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DNA damage recognition by basal transcription factors follows different mechanisms. Using transcription-
competition, nitrocellulose filter binding, and DNase I footprinting assays, we show that, although the general
transcription factor TFIIH is able to target any kind of lesion which can be repaired by the nucleotide excision
repair pathway, TATA binding protein (TBP)-TFIID is more selective in damage recognition. Only genotoxic
agents which are able to induce kinked DNA structures similar to the one for the TATA box in its TBP complex
are recognized. Indeed, DNase I footprinting patterns reveal that TBP protects equally 4 nucleotides upstream
and 6 nucleotides downstream from the A-T (at position —29 of the noncoding strand) of the adenovirus major
late promoter and from the G-G of a cisplatin-induced 1,2-d(GpG) cross-link. Together, our results may par-
tially explain differences in transcription inhibition rates following DNA damage.

Many carcinogens and antitumor agents structurally modify
DNA, often at specific DNA sequences, with as a consequence
the disturbance of mechanisms which govern cell life. Follow-
ing DNA damage, one observes cell cycle arrests in G,/M and
G, phases and a decrease in the rate of transcription. In-
vestigations aimed at elucidating how cells respond to DNA
damage evidenced a transcriptionally connected subpathway
of DNA repair, called nucleotide excision repair (NER), in
which lesions in transcribed genes were preferentially repaired
(4, 28). This connection between the two mechanisms was fur-
ther and definitively established when it was demonstrated that
the multiprotein complex TFIIH, essential for protein-encod-
ing gene transcription, was also fundamental for NER (for re-
views, see references 16 and 36).

One of the first steps of any repair process is recognition of
the damage, and thus, significant studies have been devoted to
identifying proteins able to bind specifically to cisplatin- or
UV-induced lesions (for a review, see reference 5). In an effort
to understand how TFIIH shuttles between the transcription
template and the DNA lesion, we surprisingly demonstrated
that TATA binding protein (TBP)-TFIID, another essential
basal transcription factor which normally recognizes the TATA
box sequence located 30 bp upstream from the transcription
start site, also interacts with damaged DNA (41).

Before trying to understand the putative role of TBP in
DNA repair, we considered it worthwhile to expand our inves-
tigations examining the connection between these two essential
transcription components, TFIIH and TFIID, and several dam-
aged DNAs. Seven different drugs (Fig. 1 and Table 1) which
bind covalently to DNA were chosen. The platinum deriva-
tives form mono- or bifunctional adducts with DNA. First,
the diethylenetriaminedichloroplatinum(II) derivative
(Dien) (24) was chosen for its ability to form a monofunc-
tional adduct recognized by the NER pathway in bacteria
(2). Cisplatin (CDDP), transplatin (TDDP), and dachplatin
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(Dach) were used for their capacity to induce monofunctional
adducts which evolve into intrastrand or interstrand cross-links.
CDDP reacts mainly with adjacent purines, leading to the for-
mation of 1,2-d(GpG) and 1,2-d(ApG) intrastrand cross-links
in the range of 60 to 65 and 25 to 30%, respectively. Minor
adducts are interstrand and 1,3-d(GpXpG) intrastrand cross-
links between two guanines and represent 5 to 10% (9, 10, 23).
The Dach derivative produces similar adducts, despite the fact
that nonleaving groups are different and may, once bound to
DNA, induce different steric hindrance (17, 22). In contrast,
the isomer TDDP induces the formation of 1,3-d(GpXpG) and
interstrand cross-links. The methylmethanesulfonate (MMS)
provokes the methylation of guanine, mainly to N, resulting in
damage which is recognized by glycosylases belonging to the
base excision repair process (BER). The N,-acetylaminofluor-
ene (AAF) is a synthetic carcinogen for liver and breast tissue
which, once activated, binds to Cq and N, of the guanine (29).
AAF adduct is recognized by the NER proteins. Finally, eth-
idium azide (EtAz), an intercalating dye which exhibits a GC
preference, covalently binds to DNA upon photoactivation.
The resulting lesion is recognized by the NER and BER pro-
cesses in vitro.

Our results indicate that only specific damage leads to sig-
nificant inhibition of RNA polymerase II (RNA Pol II) tran-
scription, although almost all damaged DNAs tested so far are
repaired by the NER machinery. Inhibition of transcription is
due to selective sequestration of TBP by damaged DNA ac-
cording to nitrocellulose filter binding assays, as well as DNase
I footprinting analysis. These results may at least partially ex-
plain the decrease in transcription and the delay in NER
response observed upon treatment of cells with certain drugs,
two events which could be the specific cellular response to
these genotoxic agents, leading to cell death.

MATERIALS AND METHODS

Preparation of plasmid DNA substrates. Treatments of pHM plasmid DNA
(100 pg/ml), a 3,738-bp derivative of pBluescript KS* plasmid DNA (Strat-
agene), with platinum compounds were performed in TE buffer (10 mM Tris-
HCI [pH 8.0], 1 mM EDTA) at 37°C overnight in the dark. Platinum compounds
were diluted to obtain different ratios of platinum bound to nucleotide (rbs),
assuming that under these conditions, approximately 50 and 70% of the total
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FIG. 1. Chemical structure of mono- and bifunctional drugs reacting with
DNA.

amount of CDDP and TDDP, respectively, react with DNA (13). Dach was used
in the same conditions as those for CDDP, and Dien was assumed to react
completely with DNA. Reactions were stopped by addition of NaCl to 0.5 M, and
plasmids were recovered by ethanol precipitation, dried, and redissolved in TE
buffer. The DNA concentration was quantified by UV spectrometry, and total
platinum content was determined by atomic absorption spectroscopy.

pHM plasmids (200 pg/ml in 20 mM Tris-HCI [pH 7.2]-2 mM EDTA) were
mixed per volume with EtAz (diluted in water at various concentrations) and
incubated for 10 min on ice in the dark to allow intercalation. Photolytic coupling
was subsequently performed by irradiation of the reaction mixture with white
light (20 cm from a 200-W source) for 10 min on ice, and adducted plasmids were
recovered by ethanol precipitation. The overall coupling efficiency was calculated
to be 50% (14); final EtAz concentrations (0.8, 1.6, and 2.4 uM) were calculated
to yield approximately 10, 20, and 30 adducts per 3,738-bp plasmid, respectively.

Plasmid DNA (100 ng/pl) was incubated with MMS (Sigma) at various con-
centrations in water for 30 min at 30°C. Methylated plasmids were subsequently
separated from the unreacted MMS by centrifugation through G-50 microcol-
umns (Pharmacia), and DNA concentrations were determined. Based on previ-
ous results (38) and taking into account the size of the DNA molecules and the
incubation time and temperature, we calculated the methylation rate to be 30, 60,
and 90 methyls per plasmid.

Plasmid pBKS (3.0 kbp) was treated with N-acetoxy-2-AAF, inducing mainly
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N-(guanine-8-yl)-AAF adducts to obtain 15 to 20 AAF-guanine adducts per
damaged plasmid (39).

Transcription-competition assay. Approximately 30 pg of HeLa whole-cell
extract (WCE) was incubated with varying amounts of competitor DNA in a 50
mM Tris-HCI (pH 7.9) buffer containing 10% glycerol, 1 mM EDTA, 0.5 mM
dithiothreitol, and 5 mM MgCl,. Reaction mixtures were incubated for 15 min at
25°C, at which point 50 ng of linear adenovirus major late promoter (AdMLP)
template was added, and preinitiation of transcription was allowed to continue
for 15 min. Transcription was then initiated by addition of nucleoside triphos-
phates including [a-**P]CTP (400 Ci/mmol). The final volume of the reaction
was 25 pl, and transcription was carried out for 45 min at 25°C. The RNA
transcripts were analyzed by autoradiography and quantified directly by counting
them on a Phospholmage analyzer or indirectly by densitometric scanning of
autoradiograms with a Bio-Rad GS700 imaging densitometer.

The reconstituted transcription system (RTS) containing purified transcription
factors, TBP, TFIIA, TFIIB, TFIIE, TFIIH, TFIIF, and RNA Pol II (12), was
modified to include an initial incubation step to allow the potential binding of
transcription factors to either nontreated (NT) or damaged competitors.

Analysis of DNA-associated proteins. Protein-DNA interactions were ana-
lyzed with a derivative of a previously described in vitro repair assay (35) with
several DNA substrates adsorbed in microtitration wells as follows. One hundred
nanograms of damaged or undamaged (NT) plasmid as a control was adsorbed
on polylysine-sensitized 96-well microtiter plates (Microlite IT; Dynatech) in 10
mM phosphate buffer, pH 7, for 30 min at 30°C with shaking, before being
incubated with 200 pg of HeLa WCE (50 pl) in 40 mM HEPES-KOH (pH 7.6)
buffer, containing 60 mM KCl, 7 mM MgCl,, 2 mM ATP, 0.5 mM dithiothreitol,
10 mM phosphocreatine, 2.5 ng of creatine phosphokinase type I (Sigma), 2 mM
EGTA, and 18 pg of bovine serum albumin. After a 2-h incubation at 30°C, the
wells were washed three times with PBST (phosphate-buffered saline [pH 7.4]
plus 0.01% Tween 20), and the protein fractions bound to DNA were analyzed
by Western blotting, with anti-TBP (3G3), anti-p62-TFIIH (3C9), or anti-
TFIIE« (2A1) antibodies.

Filter binding assay. Purified recombinant human TBP was combined with
various DNA probes, such as linearized damaged pHM plasmid, labelled with
[«-*?P]dATP (3,000 Ci/mmol) with the Klenow fragment of DNA polymerase.
One nanogram of probe (5,000 cpm) was combined with various amounts of
TBP, in 20 ul of the transcription buffer containing 60 wg of bovine serum
albumin per ml, 500 ng of poly(dG-dC), and 5 mM MgCl,, for 30 min at 30°C.
Reaction mixtures were applied to nitrocellulose membranes (0.45-mm pore
size; Millipore) with the 96-well Hybri-Dot Manifold (BRL), presoaked in 0.4
mM KOH, washed with distilled water, and preequilibrated in the reaction buffer
without bovine serum albumin. Filters were air dried and directly exposed to a
Phospholmage screen for quantification or Biomax film (Kodak). One microliter
of input DNA corresponding to the same volume used in each reaction was
spotted on Whatman filter paper as a control for determination of the percent-
age of DNA retained on nitrocellulose filters. The amount of radioactivity re-
tained in the presence of TBP was measured, background counts (radioactivity
retained in the absence of protein) were subtracted, and the amount was divided
by the level of radioactivity present in the input.

DNase I footprinting of TBP. The —194 to +33 fragment of AAMLP and the
+5914 to +6410 fragment of the cisplatin-damaged (M13mp18GG) or nondam-
aged (NTGG) plasmid DNA (30) were used for footprinting experiments. The
AdMLP TATA box DNA probe was obtained by PCR amplification with a
unique end-labelled primer and purification by G-50 gel filtration. The plasmid

TABLE 1. Genotoxic agent effects on DNA structure, DNA repair, and transcription

Transcription factor binding®

Genotoxic DNA Bendin, b Transcription ..
agent adduct (major groog:e)(°) Repair’ inhibiti};nc TFIIH (p62) TFIID (TBP) Toxicity”

CDDP 1,2-d(GpG) 32-58 + (NER) + + + +++
1,3-d(GpXpG) 20-35 ++ (NER) ND¢ + =+

TDDP 1,3-d(GpXpG) 26 ++ (NER) * + * *

Dach 1,2-d(GpG) ND + (NER) + + + +++
1,3-d(GpXpG) 20-35 ++ (NER) ND + *

Dien IN7G 0 + (NER) * — —

AAF 1C8G ND ++ (NER) + + + ND

MMS IN7G ND +++ (BER) - - - +++

EtAz ND + (NER)/+ (BER) * + — ND

uvC T-T 30 ++ (NER) + + + +++

“ Bending angle was calculated by nuclear magnetic resonance, X-ray diffraction, and gel shift assay (3, 27, 43).

> + to +++, lowest to highest level, respectively.
¢ +, inhibition or binding; —, no inhibition or binding; =, mixed result.

4 +++, highly cytotoxic; =, weakly cytotoxic; —, no effect. The sensitivity of HeLa cells to the genotoxic agents used in this study was assessed by colony formation

assay.
¢ ND, not determined.
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DNA containing a single cisplatin-induced 1,2-d(GpG) intrastrand cross-link was
digested with Avall (New England Biolabs), and the 5’ extremity was labelled
with the Klenow fragment of DNA polymerase in the presence of [a->*P]dCTP
(3,000 Ci/mmol) (Amersham). The plasmid was then digested with Pvul (New
England Biolabs), and the Avall-Pvul fragment as well as the control nondam-
aged DNA probe (NT) was purified on a 5% polyacrylamide gel. The standard
binding reaction mixtures contained 1 to 2 ng of end-labelled probe (20,000
cpm), 500 ng of poly(dG-dC), 10 mM Tris-HCI (pH 7.5), 50 mM KCl, 50 mM
NaCl, 0.1 mM EDTA, 2 mM dithiothreitol, 5 mM MgCl,, 2.5 mM CaCl,, 4 mM
spermidine, 0.2% Nonidet P-40, and 15% glycerol. After addition of 40 ng of
purified recombinant yeast TBP and, when indicated, 200 ng of human TFIIB,
the mixture was incubated for 20 to 30 min at room temperature in the absence
or presence of competitor DNA. Freshly diluted DNase I was added to the
binding reaction mixtures, and digestion was allowed to proceed for 1 min at
room temperature. The reactions were stopped by adding stop solution contain-
ing 0.5% (wt/vol) sodium dodecyl sulfate, 50 mM sodium acetate, and 50 mg of
tRNA per ml. Following phenol-chloroform extraction and ethanol precipitation,
samples were electrophoresed on an 8% polyacrylamide sequencing gel.

RESULTS

Inhibition of AMLP transcription by specific damaged
DNA competitors. The abilities of different damaged DNA
competitors to inhibit transcription of an AJMLP reporter
template in vitro were examined by a transcription competition
assay. Either HeLa WCE or purified fractions containing all
the basal transcription factors, in addition to RNA Pol II, nec-
essary for an in vitro RTS were first preincubated with various
damaged DNAs. After a 15-min preincubation to favor the rec-
ognition of damage by specific proteins, one of the first steps of
NER, AAMLP was introduced and the reaction was continued
for an additional 15 min to allow the redistribution of the
various factors and to promote the formation of the preinitia-
tion transcription complex. RNA synthesis was then initiated
by addition of nucleoside triphosphates and quantified by the
production of a 309-nucleotide (nt) transcript. As such, WCE
or RTS fractions (Fig. 2A and B) were mixed with increasing
amounts of various competitor DNAs containing a fixed ra-
tio of lesions per plasmid (about 100 lesions per molecule).
CDDP-damaged DNA, as well as Dach-platinated competitor,
inhibited transcription from AdAMLP (Fig. 2A, compare lane
2 with lanes 3 to 5 and lanes 9 to 11, respectively) whereas
TDDP- and Dien-treated competitors (compare lane 2 with
lanes 6 to 8 and lanes 12 to 14) as well as the control NT DNA
had only a slight effect on the transcription of the reporter
template. A quantitative analysis demonstrated that we had
about 75% inhibition of AJMLP (0.67 kbp, 50 ng/assay, one
promoter per fragment) transcription in the presence of 25 ng
of CDDP- and Dach-damaged plasmid (3.7 kbp, 100 lesions
per plasmid). This means that, in our in vitro experimental
conditions, such competition was obtained in a ratio of eight
lesions to one promoter.

As summarized in Fig. 2B, when AAF-treated DNA is used
as a competitor, it also inhibits transcription of AAMLP where-
as MMS- and EtAz-treated DNA competitors have no specific
inhibitory effect. Consistent with previous observations (41),
the capacities of CDDP-, Dach-, or AAF-treated DNA to in-
hibit the transcription of AAMLP with a WCE as well as an
RTS fraction (free of repair factors) certainly account, at least
partially, for the capacity of TBP-TFIID to directly interact
with lesions. To further demonstrate that inhibition of the
309-nt transcript synthesis was due to the presence of lesions
and not to increasing concentrations of DNA itself, we includ-
ed a fixed concentration of DNA competitor (50 ng) with ei-
ther 100 or 200 lesions per molecule of competitor. In these
conditions, CDDP and Dach adducts inhibited transcription of
the AAMLP template as a function of the number of lesions
(Fig. 2C, compare lane 2 with lanes 3 and 4 and 7 and 8, re-
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spectively), whereas TDDP and Dien had a slight effect (lanes
5 and 6 and 9 and 10).

In addition, the ability of TBP to restore transcription activ-
ity inhibited by CDDP-, Dach-, and AAF-damaged plasmids
was tested in an RTS. Addition of TBP restored transcription
activity of the ADMLP reporter template inhibited by damaged
DNA (Fig. 2D, lanes 6, 12, and 16), whereas addition of TFIIE,
TFIIA, TFIIF, or RNA Pol II had no effect (reference 41 and
data not shown). Interestingly, we also observed that, although
addition of TFIIB alone to transcription inhibited by CDDP-
damaged competitor had no effect (lane 7), addition of TFIIB
and TBP led to a significantly greater degree of restoration
than that with TBP alone (compare lane 8 with lane 6).

Together, these data demonstrate that one can define two
groups of DNA-adducting drugs. The first group, consisting of
CDDP, Dach, and AAF, inhibits the in vitro transcription of
AdMLP by sequestrating basal transcription factors such as
TBP-TFIID, whereas the second group, which includes TDDP
and Dien as well as MMS or EtAz, has little or no effect on
transcription.

Damaged DNAs selectively sequester transcription factors.
To evaluate the nature of proteins associated with DNA dam-
age, we took advantage of a recently developed technology (25).
The damaged plasmid DNAs containing equivalent amounts of
lesions per plasmid (except for EtAz) were immobilized on
sensitized microplate wells, before being incubated with HeLa
WCE. Under these conditions, damaged DNA can be repaired
(35), thus demonstrating that active NER proteins have the
ability to bind DNA damage. Preliminary studies using radio-
labelled damaged DNA plasmids have shown, however, that,
independently of the nature of the damage, damaged DNAs
were adsorbed equally well to microtiter dishes. Furthermore,
in order to compare the relative affinities of the factors for the
lesions, WCE was not in excess in the reaction. After a 1-h pre-
incubation period and extensive washing of the microplates, the
adsorbed proteins were analyzed by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis followed by Western
blotting (Fig. 3). The amount of each factor adsorbed onto
damaged DNA varied as a function of the nature of lesion
presented. Keeping as a reference the binding of TFIIH and
TBP on the TATA box (lane 6), we observed that TFIIH, as
visualized by the detection of its p62 subunit, was retained on
CDDP-, TDDP-, Dach-, EtAz-, and, to a lesser extent, Dien-
treated DNAs (Fig. 3A). In contrast, TBP selectively bound
to CDDP- and Dach-treated DNAs (lanes 2 to 5 and 9 to
11). As a control, we noticed that almost nothing was re-
tained on MMS-treated DNA compared to untreated DNA
(lanes 11 and 1, respectively). Under these experimental con-
ditions, each of the damaged DNAs did not sequester other
transcription factors such as TFIIE (Fig. 3A), TFIIF, and RNA
Pol II (data not shown). This latter observation is not surpris-
ing, since we know that formation of a stable preinitiation
complex on a promoter requires only the presence of TFIID,
TFIIA, and TFIIB (7, 11).

Both TFIIH and TBP-TFIID factors were retained as a
function of the number of CDDP- and Dach-damaged sites per
plasmid, whereas alkylated DNA did not attract basal tran-
scription factors (Fig. 3B). Again, we noticed that increasing
the number of either CDDP or Dach adducts per DNA mol-
ecule concurrently increased the number of TBPs retained
(lanes 2 to 4 for CDDP and lanes 5 to 7 for Dach). This was not
the case for Dien-damaged DNA (lanes 8 to 10). The saturat-
ing level of TFIIH bound to CDDP- and Dach-treated DNA
compared to the level of TBP may reflect the excess of free
TFIIH compared to TBP in the cell. Even in the presence
of WCE, TBP-TFIID was not highly retained, compared to
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FIG. 2. Inhibition of in vitro transcription from AAMLP by the presence of damaged DNA. (A) Transcription of AAMLP (50 ng) was performed with 30 pg of HeLa
WCE or with RTS fractions in the presence of increasing amounts (25, 50, and 100 ng) of plasmid pHM untreated (NT) (lane 2) or treated with CDDP (lanes 3 to
5), TDDP (lanes 6 to 8), Dach (lanes 9 to 11), or Dien (lanes 12 to 14) (100 lesions/plasmid). Lane 1, absence of DNA competitor. (B) (Left panel) Densitometric
quantification of the above autoradiogram (309-nt band) as well as additional experiments (at least three, when standard deviation is indicated), presented as the
percentage of transcription from AdMLP as a function of DNA competitor. Lanes correspond to those in panel A. (Right panel) Quantification of experiments
performed as described for panel A, with DNA competitors previously treated with AAF (50 and 100 ng), MMS (25 and 50 ng), or EtAz (100 and 200 ng) (lanes 17
to 22, respectively). Transcription in the absence of competitor DNA equals 100%. (C) Transcription of AAMLP was performed with WCE in the presence of 50 ng
of different damaged DNA competitors containing 100 (lanes 3, 5, 7, and 9) or 200 (lanes 4, 6, 8, and 10) lesions per molecule as indicated at the top of the figure.
Lane 1 represents transcription without DNA competitor; lane 2 (+) contains 50 ng of undamaged pHM plasmid. (D) Recovery of transcription inhibited in an RTS
by CDDP (lanes 1 to 8)-, Dach (lanes 9 to 12)-, and AAF (lanes 13 to 16)-damaged plasmid (containing 100 lesions/plasmid for CDDP and Dach and 15 to 20
lesions/plasmid for AAF; the amount of each competitor is indicated in the figure in nanograms). TBP and TFIIB added to restore transcription were as described in
reference 41.

TFIIH, on Dien-platinated DNA, which suggests that binding
of these two transcriptional complexes to damaged DNA does
not follow the same mechanism.

TBP as a selector of specific three-dimensional DNA struc-
ture. TFIIH alone does not bind damaged DNA without the
help of additional repair factors (18, 31). We then wondered
whether TBP alone may recognize and differentiate between
the various types of damage on DNA. Damaged plasmids were
tested for their capacity to retain highly purified recombinant
TBP by the standard nitrocellulose filter binding assay (Fig. 4).

We observed that TBP recognized CDDP- and Dach- as well
as AAF-treated DNA, whereas almost no interaction was ob-
served with either TDDP-, Dien-, EtAz-, or MMS-treated DNA.

The apparent discrepancy between the fewfold effect of
CDDP-damaged DNA shown in Fig. 3A and its more than
20-fold effect shown by nitrocellulose filter binding probably
reflects the differences in the conduct of the assays. Indeed, in
the first case we used crude extract and we did not use satu-
rating conditions for the damaged DNA.

Having demonstrated that TBP is able to recognize different
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FIG. 3. Analysis of damaged-DNA-associated proteins. Aliquots of HeLa
WCE were incubated with damaged pHM plasmids adsorbed in microwells
under conditions described in Materials and Methods. After a 2-h incubation, the
protein fraction bound to DNA was recovered and analyzed by Western blotting.
(A) One hundred nanograms of pHM was either NT or treated with CDDP,
TDDP, Dach, or Dien to an rb value of ~100 Pt atoms/plasmid (lanes 2 to 5 and
9); EtAz (2.4 pM, leading to ~30 adducts/plasmid [lane 10]); or MMS (15 mM,
leading to ~90 methylations/plasmid [lane 11]). Lane 6, as a positive control, 200
ng of a TATA box-containing plasmid (pUC309, 3.4 kb) was adsorbed in the well.
Lane 7, 50 g of WCE was analyzed in parallel. The presence of the p62 subunit
of TFIIH, TBP, and TFIIE«a was analyzed with 3C9, 3G3, and 2A1 monoclonal
antibodies, respectively. (B) pHM was either NT; was platinated with CDDP,
TDDP, Dach, or Dien to rb values of ~50, ~100, and ~200 Pt atoms/plasmid;
or was methylated with MMS (5, 10, and 15 mM, leading to ~30, 60, and 90
methylations/plasmid, respectively).

lesions, we thus wondered if these various damaged plasmids
compete for TBP binding on a class IT TATA box-containing
promoter (Fig. 5A). In these studies, yeast TBP was preferen-
tially chosen because it was easier for us to produce highly pure
full-length yeast TBP than to produce human TBP. The addi-
tion of TBP showed clear protection between nt —34 and —21
on the noncoding strand (compare lanes 1 and 22 with lanes 2
and 21) and between nt —38 and —22 on the coding strand
(data not shown) of the AAMLP. The footprint pattern on the
noncoding strand was conserved upon addition of increasing
amounts of either NT (lanes 3 to 5), TDDP-treated (lanes 9
to 11), or Dien-treated (lanes 15 to 17) DNA. In contrast,
the TBP footprint was reduced upon addition of increasing
amounts of either CDDP-treated (lanes 7 to 9) or Dach-
treated (lanes 12 to 14) DNA (10 ng of competitor represents
a 60-fold excess of lesions compared to promoters) and of
course upon addition of the AAMLP consensus TATA box
(lanes 18 to 20). Similar results were obtained with human TBP
(data not shown). The above data strongly suggest that TBP is
hijacked from its natural DNA promoter site by specific dam-
aged DNA structures induced by bifunctional agents such as
CDDP or Dach or a monofunctional and intercalating agent
such as AAF, all of which induce a peculiar kinked DNA
structure (see Discussion).

These observations prompted us to investigate TBP foot-
printing on the CDDP-damaged DNA, this bifunctional chem-
ical adduct being chosen because its chemical synthesis was
relatively easy to implement. As shown in Fig. 5B, highly pu-
rified TBP was able to protect a DNA sequence encompassing
a unique cisplatin-induced 1,2-d(GpG) intrastrand cross-link.
Using a shorter probe (60 nt) containing the same surrounding
sequences, we determined more precisely that TBP protects
the radiolabelled DNA fragment 4 nt upstream and at least 6
nt downstream (5'—3") from the 1,2-d(GpG) lesion (data not
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shown). As a control, the same untreated DNA probe did not
show protection of any DNA sequence upon addition of TBP.
It is also worth noting the similarities between DNase I foot-
printing patterns of TBP when bound either on AUMLP TATA
box or on cisplatin-damaged DNA: TBP protects equally 4
nt upstream and 6 nt downstream from A-T (at position
—29) of the AAMLP and from the G-G of the 1,2-d(GpG)
adduct. Moreover, we were not able to observe any signifi-
cant footprint of TBP on a DNA containing a unique 1,3-
d(GpXpG) lesion (data not shown), indicating a stronger
affinity of TBP for 1,2-d(GpG) than for the 1,3-d(GpXpG)
cross-link.

Since TBP is binding to the lesion as well as to the TATA
box (Fig. 2 and 3), in addition to the partial requirement for
TFIIB in restoring transcription inhibition (Fig. 2D), we thus
wondered what could be the behavior of other factors such as
TFIIB which form a ternary complex with TBP and the TATA
box (6). Interestingly, the DNase I footprint pattern of TBP on
damaged DNA was modified upon addition of TFIIB. Indeed,
we observed a partial extension of TBP protection upstream of
the cisplatin lesion, with the appearance of two hypersensitive
sites on both sides of the lesion (Fig. 5C, lane 3), a situation
similar to what is found on the TATA box (Fig. 5D, lane 3). It
should be noted that TFIIB per se does not interact with DNA
(Fig. 5D, lane 4, and Fig. 2E).
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FIG. 4. Preferential binding of TBP to damaged DNA. CDDP-, TDDP-,
Dach-, or Dien-treated (100 lesions/plasmid); EtAz-treated (30 lesions/plasmid);
or AAF-treated (15 to 20 lesions/plasmid) DNA or untreated (NT) DNA was
labelled with [a-*?P]dATP. NT or damaged DNA was then incubated with
increasing amounts of TBP and tested for retention on nitrocellulose filters.
Graphs represent the percentages of DNA retained on the filters as a function of
the amount of TBP. One hundred percent represents the total counts obtained
when 1 pl of each DNA probe (input) was spotted onto Whatman paper and
simultaneously exposed with the nitrocellulose filter.
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FIG. 5. Footprinting of TBP onto DNA containing either a TATA box or
CDDP damage. (A) TBP footprint on the TATA box could be competed by
adding increasing amounts (10, 20, and 30 ng) of either undamaged (NT) or
CDDP-, TDDP-, Dach-, or Dien-damaged DNA (containing 100 lesions per
molecule) or TATA box-containing fragment (AdJMLP). Lanes 1 and 22, naked
DNA; lanes 2 and 21, no DNA competitor. (B) Footprint of TBP onto a 1,2-
d(GpG) cisplatin lesion (T) compared with NT DNA. (C and D) Footprint of
TBP onto a 1,2-d(GpG) cisplatin lesion (T) compared with a TATA box-con-
taining fragment in the presence or absence of TFIIB as indicated. The TATA
box is boxed and the 1,2-d(GpG) cisplatin lesion position is shaded on the left of
the figure, and TBP footprint protection is determined upon sequencing.

DISCUSSION

In this study, we demonstrated that DNA damage recogni-
tion by basal transcription factors follows different mecha-
nisms: although TFIIH is able to target any kind of lesion
which can be repaired by NER machinery, TBP-TFIID is more
selective in damage recognition. Only kinked structures similar
to the one in the TATA box in its TBP complex are recognized.
This may partially explain differences in transcription inhibi-
tion rates following DNA damage.

Binding of TFIIH and that of TBP-TFIID on damaged DNA
are disconnected. The in vitro transcription challenge compe-
tition assay and the sensitized microplate assay allowed dis-
crimination between the effects of the various drugs which
damaged the DNA. Firstly, we observed that DNAs damaged
by the platinum derivatives CDDP, TDDP, and Dach and the
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two aromatic drugs AAF and EtAz (the present study) as well
as by UV irradiation (41) sequestered TFITH, whereas MMS-
methylated DNA did not interact with TFIIH at all. This ob-
servation is not surprising when one considers that those types
of DNA damage, with the exception of methylated bases, are
repaired by the NER machinery and as such require the pres-
ence of TFITH. Secondly, according to the nitrocellulose filter
binding assay, only some of the damaged DNAs bound TBP.
This was the case for DNAs which were damaged either by the
two bifunctional platinum derivatives CDDP and Dach or by
the monofunctional intercalating agent AAF.

Although it was previously shown first that arrival of TFIIH
on the promoter is directed by the presence of TBP-TFIID and
second that both factors interact with each other upon the
formation of the transcription initiation complex (12, 45), the
recognition mechanism of DNA damage of TBP-TFIID and
that of TFIIH do not seem to be directly related. Indeed,
binding of TFIIH to damaged DNA occurs through interac-
tions with other repair factors such as xeroderma pigmentosum
group A and/or replication protein A (18, 31, 32) whereas TBP
does not require additional proteins to bind damaged DNA.
This is further confirmed by the fact that the presence and the
requirement for TFIIH around the DNA lesion do not com-
pulsorily imply the arrival of TBP-TFIID.

TBP recognizes selectively kinked DNA structure. Only some
of the damaged DNAs which are repaired by the NER machin-
ery are recognized by TBP-TFIID. Moreover, crystallographic
studies have established that DNA containing a 1,2-d(GpG)
cisplatin cross-link (resulting from CDDP treatment) or a cy-
clobutane thymine dimer (resulting from UV irradiation) mim-
ics the previously described TATA box configuration upon
TBP binding (19, 20, 37, 40). These studies show that cisplatin
adduct and thymine dimer induce a kink on the DNA, similar
to the one of the TATA box in its TBP complex. It is also worth
noting the surprising similarities between DNase I footprints
of TBP either on AAMLP TATA box or on cisplatin-damaged
DNA: TBP protects equally 4 nt upstream and 6 nt down-
stream from A-T (at position —29) and 1,2-d(GpG) adduct,
respectively (Fig. 5). Instead of using a special mechanism to
increase the bending of DNA by intercalating the two phenyl-
alanine rings of TBP into the DNA, at either end of the TATA
box, which already has a propensity to bend, TBP easily inter-
acts with damaged DNA which already possesses an optimal fit
(shape complementarity). The bendability of DNA, as well as
the nature of the adduct, is the determinant for TBP binding.
In addition to CDDP, Dach, a cisplatin derivative which also
binds to two consecutive guanines, and AAF, which binds DNA
as a monofunctional adduct and is inserted within the helix
(29), confer a kinked structure on the DNA (Table 1). In con-
trast, the drugs we tested, which bind DNA only through one
functional group (EtAz, MMS, or Dien), as well as TDDP,
which favors interstrand linkage and consequently does not
induce similar kinked structure (24) (Table 1), do not bind
TBP. It can easily be understood that the nonleaving groups of
the platinum adduct and/or the overall structure of any drug,
which can induce a kinked structure, determine the affinity of
TBP and the associated proteins for the damaged DNA.

More interestingly, TBP is also able to strongly discriminate
between the 1,2-d(GpG) adduct on which it binds and the 1,3-
d(GpXpG) cross-link lesions (Fig. 4) (our unpublished results). In
the latter case, the affinity of TBP for the lesion is insufficient
to observe a DNase I footprint pattern. The conformational
change in DNA induced by the 1,3-d(GpXpG) cross-link has
been reported to be closer in structure to that induced by
TDDP lesions (21, 24). This indicates that TBP is able to bind
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selectively to specific three-dimensional structure, the model of
which is the TATA box in its TBP-associated complex.

Possible biological consequences of TBP binding to lesions.
Transcription inhibition following DNA damage is not only a
consequence of the requirement of the NER machinery for
TFIIH to allow the formation of the incision-excision complex
but also the consequence of some distortion in the unfolding of
transcription. Indeed, following DNA damage due to UV ir-
radiation, it has been observed that the rate of phosphorylation
of the large subunit of RNA Pol II (which is necessary for
elongation [1, 26]) decreases (15a). Moreover, an analogy was
made between UV irradiation and ubiquitination of the large
subunit of RNA Pol II, leading to proteolytic degradation and
a decrease in the pool of RNA Pol II (5a). It has also to be kept
in mind that any drug has side effects: for example, platinum
derivatives provoke the formation of very low levels of protein-
DNA cross-links in the cell (34).

The present study also strongly suggests that the transcrip-
tion inhibition could be due to a deficiency of TBP-TFIID,
which is diverted from its natural promoter binding site to
target some DNA lesions: sequestration of TBP reduces the
pool of TFIID available for class II promoter transcription,
leading to internal cellular disarray. This sequestration is a
function of the nature of the damage (nature of the drug) and
the surrounding sequences. At this stage of our investigations,
it would be interesting to emphasize the physiological conse-
quences of TBP binding to kinked damaged DNA. For exam-
ple, cisplatin treatment (80 pg/ml) results in one lesion per 10
to 100 kb. Based on that, of the 5% of sequences which are
transcribed in the 3,000 Mb of the human genome, around
one-third possess a TATA box. It is thus possible that there
would be 0.1 to 1 DNA lesion for every functional TATA box.
In this case, TBP could bind either the TATA box or the
damaged DNA, its preference being directed by the nature of
the TATA box and also by that of the DNA damage. This
hypothesis has also to take into account the fact that the non-
transcribed regions of the genome are less rapidly repaired
than are the transcribed ones and thus may immobilize much
longer TBP molecules. The consequence is the formation of a
gradient in the requirement of TBP based upon its affinity for
any kinked structure, which results in a defect in the transcrip-
tion of weak promoters, e.g., the one which have no consensus
TATA box. Consistent with such a hypothesis, we previously
found (41) that microinjection of additional TBP into living
fibroblasts alleviates the reduction in RNA synthesis after UV
irradiation.

Another possible consequence of the binding of TBP to
lesions is the prevention of recognition of these lesions by
DNA repair enzymes following binding with TBP. Previous
studies have demonstrated the capacities of proteins contain-
ing the high-mobility group (HMG) DNA binding domain,
known to interact with cisplatin lesions, to specifically inhibit
excision repair of the intrastrand 1,2-d(GpG) cross-links (44).
Similar protection could be possible for TBP, leading to blocks
of replication forks and cell death, since, up to now, there has
been no evidence for a possible displacement of TBP from the
lesions by proteins involved in NER.

Our present study reveals also a provocative similarity in the
types of lesions that are recognized by both TBP-TFIID and
the HMG proteins. Both types of proteins selectively and
strongly bind to 1,2-d(GpG) lesions rather than 1,3-d(GpXpG)
lesions or TDDP-damaged DNA (33). Unfortunately, very lit-
tle is known about the natural binding sequences of HMG
proteins (if any exist); SRY, a transcriptional activator with
HMG domains (8), has been previously described as a protein
able to interact with a DNA target containing, like the natural
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binding site of TBP, several A/T base pairs (15). Finally, the
three-dimensional structures of SRY (42) and TBP (19, 20),
bound to their natural sequences, reveal a common motif of
side-chain interchelation driving the deformation of the DNA
helix, which may reflect a common way for both proteins to
interact with their natural sites.

Our results reveal that TBP-TFIID and some HMG proteins
are probably diverted from their natural targets by common
effects induced by some drug treatments, which might explain
the consequences of particular types of DNA damage for tran-
scription efficiency and maybe cell death. For example, prelim-
inary experiments in the study of the sensitivity of HeLa cells
towards the four platinum compounds (CDDP, Dach, TDDP,
and Dien) suggest that discrimination between cytotoxic
(CDDP and Dach) and ineffective (TDDP and Dien) com-
pounds could at least be partially explained by TBP binding to
lesions, with, as a consequence, an inhibition of transcription.
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