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SI Materials and Methods
Strains and Plasmids. Strains used in this study are described in
Table S1. The strain bearing the YDJ1 deletion that was used for
most experiments derives from Y03012 after repeated back-
crosses with YBP250. Other double mutants have been obtained
after mating the indicated parental strains. MMIV-5 was ob-
tained by disruption of YDJ1 in SC0946 with a NAT-resistance
cassette. MMIV-17 was obtained by integration of a FLAG-tag
followed by a KAN-resistance cassette before the stop codon of
the YDJ1 ORF. Plasmids pWJ1344 carrying the Rad52-YFP
construct (1), pLAUR (2), pG/ER(G) containing the hER ORF
(3), and pUCΔSS- ERE containing the reporter gene lacZ under
the ERE (4) have been previously described.

Recombination Analyses. Recombination was determined by using
the chromosomal direct-repeat system his3-Δ59::his3-Δ39 (5) to
measure unequal sister chromatid exchange. Each recombination
frequency was obtained as the mean value of three median re-
combination frequencies obtained each from six independent col-
onies. For UV-induced frequencies, cells were plated on selective
medium for recombinants, irradiated in anUV irradiation chamber
(Dr. Gröbel UV-Elektronik) and cultured for 3 d in darkness.
Exponential cultures grown in the appropriate medium were

used to generate 10-fold serial dilutions in distilled sterile water.
Serial dilutions were later plated onto selective media (for
transcriptional assays) or YPAD plates supplemented with drugs
(for sensitivity assays). When necessary, dried plates were irra-
diated in an UV irradiation chamber (Dr. Gröbel UV-Elek-
tronik) with the indicated doses. Survival curves were calculated
at each point as the percentage of surviving colonies after irra-
diation with each dose growing on YPAD plates, in which an
appropriate dilution had been spread, versus the number of
colonies arising on nonirradiated plates.

Spontaneous and UV-Induced Rad52 Foci. Nuclei from midlog cells
bearing plasmid pWJ1344 and grown in SC-leu were stained with
DAPI and Rad52 foci were counted in S-G2 cells. For UV-in-
duced Rad52 foci, cells were resuspended in water in Petri dishes
as a 4-mm-deep cell suspension, UV-irradiated, and incubated in
SC-leu for a further 2 h before foci inspection.

FACS Analysis.One milliliter of the desired culture was centrifuged
and washed with 1 mL distilled water, then resuspended in 1 mL
70% ethanol. Cells were washed with 1 mL 1× PBS solution,
resuspended in 100 μL 1× PBS–RNase 1 mg/mL, and left for
overnight incubation. Next, they were washed again with 1× PBS
solution and resuspended in 1 mL of 5 μg/mL propidium iodide
in 1× PBS solution, incubated in darkness for 30 min, sonicated
3 s at 10% amplitude, and scored in a FACScalibur device
(Becton Dickinson).

Northern Analysis. Northern analysis was performed as previously
described (6). The GAL1 signal was detected by using a probe
against the fullGAL1ORF and values normalized with respect to
the 28S rRNA values. Signals were quantified by using a Phos-
phorImager (FLA-5100; Fujifilm) and ImageGauge software.
Strains were cultured up to 0.7OD600nm in SC (synthetic com-

plete medium with 2% glucose), centrifuged, washed twice, and
diluted to 0.2O.D.600nm in SGL (synthetic complete medium with
2% glycerol-2% lactate) overnight. A 50-mL sample was then
saved as noninduced and glucose or galactose was added to a 2%
final concentration. Samples (50 mL) were taken at the indicated

time points. Samples processing was performed as described (7).
IgG Sepharose (GE Healthcare) was incubated with samples
overnight to precipitate TAP-tagged Rad3. To precipitate Ydj1-
FLAG or total RNA polymerase II, samples were incubated
overnight with anti-FLAG antibody (F3165; Sigma) or anti-RNA
polymerase II 8WG16 antibody (Covance), respectively. In these
two latter cases, samples were incubated the next morning with
protein A Sepharose (GE Healthcare) for at least 4 h. The
Wizard SV DNA clean-up system (Promega) was used for the
last DNA purification step. Quantitative PCR was performed
against the GAL1 locus promoter (coordinates 278969–279048
on chromosome II). Normalization was done with values of
amplification at ARS504 (coordinates 9754–9837 on chromo-
some V), a location free from transcription.

Estrogen Receptor Phosphorylation Kinetics. WT, kin28-ts16, and
ydj1Δ strains were grown in minimal medium selecting for
plasmids pG/ER(G) and pUCΔSS-ERE until the exponential
phase. A sample indicative of basal ER state (time 0) was taken,
and β-estradiol was added to a final concentration of 0.1 μM.
Time points were taken to follow ER phosphorylation kinetics.

Western Blots. For ER protein abundance and phosphorylation,
TCA-extracted proteins were separated in 10% PAGE. Mem-
branes were blocked in 1× TBS 5% 0.05% Tween milk. Anti-
bodies anti-ERα (ab2746; Abcam) and anti-ERSer118-P (ab32396;
Abcam) were incubated in the same buffer at a 1:1,000 dilution
for 3 h and 90 min, respectively. For TFIIH components, the
following primary antibodies were used at the indicated dilu-
tions: anti-Ssl1 (1:500), anti-TAP for Rad3 and Tfb4 detection in
Fig. 4A (1:2,000; Thermo Scientific), all in blocking reagent
(Roche); anti-Tfb2 (1:1,000) as well as anti-Tfb4 (1:1,000), anti-
Rad3 (1:300, sc-11963; Santa Cruz Biotechnology), and anti-
Rad14 (1:1,000, ab22092; Abcam) for detection in Fig. 4A were
incubated in 1× TBS 0.05% Tween 5% milk for 1 h. Anti-Ssl1,
anti-Tfb2, and anti-Tfb4 were a gift from Yuichiro Takagi. Anti-
actin (ab8224; Abcam) was used at a 1:1,000 dilution in 1× TBS
0.05% Tween 5% milk for 1 h. Secondary antibody was a
horseradish peroxidase-conjugated anti-rabbit or anti-mouse or
anti-goat IgG antibody (Sigma and Santa Cruz Biotechnology)
were incubated in the same buffer as primary antibodies for 1 h.
SuperSignal West Pico chemiluminescent substrate (Pierce) was
added to the blots, and the chemiluminescent signal was de-
tected using a BioMax light film (Kodak).

TAP-Tagged Purification of TFIIH. Yeast strains CB010-TFB4 and
MMIII-60 (ydj1Δ) were grown in 2 L of 2× YPD (4% (wt/vol)
Bacto Peptone, 2% (wt/vol) yeast extract, 4% (wt/vol) glucose up
to 3 to 4OD600nm. Cells were harvested and washed once with
cold water, and the resulting pellets were extruded into liquid
nitrogen. The purification was performed essentially as pre-
viously described (8). The Tfb4-TAP protein was isolated from
yeast lysates by affinity purification by using an IgG-Sepharose
column (GE Healthcare). Proteins in the various elution frac-
tions were concentrated with trichloroacetic acid, resolved by
10% SDS/PAGE, and Coomassie-stained for visualization. Pro-
teins were identified by using MALDI-TOF MS identification.

Bioinformatics. Proteins sequences were obtained from the
PubMed database and aligned by using the ClustalW and the
LAlign tools (EBI). The Tfb2-Tfb5 crystal structure has been
previously published (9). Molecules were processed by using
RasMol.
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Statistical Analysis. The six motif-containing TFIIH proteins were
assigned a letter, indicative of a category (Tfb5, A; Tfb4, B; Ssl1,
C; Tfb2, D; Rad3, E; Rad25, F), whose features were the number
of amino acids aligned between the S. cerevisiae and the human
proteins, as well as their degree of identity and of similarity.
These three features were used to choose other proteins that,
upon alignment, kept essentially the same values. For this, the
number of identical or similar amino acids being aligned was
calculated. Proteins were randomly chosen except for the crite-
rion that they had no reported interaction with Ydj1, to mini-
mize the presence of motives caused by real interaction with the
chaperone. Three random groups containing one protein be-
longing to each category from A to F were created. We created
nominal categories by separating proteins depending on the
aligned number of amino acids. The presence of motives for each
class was noted. Seen that random control groups displayed
a similar distribution of motif frequency between them, from that
moment on all data were fused as a single control group. The

number of conserved motives found in proteins was recorded in
a 2 × 3 contingency table, in which rows were the control group
and TFIIH, and columns were the three nominal categories of
aligned number of amino acids. Observed frequency was written
down. Expected frequencies were calculated for each cell by
multiplying the corresponding vertical and horizontal totals and
dividing by the grand total. The χ2 statistic was calculated by
using the indicated formula. There are 2 df for a 2 × 3 table.
Values for χ2 for 2 df are tabulated to be 5.99 and 9.21 for P =
0.05 and P = 0.01, respectively. The obtained value (9.939) was
found to exceed both tabulated values of χ2. This indicates that
the probability of obtaining our calculated value by chance is
smaller than 0.01, and therefore the null hypothesis is considered
false at that P value, and we conclude that the presence of
motives in TFIIH proteins does not arise by chance but it is
different from that seen in a randomly taken population of
similarly conserved proteins.
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Fig. S1. Cells lacking Ydj1 are sensitive to UV-like DNA damage. (A) Serial dilutions of WT and ydj1Δ strains exponential cultures were plated on rich YPAD
medium and irradiated with different UV doses. (B) Response to UV of mutants lacking chaperones of the Hsp40 group of type I, II, or III in comparison with WT
and ydj1Δ strains. Strains were chosen because the lacking protein normally has a subcellular localization similar to that of Ydj1. Serial dilutions of cultures
were plated on rich YPAD medium and irradiated with different UV doses. (C) Serial dilutions of WT, ydj1Δ, rad3-102, and their corresponding double mutant
strains exponential cultures were plated on rich YPAD medium containing or not 0.01 mg/L 4-nitroquinolineoxide (4-NQO). (D) Tenfold serial dilution assays to
establish rad51Δ sensitivity to various DNA damaging agents. Doses used are 60 J/m2 UV, 0.01% MMS, 10 μg/mL CPT, and 50 mM HU.
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Fig. S2. Ydj1-FLAG strains tagged at the protein C-terminal region are proficient in TFIIH functions. (A) Growth of WT and C-terminal-tagged Ydj1-FLAG
strains at 37 °C on rich YPAD medium. (B) Serial dilutions of WT, ydj1Δ, and C-terminal-tagged Ydj1-FLAG exponential cultures irradiated with different UV
doses. (C) Chromatin immunoprecipitation with anti-RNAPII antibody 8WG16 in Ydj1-FLAG and WT strains. Recruitment was studied at the GAL1p upon
galactose activation. Other details are as in Fig. 2D.

Fig. S3. The human estrogen inducible system transplanted into yeast. The human ER gene is under the control of the yeast GPD1 constitutive promoter.
Upon estrogen addition, TFIIH phosphorylates Ser118 in the ER protein, which then can bind to EREs.

Moriel-Carretero et al. www.pnas.org/cgi/content/short/1107425108 3 of 6

www.pnas.org/cgi/content/short/1107425108


Fig. S4. TFIIH stoichiometry is altered upon removal of chaperone network members. (A) Immunodetection of Tfb4 (using anti-Tfb4; gift from Yuichiro
Takagi, Indiana University, Indianapolis, IN) and Rad3 (using sc-11963) in WT and in ydj1Δ crude extracts from cells grown to exponential phase in SC. Rad14
detection is shown as a control of the NER-independent TFIIH-specific decrease seen in ydj1Δ cells for TFIIH components. Two independent experiments are
shown in the same gel. (B) FACS patterns of exponentially growing WT and ydj1Δ cells in SC medium. Single and double DNA content are indicated by “c” and
“2c,” respectively. (C) Serial dilutions of exponential cultures from WT, ssa1Δ, ssa2Δ, and their corresponding double mutant strains plated on YPAD and
irradiated with different UV doses. (D) Gene expression assay using the pLAUR system. Serial dilutions were made from exponential cultures of WT, ssa1Δ,
ssa2Δ, and their corresponding double mutants. Transformants were selected in SC-his. Growth in SC-his-ura serves as a measure of pLAUR expression and
transcription.
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Fig. S5. Statistical significance of the Ydj1-binding consensus presence in TFIIH components. (A) Random selection of proteins sharing resembling identity,
similarity and aligned amino acids scores with those of TFIIH proteins when comparing human and yeast sequences were assigned a category from A to F and
randomly combined in three control groups. The number of conserved Ydj1-binding consensus motives was then counted. (B) The number of conserved
motives found in control groups and in TFIIH proteins, classified by length, was recorded in a 2 × 3 contingency table. Observed (O) and expected (E) fre-
quencies are indicated. The χ2 statistic was calculated by using the indicated formula. The obtained value was found to exceed the tabulated value of χ2 for
P = 0.05 and P = 0.01.
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Table S1. TFIIH defects associated with mutations in the Ydj1-binding consensus motif

Protein Organism Mutation Phenotype Ref.

Rad25/XPB H. sapiens S 751E No 59 incision by ERCC1/XPF during NER if constitutively phosphorylated 1
Tfb2/p52 H. sapiens Δ202–462 No XPB retention 2

D. melanogaster
Tfb2/p52 H. sapiens Δ393–462 No Tfb5 binding; leads to NER defects 2

D. melanogaster
Tfb5/TTDA S. cerevisiae Δ1–14* No Tfb2 binding; leads to NER defects 3, 4
Rad3/XPD H. sapiens G675R No Ssl1 interaction; leads to XPCS 5
Ssl1/p44 H. sapiens Δ252–395 No p34 interaction; leads to transcription defects 6
Tfb4/p34 H. sapiens Δ1–242 No interaction with p44; leads to transcription defects 7

*Tfb5Δ1–7 has no detectable phenotype.

Table S2. Strains used in this work

Name Genotype Source

YBP249 MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 bar1Δ RAD5 B. Pardo (CABIMER,
Seville, Spain)

YBP250 MATα ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 bar1Δ RAD5 B. Pardo (CABIMER,
Seville, Spain)

Y03012 MATa his3D1 leu2Δ0 met15D0 ura3Δ0 ydj1Δ::KAN EUROSCARF
MMI-81 MATα ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 RAD5 rad3-102::HYG 1
WSR51 MATa-inc ade2-1 trp1-1 ura3-1 his3-11,15 leu2::SFA can1- 100 ade3::GAL1-HO rad51Δ::KAN 2
WSR52 MATa-inc ade2-1 trp1-1 ura3-1 his3-11,15 leu2::SFA can1- 100 ade3::GAL1-HO rad52Δ::KAN 2
YNN299 MATa his3Δ200 ura3-1 lys2-801 ade2-101 his3-Δ39-his3-Δ59:: URA3 3
SC0946 MATa ade2 arg4 leu2-3,112 trp1-289 ura3-52 RAD3- TAP::HIS3 EUROSCARF
MMIV-5 MATa ade2 arg4 leu2-3,112 trp1-289 ura3-52 RAD3- TAP::HIS3 ydj1Δ::NAT Present study
MMIV-17 MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 bar1Δ RAD5 YDJ1-FLAG::KAN Present study
HQY957 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 kin28Δ::KAN [LEU2 KIN28-HA] 4
HQY958 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 kin28Δ::KAN [LEU2 KIN28-ts16-HA] 4
Y07202 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 trp1Δ::KAN EUROSCARF
MMHQY957 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 trp1Δ::KAN kin28Δ::KAN [LEU2 KIN28-HA] Present study
MMHQY958 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 trp1ΔKAN kin28ΔKAN [LEU2 KIN28-ts16-HA] Present study
CB010-TFB4 MATa pep4::HIS3 prb1::LEU2 prc1::HISG can1 ade2 trp1 ura3 his3 leu2-3,112 TFB4-TAP::TRP1 5
MMIII-60(P4) MATa pep4::HIS3 prb1::LEU2 prc1::HISG can1 ade2 trp1 ura3 his3 leu2-3,112 TFB4-TAP::TRP1 ydj1Δ::NAT Present study
Y 02701 MATa his3D1 leu2Δ0 met15D0 ura3Δ0 xdj1Δ::KAN EUROSCARF
Y 02999 MATa his3D1 leu2Δ0 met15D0 ura3Δ0 apj1Δ::KAN EUROSCARF
Y 00800 MATa his3D1 leu2Δ0 met15D0 ura3Δ0 scj1Δ::KAN EUROSCARF
Y 00183 MATa his3D1 leu2Δ0 met15D0 ura3Δ0 caj1Δ::KAN EUROSCARF
Y 00744 MATa his3D1 leu2Δ0 met15D0 ura3Δ0 hlj1Δ::KAN EUROSCARF
Y 03679 MATa his3D1 leu2Δ0 met15D0 ura3Δ0 swa2Δ::KAN EUROSCARF
Y 01263 MATa his3D1 leu2Δ0 met15D0 ura3Δ0 jjj2Δ::KAN EUROSCARF
Y 01350 MATa his3D1 leu2Δ0 met15D0 ura3Δ0 jem1Δ::KAN EUROSCARF
Y 05855 MATa his3D1 leu2Δ0 met15D0 ura3Δ0 erj5Δ::KAN EUROSCARF

EUROSCARF, EUROpean Saccharomyces Cerevisiae ARchive for Functional Analysis.
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