad.
Transformed cells were grown on minimum plates for 4-6
days at 30°C. Colonies from each plate were transferred to
a nitrocellulose filter and permeablized by freezing the filter
in liquid nitrogen for 10 s followed by thawing at room tem-
perature. The filter with the colony side up were placed on
Whatman no. 1 paper presoaked with Z buffer (60 mM

Na,HPO,, 40 mM NaH,PO,, 10 mM KCl and 1 mM
MgSO,) containing 38.6 mM [-mercaptoethanol and
0.5 mg/ml X-Gal. Following incubation at 30°C, cellular
B-galactosidase activity was detected by the appearance of
blue color in colonies derived from the colorless X-Gal.
For each two-hybrid experiment, one positive control was
also performed, which included the Rad6-Radl8 or the
Rev1-Rev7 interaction.

Co-precipitation

For co-immunoprecipitation, protein G-agarose beads (20 ul)
were washed with 1 ml of a binding buffer [0.01 M sodium
phosphate (pH 7.0) and 0.15 M sodium chloride] three
times and then incubated with a mouse monoclonal anti-His
antibody (400 ng) at 4°C for 3 h. The agarose—protein
G-antibody complex was washed with 1 ml of the binding
buffer four times to remove free antibody. Purified Hisg-Tfb5
protein was mixed with purified Rad3 or Tfb2 protein (2 pg
each) and incubated on ice for 1.5 h. Subsequently, the pro-
tein mixture was added to the agarose—protein G-antibody
complex and incubated at 4°C for another 2 h. As the control,
purified Hise-Tfb5, Tfb2 or Rad3 protein was separately
mixed and incubated with the agarose—protein G-antibody
complex. Proteins bound to the agarose—protein G-antibody
complex were collected by centrifugation and washed with
600 pul of the binding buffer six to eight times. The agarose
beads containing immunoprecipitated proteins were resus-
pended in a buffer containing 25 mM Tris—HCl (pH 6.8),
0.05% SDS, 71.5 mM [B-mercaptoethanol, 5% glycerol and
0.02% bromophenol blue. Following heating at 90-100°C
for 10 min, proteins were separated by electrophoresis on a
15% SDS—polyacrylamide gel. Protein bands were identified
and visualized by western blot analysis using two sequential
detection steps. First, the nitrocellulose membrane containing
transferred protein bands was incubated with a mouse mono-
clonal anti-His antibody, followed by incubation with alka-
line phosphatase-conjugated anti-mouse IgG. The Hisg-Tfb5
band was visualized after color development by incubating
the membrane with 5-bromo-4-chloro-3-indolyl phosphate
(0.3 mM) and nitroblue tetrazolium (0.4 mM) in a buffer con-
taining 5 mM Tris—HCI (pH 7.5), 17 mM NaCl and 0.05%
Tween-20. Then, Tfb2 and Rad3 proteins tagged by a
calmodulin binding peptide (CBP) (33) was detected by incu-
bating the same membrane with a detection agent (Enzymax
EZ protein detector) that is specific to the tag. Color develop-
ment was performed as for the Hisg-Tfb5 protein described
above.

For co-precipitation by calmodulin-linked agarose beads,
10 pl of calmodulin affinity resin (Stratagene, La Jolla,
CA) was washed four times with 200 pl CaCl, binding
buffer [5S0 mM Tris—HCI (pH 8.0), 150 mM NaCl, 5 mM
B-mercaptoethanol, 1.0 mM magnesium acetate and 2 mM
CaCl,]. Purified CBP-tagged TFB2 (7 pg) was mixed with
1 pg of purified Hisg-tagged TFB5 (wild-type or mutants)
on ice for 1.5 h. The protein mixture was added to the equi-
librated calmodulin affinity resin and incubated at 4°C for
2 h. After washing six times with CaCl, binding buffer to
remove unbound protein, bound proteins were separated
by electrophoresis on a 15% SDS—polyacrylamide gel.
CBP-tagged TFB2 protein was identified by a detection



agent (Enzymax EZ protein detector) that is specific to the
tag. Color development was achieved by incubating the
membrane with 0.3 mM 5-bromo-4-chloro-3-indolyl phos-
phate and 0.4 mM nitroblue tetrazolium. Hisg-tagged TFBS
and its mutant proteins were identified by western blot
analysis using a monoclonal anti-His antibody and alkaline
phosphatase- or horseradish peroxidase (HRP)-conjugated
secondary antibody.

Preparation of yeast cell-free extracts

Yeast cell-free extracts were prepared essentially as described
by He et al. (34). Briefly, yeast cells were grown at 30°C in
YPD medium to an ODggy of ~2. Cells were harvested by
centrifugation and washed once in ice-cold water and once
in extraction buffer containing 0.2 M Tris—=HCl (pH 7.5),
0.39 M (NH4),SO4, 10 mM MgSO,4, 1 mM EDTA, 1 mM
DTT, 20% Glycerol and protease inhibitors [1 mM
phenymethylsulfonyl fluoride (PMSF), 2 mM benzamidine
hydrochloride, 3.5 pg/ml pepststin A, 1 pg/ml leupeptin,
0.35 pg/ml bestatin and 10 pg/ml aprotitin]. The cell pellet
was scraped into a syringe, and then extruded into liquid
nitrogen. The frozen cell pellets were ground to powder in
liquid nitrogen using a ceramic mortar and pestle. After the
liquid nitrogen was evaporated, 1 vol of cold extraction buf-
fer was added. The mixture was transferred to a beaker and
stirred for 30 min on ice. The cell lysate was centrifuged at
120000g (Beckman Type 50.2 Ti rotor) for 2 h at 4°C. The
clear supernatant was recovered and (NH4),SO, was added to
294 M by adding 337 mg/ml solid (NH4),SO,4 over the
course of 1 h. After stirring for another 30 min, protein
precipitates were collected by centrifugation at 40000g
(Beckman JA-20 rotor) for 15 min. The pellet was dissolved
in a small volume (~50 ul/g of cells) of dialysis buffer con-
taining 20 mM HEPES-KOH (pH 7.5), 10 mM MgSOy,,
10 mM EGTA, 5 mM DTT, 20% glycerol and protease
inhibitors. The sample was dialyzed against the same buffer
for 12-16 h at 4°C. Small amounts of precipitated proteins
were removed by centrifugation. The resulting supernatant
was collected as cell-free extract and was stored at —70°C.

In vitro NER

Plasmid pUC18 DNA containing AAF adducts was used as
the repair substrate and was prepared as described previously
(35). In vitro NER was performed as described by Wang et al.
(1,36,37) with a slight modification. Briefly, a standard NER
reaction mixture (50 pl) contained 200 ng each of damaged
pUC18 DNA and undamaged pGEM3Zf DNA, 45 mM
HEPES-KOH (pH 7.8), 7.4 mM MgCl,, 0.9 mM DTT,
0.4 mM EDTA, 2 mM ATP, 20 uM each dATP, dGTP and
dTTP, 4 uM dCTP, 1 pCi of [o-*?P]dCTP (3000 Ci/mmol),
40 mM phosphocreatine (disodium salt), 2.5 ug of creatine
phosphokinase, 4% glycerol, 100 ug/ml BSA, 5% polyethy-
lene glycol 8000 and 250 pg of yeast cell-free extracts.
After incubation at 26°C for 2 h, EDTA and RNase A were
added to 20 mM and 20 pg/ml, respectively, and incubated
at 37°C for 10 min. Plasmid DNA was purified by the Wizard
DNA clean-up system (Promega, Madison, WI), and lineari-
zed with the HindIII restriction endonuclease. DNA was
separated by electrophoresis on a 1% agarose gel and repair
synthesis was visualized by autoradiography.
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Measurement of UV sensitivity

Yeast cells were grown at 30°C in YPD medium to the late
log phase of growth. Appropriately diluted cells were plated
onto YPD plates, and the uncovered plates were irradiated
with short wave UV light from a germicidal UV lamp at
the indicated doses. Surviving colonies were scored after
3-4 days of incubation in the dark at 30°C. UV survival
was calculated by dividing surviving colonies after UV
treatment by those without UV treatment.

For yeast strains containing a plasmid, UV sensitivity was
measured with slight modifications as follows. Plasmids
pEGLh6-TFB5, pEGLh6-TFB5AN7, pEGLh6-TFB5SAN14,
pEGLh6-TFB5AC7, pEGLh6-TFB5AC14 and the empty
vector pPEGLh6 were individually transformed into the #fb5
deletion mutant strain, respectively. Yeast cells were grown
at 30°C in minimum media containing 2% sucrose and the
required amino acids. At an ODg( of ~1, protein expression
from the plasmids was induced by diluting the culture 10-fold
in minimum media containing 2% galactose, 0.5% sucrose
and the required amino acids (YPG). After growing for
12-14 h at 30°C, cells were appropriately diluted and plated
onto YPG plates. The uncovered plates were irradiated with
short wave UV light at the indicated doses. Surviving colo-
nies were scored after 3—4 days of incubation at 30°C. UV
survival was calculated by dividing surviving colonies after
UV treatment by those without UV treatment.

Electrophoretic mobility shift assay (EMSA)

The 79mer oligonucleotide, 5'-GGAATTCCGGAATTACA-
GGCTCTAACACCGAATTACAGGCTCTAACACCGTCT-
CATCTTCGCTCGTCCACTTTTTTTCG-3', was 5'-labeled
with T4 polynucleotide kinase and [y->’P]ATP. To prepare
duplex DNA, the labeled oligonucleotide was mixed with
its complementary strand (79mer) in equal molar amounts
and incubated for 5 min at 85°C in TES [10 mM Tris—HCI
(pH 7.5), 1 mM EDTA and 100 mM NaCl] buffer followed
by cooling slowly to room temperature. A standard DNA
binding reaction mixture (10 pl) contained 50 fmol of the
32p_labeled single- or double-stranded DNA, 20 mM Tris—
HCI (pH 7.5), 5 mM MgCl,, 1| mM DTT, 100 pg/ml BSA
and a purified protein. After incubation at room temperature
for 30 min, 3 ul of 50% sucrose was added. DNA was sepa-
rated by electrophoresis on a 4.5% non-denaturing polyacry-
lamide gel at 4°C and visualized by a phosphoimager.

RESULTS
Interaction of TfbS with NER proteins

To gain insights into how Tfb5 might be arranged in the
10 subunit holo TFIIH, we examined physical interactions
between Tfb5 and the other 9 subunits by the yeast two-
hybrid assay. The yeast TFB5 gene was cloned into the
yeast two-hybrid vector pAS2 and used to determine pair-
wise interactions of its gene product with the other 9 subunits
of TFIIH in the pACT2 vector. Positive protein—protein
interaction results in activation of the reporter gene
B-galactosidase in yeast cells, which turns yeast colonies
blue in a filter assay in the presence of X-gal. Without
interaction, the yeast colonies remain ‘colorless’. Positive
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Tfb5 + Tfb2
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Figure 1. Interaction of Tfb5 with Tfb2. The two-hybrid vectors pAS2
and pACT2 contained the GAL4 DNA binding domain and the GAL4
activation domain, respectively. Yeast Y190 cells were transformed with
(A) pAS2-TFB5 and pACT2-TFB2; (B) pAS2-TFB5 and pACT2; and
(C) pAS2 and pACT2-TFB2. The expression of the two-hybrid target
gene, B-galactosidase, was determined by filter assays using X-gal as the
enzyme substrate. Expression of the B-galactosidase turned yeast colonies
blue in the presence of X-gal, indicating physical interaction between the two
proteins tested.

interaction was readily detected between Tfb5 and Tfb2
proteins (Figure 1). An interaction was not observed bet-
ween Tfb5 and any of the eight remaining TFIIH subunits,
Ss12, Rad3, Tfbl, Ssll, Tfb4, Ccll, Tfb3 and Kin28 (data
not shown). In the pACT2 vector, TFB5 gene alone activated
the B-galactosidase reporter gene (data not shown), thus
preventing us from performing the yeast two-hybrid assays
in such an orientation.

To confirm the direct physical interaction between Tfb5
and Tfb2 proteins, we performed co-immunoprecipitation
experiments using purified yeast TfbS and Tfb2 proteins.
Tfb5 was tagged with Hisg at its N-terminus and purified
to apparent homogeneity (Figure 2A). Purified yeast Tfb2
and Rad3 proteins were tagged at their N-termini with the
CBP (33), instead of the Hisg tag. While Tfb5 was detected
by western blot analysis using a mouse monoclonal antibody
specific to the Hisq tag (Figure 2B, lane 2), Tfb2 and Rad3
were detected by western blot analysis using a protein detect-
ing agent specific to the CBP (Figure 2B, lanes 3 and 4). As
shown in Figure 2B (lane 5), the anti-Hisq antibody was
able to precipitate the Hisg-tagged Tfb5 protein. As expected,
immunoprecipitation by the anti-Hise antibody was not obser-
ved with either purified yeast Tfb2 or Rad3 protein alone
(Figure 2B, lanes 6 and 7). After mixing the purified Tfb5
with Tfb2 proteins, Tfb2 was co-precipitated with Tfb5 by
the anti-Hisq antibody (Figure 2B, lane 8). In contrast, the
purified Rad3 could not be co-precipitated with TfbS by the
anti-Hise antibody (Figure 2B, lane 9). These results show
that Tfb5 directly interacts with Tfb2 and suggest that Tfb5
is incorporated into the 10 subunit holo TFIIH complex
through its interaction with the core subunit Tfb2.

In addition to the TFIIH complex, many Rad proteins are
required in the multi-step NER pathway. Protein—protein
interaction is a key mechanism in the complex process of
NER. To gain insights into how Tfb5 might be engaged, if

kba M 1
A 175 —
83 —
62—
33—\
25—
17—
6.5—8~
(2]
2 3
- &
+
B 0 ['e] 0 :1
£ = 2 £
L © o - -
I F T F e I I
kDa 1 2 3 4 5 6 7 8 9
83— i s
62 — - — «Tfb2
48—
33—
25—
17—
-~ _—— o . < His-Tfb5
Anti-HissIP - - - + + + + +

Figure 2. Co-immunoprecipitation of Tfb2 with Tfb5 protein. (A) Purified
Tfb5 protein (430 ng) containing a Hisg tag at its N-terminus (His-Tfb5) was
analyzed by electrophoresis on a 15% SDS—polyacrylamide gel and
visualized by staining with Coomassie blue. The identity of the protein was
confirmed by western blot analysis using a mouse monoclonal antibody
specific to the Hise tag. (B) Purified His-Tfb5 (lane 5), Tfb2 (lane 6), and
Rad3 (lane 7) alone, or His-Tfb5 + Tfb2 (lane 8) and His-Tfb5 + Rad3
(lane 9) were precipitated with a monoclonal antibody against the Hisg tag as
described in Materials and Methods. Precipitated His-Tfb5 protein was
identified by western blot analysis using a monoclonal anti-His antibody.
Then, the same membrane was probed again with a detection agent specific to
the CBP at the N-termini of Tfb2 and Rad3. As controls, purified Hiss-Tfb5
(250 ng) (lane 2), Tfb2 (350 ng) (lane 3) and Rad3 (150 ng) (lane 4) were
directly loaded on to the same gel for western blot analysis. Protein markers
are indicated on the left.

any, in NER, we examined physical interactions between
Tfb5 and the NER Rad proteins. Pair-wise interactions were
determined by the yeast two-hybrid assay. An interaction was
not observed between Tfb5 and any Rad proteins examined:
Radl, Rad2, Rad4, Rad7, Radl0, Radl4, Radl6, Rad23,
Rad26 and Rad28 (data not shown).

Deficient NER in #/b5 deletion mutant cell extracts

In yeast, deleting the TFBS5 gene results in cellular sensitivity
to UV radiation (28). The UV sensitive phenotype may result
from defects in several different cellular processes, one of
which is NER. To determine if the TFB5 gene indeed contri-
butes to NER, we performed in vitro repair assays in yeast
cell-free extracts. In this assay, plasmid DNA containing
AAF adducts was used as the repair substrate (Figure 3,
+AAF DNA band), and another undamaged plasmid larger
in size was used in the same reaction as the internal control
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Figure 3. Deficient NER in /b5 deletion mutant extracts. /n vitro NER was
performed in yeast cell-free extracts (250 g of extract protein) of the wild-
type strain (WT) (lane 1), the radl4 deletion mutant strain (lane 2), or the tfb5
deletion mutant strain (lane 3). Another in vitro NER assay was performed in
a mixture of the rad/4 and ¢fb5 mutant extracts (125 pg each) (lane 4). +AAF,
AAF-damaged pUC18 DNA; —AAF, undamaged pGEM3Zf DNA as the
internal control. Upper panel, ethidium bromide-stained gel; lower panel,
autoradiograph of the gel.

(Figure 3, —AAF DNA band). Repair was monitored by
[**P]dCMP incorporation into the repair patch during repair
DNA synthesis. Repair products were separated by electro-
phoresis on an argarose gel and visualized by autoradiogra-
phy of the gel (1,38). We have previously shown that under
the conditions used, AAF DNA adducts are repaired specifi-
cally by the NER pathway in yeast cell-free extracts (14,37).

Proficient in vitro NER results in damage-specific radio
labeling of the AAF-containing plasmid in cell-free extracts
of the wild-type strain, as compared to the internal control
of undamaged DNA (lower panel of Figure 3, lane 1). In
contrast, repair in the radl4 deletion mutant extracts was
deficient (lower panel of Figure 3, lane 2), as expected.
DNA recovery from various repair reactions were similar as
revealed by staining the gel with ethidium bromide (upper
panel of Figure 3). As shown in Figure 3 (lane 3), in vitro
NER in #fb5 deletion mutant extracts was deficient. The defi-
cient repair was complemented by radl4 mutant extracts
(Figure 3, lane 4), indicating that the tfb5 mutant extract
was properly prepared and the repair deficiency was not an
in vitro artifact. These results show that the TFBS5 gene
significantly contributes to NER in yeast.

Complementation of deficient NER by purified
TfbS protein

TFIIH functions in both NER and transcription by RNA poly-
merase II (2,18-21). Thus, to test the possibility that Tfb5 is
directly involved in NER, we performed complementation
experiments with the purified yeast Tfb5 protein. To avoid
contamination by any yeast proteins, Tfb5 was expressed
and purified from E.coli cells (Figure 2A). In vitro NER
was deficient in the #/b5 mutant extracts (Figure 4A, lane 1,
and Figure 4B, lane 5). However, addition of the purified
Tfb5 protein to the repair reaction efficiently complemented
the deficient NER (Figure 4A, lanes 2-4 and Figure 4B,
lane 6). The complemented NER was as efficient as repair
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Figure 4. Specific complementation of deficient NER in #b5 mutant cell
extracts with purified TfbS protein. (A) In vitro NER was performed in yeast
cell-free extracts (250 pg extract protein) of the #bS5 deletion mutant
strain (lane 1), the radl4 deletion mutant strain (lane 5), or the wild-type
strain (lane 11). Complementation experiments were performed by adding
increasing amounts of purified Tfb5 protein as indicated to the mutant
extracts prior to the NER reactions. (B) /n vitro NER was performed in yeast
cell-free extracts (250 pg) of the wild-type or the #b5 mutant strains in the
absence (lanes 1 and 5) or presence of various amounts of purified Tfb5S
protein as indicated. +AAF, AAF-damaged pUC18 DNA; —AAF, undamaged
pGEM3Zf DNA as the internal control. Upper, ethidium bromide-stained gel;
lower, autoradiograph of the gel.

in the wild-type extracts (Figure 4A, lane 11 and
Figure 4B, lane 1). As a control, purified Tfb5 had no
effect on deficient repair of the radl/4 mutant extracts
(Figure 4A, lanes 5-10). Adding purified Tfb5 protein to
the wild-type extracts also had no effect on the proficient
repair (Figure 4B, lanes 2-4), suggesting that this protein is
not limiting in the wild-type yeast extracts. These results
show that Tfb5 protein specifically complements the deficient
NER of the tfb5 mutant extracts in vitro, and suggest that
Tfb5 protein directly participates in the biochemistry of NER.

UV sensitivity of /b5 deletion mutant cells

Most NER proteins, such as Radl4, are indispensable for
repair. Cells lacking any of those proteins exhibit extreme
UV sensitivity. Several factors, such as Rad23, however,
belong to a class of accessory NER proteins, without which
NER activity is reduced but not eliminated (39,40). Cells
lacking an accessory NER protein show moderate UV sensi-
tivity. Although NER is deficient in #/b5 deletion mutant
extracts (Figures 3 and 4), the in vitro repair assay is not
sensitive enough to allow for a clear distinction between
an indispensable role versus an accessory role for Tfb5 in
NER. To determine whether Tfb5 is an indispensable or
accessory NER protein, we compared UV sensitivity of the
tfb5 deletion mutant strain with several other strains as an
indication of in vivo repair capacity in the absence of Tfb5.
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Figure 5. Comparison of UV sensitivity among various NER deficient mutant strains. Yeast cells grown in YPD media were diluted and plated onto YPD
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Survival rates are expressed relative to those of non-irradiated cells. Results are averages of triplicate experiments with the SDs shown as error bars. (A) UV
sensitivity of the #fb/-101 mutant strain (closed circle) and its isogenic wild-type strain (WT-YSB) (open circle), the #/b5 deletion mutant strain (closed square)
and its isogenic wild-type strain (WT-BY) (open square). (B) UV sensitivity of the radl4 deletion mutant strain (closed triangle) and its isogenic wild-type strain

(open triangle).

As reported previously by Ranish er al. (28), tfb5 deletion
mutant cells were sensitive to UV radiation (Figure SA).
However, this sensitivity was only moderate, in contrast
to the extreme UV sensitivity observed with the radl/4 dele-
tion mutant cells (Figure 5B). For example, at a UV dose of
10 J/m?, survivals of the wild-type, #fb5, and radl4 deletion
mutant cells were ~95, 42 and 0.1%, respectively.

Unlike Tfb5, the other 9 subunits of the holo TFIIH are
essential for cell survival under normal growth conditions.
Therefore, mutants, such as the #fb/-101] retain partial func-
tion of TFIIH. Deficient in vitro repair in the #fbl-101 mutant
extracts and the moderate UV sensitivity of this strain reflect
partial NER activity of these mutant cells (41). The moderate
UV sensitivity of the #b5 deletion mutant cells resembled
that of #bl-101 (Figure 5A), in contrast to the extreme
UV sensitivity of radl4 deletion mutant cells (Figure 5B).
These results suggest that NER in the absence of Tfb5 is
much reduced, but not abolished. Thus, Tfb5 is an accessory
NER protein that promotes the repair rather than plays an
indispensable role in the repair.

Tfb5 lacks a DNA binding activity

One possibility for Tfb5 to promote NER may be its binding
to DNA at an early step during the repair. To test this
possibility, we examined whether the Tfb5 protein is capa-
ble of binding to DNA by using the EMSA. A 79mer
oligonucleotide labeled with **P at its 5 end was incubated
with increasing amounts of the purified Tfb5 protein. Protein
binding to the DNA would retard its electrophoretic mobility
on a native polyacrylamide gel. Under the conditions used,
DNA binding was readily detected with the single-stranded
binding (SSB) protein of the T4 bacteriophage. However,
DNA binding was not observed with the purified TfbS protein
(data not shown). Similarly, DNA binding was also not
detected with Tfb5 using the double-stranded 79mer DNA
(data not shown). In the control experiment, binding of the
double-stranded DNA by the purified yeast PCNA was

readily observed (data not shown). These results suggest
that TfbS lacks a general DNA binding activity.

Evidence that the Tfb5S-Tfb2 interaction is important
for the NER function of Tfb5 in cells

To examine whether the physical interaction between Tfb5
and Tfb2 proteins is relevant to the NER function of Tfb5
in cells, we constructed several Tfb5 mutant proteins and
correlated the repair function of these mutants with their
ability to interact with Tfb2. The crystal structure of the
human TFBS5 protein (TTD-A) has been solved (deposited
to the PDB database by F. Forouhar, W. Edstrom, R. Xiao,
T. B. Acton, G. T. Montelione, L. Tong and J. F. Hunt).
The human protein contains two helices and three B-strands
(Figure 6). Sequence alignment indicates that segments
corresponding to these structural elements are conserved
between the yeast and the human proteins (Figure 6). Thus,
the yeast TfbS protein likely exhibits a similar structure
as its human counterpart. Accordingly, we constructed
four Tfb5 mutants: TfbSAN7 and Tfb5SANI14 lacking the
N-terminal 7 and 14 amino acids, respectively; TfbSAC7
and Tfb5SACI14 lacking the C-terminal 7 and 14 amino
acids, respectively. Purified TfbS mutant proteins were exam-
ined for their ability to interact with pure Tfb2 protein using a
co-precipitation method. Tfb2 protein was tagged at its
N-terminus with a CBP and thus effectively precipitated by
calmodulin-conjugated agarose beads (Figure 7A, lane 2).
Like the wild-type Tfb5 (Figure 7A, lane 4), Tfb5AN7 and
TfbSAC14 mutant proteins were specifically co-precipitated
with Tfb2 (Figure 7A, lanes 5-8). Interaction between
TfbSAC7 and Tfb2 was revealed by the yeast two-hybrid
assay (data not shown). The N-terminal Tfb5 deletion
mutants alone activated the P-galactosidase reporter gene
in either the pAS2 or the pACT2 two-hybrid vector (data
not show), thus preventing us from performing interaction
experiments with these mutant proteins by the yeast two-
hybrid assay. These results show that TfbSAN7, TfbSAC7
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alone (1 pg each) or in the presence of purified Tfb2 protein (7 ng) (lanes 4, 6,
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in Materials and Methods. While Tfb5 and its mutant proteins were tagged at
their N-termini by Hise, Tfb2 protein was tagged at its N-terminus by a CBP.
Thus, the precipitation targeted Tfb2 (lane 1). Precipitated Tfb2 protein was
identified by a detection agent specific to the CBP in a western blot analysis.
Co-precipitated TfbS and its mutant proteins were identified by western
blot analysis using a monoclonal anti-His antibody. Protein markers are
indicated on the left. (B) Co-precipitation experiments were performed as in
(A) except that the Tfb5 mutant proteins were identified by a more sensitive
method of HRP-mediated bioluminescence during western blot analysis.

and TfbSAC14 mutant proteins retain the ability to interact
with Tfb2 protein.

In contrast, TfbSAN14 could not be co-precipitated with
Tfb2 (Figure 7A, lanes 9 and 10). To exclude the possibility

that this negative result might result from reduced sensitivity
of the Hise-tagged TfbSAN14 protein to the anti-His mono-
clonal antibody during western blotting, we performed the
co-precipitation experiment again using the more sensitive
detection method of HRP-linked secondary antibody for
western blotting. The detection was so sensitive that a faint
TfbSAC14 band non-specifically precipitated in the abs-
ence of Tfb2 protein was observed (Figure 7B, lane 3).
With the Tfb5AN14 co-precipitation experiment, only a
non-specifically precipitated faint band (Tfb5SAN14) was
detected in the absence or presence of Tfb2 (Figure 7B,
lanes 1 and 2). Therefore, the TfbSAN14 mutant protein is
unable to interact with Tfb2 protein.

To determine the NER function of these mutant Tfb5 pro-
teins in yeast cells, we expressed each mutant protein from a
plasmid in the #/b5 deletion mutant strain and measured UV
sensitivity of these transformed cells. As shown in Figure 8,
UV sensitivity of the wild-type cells was not affected by
transformation with either the empty vector or the wild-type
TFBS gene. The #fb5 deletion mutant cells remained sensi-
tive to UV radiation when transformed by the empty vector,
and were fully complemented by transformation of the wild-
type TFBS5 gene, as expected. UV sensitivity of the mutant
cells were also complemented by the mutant proteins
TfbSAN7, TfbSACT and TfbSAC14, respectively. In contrast,
the TfbSAN14 mutant protein was unable to complement the
UV sensitivity of the #b5 deletion mutant cells. These results
show that whereas the TfbSAN7, Tfb5AC7 and Tfb5SAC14
mutant proteins are proficient for NER, the Tfb5SAN14 mutant
protein has lost its NER function in cells.

Taken together, these results correlate the Tfb5-Tfb2
interaction with the cellular NER function of Tfb5. Deleting
the C-terminal 14 amino acids of Tfb5 did not significantly
affect its interaction with Tfb2 and its NER function. On
the other hand, deleting the N-terminal region of Tfb5 by
only 14 amino acids abolished its interaction with Tfb2.
Consequently, the NER activity of Tfb5 was inactivated.
Thus, these results suggest that the Tfb5-Tfb2 interaction is
important for the NER function of Tfb5 in yeast cells.

DISCUSSION

In this study, we examined the role of Tfb5 protein in
yeast NER by two approaches: its physical interaction with
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mutant strain complemented by TfbSAN7; open triangle, /b5 deletion mutant
strain complemented by Tfb5SAN14; closed diamond, #b5 deletion mutant
strain complemented by TfbSAC7; open diamond, #/b5 deletion mutant strain
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NER proteins and its contribution to in vitro and in vivo
repair. We found that TfbS protein physically interacts
with Tfb2 and directly participates in NER. However, NER
is largely but not completely dependent on Tfb5. In the
absence of Tfb5, NER becomes rather inefficient, but is not
eliminated. Our results suggest that Tfb5 functions as an
accessory NER protein to facilitate efficient repair. This
facilitating role of Tfb5 is reminiscent of the role of Rad23
in NER (35,40).

Based on the observation that Tfb5 co-precipitates and co-
purifies with the core TFIIH, Ranish et al. (28) concluded that
Tfb5 is a component of the core TFIIH. The core TFIIH is
indispensable for both transcription and NER (2,18-21). In
contrast, the TFIIK of the holo TFIIH, which consists of
Tfb3, Kin28 and Ccll, is not required for NER (18,27).
Our results extend the studies of Ranish et al. (28) by
showing that TfbS is incorporated into the core TFIIH sub-
complex through its interaction with Tfb2. Moreover, our
results that Tfb5 plays an important role in NER indicate
that Tfb5 is indeed both a structural and functional compo-
nent of the core TFIIH. Among the 10 subunit holo TFIIH,
the following physical interactions are known: Ssll-Rad3,
Ssl1-Tfbl, Ssl1-Tfb4, Rad3-SsI2, SsI2-Tfb2, Rad3-Tfb3,
Tfb3-Kin28, Kin28-Ccll (20,31,42-45) and Tfb2-Tfb5 (this
study). Low-resolution electron microscopic structures of
TFIIH crystals were also reported (46,47). Based on these
reports and the Tfb5-Tfb2 interaction of this study, a
model of the holo TFIIH is depicted in Figure 9.

Figure 9. A model of the yeast TFIIH complex. A ring structure is formed by
Ssll, Rad3 and Ssl2, on which another layer of ring structure is formed by
Tfbl, Tfb2 and Tfb4 through SslI-Tfbl, Ssl1-Tfb4 and SsI2-Tfb2
interactions. However, Tfb1l, Tfb2 and Tfb4 do not interact with each other,
resulting in a fragile layer of ring structure. This fragile 6 subunit core TFIIH
is stabilized by fitting the small Tfb5 into the structure through the Tfb5-Tfb2
interaction. TfbS may also help locking Tfb1 in place in the core TFIIH ring
structure. Thus, the Tfb5 protein uniquely serves as the architectural stabilizer
of the core TFIIH. The TFIIK sub-complex consisting of Tfb3, Kin28 and
Ccll is assembled onto the core TFIIH through the Tfb3—Rad3 interaction,
forming the 10 subunit holo TFIIH.

As a component of TFIIH, Tfb5 is unique in that it is not
essential for cell survival under normal growth conditions.
Thus, the contribution of Tfb5 protein to NER can be defini-
tively determined by using the #b5 deletion mutant cells.
In vitro biochemical experiments demonstrated that Tfb5 is
an NER protein. Its role in repair, however, is intriguing as
revealed by the UV sensitivity experiments. Deleting the
TFBS5 gene results in moderate rather than extreme UV sensi-
tivity. Quantitative comparison of UV sensitivity suggests
that cells retain some NER activity in the absence of the
Tfb5 protein, a situation similar to when TFIIH is only par-
tially functional. Consistent with such a partial or inefficient
TFIIH function in repair, tfb5 deletion mutant cells also
exhibit a slow growth phenotype, indicating that the tran-
scription activity of TFIIH is not fully functional in the
absence of the Tfb5 protein (28). Thus, whereas the core
TFIIH and six of its subunits, Ssl2, Rad3, Tfbl, Tfb2, Ssll
and Tfb4, are essential for both transcription and repair,
Tfb5 plays an accessory role for both transcription and repair
as the seventh subunit of the core TFIIH. This functionally
sets TfbS apart from the other 6 subunits of the essential
core TFIIH factor.

What is the molecular role of the Tfb5 protein in NER?
One possibility might be an indirect role for Tfb5 by main-
taining adequate transcription of one or more NER genes.
We have excluded this possibility by showing that the
purified Tfb5 protein alone is sufficient to complement the
deficient NER of the #b5 deletion mutant extracts. That is,
without the Tfb5 protein, other NER proteins are present
in sufficient quantities. Hence, the Tfb5 protein directly



functions in the biochemistry of the NER pathway. Then,
how does the Tfb5 protein act in the biochemistry of the
repair? Since TFIIH acts between damage recognition and
DNA incisions, this protein complex is recruited and is likely
involved in recruiting other NER proteins to the lesion site
through protein—protein interactions. Indeed, physical interac-
tions, such as Rad2-Tfb1 and Rad2-Ssl2 have been observed
(48). Thus, we examined Tfb5 interaction with other NER
proteins by the yeast two-hybrid assay. However, we did
not observe an interaction between TfbS and any of these
NER proteins: Radl, Rad2, Rad4, Rad7, Radl10, Radl4,
Radl16, Rad23, Rad26 and Rad28. Another important activity
during repair is DNA binding. Again, we did not observe a
Tfb5 binding activity to either single-stranded or double-
stranded DNA.

We propose that Tfb5 functions as an architectural stabi-
lizer to maintain the proper architecture of the core TFIIH
complex. The properly structured 6 subunit core TFIIH
consisting of Ssl2, Rad3, Tfbl, Tfb2, Ssll and Tfb4 would
be sufficient to attain its biochemical activity in repair and
transcription. However, without the small Tfb5 protein, the
core TFIIH complex would become fragile and prone to col-
lapse. Thus, in the #/b5 deletion mutant cells, whereas some
core TFIIH complexes remain functional, a fraction of them
would lose activity due to architectural collapse of the com-
plex. This would explain the phenotype of partial TFIIH
function in transcription and repair for these mutant cells.
Adding purified Tfb5 protein to the mutant extracts would
restore the collapsed core TFIIH complexes, leading to
in vitro complementation of the deficient NER. Reminiscent
of Tfb5, another accessory NER protein is Rad23. However,
Rad23 plays two different roles in NER: preventing Rad4
protein degradation by the protesome system (35,49-51);
and directly stimulating repair (35).

TfbS is evolutionarily conserved in eukaryotes. Its human
homologue is the TTD-A protein (29). Inactivating mutations
have been found in TTD-A patient cells, indicating that it
is not essential for cellular growth like its yeast counterpart
(9,10,29). Inherited loss of TTD-A in humans results in the
hereditary disease TTD, a complex disease showing clinical
symptoms that include photosensitivity, ichthyosis (scaly
skin), brittle hair, impaired intelligence, decreased fertility
and short stature (9,10). Clinical manifestations of the
TTD-A disease and phenotypes of the yeast #fb5 deletion
mutant cells share the common functional defects: insuffici-
ent TFIIH activity leading to deficiencies in both NER and
transcription (9,10,28,29) (this study). Therefore, our archi-
tectural stabilizer model for Tfb5 may be extrapolated to
the human TTD-A protein, which is able to explain the cellu-
lar and clinical consequences of the TTD-A disease in a simi-
lar way as we explained the phenotypes of the yeast /b5
deletion mutant cells. Indeed, the Tfb5-Tfb2 interaction was
also observed recently in the human system between TTD-A
and p52 (the Tfb2 homologue) (52). Thus, the Tfb5-Tfb2
interaction is conserved from yeast to humans, consistent
with our conclusion that this interaction is functionally
important. A difference, however, is noted. In yeast, deleting
the TFBS5 gene does not alter cellular concentrations of other
TFIIH components, as demonstrated by western blot analyses
of the Tfb1 and Kin28 subunits (28) and our results that Tfb5
protein alone is sufficient to complement deficient NER in the
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mutant extracts. In human TTD-A mutant cells, it was repor-
ted that the steady-state level of TFIIH is reduced (53). We
speculate that architectural collapse of some core TFIIH
complexes in the absence of TTD-A protein may lead to
degradation of the individual subunits in mammalian cells.

Our studies led to the model that 9 subunits form a large
and functional, but fragile protein complex, the holo TFIIH,
which requires the tenth subunit, Tfb5/TTD-A, to stabilize
its elegant architecture, in order to attain its full cellular
proficiency in transcription and repair. Such a role of
architectural stabilizer is a unique and novel mechanism in
the NER pathway. As an architectural stabilizer, the Tfb5/
TTD-A protein needs to be stable/non-fragile itself, which
would be best served by a small instead of a large protein.
This is consistent with the fact that Tfb5/TTD-A is the small-
est NER protein (~8 kDa), an unusually small protein even
among all types of DNA repair systems.
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