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ABSTRACT: The TATA binding protein (TBP) is an essential component of the transcription initiation
complex that recognizes and binds to the minor groove of the TATA DNA duplex consensus sequences.
The objective of this study was to determine the effect of a carcinogen-modified adenine residue, positioned
site-specifically within a regulatory TATA DNA sequence, on the binding of TBP. Two 25-mer
oligonucleotides with sterecisomeric30+)-trans-anti or 10R (—)-trans-anttBPDENS-dA residues at

Aj or Az within the TATA sequence element'{5.TAITAAA...-3')+(5-...TTTA,TA...) were synthesized
(anti-BPDENS-dA denotes an adduct formed from the reactiorr 6f8-dihydroxy19,10-epoxy-7,8,9,-
10-tetrahydobenzea]pyrene). The formation of complexes with TBP of these two sequences in the double-
stranded forms (1 nM) were studied employing electrophoretic mobility shift assays (EMSA) at different
TBP concentrations (670 nM). Theoverall affinity of TBP for the BPDE-modified target DNA sequences

was weakly enhanced in the case of thg-{frans or (-)-trans lesions positioned at sitq ith Ky ~ 8

and 6 nM, respectivelyKy ~ 9 nM for the unmodified TATA DNA). Higher-order TBPDNA complexes

were observed at TBP concentrations in excesst® nM. However, the stabilities of the biologically
significant monomeric TBPDNA complexes was dramatically increased or decreased, depending on
the position of the lesion (£or Ay), or on its stereochemical and conformational characteristics. A molecular
docking modeling approach was employed to insert the stereoisomeric BPDE residues into the known
TATA box-TBP structure [Nikolov, D. B., et al. (199@roc. Natl. Acad. Sci. U.S.A862-4867] to
rationalize these observations. Native gel electrophoresis experiments with the same duplexes without
TBP indicate that none of the modified sequences exhibit unusual bending induced by the lesions, nor
that they differ from one another in this respect. These results suggest that the hydrophobic, bulky BPDE
residues influence the binding of TBP by mechanisms other than prebending. The efficiency of RNA
transcription of TBP-controlled promoters could be strongly influenced by the presence of such bulky
lesions that could adversely affect the levels of gene expression.

Cellular DNA is damaged by reactions with a variety of chemically to cellular DNA, predominantly to the exocyclic
endogenous and exogenous chemicals. If the DNA lesionsamino groups of purines. The influence of the bulky lesions
formed are not removed by the different repair mechanisms derived from the binding of BP diol epoxides with DNA on
operative in the cell, the modified DNA can inhibit transcrip- the efficiency and fidelity of DNA synthesis have been
tion or replication. Successful bypass of the lesions may extensively studied by site-directed mutagenesis mettsels (
result in the incorporation of the incorrect bases into the 5). The BPDEN?dG adducts are known to block the
transcripts or replicated DNA strands, thus leading to elongation of RNA transcripts6(8), and the mutagenic
mutations and cancer. Critical alterations in gene expressionbypass of these lesions has also been repdjedlie ability
may also play an important role in the development of cancer. of DNA lesions to alter the recognition of critical DNA
Benzop]pyrene (BP)is a ubiquitous environmental pollutant  sequences by a number of regulatory proteins may be still
that has been widely studied as a potential mutagenic andanother adverse effect that is beginning to receive increasing
carcinogenic agentlj. In living cells, BP is metabolized to  attention (0—17). MacLeod et al. 1) reported that BPDE-

a variety of oxygenated derivatives, including chemically N?-dG adducts represent high-affinity binding sites for the
reactive and genotoxic PAH diol epoxide®) (that bind transcription factor Spl. The introduction of heterologous
DNA containing BPDE-adducts significantly inhibits the
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expression of Spl-dependent reporter genes both in vitro andScheme 1: Structures of the-)-trans-and

in intact cells (3). Johnson et al. reported that the cell cycle-

regulated transcription factors E2F1 and E2F4 exhibit much

higher affinity for BPDE-modified DNA that contained two
consensus E2F-binding sites, than for unmodified DNA of
the same sequencdd). Vichi et al. (14) showed that
cisplatin-treated or UV-irradiated DNA selectively attracts
the promoter recognition factor TATA binding protein (TBP)
and decreases transcription from TATA box containing
promoters in vivo and in vitro. Although the mechanisms
by which DNA lesions alter the binding affinity of these

proteins are not known, many researchers suggest that a DNA
bend or kink induced by the lesions enhances complex

formation (L0, 13—15, 18, 19). Indeed, the bending of TATA

promoter sequences toward the major groove by an adjacent

adenine tract increases the affinity of TBP proteins for the
TATA target sequence by a factor 300, while a smaller

extent of bending toward the major groove causes a 100-

fold higher binding affinity 20). Enhancing the flexibility

of the binding sites of TBP, which itself kinks the DNA,
enhances the affinity of TBP more than 100-fold, and the
TBP—DNA complex is stabilized41). However, the pres-
ence of a bend induced by a single site-specific BINBE-

dG adduct at the central dG residue of a GC box recognition

sequence, can abolish Spl bindintd)( Furthermore, a
BPDEN?-dG adduct positioned within the binding site of

an AP-1 transcription factor decreases the binding of AP-1

by approximately 50%22).
The TATA binding protein (TBP) is a key transcription

factor and an essential component for transcription initiation
by all three nuclear RNA polymerase®3]. In RNA
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Scheme 2: TBP recognition sequence

[A1] 5'-GAATTCCGT [A*] T-AAATACGTGTCGTG-3"

3’ -CTTAAGGCA-T--A-TTTATGCACAGCAC-5'

5’ -GAATTCCGT-A--T-AAATACGTGTCGTG-3 7
37 -CTTAAGGCA-T [A*] TTTATGCACAGCAC-5”

a[A*] denotes either an unmodified dA residue, or a BPDE-modified
dA residue. The abbreviation [A[A ;] represents a TATA DNA duplex
with a (+)-trans- or (—)-trans-anti-BPDE-N®-dA residue at the position
A; or A;. The TBP target sequence is shown in bold.

[A:]

Earlier work has shown that transcription of DNA
sequences containing site-specific BPNEdG adducts
catalyzed by various RNA polymerases can be adversely
affected by these lesiong, @). The question remains whether
the initial TATA box recognition step by TBP is also affected
by BPDE-DNA adducts, thus impacting on the initiation
step of the transcription process itself. In this work, we have

polymerase Il genes, TBP is part of the general transcription synthesized four site-specific adducts derived from the

factor TFIID. It first binds to the TATA box and then recruits

binding of the mutagenic and tumorigenic BP diol epoxide

the other factors including RNA polymerase that are required stereoisomers#)- and ()-r7 t8-dihydroxy+9,10-epoxy-

for transcription (reviewed in ref4). On the basis of electron
microscopy measurements of the human TFIID-HUB

7,8,9,10-tetrahydrobenzpyrene @nti-BPDE) to the N®
group of 2-deoxyadenosine residues (Scheme 1) in the

complex, it was shown that TBP is located between TFIIA TATA recognition sequence' &l(...TA;TA...)-5' —d(...TA>-

and TFIIB at the top of the cavity that encompasses the TA...). The ()- and (-)-adducts are positioned at either A
TATA DNA binding region of the supramolecular complex or A, embedded in a 25-mer oligonucleotide duplex sequence
(25). In RNA pol Il genes, TBP is part of TFIIIB and is  (Scheme 2). These two adenine sites were selected for
required for transcription of the TATA-less genes as well modification because they are the two most conserved
as for the transcription of the yeast SNR6 gene which doesadenine residues in the TBP recognition box, and are found
contain a TATA box (reviewed in re26). Crystallographic in most TATA box sequences. In fact, 83.4 and 88.8% of
studies have shown that the TBP residues make contact witheukaryotic RNA pol Il promoter elements contain adenine

8 base pairs in the minor groove of the TATA elements and
dramatically alter the DNA structure (reviewed in (&f).
The DNA duplex is unwound by 128nd the duplex is bent
at a sharp angle with a concomitant widening of the minor
groove.

The first step in the assembly of a transcriptional complex
is the binding of TBP to DNA Z4). Transcription of RNA
by pol 1l and pol lll from promoters containing the TATA
boxes is believed to correlate with (1) the rate of TBP
association with the promoter and (2) the stability of the
TBP—TATA DNA complexes 21, 27—30). The TBP-DNA
cocrystal structure (reviewed in réfl), and the kinetics of
TBP binding to DNA @7—29, 31—-33) are well established.
Thus, TBP is a useful model protein for studying the effect
of DNA lesions on the binding of a transcription factor to
DNA, and thus to elucidate the potential impact of bulky
hydrophobic lesions on transcription.

at the A and A sites, respectively3d).

The binding of the human TATA binding protein TBP to
each of these modified sequences and to unmodified DNA
was compared. We find that, depending on the adduct
stereochemistry and position of the lesion on one strand or
the other, the biologically important 1:1 complex of TBP
and the TATA box DNA sequence, is either enhanced or
abolished entirely.

MATERIALS AND METHODS

Materials.HPLC-grade acetonitrile, methanol and distilled
water were purchased from Fisher Chemicajs$?P]ATP
(specific activity,>5000 Ci/mmol) was obtained from NEN
LifeScience Products, Inc. The human TATA binding protein
(TBP) was obtained from Promega Corp. TBP was deter-
mined to be 25% active for TATA DNA binding by titration
of the TATA oligonucleotide duplexes (40 nM) with the
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protein, as describe®1). The T4 polynucleotide kinase was
purchased form Amersham Life Sciences, Inc.

Synthesis of Modified OligonucleotideShe modified
oligonucleotides were synthesized by automated DNA

Rechkoblit et al.

acrylamide to bis-acrylamide). The running buffer was 45
mM Tris borate, 4 mM MgGJ, 0.5 mM EDTA, 0.02% NP-

40. The samples were electrophoresed at 9 V/an2fh at

4 °C. The gel was subsequently dried, exposed to an imaging

synthesis methods employing the appropriate phosphora-plate, and analyzed quantitatively using a BioRad GS-525

midite derivatives using slightly modified published methods.
The fluorinated 2deoxypurine nucleoside was prepared as
described by Robins and BasoB85( and the method of
Lakshman et al.36) was used for bis-silylation to afford
6-fluoro-9-(2-deoxy-3,5'-bis(tert-butyldimethylsilyl){5-p-
erythropentafuranosyl) purine in 93% vyield. The){105-
amino- 7,8, 9a-trihydroxy-7,8,9,10-tetrahydrobenzjpy-
rene was prepared by aminolysis of the correspondif)g (
anti-diol epoxide as described by Kim et aB7j using a
modified approach (after aminolysis, the aminotriol product
was precipitated with cold methanol and filtered, yielding
white crystals of good purity). Coupling of,3'-bis-Ofert-
butyldimethylsilyl) derivative of 6-fluoro-9-(2-deoxg-p-
erythropentafuranosyl)purine with the4)-105-amino-
7,80, 90-trinydroxy-7,8,9,10-tetrahydrobenzajpyrene, in
the presence of hexamethyldisiloxane in DMF:2,6-lutidine
(38) at 90-100C° C for 40 h, resulted in the formation of

Phosphorlmager scanner.

Comparison of the Electrophoretic Mobilities of Protein-
Free DNA DuplexesSevenuL of 10 nM solutions of the
unmodified and BPDHENS-dA modified DNA duplexes,
prepared by annealing the single strands (25% fold excess
of the unlabeled strand) as described above, were loaded into
8% native polyacrylamide gel (29:1 acrylamide to bis-
acrylamide). Electrophoresis was performed at 3.5 VV/cm for
18 h at 4°C in 45 mM Tris borate, 0.5 mM EDTA. The gel
was then dried and analyzed as mentioned above.

Measurements of DNA Duplex Melting Gas. The
concentrations of the double stranded DNA were ap-
proximately 4uM. The unmodified complementary strands
were in 10% excess over the BPDE-modified single-stranded
oligonucleotides. All samples were dissolved in 20 mM-Na
HPO, (pH 7.0), 100 mM NaCl buffer solutions. The DNA
melting curves were monitored by measuring the absorption

pairs of diastereomeric adducts. The subsequent synthetiGpecira of the solutions while the temperature was increased

steps were similar to those described previou8y—39)
with minor modifications. The BPDE adducts obtained from
the coupling reactions were acetylated in pyridine to give
(£)-N°-[108-(7,8a, 9o~ triacetoxy-7,8,9,10-tetrahydrobenzo-
[alpyrenyl)]-3,5'-bis(tert-butyldimethylsilyl)-2-deoxyade-
nosine with an overall yield of 67%. The desilylation with
tetrabutylammonium fluoride in THF gave unprotected
carbohydrate '3 and 3-hydroxyls, and yields of~80% were
obtained after protection of thé-position. Phosphitylation
of the protected adducts with 2-cyanoetiN/N-diisopropy-
Ichlorophosphoramidite in the presenceNyN-diisopropy-
lethylamine gave the desired-)-3'-phosphoramiditesH)-
Né-[1045-(7,8a,9a-triacetoxy-7,8,9,10-tetrahydrobenzo-
[a]lpyrenyD)]-3[(N,N-diisopropylamino)(2-cyanoethoxy)-
phosphinyl]-5-(4,4-dimethoxytrityl)-2-deoxy-adenosine in
74% yield. After deprotection, the two oligonucleotides with
single [A*] = 10R (—)-and 1 (+)-trans-antiBPDEN®-

dA (Schemes 1 and 2) lesions were separated from one
another using reverse phase HPLC methods as describe%

earlier @0).

Measurement of the TBP Binding Affinifhe TBP-DNA
complex stability was determined using an electrophoretic
gel mobility shift assay (EMSA). The primer strands were
labeled at the send using T4 polynucleotide kinase and
[y-*2P]JATP, and then purified using denaturing 20% poly-
acrylamide gel electrophoresis (PAGE) containihM urea.
The unmodified and BPDE®-dA modified DNA duplexes
were prepared by annealing the single strands (2-fold exces
of the unlabeled strand), and heating the solution t6@0
followed by slow cooling to room temperature. For a typical
experiment, uL of the TBP solution were added toul
of the DNA duplex solution. The DNA double strand

concentrations used in the experiments were about 1 nM.

The TBP concentrations in the reaction mixtures were varied
from 0.9 to 70 nM. Solutions containing the TBPNA

at a rate of 1°C/min. At each temperature, the temperature
was maintained for 25 s before the full absorption spectra
were recorded employing an Hewlett-Packard -Uks
spectrophotometer equipped with a temperature controller.
The DNA absorbance at 260 nm and the BPDE adduct
absorbance at 352 nm were plotted as a function of
temperature. The melting points were calculated from the
maximum in the first derivative of the absorbance vs
temperature plots.

Molecular Modeling.To gain insights into the fit of the
bulky BPDE residues in the TBFDNA complexes, we
docked the )- or (—)-transBPDE moieties at Aor A; to
the TATA box DNA (see Scheme 2) within a human TBP
DNA complex of known structure4l). The coordinates of
the TBP-DNA complex were obtained from the Protein Data
Bank, structure ID 1CDW, and visualized using Insight II
software (Molecular Simulations Inc., a subsidiary of Phar-
macopeia, Inc). The coordinates of the){ and ()-trans
PDENS-dA moieties were those of Tan et atZj. The
covalent bond between the C10 atom of the BPDE residue
and theN® atom of the adenine residues at sitesok A;
was created for both BPDE stereoisomers by using the
biopolymer module of Insight Il. The torsion angles§ ',
andy (see Scheme 1) were changed manually and kept within
the bounds of the energetically acceptable rant®, (all
other parameters of the proteiDNA complex were held
constant. The best TBP/BPDEE-dA TATA DNA structures

ere selected on the basis of the least disturbance of the
original structure of the unmodified TBFDNA complex
(41). Energetically unacceptable steric clashes were moni-
tored by using the appropriate modular option of Insight .

RESULTS
DNA Substrate DesignThe influence of the bulky

complexes were incubated for 20 min at room temperature stereoisomeric BPDE residues (Scheme 1) on the binding

followed by 15 min at 4°C in 20 mM Tris-HCI (pH 8.0),
10 mM MgCh, 80 mM KCI, 8 mM DTT, 10% (v/v) glycerol,
and loaded into a 4% native polyacrylamide gel (60:1

of a recombinant human TBP transcription factor to the
TATA box DNA sequences was studied using unmodified
and BPDE-dA modified DNA duplexes. The BPINE-dA
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§ duplexes with the 18(+)-trans adducts. These differences
S 00557 follow the trends established for the analogous lesions in
§ 0.050 "~ =~~mnui much shorter, 911-mer duplexesAb—47). The differences
T in the T, values are more pronounced in the case of the
25 30 35 40 45 50 55 60 65 70 75 smaller duplexes4b—47), as expected. Since the ratio of

normal base pairs/adduct is much larger in the 25-mers than
in the 9-11-mers, the overall effect of the lesions on The
value is expected to be much smaller in the case of the longer

Temperature, °c

Ficure 1: UV melting profiles at 260 nm for unmodified;+j-
trans- and ()-transBPDENS-[A;] duplexes (panel A). (B) UV

melting profile at 348 nm of the<)-trans:BPDENS-[A ;] duplex. sequences. It is therefore important to monitor the local
melting of the duplex in the immediate vicinity of the adduct,
Table 1: Unmodified andPDE-N-dA Modified Double Strand i.e., within the absorption band of the aromatic BPDE
DNA Melting Points residue. The absorption spectra of the adducts in double-
DNA duplex melting point {C) stranded DNA at 28C, and of the denatured, single-stranded
unmodified 63.0L 0.5 form at 75°C, are _compared in Figure 2. In double-stranded
10S (+)-trans[A ] 60.0+ 0.5 DNA, the aromatic pyrenyl ring system of the BPINE-
10R (—)-trans[A1] 63.0+ 0.5 dA adducts is intercalated), thus accounting for the red-
10S(+)-trans{A;] 58.7+0.5 shifted and weaker absorption spectrum of the pyrenyl
10R (—)-trans[A2] 62.0+ 0.5

residue in the~320—380 nm region48). As the temperature
is increased, the absorbance at 349 nm increases due to a
lesions were positioned within the consensus human TBP hyperchromic effect as the carcinogen-DNA base stacking
recognition sequence '(6.TA;TAAA...-3)«(5-...TTTA,- interactions are weakened (Figure 2), and the absorption
TA...) embedded within a 25-mer oligonucleotide (Scheme maximum shifts from 356 to 349 nm. Thus, the changes in
2), where the subscripts 1 and 2 designate the BPDE-the absorption spectrum in the343—-352 nm are suitable
modified adenine residues. Transcription from such a pro- for monitoring local denaturation at the site of the lesion
moter sequence (without the BPDE residues) is highly (46). A typical melting curve for a-{)-trans adduct at the
efficient using HelLa cell extracts in vitro and in vivd3). A, site is shown in panel B of Figure 1. The shapes of the
Four different modified oligonucleotides were prepared with melting curves measured at 348 nm, or within the DNA
Aj (or Ay) = (+)-trans-or (—)-transBPDEN®-dA (Scheme region at 260 nm, are similar to one another, and The
1). values coincide within experimental error. Therefore, the
Thermodynamic Stabilities of the TATA Box BPDE- modified DNA duplexes melt cooperatively and the lesion
Modified Duplexeslt is important to probe the integrity of does not cause any local premelting or unusual local
the duplexes containing the BPINE-dA lesions since these  destabilization of the duplexes.
kinds of lesions are known to thermodynamically destabilize  Electrophoretic Mobilities of BPDE-Modified TATA Box
double-stranded DNA in an adduct stereochemistry-depend-DNA Duplexesin the polyacrylamide gels employed to study
ent and DNA sequence-dependent mandér-@7). Typical the binding of TBP to DNA, both the unmodified and the
melting profiles, obtained by monitoring the UV absorbance BPDE-modified DNA duplexes are stable. This is shown by
of the samples at 260 nm, are shown in Figure 1 (panel A). the electrophoretic migration of the carcinogen-modified
The duplex melting poinfT, values of the duplexes derived duplexes that migrate as single bands in a native gel (Figure
from the unmodified and BPDE-modified oligonucleotides 3). Any dissociation of the duplexes would have been
are compared to one another and to unmodified duplexes innoticeable since the single-stranded oligonucleotides migrate
Table 1. TheTy, of the unmodified duplex studied here is with a mobility that is~10% slower than that of the BPDE-
63 + 0.5 °C. The same duplexes with the RE—)-trans modified single strands (data not shown). The modified
adducts at either of the two positions exhibit the saipe =~ TATA 25-mer duplexes with the lesions positioned at either
values within experimental error. However,;-8—4 degree base A or A, (Scheme 2), migrate with a mobility about
lowering in the T, values is observed in the case of the 1% smaller than the mobility of the unmodified duplexes
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[A,] [A,) fied TATA DNA complexes studied here are less stable than
the yeast TBP-DNA complexes studied by Hoopes et al.
Um (#)-t ()t (+)-t (-)-t Um (27). The lower stabilities of human TBFDNA complexes

observed here are consistent with the results on human TBP
complexes with DNA of a different sequence by oth&®;(
when the EMSA method was used to examine mobilities of
yeast and human TBP complexes with various plasmids
under the conditions used by Hoopes et2r)(considerable
smearing due to the dissociation of the human FBMNA
complexes was note®1). Nevertheless, the relative mobili-
ties of the monomeric yeast and human FHPNA com-
plexes were almost identical.

Hoopes et al.Z7) demonstrated that the rate of dissociation
of the TBP-DNA complex in solution is similar to the rate
observed in a 4% polyacrylamide gels. Thus, the dissociation
of the TBP-DNA complexes in Figure 4 is an intrinsic
solution property rather than a function of the gel environ-
ment. At TBP concentrations above 15 nM, higher order
complexes become apparef). These higher-order com-
‘ . . . . ‘ plexes enter the gel with greater difficulty than the mono-
meric TBP-DNA complexes. However, only the formation
of monomeric TBP-DNA complexes is believed to be

1 2 3 4 5 6 biologically important, and therefore, our subsequent discus-
Ficure 3: Comparison of electrophoretic mobilities of unmodified  sjon is predominantly focused on these monomeric com-
and ()-trans-[(+)-t] or (—)-(t)rans-[(—)-t] BPDE—NG-.dA modified plexes.
[Aa] and [A7] duplexes in 8% native polyacrylamide gels. Quantitatve Analysis of Electrophoretic Mobility Shift
Assay DatalUsing the profile option of the PhosphorAnalyst
¢ Program of the Phosphorimager, the relative radioactivity

that bending effects associated with the adducts are not ver S a funct|or_1 of distance within a given lane Qf th_e
pronounced. This conclusion is reasonable since a Sma”electrophoress gel was plotted. The amount of radioactive

bending angle of the order ef10° for (+)-trans-antiBPDE- material under bands D (protein-iree DNA), band M (mon-

NE-dA adducts was reported by Le et &9, although in a omeric TBP:DNA complexes) were obtained by integrating
different sequence context ' the areas under these bands, respectively. While the smearing

. e of the bands due to the dissociation of the protddiNA
Formation of TBP/Unmodlfle_q TATA DNA .Complexes. complexes and the residual radioactive material remaining
The results of typical gel mobility shift experiments per-

f d ) f doubl ded DNA in the wells of the gels (Figure 4) are not unusuE-{54),
ormed at constant concentrations of double strande these phenomena do introduce complications into the quan-

(1 nM) and at different protein concentrations, are shown in yiasive analysis of the polyacrylamide gel autoradiographs.
Figure 4. While the primary interest is on the concentrations of the
The slow dissociation of the human TBP dimers is known monometric Comp|exesl the fractions of all Comp|exes as a
to limit the rate of binding of monomeric TBP to DNAZ, function of TBP concentration at constant DNA duplex
50). The TBP dimers dissociate rather slowty(= 6—10 concentration were also evaluated. Higher-order TBP:DNA
min), and the efficiency of TBP binding to DNA, measured complexes (see below) seem unable to enter the gel and were
by a filter retention assay, reaches saturation af&$—30 not included in the calculations of the fractions of TBP-bound
min, depending on the TBP concentration. Binding is DNA molecules. The overall fraction of DNA duplexes in
complete after 610 min of TBP incubation with TATA  complexes with proteins includes all types of TBP:DNA
DNA at TBP concentration 10 nM, as shown by the digestion complexes that enter the gel from the well. This fraction

of the TBP-DNA complexes by DNAse 147). Our TBP- corresponds to the radioactive material starting just below
DNA solutions were therefore incubated for 30 min before the well (labeled “Well” in Figure 4), divided by the overall
the samples were loaded onto the gels. Longer incubationradioactivity measured from the bottom of the well (not
times were avoided because of the possibility that TBP might jncluding the residual material in the well) to the bottom of
denaturate33). the duplex band (labeled D in Figure 4) up to, but not
As the TBP concentration is increased, the intensity of including, the band due to the DNA duplexes (band D, Figure
the lower band, which corresponds to the free DNA duplex 4). The DNA molecules with slower apparent mobilities than
(the band labeled D in Figure 4A), diminishes and the upper, the mobility of the free DNA band D, but faster than the
slower running band associated with the TBP monemer DNA in monomeric complexes (band M) are attributed to
DNA complexes appears (band M in Figure 4A). This band DNA molecules that were initially bound to protein at the
is partially smeared because of the dissociation of the 1:1start of the electrophoresis and that dissociated during the
TBP—DNA complexes during electrophoresis. Analogous experiment (duratior-2 h). The fraction of DNA molecules
binding patterns and gel electrophoresis characteristics werebound as monomeric TBFDNA complexes was estimated
observed by Hoopes et akY) for yeast TBP-unmodified  as the fraction of the radioactive material in band M (Figure
TATA DNA complexes. However, the human TBP-unmodi- 4) divided by the total radioactive material between the

(Figure 3). These small differences in electrophoretic mobili-
ties of the BPDE-modified and unmodified duplexes sugges
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Ficure 4: TBP complex formation with the unmodified antt)¢trans- or (—)-transBPDEN®-dA modified duplexes (1 nM) as a function

of TBP concentration (666 nM). DNA duplexes studied are: unmodified (panel A)trans{A,] (panel B), -)-trans{A;] (panel C),
(+)-trans{A] (panel D), ()-trans{A ;] (panel E), 4% native PAGE. Band D corresponds to the free DNA duplex, band M to the monomeric
TBP:TATA DNA complex. The “Well” designates the position of the DNA or protein:DNA complexes at the start of the electrophoresis
experiment.
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Ficure 5: Fractions of DNA molecules bound as monomeric FBEMNA complexes as a function of TBP concentration (band M in Figure

4). The experimental data points are represented by black squares for unmodified (Um), closed and open cit¢mfm-BPDE-NS-dA

in [A1] or [A;] TATA DNA duplexes, respectively. Closed and open triangles represent data fdransBPDENC-dA in [A4] or [A3]

duplexes, respectively. All experimental data points represent the average of at least two separate experiments. The methods for estimating
the fractions of DNA molecules bound to TBP are described in the text. The solid lines are merely visual aids and have no theoretical
significance.

bottom of the well and the bottom of band D. plot for the overall fractions of all complexes is shown in
The fractions of monomeric complexes as a function of Figure 6. Because of the complicated binding equilibria,
TBP concentration are depicted in Figure 5, while a similar involving formation of the monomeric and multimeric,
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Ficure 6: Plots of the total fractions of DNA molecules bound to TBP, entering the gels from the wells (Figure 4), as a function of TBP
protein concentration. Black squares, unmodified (Um); closed and open cir¢lpiagsBPDENS-dA in [Aj] or [A;] TATA DNA

duplexes, respectively. Closed and open triangle$;t(ansBPDENS-dA in [A4] or [A;] duplexes, respectively. All experimental data

points represent the average of at least two separate experiments. The methods for estimating the fractions of DNA molecules bound to
TBP are described in the text. The solid lines are merely visual aids and have no theoretical significance.

higher-order TBP-DNA complexes, the existence of TBP adduct placement is observed since the formation of the
oligomers and their dissociation, and the dissociation of the monomeric protein:DNA complexes is completely abolished
TBP—DNA complexes during the gel running experiments, (panel D, Figure 4, and panel B, Figure 5).
quantitative analysis of the binding curves is not feasible.  Higher Order TBP:DNA Complexetn all cases, except
The overall TBP-DNA CompleX stabilities are therefore in the case of the—()-trans adduct at A(pane| Cin Figure
characterized by apparent dissociation constdifscorre- 4 and panel A in Figure 5), the fractions of DNA molecules
sponding to a 50% binding of the DNA molecules with TBP. hound to TBP as monomeric TBP:DNA complexes generally
The solid lines in Figures 5 and 6 merely serve as visual diminishes as the TBP concentration is increased beyond
aids. All experimental data points represent the averages of~12—15 nM. Under the same conditions, a greater fraction
at least two separate experiments, and the error bars denotgf the 32P-labeled DNA remains in the wells and is unable
the associated uncertainties in the quantitative estimation Ofto enter the ge|S (upper-most bands in Figure 4)’ as discussed
fractions of TBP-bound DNA molecules. above. The formation of these higher-order TBP complexes,
Effects of BPDE-RdA Adducts on the Formation of TBP/ which trap some of the DNA in the wells and which appear
DNA Complexes. BPDE-Modified {ADuplexes.The for- at the higher protein concentration, has been previously
mation of complexes of the TATA DNA duplexes containing documented 47, 32), and account for the decline in the
a single BPDEN®-dA residue with TBP is evident from the  concentrations of the monomeric 1:1 TBP:DNA complexes
gel electrophoresis results shown in Figure 4. In the case ofywhen [TBP] > 12—25 nM (Figure 5). These higher-order
the unmodified 25-mers, as well as in the case of the ( complexes are attributed to complexes involving DNA
trans- or (-)-trans-adducts at site;4Scheme 2), monomeric,  regions other than TATA sequences. Using DNAse |
or 1:1 TBP:DNA complexes are clearly evident (band M, footprinting assays, Coleman et aB2{ demonstrated that
panels A-C, Figure 4). Some dissociation of the complexes only the TATA box region is protected from digestion.
is evident in the case of the TBP:BPDE-modified DNA However, at higher TBP concentrations, other DNA regions
duplexes (panels B and C, Figure 4), although the extent of hecame fully covered by the protein and, at 34 nM TBP
dissociation seems to be lower than in the case of the concentration, the entire DNA molecule was protected from
unmodified duplexes (panel A, Figure 4). Quantitative digestion by DNAse I.
analysis of the relevant lanes clearly indicates that the affinity P e
of 1:1 binding of TBP wj'gh the TATA duplexes is _Iowe;t in WJPESOX)E;ﬁg %X;%né_ﬂozﬂ;zgg[ ; fa:]-g F[’Atz(]) -?2[? ngﬁg’ as
the case of the unmodified TATA box,elntermed|a.te in the duplexes is summarized in Figure 6. Dissociation constants,
case of the A= (+)-trans-anttBPDEN®dA, and highest . eshonding to a 50% concentration of free duplexes, in

when the adenine residue, As substituted with the)- the range of~6—18 nM are estimated from these data (Table
trans-antiBPDENS-dA lesion (Figure 5, panel A). 2). g (

BPDE-Modified [A] Duplexes.The introduction of a+)-
trans-anti-BPDE-NS-dA at adenine Agives rise to a small
reduction in the formation of 1:1 TBP:DNA duplexes (panel
E, Figure 4, and panel B, Figure 5) relative to the unmodified  The most important step involved in eukaryotic transcrip-
duplexes. However, in the case of the stereocisome)e ( tion by RNA Polll includes the binding of the transcription
transadduct, a dramatic effect of adduct stereochemistry andfactor TFIID, a protein complex that consist of the TATA

DISCUSSION
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Table 2: Complex Formation of the TATA Binding Protein (TBP)
with Unmodified and BPDBEN®-dA Modified TATA DNA Duplexes

fraction of DNA in
monomeric complexes,
apparent dissociationwhen 50% of the DNA is

DNA duplex constantskKy2 (nM) bound (%)
unmodified 9t 2 14+ 3
10S (+)-trans[A4] 8+2 22+ 4
10R (—)-trans[A4] 6+1 65+ 13
10S (+)-trans[A 7] 13+3 61
10R (—)-trans[A;] 18+ 3 NDP

@ Apparent dissociation constants are evaluated by finding the protein

concentration at which 50% of the DNA is bound (Figure %)D,
nondetected.

Biochemistry, Vol. 40, No. 19, 2005629

(50). The TBP dimer interface partially overlaps with the
DNA binding site £8), thus blocking the DNA recognition
surface of TBP. In all crystallographic structures of binary
TBP—TATA DNA complexes, ternary TFIIB/TBP/TATA
or TFIIA/TBP/TATA complexes (for a review see réb),
the TBP is bound in the momomeric form. Furthermore, the
three-dimensional structure of the multisubunit TFIID com-
plex determined by electron microscopy, shows that a
monomeric TBP molecule is located between the TFIIA and
TFIIB proteins @5). It is therefore clearly of primary interest
to focus on the monomeric TBFEDNA complexes 24) rather
than on the overall binding of TBP to DNA.

Impact of Adducts on the Efficiency of the TBPATA
Recognition Step/e chose the gel mobility shift assays for

box binding protein (TBP) and at least seven other proteins. studying TBP-DNA complex formation because the mon-
One of the most important mechanisms of transcription omeric complexes can be distinguished from the higher-order
regulation of RNAPolll and IIl activated from promoters  multimeric complexes by this method. We demonstrate that
containing TATA boxes in vivo and in vitro, is the stretch the presence of such site-specific adducts in the TATA box
of interacting protein and DNA residues corresponding to can have a dramatic effect on TBP binding that depends on
the TATA box sequence. These interactions play a key role the stereochemical properties and the position of the lesion
in determiningKyq and the lifetimes of the TBPDNA within the TATA box sequence.
complexes 43, 55). The fractions of the DNA in distinctly monomeric
Kg Values of TBP-DNA Complexes.Two basically complexes at TBP concentrations equal toKpgare shown
different methods of determinind(y values have been in Table 2. Since th&y values of the monomeric TBP
employed in the field. In the first, complex formation is TATA DNA complexes could not be measured, these
determined by varying the TBP concentration while holding fractions provide a relative measure of the efficiencies of
the DNA concentration constant. In the other, the equlibrium formation of these monomeric TBFDNA complexes.
constant is determined from measurements of the kinetic rateSurprisingly, the {)-transBPDENS-dA adduct in the A
constants of complex formation and complex dissociation. position causes a significant increase in the stability of the
A variety of experimental techniques are employed to monomeric complex, since its dissociation rate within the
measure the relevant experimental parameters. It has beegel is significantly diminished as compared to the rate of
suggested that, in the nanomolar TBP concentration range the TBP-unmodified DNA complex (Figures 4 and 5, Table
the rate of complex formation is rapid, but is limited by the 2). In principle, a similar effect in vivo could lead to an

slow rate of dissociation of TBP dimer83—33). Further-
more, theKy values are known to depend strongly on the
ionic strength, e.g., the concentration of KQQ|; for
example, in the case of yeast TBP/TATA DNA complexes,
Kqg~ 1.8 nM at 60 mM KCI, 10 nM at 80 mM KCI, and
~100 nM at 200 mM KCI concentrations. Other values of
Kq4 have been reported, e.g., 0.3 nRF7{ at 60 mM KCl, 2
nM at 60 mM KCI 6, 57), 4.3 nM 28) at 100 mM NaCl,
6.6 nM (29) at 100 mM KCI, 6.3 nM at 90 mM KCIZ1),
4.2 nM at 60 mM KCI 63). For human TBP/TATA DNA
complexesKyg ~ 0.5 nM at 75 mM potassium glutamate
concentrations31). Our own experiments were conducted
at 80 mM KCI concentrations in order to minimize the
fraction of multimeric TBP-DNA complexes 27, 55), and

increase in the level of transcription. Moreover, a tighter
binding of the transcription factor to the lesion within the

TATA sequence may prevent the recognition and excision
of this sequence by DNA repair proteinddy.

The substitution of a dA residue in the site By a BPDE-
Né-dA adduct, especially by theH)-transBPDE isomeric
lesion, causes an increase in the dissociation rate of the
monomeric TBP-DNA complex, and thus to a significant
decrease in its stability (Figure 5). Such a decrease in the
stability could lead to a dramatic decrease in transcriptional
efficiency.

Impact of Lesions on TBP/BPDEH ATA DNA Complexes.
The transcription activity, which is initiated by the binding
of TBP to the d(5...TA;TAAA...)-d(5-..TTTA;TA...) se-

the overall concentrations of complexes were determined by quence, is significantly diminished when one of the base pairs

the EMSA method. In the case of our unmodified TATA
box DNA sequences, the appar&qtvalue is~9 nM (Table

in the duplex is altered4@). Interestingly, when the T:A
base is replaced by any of the other base pairs (A:T, G:C,

2), which is consistent with the range of values determined or C:G), the reduction in the transcription activity is

by others.
Monomeric 1:1 TBP:DNA Complexeshe values oKy

significantly greater than upon replacement of theTAase
pair. When the lesion is positioned at the sitg the stability

determined by most of the above-described methods referof the monomeric TBPDNA complex is much more

to the formation of all forms of complexes, including
monomeric and higher order TBIEDNA complexes. As
described by Coleman et al32), the higher order TBP

DNA complexes consist of TBP molecules bound nonspe-

cifically to DNA sites other then the TATA box sequences.
In the absence of DNA, TBP crystallizes as a din&s)(

severely affected than when the lesion is positioned at the
A, site (Table 2). Furthermore, the stabilities of these
complexes depend on the stereochemial properties of the
BPDEN®-dA adducts.

To gain insight into these effects, we docked thg-(or
(—)-transBPDE moieties at Aor A, to the TATA box DNA

Dimers of human and yeast TBP, forming in aqueous in the human TBP-DNA complex of known structure4(),

solutions with nanomolakKy, can also be detected in vivo

Protein Data Bank ID: 1CDW. A detailed conformational
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A (+)-trans-[A4]

FIGURE 7: Stereoview of the complex of TBP with-j-transBPDENCS-dA (A) and (—)-transBPDENS®-dA (B) in the A; position of a

TATA box. The (+)-transor (—)-transBPDE moieties are docked to the TBPATA complex of established X-ray crystal structurg,

Protein data bank ID: 1CDW. The TBP is depicted as a light blue ribbon. The DNA is shown in terms of a stick model. The TATA strand
of the DNA duplex is shown in gray and the complementary strand is shown in magentd. it d the TATA box is positioned on the

right side, and the polynucleat-§-trans and ()-transBPDEN®-dA residues on the TATA strand are shown in red.

analysis of the<)- and ()-trans-antiBPDENS-dA mono- the cleft of the TBP-DNA complex, but there are some
nucleoside adducts (Scheme 1) indicates that only four collisions between the aliphatic part of the BPDE residue
different conformational domains, each defined by a rather and the first T residue of the TATA box (Figure 7A). Thus,
narrow set of torsion angles', ', andy (see Scheme 1) only minor changes within the DNA portion of this complex
are energetically possibléd?). In replacing A or A; by any can accommodate the lesion at Ahe results of these simple

of the trans-antiBPDEN®-dA moieties in our computer  docking exercises are consistent with the observations that
docking experiments, all of the critical proteiDNA the (+)-trans-anttBPDE-NS-dA lesion at position A se-
contacts were held constant. The rationale was that anverely destabilizes the monomeric TBBNA complex,
alteration in these contacts and/or conformation of the duplex while a small stabilization effect is observed with the lesion

within the original crystal structure of the TBFTATA box at A;. The stabilization may result from a hydrophobic
DNA complex, would result in a distorted TBEDNA displacement of water molecules out of the cleft of the ¥BP
complex conformation with a diminished stability. DNA complex, and the concomitant entropy increase.

In the case of thei()-trans adduct, none of the acceptable  In the case of the<()-transBPDE adduct, an unperturbed,
conformational domains4@) could be docked successfully  or minimally perturbed TBPDNA structure could not be
without altering the crystal structure of the DNA bases and/ found with the adduct positioned atAThis suggests that
or backbone within the TATA box. Massive steric van der the complex is unstable, consistent with the experimental
Waals clashes between the carcinogen and the DNA base®bservations (Figure 5). However, with the lesion positioned
are observed when the adduct is at Ahe positioning of at A;, an adduct conformation can be identified that does
the pyrenyl residue within the complex and within the not perturb the crystal TBPDNA structure. This structure
permitted ranges of the torsion angle’s 4', andy of the is depicted in Figure 7B and shows that the aromatic BPDE
adduct 42), allows for a reasonable accommodation only if residue is positioned within the cavity of the crescent-shaped
some of the DNA base orientations and amino acid-DNA TBP—DNA complex. The torsion angles for this BPINE-
contacts observed in the TBIDNA crystal structure are  dA adduct conformationo{ = 160, ' = 90°, ¥y = 260°)
severely perturbed. For the-J-trans adduct at position;A correspond to the so-called domain Il conformatid2)(
the aromatic pyrenyl residue can be accommodated within The glycosidic angle is within 16° of the value reported
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for the same unmodified adenine nucleotide residue at The effects of bulky DNA lesions within the recognition
position A (y &~ 260° vs ~244 in the TBP:unmodified DNA sequences of different transcription factors has also been
crystal structure41). There are no collisions between the studied. A bend-inducing BPDE?-dG adduct placed within
BPDE residues and the DNA bases. The carcinogen appearshe AP-1 binding site decreased the binding an AP-1 like
to fit ideally into the TATA box DNA structure and does protein @2), while adducts derived from the structurally
not cause any significant perturbations. However, the deox- different benzof]phenanthrene diol epoxides th® of
yribose ring of the BPDE-modified adenine, which forms adenine in DNA totally inhibited proteinDNA interactions
several contacts with the protein molecule, is somewhat (61). On the other handrans-antiBPDEN?-dG adducts
closer to the TBP amino acid backbone than it is in the caselocalized within the binding sequence for Oct-1 do not affect
of the unmodified adenine in the TBP:unmodified DNA protein binding (A. E. Persson, |. Voskoboinik, I. Cotgreave,
complex crystal structure because of the slightly alteged and B. Jernstnm, private communication).
value. Overall, this lack of deviation of the structure of the It is thus evident that not all types of lesion-associated
TBP—DNA complex with a ()-trans adduct at Afrom the bends, at least in the case of the bulky hydrophobic lesions
structure of the unmodified TBP:DNA comple4k). BPDE derived from the binding of BPDE tdl>-dG, enhance the
residue fits comfortably into the cleft of the TBBONA binding of TBP or other transcription factors. Such effects
complex, thus displacing water molecules. These simple may be associated not only with the position of the lesion
modeling results thus suggest an explanation for the observawithin the DNA sequence, as shown here, but also with the
tion that the &)-transBPDEN®-dA adduct produces a conformational characteristics of the lesions. The structures
stabilization of the TBP:DNA complex at position;A  of site-specific BPDENS-dA adducts in double-stranded
(Figures 4 and 5). oligonucleotides in different, non-TATA box sequence

Role of Bending in the Recognition of Carcinogen Modi- contexts, have been studied by various groups. The pyrenyl
fied DNA by TBP.The influence of damaged or modified ring systems in both thet)-trans-anttadducts, withS and
bases on the recognition of different DNA sequences by R absolute configurations at the C10 BPDE residue linkage
transcription binding factors has been the subject of consid- site are intercalated on thé-&ide of the modified adenine
erable interest. Transcription binding proteins cause signifi- residue with all WatsorCrick base pairing intact, even at
cant bending in the DNA upon complex formation as shown, the lesion site 44, 63, 64). While, it was not possible to
for example, in Figure 7. This observation led to the determine a high-resolution structure with a normal T paired
hypothesis that lesions that cause significant DNA bending with the modified adenine, the pyrenyl residue in thes10
(“pre-bending”) or increase the flexibility of the DNA target  (+)-trans-antradduct is most likely intercalated on thée 3
sequences, enhance the binding of transcription prot2hs (  side of the modified A*.T base pai6§), as itis in two A:G
21, 53). Thus, the presence of a bend-inducing cisplatin mismatch structures5g), and as discussed elsewheé&)(
adduct in the vicinity of a TATA box results in a 175-fold  Inthe A  and A TATA box sequences (Scheme 2), the NMR
enhancement in the binding affinity of TBP and is associated solution structures have not been determined. However, there
predominantly with a slower dissociation rate of the complex is a characteristie-10 nm red shift in the 343 nm absorption
(53). Similar enhancement of TBP binding is produced by band of pyrenyl residues exposed to an aqueous environment
positioning a bent adenine tract adjacent to a TATA box relative to 354 nm for intercalated structures in double-
promoter sequence2(). However, positioning a bend- stranded DNA 48). In the two modified double-stranded
inducing BPDEN?-dG adducts 6 bases upstream of the 5 TATA box sequences Aand Ay, the absorption spectra of
end of a TATA box, does not affect TBP bindingdj, while all four adducts (an example is shown in Figure 2) strongly
the presence of a BPDE%-dG adduct immediately down-  indicates that the pyrenyl ring system in theSi&-)-trans-
stream of the TATA-box caused approximately a 2-fold and 1@ (—)-trans adducts are also intercalated. Furthermore,
increase in TBP binding (A. E. Persson, |. Voskoboinik, I. these TATA duplexes with the lesions positioned at either
Cotgreave, and B. Jernsimp private communication). The base A or A, do not exhibit any anomalous electrophoretic
intriguing possibility that bend-inducing DNA adducts could mobilities, and all four modified sequences migrate with
sequester, or “hijack”, transcription factors and thus adversely similar mobilities, only 1% slower as compared to unmodi-
influence the expression of the affected genes, was the focudied DNA (Figure 3). Thus, the strikingly different impact
of a number of studiesl(—15, 62). For instance, BPDE-  of the stereoisomeric adducts on TBP binding, especially the
N2-dG adducts are indeed high-affinity binding sites for the enhanced binding associated with the){rans adduct at
transcription factor Sp11¢), and thus could inhibit the  position A, do not appear to be associated with any
expression of Sp1l-dependent reporter genes both in vitro andsignificant pre-bending of the sequences by the lesions. The
in intact cells (3). The E2F1 and E2F4 cell cycle-regulated exact reasons for these differential effects in the case of the
transcription factors also exhibit high affinity for BPDE- trans-antiBPDEN®-dA adducts, must be sought in the
modified DNA (12). Cisplatin-treated, or UV-irradiated DNA  possibly more subtle changes in the interactions and changes
also exerts an enhanced affinity for the TATA binding protein in the structural properties of the TBI®NA complexes with
(14). The data provided by Coin et all§) suggest that TBP  the stereoisomeric BPDE residues at eitheroAA..
binds selectively only to bend-inducing DNA adducts. The
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