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ABSTRACT

XPC/Rad4 (human/yeast) recruits transcription
faction IIH (TFIIH) to the nucleotide excision repair
(NER) complex through interactions with its p62/
Tfb1 and XPB/Ssl2 subunits. TFIIH then recruits
XPG/Rad2 through interactions with similar
subunits and the two repair factors appear to be
mutually exclusive within the NER complex. Here,
we show that Rad4 binds the PH domain of the
Tfb1 (Tfb1PH) with high affinity. Structural charac-
terization of a Rad4-Tfb1PH complex demonstrates
that the Rad4-binding interface is formed using a
motif similar to one used by Rad2 to bind Tfb1PH.
In vivo studies in yeast demonstrate that the
N-terminal Tfb1-binding motif and C-terminal
TFIIH-binding motif of Rad4 are both crucial for
survival following exposure to UV irradiation.
Together, these results support the hypothesis
that XPG/Rad2 displaces XPC/Rad4 from the
repair complex in part through interactions with
the Tfb1/p62 subunit of TFIIH. The Rad4-Tfb1PH
structure also provides detailed information regard-
ing, not only the interplay of TFIIH recruitment to the
NER, but also links the role of TFIIH in NER and
transcription.

INTRODUCTION

Exposure to ultraviolet (UV) irradiation can threaten the
survival of organisms due to its ability to damage DNA by
inducing modifications such as cyclobutane pyrimidine
dimers (CPD) and (6,4) photoproducts (6,4PP). Due to
the constant threat that UV irradiation poses, organisms

have developed pathways like nucleotide excision repair
(NER) to repair the damaged DNA (1). Failure to
repair the damage ultimately threatens the integrity of
the organism’s genome, and it is now clear that defects
in factors that function in the NER repair pathway
results in a number of debilitating human diseases
including xeroderma pigmentosum (XP) (2). XP is an
autosomal recessive genetic disorder characterized by a
hypersensitivity to UV irradiation, and the most
common human form of XP is associated with mutations
of the complementation group XP-C (3). XP patients are
defective in their ability to perform NER following
exposure to UV irradiation, which results in an increased
probability of acquiring a number of different forms of
skin cancers (4).

NER can be divided into two pathways depending on
whether the damaged DNA that needs to be repaired is
being actively transcribed (transcription-coupled NER;
TC-NER) or not (global genome NER; GG-NER).
Although these two pathways of NER share many
similarities, they differ considerably in how the damaged
DNA is initially recognized. In GG-NER, the XPC-
RAD23B/Rad4-Rad23 (human/yeast) complex recognizes
the damaged DNA, sometimes with the help of UV-DDB
(UV-damaged DNA-binding factor) (5,6). In contrast,
during TC-NER, the RNA polymerase II (RNAP II)
complex stalls on the damaged site, which leads to the re-
cruitment of the Cockayne syndrome B (CSB/Rad26)
protein (7,8). Following this initial recognition of the
damaged DNA site, the second step of both NER
pathways involves the recruitment of the general transcrip-
tion faction ITH (TFIIH) due to the presence of either CSB/
Rad26 (TC-NER) or XPC/Rad4 (GG-NER) (7-11).

As a crucial component of the GG-NER pathway,
XPC/Rad4 participates in a number of protein—protein
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and protein-DNA interactions. Studies with the full-
length XPC/Rad4 demonstrated that the central region
of Rad4 (residues 120-630) was sufficient for both
specific binding to the CPD-damaged DNA and hetero-
dimerization with Rad23 (12). These studies also con-
cluded that the amino-terminal (N-terminal; residues
1-120) and carboxyl-terminal (C-terminal; residues
630-754) regions of Rad4 are most likely disordered
based on their sensitivity to proteolysis and this is consist-
ent with nuclear magnetic resonance (NMR) studies
showing that the C-terminal 125 amino acids of XPC
(residues 816-940) are also disordered (13). Despite
being disordered, several studies have shown that the
N- and C-terminal regions of XPC/Rad4 play important
roles in interactions with Centrin-2, Cdc31, Rad33 and
TFIIH (9,14-17).

TFIIH is a 10-subunit complex that is highly conserved
between humans and budding yeast (Saccharomyces
cerevisiae). Once recruited to the damaged DNA site by
XPC/Rad4, TFIIH plays several important functions.
First, through the helicase activities of its XPB/SsI2 and
XPD/Rad3 subunits, TFIIH assists in unwinding the
DNA in and around the damaged site (18). Next, TFIIH
recruits the 3’-endonuclease XPG/Rad2, which initiates
the cutting of the DNA and the subsequent excision/
repair processes (19). In GG-NER, the recruitment of
XPG/Rad2 to the damaged DNA site coincides with the
release of the XPC-RAD23B/Rad4-Rad23 complex, and
this exchange between XPC/Rad4 and XPG/Rad2
appears to be mediated through interactions involving
TFIIH (10,20,21). As a result, a number of studies have
examined the interaction between TFIIH and XPC/Rad4
to understand its role in NER. Co-immunoprecipitation
(Co-IP) studies with Rad4 indicated that residues 1-167
are sufficient for binding to TFIIH (9). In addition, in vitro
and in vivo studies showed that both the XPB and p62
subunits of TFIIH directly interact with XPC and that
the C-terminal region of XPC plays an important role in
recruiting the TFIIH complex (17,22). Interestingly, the
two subunits of TFIIH that interact with XPC/Rad4
(p62/Tfbl and XPB/Ssl2) are also involved in recruiting
XPG/Rad2 (23,24), and this suggests these two repair
factors may form similar types of interactions with
TFIIH that lead to their exchange during NER.

Despite the important role that the XPC/Rad4-TFIIH
complex plays in regulating GG-NER, there is currently
no detailed information describing the regions of XPC/
Rad4 that interact with either the p62/Tfbl or XPB/SsI2
subunits of TFIIH. In this study, we characterize the inter-
action between Rad4 and the Tfbl subunit of TFIIH. We
identify an acidic segment from the N-terminal region of
Rad4 (Rad4,4 1,5; residues 76—115) that binds with high
affinity to the PH domain located at the N-terminus of the
Tfb1 subunit of TFIIH (Tfb1PH; residues 1-115). NMR
spectroscopy studies show that Rad4,¢ 115 binds to the
same region of TfblPH as two homologous acidic
segments from Rad2, and Rad4,, 15 competes with
these Rad2 segments for binding to Tfbl1PH. Structural
characterization of a Rad4;4 115~ Tfb1PH complex indi-
cates that Rad4 binds to TfbIPH using a very similar
Tfbl1PH-binding motif as Rad2 (25). In addition, in vivo
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studies show that yeast with mutations of key residues of
Rad4 required for interaction with Tfb1 display enhanced
sensitivity to UV irradiation. Together these results
provide a rationale for the role that TFIIH binding
plays in the exchange between XPC/Rad4 and XPG/
Rad2 during GG-NER.

MATERIALS AND METHODS
Strains, media and vectors

Saccharomyces cerevisiae strains used for these studies are
listed in Supplementary Table S1. The strains were grown
a synthetic complete media (SC: 0.67% yeast nitrogen
base without amino acids, 2% glucose and a mixture of
amino acids and vitamins) lacking uracil (SC-U) for selec-
tion. All yeast transformations were performed using the
modified lithium acetate protocol (26).

Plasmid preparations

The pRS316RAD4cmyc plasmid (R4D4) was generated
by amplification of the RAD4 open reading frame
(ORF) complemented by 190-bp upstream and 282-bp
downstream on genomic DNA and insertion into
pRS316. The pRS316RAD4(F95P/V98P)cmyc plasmid
(rad4-PP) was obtained by wusing QuikChange II
site-directed  mutagenesis kit  (Stratagene).  The
PRS316RAD4(W649A/L652A/L656A)cmyc  (rad4-AAA)

and pRS316RAD4(F95P/VI8P/W649A /L652A/
L656A)cmyc  (rad4-PPAAA) plasmids were  both
obtained by  overlapped PCR  using  either

pRS316RAD4cmyc or pRS316RAD4(F95P/VI98P)cmyc,
respectively, as the cloning vector (For details see
‘Supplementary Methods’ section).

Sensitivity assays

Yeast strains were grown overnight at 30°C in selective
media. The next day they were diluted in order to obtain
an ODsgs = 0.5-1 the following morning. The cells were
then harvested by centrifugation, washed and resuspended
in sterile water to obtain an ODs9s=0.5. For
UV-sensitivity assays, dilutions were plated on selective
media (SC-U) and irradiated with UV light (XL-1000
UV crosslinker, SpectroLinker) at varying energy levels.
The surviving colonies were counted after 3 days growth at
30°C, in the dark.

Cloning and purification of proteins

The GST-Tfbl1PH (residues 1-115 of Tfbl) was prepared
as described (27). GST-Rad4-¢_;,5 was prepared by insert-
ing the appropriate region of Rad4 (Open Biosystems) into
the pGEX-2T expression vector. GST-Rad344,_¢; was
prepared by inserting the appropriate region of Rad34
(Open Biosystems) into the pGEX-2T expression vector.
All point mutants were made using QuikChange II
site-directed mutagenesis kit (Stratagene). All coding se-
quences were verified by DNA sequencing. Tfb1PH was
puriﬁed as described (27) Rad476,115, GST—Rad3441,63
and their mutants were expressed as GST-fusion proteins
in Escherichia coli host strain TOPP2, purified over GSH
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resin (GE Healthcare) and cleaved with thrombin
(Calbiochem), as previously described for Tfbl1PH (27).
Following cleavage with thrombin, the proteins were
purified over a Q-Sepharose High Performance (GE
Healthcare) column and dialyzed into appropriate buffers
for isothermal titration calorimetry (ITC) and NMR
studies. '"N-labeled and '’N/"*C-labeled proteins were
prepared in M9-minimal media containing *NH,4CI
(Sigma) and/or *Cg¢-glucose (Sigma), as the sole nitrogen
and carbon sources. For all experiments, protein concen-
trations were determined from Asgo.

ITC experiments

ITC titrations were performed as described (28) at 25°C in
20 mM sodium phosphate buffer (pH 7.5). All titrations fit
a single-binding site mechanism with 1:1 stoichiometry
and values are the average of two or more separate
experiments.

NMR experiments

The NMR chemical shift perturbation and competition ex-
periments were performed as previously described (for
sample details please see ‘Supplementary Methods’
section). For the NMR structural studies of the
Rad44¢ |5~ Tfb1PH complex, four different samples con-
taining 1.0 mM of the complex in a 1:1.25 ratio were used
(">’N-TfblPH-Rad46 115, '°N/"*C-TfblPH-Rad4;¢ 15,
15N-Rad476,1 lszbePH and 15N/13C—Rad476,1 15—
TfbIPH, respectively). All NMR experiments were
carried out in 20 mM sodium phosphate (pH 6.5), | mM
ethylenediaminetetraacetic acid, 1 mM DTT and 90%
H,0/10% D,0 or 100% D,0, at 300 K on Varian Unity
Inova 500, 600 and 800 MHz spectrometers equipped with
z-pulsed-field %radient units and triple resonance probes.
All of the 'H, "N and "*C resonances for Rad4,4 ;5 and
Tfb1PH were assigned as reported for free Tfb1PH (29).
Briefly, 3D HNCO (30), 3D HNCACB (31), 3D
CBCACONH (32), 3D (H)C(CO)NH (33), 3D
H(CCO)NH (33) and 3D HCCH-COSY (34) spectra
were used to assign the backbone and aliphatic side
chains resonances. The aromatic side chains 'H, '3C and
N resonances were assigned using a combination of 2D
(HB)CB(CGCD)HD and 2D (HB)CB(CGCDCE)HE
spectra  (35). Interproton distance restraints were
measured from 3D  '""N-edited NOESY-HSQC,
BC-edited HMQC-NOESY (1, = 90 ms) and 3D '"N/"*C
{F1}-filtered, {F3}-edited NOESY spectra (1, = 90ms)
(36,37). The NMR data were processed with NMRPipe/
NMRDraw (38) and analyzed with NMRView (39) and
Analysis from the CCPNMR suite (40).

Structure calculations

The nuclear Overhauser effect-derived distance restraints
(NOE) were divided. However, other NAR papers use
NOE into four classes defined as strong (1.8-2.8A),
medium (1.8-4.0A), weak (1.8-5.0A) and very weak
(3.3-6.0 A). Backbone dihedral angles were derived with
the program TALOS+ (41). The structure of the
Rad46 15~ TfbIPH complex was calculated using the
program CNS (42). The quality of the structures was

analyzed with the programs PROCHECK-NMR (43)
and MOLMOL (44). Ramachandran plot analysis
showed that 76.9, 20.7, 1.5 and 0.9% of residues are in
the most favored, additionally allowed, generously
allowed and disallowed regions, respectively. The figures
were generated with the program PyMol (Schrodinger).

RESULTS

The N-terminal segment of Rad4 binds Tfb1PH with
high affinity

We previously identified two acidic segments within the
spacer region of Rad2 (Rad2;3s9 333 and Rad2g45 g90)
that contain a high-affinity Tfb1PH-binding motif (25).
Based on the fact that XPC/Rad4 and XPG/Rad2 have
been shown to be mutually exclusive in their binding to
TFIIH (20,21), we analyzed the sequences of Rad4 and
XPC to see if they also contain a region similar to the
Tfb1PH-binding motif found in Rad2. The requirements
for the two Tfbl1PH-binding motifs of Rad2 are that they
are located within highly acidic segments and they contain
an aromatic residue (W or F) followed by two acidic
residues and a valine residue. As shown in Figure la,
sequences similar to the Tfb1PH-binding motifs of Rad2
are located near the N-terminus of both Rad4 (residues
86—106) and XPC (residues 124—144). This observation is
consistent with the first 167 amino acids of Rad4 being
sufficient for binding to TFIIH and the fact that the p62/
Tfbl subunit of TFITH has been shown to directly interact
with XPC/Rad4 (9,17,22).

To determine whether the N-terminal region of Rad4
does in fact bind to TfblPH, the apparent dissociation
constant (Ky) between TfblPH and Rad4,5 ;5 was
measured by ITC (Figure 1b and c). As we observed with
Rad2359,383 and Rad2642,690 (Kd = 130nM and
K4 = 190nM, respectively), Rad4,4 115 binds to Tfb1PH
with high affinity (K4 = 50 nM). Next, we wanted to verify
that Phe95 and Val98 of Rad4 were crucial residues in
the Tfb1PH-binding motif of Rad4. These residues corres-
pond to Phe670 and Val673 of Rad2¢4 ¢o9 and are
crucial for Rad2 binding to TfblPH (25). Mutation of
either Phe95 or Val98 to proline (F95P and V98P) reduces
the affinity of Rad44¢ {15 for Tfb1PH by 50- and 24-fold,
respectively (Figure 1b), supporting that the TfblPH-
binding site of Rad4 is very similar to the two sites found
in Rad2.

Rad476_115, Rad2359_3s3 and Rad2642_690 bind a common
site on Tfb1PH

To identify the binding site of Rad4,4 115 on TfblPH,
NMR chemical shift perturbation studies were performed.
In these experiments, addition of unlabeled Rad4,4 15 to
SN-labeled TfbIPH causes significant changes in the 'H
and "N chemical shifts for several TfbIPH signals in the
"H-'"N HSQC spectra (Supplementary Figure Sla and b).
When mapped onto the structure of Tfb1PH, the residues
exhibiting significant changes are located in strands B5, 6,
7 and helix HI (Figure 2a). The residues experienc-
ing significant changes are almost identical to those
observed when either of the two acidic segments from
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Figure 1. The N-terminal region of Rad4 contains a high-affinity Tfb1PH-binding site. (a) Identification of an amino acid segment located between
residues 86 and 106 of Rad4 that aligns with the TfbIPH-binding motif found in Rad2 and TFIIEaCTD. A similar motif is also located between
residues 124 and 144 of XPC. In these alignments, the residues of TFIIEaCTD and Rad244, 490 that form the binding interface with p62PH/Tfb1PH
are underlined and crucial hydrophobic residues are shaded in gray. (b) Comparison of the dissociation constant (K4) values for the binding of
Rad4;6 115 and its mutants (F95P and V98P) to TfblPH. (¢) Thermogram of the TfbIPH titration with successive additions of Rad4ss |is.
Experiments are performed at 25°C, in 20mM NaPO, pH 7.5 buffer, and the results fit to a single-binding site model with 1:1 stoichiometry.

Rad2 (Rad2359,383 and Rad2642,690) bind to TfblPH
(Figure 2b and Supplementary Figure Slc).

To confirm that Rad4,4 ;;5 shares a common binding
site on Tfb1PH with Rad23s59 333, NMR competition ex-
periments were performed. In these experiments, we first
add a substoichiometric concentration of unlabeled
Tfb1PH (0.4mM) to a sample containing '>N-labeled
Rad4,4 115 (0.5mM) and as expected, we observe signifi-
cant changes for several '"H and "N chemical shifts in the
"H-'"N HSQC spectra of Rad4,¢ 15 (Figure 2c). We then
add an equimolar amount of unlabeled Rad23s59 353
(0.5mM) to the '"N-Rad4,¢ 115 ~TfbI1PH complex and
observe that the 'H and '°N resonances of Rad4- s,
which shift upon formation of the Rad4;4 15—~ Tfb1PH
complex return to values characteristic of the free form
of Rad4,4 115 (Figure 2d). Taken together with previous
results showing that Rad2;59 333 and Rad2¢45 699 compete
for binding to Tfb1PH (25), these results demonstrate that
Rad476,1 155 Rad235973g3 and Rad2642,690 all Compete for a
common binding site on Tfb1PH.

The Rad4 homolog Rad34 also contains a Tfb1PH-
binding motif

Rad34 is a repair factor found in yeast that plays a role
similar to Rad4 in TC-NER of ribosomal DNA (rDNA)
(45,46). Given the fact that TFIIH also plays a critical role
in RNA polymerase I (RNAP I)-dependent transcription
and TC-NER of rDNA (47), we were interested to deter-
mine whether Rad34 also contained a TfblPH-binding
motif. The Rad34 protein is homologous to the Rad4
protein, and it contains both a DNA-binding domain
that recognizes damaged DNA and a TFIIH/

Centrin-2-binding motif within its C-terminal region
(48). Although there is currently no evidence that Rad34
interacts with TFIIH, we postulated based on its
homology to Rad4, that it also contains a TfbIPH-
binding motif near the N-terminus of the protein. Based
on sequence homology with Rad4,s5 1,4, we identified a
segment between residues 41 and 63 of Rad34
(Rad344;_¢3; Figure 3a) as a potential TfblPH-binding
motif, since it contains a highly acidic stretch that
includes an aromatic residue (Trp54) followed by two
acidic residues and a valine (Val57). ITC studies show
that Rad344;_¢; also binds to TfbIPH with high affinity
(Kq = 11.0nM; Figure 3b) and that mutation of Trp54 to
a serine (W54S mutant) significantly reduces binding to
TfbIPH (over three orders of magnitude). To further
define the mode of binding of Rad344, ¢; to Tfbl1PH, an
NMR chemical shift perturbation study was performed.
Like for Rad4,5 15, addition of Rad344 ¢ to
"N-TfblPH causes significant changes in the 'H and
>N chemical shifts for several TfbIPH signals in the
'"H-'>N HSQC spectra (Supplementary Figure S2) and
the residues exhibiting significant changes are located in
strands B5, B6, B7 and the H1 helix (Figure 3c).

The two TFIIH-binding regions of Rad4 are crucial to
survival following UV irradiation

Previous studies have shown that both the N- and
C-terminal regions of XPC/Rad4 interact with TFIIH
(9,14-17). To examine the functional role of these two
TFIIH-binding regions of Rad4 in yeast survival follow-
ing exposure to UV irradiation, we first prepared a yeast
strain in which the two key hydrophobic residues (Phe95
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Figure 2. Rad4¢ ;5 and Rad2;59 353 share a common binding site on TfbIPH. (a and b) Ribbon model of the 3D structure of Tfb1PH (blue; PDB
code 1Y50). The amino acids of TfbIPH showing a significant chemical shift change {A8(ppm)=>0.15; A8 = [(0.17ANy)>+(AHN)’]"?} upon
formation of a complex with either Rad4,4 ;15 (a) or Rad2359 333 (b) are highlighted in orange and brown, respectively. (¢) Overlay of a selected
region from the 'H —'N HSQC spectra of '°N-labeled Rad4;¢ 115 (0.5mM) in the free form (green) and in the presence of unlabeled TfblPH
(0.4 mM; blue). (d) Same overlay as in (c), but after the addition of unlabeled Rad23s9 333 (1.5 mM; black). Rad444 |5 signals that undergo significant
changes in 'H and >N chemical shifts upon formation of the complex with TfblPH (c), and return towards their original position following the

addition of Rad23s¢ 353 (d) are indicated by arrows.
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Figure 3. Rad34 contains a Tfb1PH-binding motif. (a) Identification of
an amino acid segment located between residues 41 and 63 from Rad34
that aligns with the Tfbl1PH-binding motif from Rad4 and XPC. The
two crucial hydrophobic residues in the motif are shaded in gray.
(b) Comparison of the dissociation constant (Ky) values for the
binding of Rad4,¢ 115 and Rad34,, 43 with TfbIPH. No binding is
observed with the W54S mutant of Rad34,, ¢; under the experimental
conditions indicating a K4 > 10 uM. (¢) Ribbon model of the 3D struc-
ture of TfbIPH (blue). The amino acids of '’N-labeled TfblPH
showing a significant chemical shift change {Ad(ppm)>0.15;
A8 = [(0.17ANg)* + (AHN)?]Y?} upon formation of a complex with
Rad34,; 43 are highlighted in magenta.

and Val98) in the Tfb1PH-binding motif were mutated to
proline (rad4-PP) and we tested it for survival following
exposure to UV irradiation. The rad4-PP strain shows
only a slightly enhanced sensitivity to UV irradiation
when compared with the wild-type RAD4 strain
(Figure 4a). Next, we tested the role of the C-terminal
TFIIH-binding motif of Rad4. Previous studies have
shown that mutating three key hydrophobic residues
(Trp649, Leu652 and Leu656) in this region to alanine
leads to yeast strains (rad4-AAA) with enhanced sensitiv-
ity to UV irradiation as well as decreased binding to
TFIIH and Centrin-2 (15). Consistent with previous
studies, the rad4-AAA mutant strain is more sensitive to
UV irradiation than the RAD4 strain as well as slightly
more sensitive than the rad4-PP strain (Figure 4a).

To further examine the in vivo role of the two TFIIH-
binding regions of Rad4, the N-terminal mutation
(rad4-PP) and the C-terminal mutation (rad4-AAA) were
combined to produce an additional mutant strain (rad4-
PPAAA). The survival curves show that the rad4-PPAAA
strain is considerably more sensitive to UV irradiation
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Figure 4. The two TFIIH-binding regions of Rad4 are crucial for
survival following UV irradiation. (a) The survival of RAD4 (blue),
rad4-PP (black) and rad4-AAA yeast were determined following
increasing doses of UV irradiation. (b) The survival of RAD4 (blue),
rad4 (red), rad4-PP (black), rad4-AAA (orange) and rad4-PPAAA
(aqua) yeast were determined following increasing doses of UV irradi-
ation. In both (a) and (b), the y-axis represents the percentage of
surviving cells (normalized to the number of viable cells not exposed
to UV light) and the x-axis shows the energy levels of the UV irradi-
ation applied (J/m?). The results are the mean + SEM of three inde-
pendent experiments.

than either the rad4-PP or rad4-AAA strains and displays
similar sensitivity to what is observed with the rad4
deletion strain (Figure 4b). This increased sensitivity to
UV irradiation is not the result of decreased levels of
Rad4 as the Rad4-PPAAA mutant protein is expressed
at similar levels as the wild-type Rad4 (Supplementary
Figure S3). Taken together, the in vivo studies in yeast
indicate that the TfblPH-binding motif of Rad4 plays a
key role in yeast survival following exposure to UV irradi-
ation. In addition, mutating both of the known TFIIH-
binding regions of Rad4 produces a dramatic effect on
yeast sensitivity to UV irradiation, suggesting that at
least two distinct interactions occur between Rad4 and
TFIIH and that these interactions appear to be almost
redundant for Rad4 function in DNA repair.

NMR structure determination of the Rad4-¢ 5~ Tfb1PH
complex

To compare Rad2 and Rad4 in complex with Tfb1PH, we
determined the NMR solution structure of a Rad44 ;;5—
Tfb1PH complex. The structure of the Rad4;4 ;15—
Tfb1PH complex (PDB code 2M14) is well defined by
the NMR data (Table 1). The 20 lowest energy structures
(Figure 5a) are characterized by good backbone geometry,
no significant restraint violation and low pair-wise r.m.s.d.
values (Table 1). As is the case for the Rad244> ¢90—
Tfb1PH complex, the structure of TfbIPH in complex
with Rad4-¢ 115 is virtually identical to its free form
showing a typical PH domain fold consisting of a
seven-stranded B-sandwich (B1-f7) flanked on one side
by a long a-helix (H1) (27). In complex with Tfbl1PH,
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Table 1. NMR and refinement statistics for Rad4 in complex with
Tfb1PH?*

NMR distance and dihedral constraints
Distance constraints

Total NOE 1599
Intra-residue 556
Inter-residue
Sequential (|i—j| = 1) 359
Medium-range (|i—j| <4) 200
Long-range (|i—j| > 5) 484
Intermolecular 28
Hydrogen bonds 36
Total dihedral angle restraints 148
10} 74
i 74

Structure statistics
Violations (mean and SD)

Distance constraints (A) 0.0179 + 0.0006

Dihedral angle constraints (°) 0.18 +£0.03
Max. dihedral angle violation (°) 5
Max. distance constraint violation (A) 0.5

Deviations from idealized geometry

Bond lengths (A) 0.00210 + 0.00007

Bond angles (°) 0.376 = 0.004

Impropers (°) i 0.209 = 0.008
Average pairwise r.m.s. deviation (A)°

Heavy 1.31 £0.12

Backbone 0.67 = 0.14

“The 20 conformers with the lowest energies were selected for statistical
analysis.

°Only residues 5-63 and 86-112 of Tfb1PH and residues 95-99 of Rad4
were used for the r.m.s.d. calculations. Residues at the N-terminus
(1-4), at the C-terminus (113-115), and in the flexible loop (64-85) of
TfbIPH, as well as residues at the N-terminus (76-94) and at the
C-terminus (100-115) of Rad4 were not included in the calculation.

Rad4,6 115 binds in an extended conformation devoid
of any regular secondary structural element with
residues 95-98 forming a crucial portion of the interface
with Tfb1PH. This is consistent with the 'H-'"N HSQC
spectra of the titration of '"N-labeled Rad4-¢ 1,5 with
TfbIPH as residues 95-98 undergo the most significant
changes in both their '"H and '’N chemical shifts
(Supplementary Figure S4).

Rad4,¢_115~Tfb1PH-binding interface

In the complex, Rad4,4 115 binds in an extended form to
two adjacent shallow grooves on the surface of Tfb1PH.
The first groove is formed by residues GIn49, Ala50,
Thr51, Pro52, Met59, Leu60, Arg6l and Met88 from
strands 5, p6 and B7 of TfblPH (Figure 5b). Phe95
of Rad4 inserts into this groove where it is in position
to form a cation—r interaction with Arg6l. The second
groove is composed of Leud8, Ala50, Lysl01 and
GInl105, Ile108, Lys112 of TfblPH and accommodates
Val98 and Thr99 of Rad4 (Figure 5c). Val98 is anchored
on one side of this pocket through van der Waals inter-
actions with both its methyl groups. Thr99 is anchored
on the other side of the pocket through van der Waals
interactions with its methyl group. Although the majority
of the interactions within the two grooves are van der
Waals contacts, an extensive series of positively charged
residues on the surface of Tfbl1PH (Lys47, Lys57, Arg6l,
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Figure 5. NMR structure of the Rad4,5 |5~ TfbIPH complex. (a) Stereo view of the 20 lowest-energy structures of the complex between TfblPH
(blue) and Rad4,¢_;;5 (orange; PDB code 2M14). The 3D structures were superimposed using the backbone atoms C’', C* and N of residues 4-65 and
85-112 of TfbIPH and residues 90-104 of Rad4,4 ;5. (b) Ribbon representation of Tfb1PH (blue) and backbone trace of the region of Rad4,¢ ;s
(orange) interacting in the first binding pocket. In this pocket, Phe95 of Rad4 forms a cation—=n interaction with Arg6l of Tfbl and van der Waals
interactions with Met59. (¢) Ribbon representation of TfbIPH (blue) and backbone trace of the region of Rad4,s |15 (orange) interacting in the
second binding pocket. On one side of the pocket Val98 of Rad4 interacts with Leu48, Ala50, Lys101 and GIn105 of Tfbl. On the other side of the

pocket Thr99 of Rad4 interacts with GIn105, Ile108 and Lys112 of Tfbl.

Arg86, Lysl01 and Lysl112) surround the two grooves,
where they function to position the negatively charged
Rad4,4 115 (Supplementary Figure S5). The NMR struc-
tures support the formation of one potential salt bridge
between Asp97 of Rad4,4 1,5 and Lys47 of Tfb1PH.

Comparison of the Rad4¢_;15~Tfb1PH and
Rad2445_¢00—Tfb1PH interfaces

The structure of the Rad4,4 ;s TfblPH interface is
virtually identical to the structure of the Rad2g4> 90—
Tfb1PH interface (Figure 6). In both structures, a phenyl-
alanine (Phe95 in Rad4 and Phe670 in Rad?2) binds in a
first pocket, where it is in position to make a cation—mn
interaction with Arg6l of TfblPH, or the analogous
GIn64 in p62PH. In addition, a valine (Val98 in Rad4
and Val673 in Rad?2) inserts into a second pocket, where
it makes van der Waals contacts with a series of residues in
Tfb1PH. Rad4 and Rad?2 also contain a threonine (Thr99
in Rad4 and Thr675 in Rad2) that forms van der Waals
contacts in the second binding pocket. In Rad2¢4> 90,
Val673 and Thr675 are separated by Pro674, whereas in
Rad4,6 115, Val98 and Thr99 are consecutive residues. In
Rad2445 99, Pro674 creates a slight bend in the backbone
so that the side-chains of Val673 and Thr675 can both be
oriented towards the surface of TfblPH. One other im-
portant commonality between the two structures is that
Rad4,6 115 and Rad2¢4, 699 both contain several acidic

Figure 6. The interfaces of Rad2-TfbIPH and Rad4-TfblPH
complexes are very similar. The 3D structures of TfbIPH are shown
as molecular surfaces (blue) and Rad4,¢ 1,5 (a; orange), Rad2¢4> 690
(b; yellow) are shown as ribbons. Selected residues in the
Tfb1PH-binding modif of Rad4,¢ |15 and Rad244, ¢o9 are also shown
to demonstrate the similarity between their binding interfaces.

residues that participate in electrostatic interactions
with basic amino acids that surround the perimeter of
the two binding pockets of TfblPH. Overall, the
similarities between these two interfaces provide a struc-
tural framework to understand how Rad4 and Rad2 can
compete for binding to Tfbl in NER.

DISCUSSION

Following DNA damage recognition, the recruitment of
TFIIH by XPC/Rad4 to the repair complex occurs
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through direct interactions with its p62/Tfbl and XPB/
Ssl2 subunits (17,22). Once at the damaged DNA,
TFIIH recruits XPG/Rad2 through direct interactions
with multiple subunits including both the p62/Tfbl and
XPB/SsI2 subunits (23,24). Given that XPC/Rad4 and
XPG/Rad2 interact with the same subunits of TFIIH
and appear to be mutually exclusive within the repair
complex (10,20), XPG/Rad2 likely displaces XPC/Rad4
from the pre-incision complex in part by competing for
common binding sites on the various subunits of TFITH
(Supplementary Figure S6). Thus, the competition
observed for regions of Rad4 and Rad2 binding to
Tfb1PH by NMR and the remarkable similarity between
the structures of the Rad4-¢ ;;5~Tfbl1PH and Rad2¢4> 90—
Tfb1PH interfaces provides a molecular mechanism to ra-
tionalize the mutual exclusivity observed between XPC/
Rad4 and XPG/Rad2 at the repair complex in vivo.
Although a hand-off or displacement mechanism has pre-
viously been suggested between XPC/Rad4 and XPG/
Rad2 in NER (49), this is the first structural evidence to
support such a displacement mechanism.

This displacement of XPC/Rad4 by XPG/Rad2 could
serve at least two possible purposes for maintaining the
NER complex in a repair-competent form. First, it assures
that TFIIH is always stabilized on the DNA and available
for repair as opposed to being recruited to perform alter-
native functions such as transcription. Second, it helps
to establish the correct orientation of XPG/Rad2 on the
DNA lesion. XPG/Rad?2 cleaves the phosphate backbone
of DNA on the 3’-side of the lesion, and it is crucial that
this is done in a precise fashion for NER to be carried out
in an accurate manner. Since XPC/Rad4 specifically inter-
acts on the same side of the damaged DNA (12), a sequen-
tial displacement mechanism would serve to place XPG/
Rad2 in the correct orientation for precise repair of the
DNA lesion without the need for release of TFIIH. This
model is similar to the ‘passing the baton’ mechanism seen
in base excision repair (BER) (50). In the BER model, the
substrate is channeled from one protein to another as
opposed to a pre-formed protein complex that possesses
all the activities necessary for repair.

The fact that both the N-terminal TfblPH-binding
motif and the C-terminal TFIIH/Centrin-2-binding
region of Rad4 play a role in yeast survival following
exposure to UV irradiation is consistent with the sequen-
tial displacement mechanism between XPC/Rad4 and
XPG/Rad2 in NER. In the case of XPG/Rad2, it has
also been shown to interact with multiple subunits of
TFIIH, including p62/Tfbl and XPB/Ssl2, by partici-
pating in a series of weak interactions with its extended
spacer region (23,51,52). Similarly, XPC/Rad4 has been
shown to directly interact with both the p62/Tfbl and
XPB/SsI2 subunits of TFIIH through regions in both
termini of the protein (10,20) and our in vivo results in
yeast support the importance of both these regions. The
fact that a mutation of the C-terminal region of Rad4 has
a slightly larger effect on yeast survival following UV
irradiation than a mutation of the N-terminal region, is
consistent with previous results showing that the
C-terminal region of XPC appeared critical for TFIIH
binding (17). Taken together with our current results,
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this indicates that although displacement of both the
N-terminal and the C-terminal region of XPC/Rad4 by
XGP/Rad2 is important for NER, the displacement of
the C-terminal region may be the rate-limiting step.
However, the details of the interaction between the
C-terminal region of Rad4 and TFIIH are currently
unknown and it is still not clear in which order the dis-
placement of the two regions of XPC/Rad4 occurs.

The sequential displacement mechanism clearly presents
advantages for maintaining the integrity and accuracy of
the repair complex; however, it may also be important for
sequestering TFIIH. We have previously shown that the
Rad2¢45 600~ Tfb1PH interface is similar to the interface
formed in a complex between the C-terminal domain of
TFIIEa (TFIHEaCTD) and p62PH (25,53). Like Rad4
and Rad2, TFIEaCTD contains a TfblPH-binding
motif that consists of an aromatic residue followed by
two acidic residues and a valine (54). We previously sug-
gested that the similarity of the Tfb1PH-binding motif in
Rad2 and TFIIE« provides a mechanistic link between the
role of TFIIH in transcription and repair. Our current
work further strengthens this concept since a highly
similar Tfb1PH-binding motif is present in XPC, Rad4
and Rad34. TFIIH plays an important role both in
RNAP I-dependent transcription as well as in NER of
rDNA (47), and Rad34 likely forms a similar interaction
with Tfbl that may regulate RNAP I-associated NER.
Based on the structural similarities of the Radd.4 ;;s—
Tfb1PH, Rad2g4; oo~ TfbIPH and the TFIIEaCTD-
p62PH interfaces, it is tempting to propose that the inter-
play of TFIIEa, Rad4 and Rad2 interacting with p62/
Tfbl helps to determine whether TFIIH is functioning in
transcription or repair. In RNAP II-dependent transcrip-
tion, TFIIEaCTD recruits TFIIH to the pre-initiation
complex (PIC) through interactions with the p62/Tfbl
subunit of TFIIH (54). Once at the PIC, TFIIH serves
multiple functions during transcription by virtue of its
helicase (XPB/Ssl2 and XPD/Rad3) and kinase (Cdk7/
Kin28) activities (55,56). During NER, TFIIH’s role
in transcription would be limited by its recruitment to
the DNA lesion through interactions with Rad4 that
involves in part the same p62/Tfbl subunit. As repair
progresses past the initial recognition of the DNA lesion
to the incision steps, TFIIH remains associated with the
repair complex through interactions with XPG/Rad2.
This would make the process more efficient since
it would help to prevent TFIIH being recruited for
transcription.

In conclusion, we provide the first structural evidence
for the displacement mechanism between XPC/Rad4 and
XPG/Rad2 during NER. Our data shows that XPC/Rad4
and XPG/Rad2 form similar interactions with the p62/
Tfbl subunit of TFIIH, and this supports the hypothesis
that XPG/Rad2 displaces XPC/Rad4 from the repair
complex through a series of interactions with different
subunits of TFIIH. In addition, the structure of the
Rad4,4 115~ Tfb1PH complex provides a common mech-
anistic explanation for the recruitment of TFIIH to both
the PIC and the NER complex. Future studies are needed
to determine if other subunits of TFIIH, in particular
XPB/Ssl2, also form similar interactions with XPC/Rad4
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and XPG/Rad2, and what roles they play in the displace-
ment of XPC/Rad4 by XPG/Rad2.
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