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ABSTRACT By selective attachment of a DNA cleavage
agent to specific residues in the yeast TATA box binding
protein (yTBP), we demonstrate that, in solution, yTBP binds
to the TATA boxes of both the adenovirus major late promoter
and the yeast CYC1 promoter with only a modest preference in
orientation and binds well to several overlapping binding
sites. The general factors TFIIA and TFIIB each increase the
rotational and translational selectivity of yTBP but are not
sufficient, at least individually, to confer a unique polarity to
the preinitiation complex. We conclude that TBP alone cannot
define the productive orientation of general factor assembly
on a promoter.

The TATA box binding protein (TBP) is required by all three
RNA polymerases for the promoter-specific initiation of
transcription (1). All eukaryotic TBP–DNA complexes ob-
served in crystal structures show the conserved C-terminal
domain of TBP (TBPc) bound to the TATA box in a single
orientation that is consistent with the assembly of a preini-
tiation complex with a unique polarity (2–8). The binding of
TBP to the TATA box is thought to orient the complex
correctly on the promoter and nucleate preinitiation com-
plex formation (3, 9, 10). Several groups have proposed
reasons why the highly symmetric TBPc molecule binds to a
nearly symmetric TATA box in only one of two possible
orientations in the crystal. These reasons include amino acid
and electrostatic differences between the C- and N-terminal
repeats of TBPc coupled with the differential deformability
of each half of the TATA box (2, 3, 11, 12). Despite these
factors that could favor the orientation of TBPc observed in
the crystal, the pseudo-2-fold symmetry of TBPc and of many
TATA boxes is intriguing. Approximately 80% of the amino
acids that contact DNA are identical in the two halves of
TBPc, and molecular modeling studies reveal no unfavorable
interactions when TBP is bound in the opposite orientation
(13). Also, bidirectional transcription from a TATA box and
forward transcription from a reverse TATA box can be
observed, suggesting that perhaps TBP andyor the preini-
tiation complex can function bidirectionally (14–17). These
issues led us to ask to what extent TBP binds to the TATA
box in a unique orientation in solution.

The affinity cleavage method (18, 19) permits determina-
tion of the orientation of a protein bound to its DNA target
site and the effects of other factors on this orientation (20).
We used this technique to examine the orientation of TBP
bound to a TATA box in solution. Using affinity cleavage, we
discovered that TBP binds to the TATA boxes of the
adenovirus major late promoter (AdMLP) and CYC1 pro-
moters with only a modest preference (DGobs 5 0.2 2 0.3
kcalzmol21) in orientation. The general transcription factors

TFIIB and TFIIA skew the ratio of TBP binding in favor of
the generally accepted polarity but do not fix it to a unique
orientation. The high degree of polarity achieved in regu-
lated transcription (16, 17, 21) suggests that other promoter-
specific factors define the polarity of the preinitiation com-
plex.

MATERIALS AND METHODS

TBP Preparation and Derivitization. The TBP variants
K97C and E188C were prepared as described by Kim et al.
(3) and stored in 30 mM Tris (pH 7.5), 10% glycerol, 2 mM
DTT, 50 mM KCl, and 1 mM EDTA. The fully functional
deletion variant of yeast TFIIA used in crystallographic
studies (yTFIIA9) was prepared as described (7). All TBP
derivitization steps were performed at 4°C. Proteins (10–30
mM) were passed through a Sephadex G-25 column (Phar-
macia) equilibrated with binding buffer (4 mM Tris, pH
8.0y5 mM MgCl2y60 mM KCly4% glycerol) and then added
to a solution containing 10 equivalents of 5-iodoacetamido-
1,10-phenanthroline (22), 3% dimethylformamide, 40 mM
Tris (pH 8.0), 60 mM KCl, 4% glycerol, and 5 mM MgCl2 and
allowed to react for 15 h. Dimethylformamide and excess
5-iodoacetamido-1,10-phenanthroline were removed by gel
filtration. Ellman’s analysis (23) and carboxymethyl–
cysteine amino acid analysis (24) indicated that one of the
two cysteines on wild-type (WT) TBP and one of the three
cysteines on K97C and E188C remained unalkylated after
reaction. This cysteine was most likely C164, which is on a
b-strand facing the interior of the protein. As long as specific
cleavage is seen for K97C-1,10-phenanthroline (OP) and
E188C-OP and not for WT-OP, the alkylation of a cysteine
on WT TBP is inconsequential.

Footprinting and Cleavage Experiments. TBP (30 nM or
0.5–600 nM for cleavage and footprinting reactions, respec-
tively) and 59 end-labeled DNA (200 pM) were incubated for
30 minutes at 25°C with 0.04 mgyml BSA and 0.12 mgyml
poly dGzdC in binding buffer containing 0.1% Nonidet P-40.
For footprinting reactions, 0.03 units of DNase I was added
to each binding reaction and quenched after 40 s by addition
of 0.6 volumes formamide loading buffer. For cleavage
reactions, a solution of 0.1% Nonidet P-40, 300 mM CuSO4,
18 mM mercaptopropionic acid, and 18 mM H2O2 in 1y6
reaction volume of binding buffer was added and quenched
after 3 h by ethanol precipitation. Radioactivity was quan-
tified using a Betascope 603 Blot Analyzer (Betagen,
Waltham, MA) or a Storm 840 PhosphorImager (Molecular
Dynamics). Reactions containing yTFIIBc were carried out
as above except yTFIIBc was added in 20 mM Hepes (pH
7.9), 1 mM EDTA, 10% glycerol, 1 mM DTT, 1 mM
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phenylmethylsulfonyl f luoride, 0.15 M potassium acetate, 50
mgyml BSA, and 0.1% Nonidet P-40. Binding reactions
containing yTFIIA9 were carried out as above, except
TFIIA9 was added in 30 mM Tris (pH 8.0), 10% glycerol, 5
mM DTT, 300 mM KCl, and 2 mM EDTA. Cleavage ratios
were calculated by summing the cleavage intensities on
either side of the center of the 8-bp TATA box and were
corrected for background cleavage.

RESULTS AND DISCUSSION

Two yeast TBP variants, K97C and E188C, were prepared to
examine the orientational specificity of the TBP–TATA box
interaction. Each variant was modified chemically to carry an
OP DNA-cleaving agent at a position on either the N- or the
C-terminal stirrup, respectively (Fig. 1A). The resulting mol-
ecules, K97C-OP and E188C-OP, bound DNA containing the
AdMLP TATA box to form complexes with dissociation
constants of 8 6 4 nM and 2 6 2 nM, respectively, under the
conditions described. These values are comparable to the
dissociation constant of the WT yTBPzAdMLP complex (2 6

2 nM), indicating that these alkylated TBP derivatives are
appropriate models for WT yTBP binding in solution. The
rationale behind our experiments (Fig. 1B) is as follows: If
K97C-OP binds the TATA box in solution in the single
orientation predicted by crystallography, then it should cleave
DNA on only the downstream side of the TATA box; similarly,
if E188C-OP binds the TATA box in the single orientation
predicted by crystallography, then it should cleave DNA on
only the upstream side of the TATA box. If either alkylated
protein binds DNA in two orientations, however, then cleavage
on both sides of the TATA box should be observed (20).

The alkylated proteins K97C-OP and E188C-OP were
bound individually to an 80-bp DNA fragment containing the
AdMLP TATA box after which cupric sulfate and a reducing
agent were added to initiate DNA cleavage. Each protein
cleaved the DNA on both sides of the TATA box with a
60–67% preference for the side expected based on data from
crystallography (2, 3) (Fig. 2 A and B). Similar cleavage ratios
were observed when K97C-OP and E188C-OP were used to
cleave DNA containing the CYC1 TATA box (Fig. 2C). The
shapes of the affinity cleavage patterns produced on these

FIG. 1. Strategy for affinity cleavage of DNA by TBP K97C-OP and E188C-OP. (A) K97C and E188C yTBP. These two variants were chosen
because they allow a DNA cleavage agent to be placed on equivalent positions of the N- and C-terminal stirrups, respectively, with a minimum
of steric interference. (B) Experimental strategy. Scheme illustrating the regions of the promoter that are expected to be cleaved in the specified
orientation. N and C refer to the pseudosymmetrical halves of TBPc formed by the N- and C-terminal repeats, respectively. All crystal structures
of eukaryotic TBPc-containing promoter complexes show the N-terminal domain of TBPc facing downstream toward the start site of transcription.
The lengths of the flanking DNA are not drawn to scale.
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TATA boxes were similar, suggesting that both binary com-
plexes possessed equivalent architectures. K97C-OP and
E188C-OP cleaved DNA equally on either side of a symmetric
TATA box located within the context of the AdMLP sequence
(data not shown). This result suggests that the small degree of
preferential orientation observed with the AdMLP and CYC1
TATA boxes is encoded within the 8-bp TATA box sequence,
whereas the influence of the flanking DNA sequences on TBP
binding per se is negligible.

Several control experiments were performed to establish
that the observed cleavage patterns resulted from a site-
specifically alkylated yTBP derivative. No specific DNA
cleavage was observed using E188C and K97C variants that
had been treated in mock alkylation reactions with o-
phenanthroline, a reagent that cannot alkylate cysteine
residues (Fig. 2A). No DNA cleavage was observed when the
yTBP derivative, cupric sulfate, or reducing agent was omit-
ted from the cleavage reaction, and no specific DNA cleav-

FIG. 2. Affinity cleavage (18, 19) of the AdMLP TATA box by yTBP derivatives. (A) Autoradiogram of a 12% high resolution sequencing
gel analyzing the products of affinity cleavage of the coding strand of an 80-bp fragment of the AdMLP. The diagram on the left shows the
sequence of the AdMLP TATA box; ‘‘upstream’’ and ‘‘downstream’’ refer to the location of the DNA relative to the TATA box. The left-most
lane shows a DNA control. Histograms illustrating cleavage by E188C-OP and K97C-OP at each base pair in the AdMLP (B) and CYC1 (C)
promoters. The extent of cleavage at each position (above a cupric ion, hydrogen peroxide, and mercaptopropionic acid control) is proportional
to the length of the arrow. The TATA box is shaded gray.
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age was observed with WT-OP under any conditions (Fig.
2 A). The extent of DNA cleavage on the upstream and
downstream sides of the TATA box increased at equal rates
over time in the presence of both K97C-OP and E188C-OP
(data not shown). Finally, to insure that our DNA cleavage
experiments reported the geometry of a single, specific
yTBPzDNA complex, we performed the cleavage reaction,
then partitioned the free and yTBP-OP-bound forms of the
AdMLP DNA on a denaturing gel (25). When the DNA in
the bound bands were run on a denaturing gel, the cleavage
patterns observed were identical to those seen in standard
experiments. This experiment indicated that cleavage was

due to a 1:1 yTBPzDNA complex and that gel electrophoresis
did not alter the ratios of yTBPzDNA isomers present in
solution (data not shown). Taken with the data shown in Fig.
2, these experiments demonstrate that, in the absence of
other protein interactions, yTBP cannot orient itself
uniquely on the AdMLP or CYC1 TATA box. Under these
conditions, yTBP binds DNA as a mixture of orientational
isomers that are related by a 180° rotation about the pseudo
dyad of the complex.

The cleavage patterns generated by E188C-OP and
K97C-OP each span two turns of the DNA helix and as such
are considerably broader than those observed for most
protein–OP conjugates (26). Because DNA cleavage by
tethered OP derivatives is mediated by a nondiffusible
copper-oxo species, the unusually broad patterns cannot
result from cleavage by a diffusible cleavage agent (27). Two
explanations exist for the spread in the cleavage patterns.
The first is that f lexibility within the derivatized DNA-bound
yTBP molecule increases the number of deoxyribose residues
within reach of the tethered phenanthroline complex. A
second explanation is that yTBP binds to a small continuum
of overlapping binding sites centered on the 8-bp TATA box.
To discriminate between these possibilities, we designed a
DNA hairpin (H81) that restricted the axial mobility of
bound yTBP (Fig. 3A). If the broad cleavage patterns result
from translation of yTBP along the DNA helix axis, then, for
reasons pointed out by Geiger et al. (7), we would expect
cleavage of H81, in which the TATA box abuts the hairpin
loop, to produce a narrower pattern than cleavage of H87, in
which the TATA box is separated from the loop by 3 bp. On
the other hand, if the broad cleavage pattern is the result of
conformational f lexibility within the bound yTBP derivative,
then the cleavage patterns on H81 and H87 should be
comparable. Cleavage of H87 by either K97C-OP or
E188C-OP produced a significantly broader pattern than did
cleavage of H81 (Fig. 3B). These data indicate that, in the
absence of other protein factors, yTBP does not position
itself precisely on the TATA box. The cleavage observed on
either side of the TATA box cannot result from a protein
bound in a unique orientation but translated axially along
the strand, however, as the center of the TATA box is
protected from affinity cleavage and a clear DNase I foot-
print is observed within the TATA box. Note that the
cleavage patterns generated by the yTBP derivatives on the
CYC1 and AdMLP TATA boxes were virtually identical (Fig.
2) despite the fact that the CYC1 promoter contains two
overlapping 8-bp TATA boxes (Fig. 3A) and the AdMLP
does not. These results emphasize that the thermodynamic
boundaries of the TATA box are not well defined. The
TBPzTATA box interface is unique because axial displace-
ment of TBP by 1 or 2 bp does not place the TBP binding
surface significantly out of register with its complementary
DNA target sequence (28).

The observation that yTBP binds DNA as a mixture of
orientational and axial isomers led us to question whether
specificity might be provided by other components of the
preinitiation complex. Crystallographic and biochemical ex-
periments show that TFIIB and TFIIA both interact with the
TBPc promoter complex (5, 7, 8, 29–31). By contacting both
the DNA and protein members of this partnership, TFIIB
and TFIIA could help orient TBP in one direction andyor
position TBP axially on a single TATA box. To evaluate the
roles of these general factors in the orientation of yTBP
binding, we performed cleavage experiments in the presence
of the C-terminal protease-resistant core of yeast TFIIB
(yTFIIBc) or the fully functional deletion variant of yeast
TFIIA (yTFIIA9) used in crystallographic studies (7). TBP
derivatives were chosen to avoid steric interference with
TFIIA (E188C-OP) or TFIIB (K97C-OP). Cleavage exper-
iments were performed under conditions in which an ex-

FIG. 3. Affinity cleavage patterns indicating the axial imprecision
of yTBP binding. (A) Sequences of H81 (Upper) and H87 (Lower)
shown in hairpin form. There are two overlapping TATA boxes in the
CYC1 sequence displaced by 2 bp; here, one is shaded gray and the
other is outlined. The extra base pairs added between the TATA
region and the hairpin loop are highlighted in black on H87. (B)
Histograms illustrating cleavage of H81 and H87 by E188C-OP and
K97C-OP. Quantitation was performed as described in Fig. 2 B and C.
The DNA is shaded as in A, and the hairpin loop is underlined.
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FIG. 4. Affinity cleavage of DNA by yTBP derivatives in the presence of yTFIIBc or yTFIIA9. (A) Autoradiogram of a 12% high resolution
sequencing gel analyzing the products of affinity cleavage of the top strand of an 80-bp fragment of the AdMLP by K97C-OP in the presence of
yTFIIBc. (B) Autoradiogram of a 12% high resolution sequencing gel analyzing the products of affinity cleavage of the top strand of an 80-bp
fragment of the AdMLP by E188C-OP in the presence of yTFIIA9. (C) Histograms illustrating cleavage by K97C-OP at each base pair surrounding
the AdMLP box in the presence of yTFIIBc or by E188C-OP at each base pair surrounding the AdMLP box in the presence of yTFIIA9.
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panded DNase I footprint and enhanced binding of yTBP to
DNA established that yTFIIBc or yTFIIA9 was bound (Fig.
4 A and B). Incubation of the ternary complex containing
K97C-OP, yTFIIBc, and the AdMLP with cupric sulfate and
reducing agent cleaved DNA on both sides of the TATA box
but ref lected a significantly greater preference for the
‘‘correct’’ orientation than that seen for TBP alone (80 6 3%
vs. 60 6 4%) (Fig. 4A). In addition, the distribution of
cleavage sites in the presence of yTFIIBc was narrower than
in its absence, indicating that yTFIIBc enhanced the speci-
ficity of yTBP for the 8-bp TATA box (Fig. 4 A and C).
Similarly, yTFIIA9 shifted the orientational preference of
TBP toward the correct side (84 6 4% vs. 64 6 4%) and
narrowed the E188C-OP cleavage pattern (Fig. 4 B and C).
Thus, although yTFIIBc and yTFIIA9 helped orient yTBP
correctly on the TATA box, 20% and 16% of the
yTBPzyTFIIBczTATA box and yTBPzyTFIIA9zTATA box
complexes, respectively, still bound in a inverted orientation.
It appears that TFIIA9 and TFIIBc enhanced the orienta-
tional preference and axial positioning of TBP on the
promoter by exploiting heretofore unrecognized sequence-
specific differences in the TATA box andyor the f lanking
DNA or by enhancing the intrinsic selectivity of TBP itself.
Further structural and biochemical studies will be required
to fully understand these effects.

Several factors have been proposed to explain the orien-
tational specificity of TBPc observed by crystallography (2,
3, 11, 12). These factors include amino acid and electrostatic
differences between the C- and N-terminal repeats of TBPc
coupled with the differential deformability of the DNA in
each half of the TATA box. These factors may explain why
the correct orientation is favored, but the preference for
binding in this orientation is small, ref lecting a difference in
free energy of only 0.2–0.3 kcalzmol21. Our finding that
yTBP binds the TATA box in two orientations is consistent
with simulations that reveal no unfavorable steric interac-
tions in the interface of the ‘‘incorrect’’ TBPczTATA box
complex (13). Our results also are consistent with some
transcription experiments that demonstrate bi-directional
transcription from an asymmetric TATA box in a pol III
promoter and transcription from a reverse TATA box in a
pol II promoter (14, 15). A crystal lattice demands a uniform
complex, and it appears that, in the TBP-containing struc-
tures determined to date (2, 3, 5–8), the lattice prefers the
marginally more stable TBPzTATA box complex. Although
the kinetics of TBP binding may be slow on a physiological
time scale, they may be fast enough for the equilibrium in
solution to be drawn progressively to a single orientation by
transfer to a stable, insoluble crystal.

In summary, these results demonstrate that the asymmetry
present in TBPc and most TATA boxes is not sufficient to
determine the directionality of preinitiation complex forma-
tion. Although the two general factors we examined (TFIIB
and TFIIA) stabilized the preferred orientation, they did not,
at least individually, completely fix the orientation of yTBP. It
is likely that productive orientation of the transcriptional
complex is aided further by other components of the preini-
tiation complex (or the holoenzyme itself), such as activators,
co-activators, and accessory factors. It is not clear what level
of incorrect polarity can be tolerated in the assembly of the
preinitiation complex at any particular promoter. To the extent
that correct polarity is required, however, it is likely to be

achieved in increments of favorable binding free energy pro-
vided by accretion of components that assemble in the tran-
scriptionally productive direction.
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