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ABSTRACT
In this report, we test the hypothesis that TBP binds
DNA promiscuously due to its manner of recognition
of the DNA minor groove. The experiment performed
was to select TBP-binding sequences from a pool of
random double stranded oligonucleotides. Sixty two
clones from this pool were sequenced. Surprisingly,
the results show that TBP has a marked preference for
stably binding one sequence (TATATAA) over all
others, yet only four classes of TATA box were
selected. The features of the selected sequences allow
definition of a binding consensus for TBP. The DNA
binding properties of TBP to the four TATA variants
was examined, the results being in accord with the
observed selection frequencies. However, the nature
of TBP - DNA binding is strongly affected by ionic
strength. We infer that recognition of DNA via the minor
groove can be highly selective even where A:T and T:A
discrimination is required. Models for how this might
be accomplished are discussed.

INTRODUCTION
Sequence-specific protein-DNA interactions have been viewed
as occurring by way of the major groove because of the extensive
differences in hydrogen bonding potential of individual base pairs
(1,2). The TATA binding protein, TBP, is an essential eukaryotic
transcription factor (3) that binds DNA through minor groove
interactions with DNA sequences resembling 5' TATAAAA 3'
(4,5). In accord with the apparently limited opportunity for
proteins to distinguish bases in the minor groove, TBP may be
able to functionally interact with numerous DNA sequences
(6-9).
TBP plays a pivotal role in the assembly of transcription

preinitiation complexes (3,10-12). Of the core factors, TBP
alone is able to specifically recognize and bind DNA. Although
its DNA binding specificity may be modified by TAFs in vivo
(see 13,14), TBP DNA binding specificity is relevant to the larger
question of whether minor groove interactions can accomplish
the specificity required of a DNA binding transcription factor.

In this report, we test the hypothesis that TBP binds DNA
promiscuously due to its manner of recognition of the DNA minor

groove. The experiment performed was to select and clone TBP-
binding sequences from a pool of random double stranded
oligonucleotides. Surprisingly, our results show that TBP has a
marked preference for stably binding the sequence (TATATAA)
over three other TATA-like sequences selected. Recognition of
DNA via the minor groove can therefore be highly selective even
where A:T and T:A discrimination is required.

MATERIALS AND METHODS
Preparation of TBP
Acanthamoeba TBP, expressed in E. coli (15), was purified to
-90% homogeneity by successive chromatography steps on
DEAE-cellulose, heparin-sepharose and mono-S FPLC. The
concentration of active TBP was determined essentially as
described elsewhere (16). All comparisons ofDNA binding were
made with the same batch of TBP.

Preparation of random, double strand DNA probes
An eighty four base oligonucleotide containing forty randomized
positions (Figure 1) was chemically synthesized using standard
procedures. To generate double strand DNA from the randomized
oligonucleotide, the 84 mer was annealed to a synthetic primer
(primer 2) followed by synthesis of the complementary strand
with the klenow fragment of DNA polymerase I under standard
conditions (17). Double stranded DNA was subsequently purified
from an 8% polyacrylamide gel. The sequences of primers and
the randomized template are shown in Figure 1. While it is
unlikely that the starting oligonucleotide pool contains every
possible sequence (440 sequences), by sequencing several clones
we found that no bases were over-represented at any position
within the randomized portion.

Selection of TBP DNA binding sites
Electrophoretic mobility shift (EMS) assays were performed by
binding TBP to the 84 mer in a buffer containing 20 mM Hepes
(pH7.9), 5mM MgCl2, 5mM DTT, 150mM KCI, 4tg
poly(dG-dC)/ml, 0.1% Triton and 10% glycerol.
Approximately 40 ng of the 84 bp duplex and 20 nmol TBP were
incubated in 20 ,ul at 300C for 30 minutes. Free and bound DNA
were separated on a 4% polyacrylamide gel in 0.5 xTGEM
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buffer. The gel was prerun at 4 °C for 1 h and run for 2 h at
200 V after loading. After autoradiography, the bound DNA was
cut out from the gel, electroeluted and used for subsequent cycles.

PCR amplification of selected DNA
PCR amplification of selected DNA was done by standard
procedures. Because of the internal degeneracy of the 84 bp
template DNA, which hinders correct re-annealing after PCR,
and the high affinity ofTBP for single stranded DNA, DNA was
denatured, annealed with the two primers and the DNA made
double stranded with Klenow fragment. The DNA was
subsequently treated with mung bean nuclease to remove any
remaining single stranded DNA. The amplified template was gel
purified and electroeluted. After six rounds of selection, DNA
was amplified and digested with XhoI and XbaI. Digested DNA
was then cloned into pBluescript and sequenced.

DNase 1 footprinting
Footprinting assays were performed essentially as described
previously (15), except that binding reactions were the same as
for selection as described above. Additions of competitor or other
variations are noted in the appropriate figure legends.

RESULTS
Selection of TBP binding sites from a random DNA
population
TBP binding sites were selected from an oligonucleotide pool
containing random, double stranded DNA sequences using
electrophoretic mobility separation of free and TBP-bound
oligonucleotides (18,19), as diagrammed in Figure 1. After each
round of selection, DNA that bound TBP was amplified by PCR
and the selection repeated. This process resulted in increasing
efficiency of TBP binding to DNA within the selected pool
through four or five rounds (Figure 1). In addition, an upper
band appears in the gel shift assay of selected sequences, due
to the presence of molecules that contain two TATA boxes. The
population of DNA molecules obtained after six rounds of
selection was sampled by cloning. Sixty two such clones were
sequenced, of which fifty four contain a single TATA box (Table
1).
The selected population contains just four classes of TATA

element (Table 1). The sequence TATATAA occurs in 35/54
clones sequenced, TATATATA, or longer runs of alternating
A/T, occur in 14/54 clones, TATAAATA occurs in 4/54 clones
and the TATA sequence found most commonly at natural
promoters-TATAAAA, only occurred once. No clones contain
C or G at any position within the TATA box. Although we have
classed alternating A/T as a single sort ofTATA element, because
these range in size from eight to twelve residues, the selection
of fourteen such clones may be biased, since these clones
essentially contain overlapping binding sites for TBP.

The TATA elements of selected clones bind TBP
We confirmed the identity of each of the four types of TATA
box by using DNase 1 footprinting, which shows that the TATA
region of each clone is responsible for TBP binding, not a cryptic
TATA sequence in the same clone (Figure 2). This analysis also
shows that in cases where two TATA boxes were obtained within
a single clone, both are functional, but differ in the extent of
protection afforded by TBP (Figure 2, lanes 9 and 10). Clones

Primner l 5'CAGCGCTCGAGCTCCGAA
XbaI

84mr Template 5'CAGCGCCaCTCCGAA- (N' 40-GTCCTCACTCTCTTCCCTCTAGACGA
Xho
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|TBP | election
-,,. Amplification | | Removal

Binding |-| by EMSA by PCR of sDNA

Repeat selection cycle

0 1 2 3 4 5Selection
cycle

.. w
:. I.' .. a. ..'. ^

6

*bound

-* free

Figure 1. Selection of TBP DNA binding sequences. General scheme for the
in vitro selection of TBP-binding sequences, showing the sequence of the
oligonucleotides used for in vitro selection of TBP binding sequences and
subsequent PCR. The results ofEMS assays ofTBP DNA-binding after selection
in each cycle are shown.

containing two TATA boxes were not scored in the frequency
analysis above.

Identification of preferred sequences adjacent to the TATA
element
Because the sequence TATATAA occurred in 35/54 clones
sequenced, we were able to determine, by aligning the
TATATAA sequences, whether any bases outside the A-T rich
region were preferentially selected (Table 2). This analysis shows
clearly that there are preferences for particular base pairs on either
side of the TATA box, suggesting that base pairs flanking the
TATA element per se, can have a measurable effect on TBP
binding. A consensus from the data of Table 2 is as follows:

5' A/G G A/G G/C T A T A T A A G G/C 3'.

The other classes of TATA element shown in table 1 also
display distinct preferences for certain bases outside the TATA
box, but because of the limited number of clones we have not
attempted to derive a consensus for each. We note that this
experiment is akin to the principle behind chemical interference
assays (4,5), but in the present case, we are discriminating among
naturally occuring bases.

K, measurements for TBP bound to different TATA
sequences
The over-representation ofTATATAA in our pool suggests that
TBP binds this sequence preferentially. Moreover, because of
the electrophoretic mobility shift method used for selection, the
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Table 1. TBP DNA binding sequences selected by EMS. Four classes of TATA
boxes were isolated by the selection procedure as shown. The sequences of all
clones are shown

GGGAG
GCAGG
TCGAC
CAGGC
AGGAC
AACAC
GCCTG
AACAC
GCCTG
CTAAG
GGGGG
ATGAC
GCGAG
TGGAA
GAGTG
CAGAC
GATAG
CCGAC
GAAGA
GGGGG
TAAGG
GAGGG
AAGAC
TCTAG
TGGCC
AAAGG
CAGGG
CAGAC
AGGGG
GTGTG
GGGAG
TTCAC
AACGC
CGCTA
AAGGA

Alternating AfT

36. CGAGC
37. GATGC
38. GTAGG
39. AAGAG
40. AACTG
41. TTCAC
42. AGTGG
43. GAAGA
44. AGTAC
45. TTTAC
46. GAGTC
47. GTCGG
48. GTTCT
49. GCTGG

TATAAATA

TATATAA
TAT AT AA
TATATAA
TAT AT AA
TATATAA
TATATAA
TAT AT AA
TATATAA
TATATAA
TAT AT AA
TATATAA
TAT AT AA
TATATAA
TATATAA
TATATAA
TAT AT AA
TAT AT AA
TATATAA
TATATAA
TATATAA
TATATAA
TAT AT AA
TATATAA
TATATAA
TATATAA
TAT AT AA
TAT AT AA
TATATAA
TATATAA
TATATAA
TATATAA
TATATAA
TATATAA
TATATAA
TATATAA

GCGCG
GTCAG
GCAAG
GGGTC
AGATC
GGAGC
GCCAG
GGAGC
GCCAG
GCCCA
GGCTT
GCATT
CATGT
GTAGG
GCACA
GGGGT
GTCCT
GCGTG
GGAGC
CGGTT
GCTCG
GGCGG
GGAGA
GGGAG
GGCTA
GGGGG
GGGCT
GGGGT
GCATG
ACCCA
ACCCT
GGTCT
GCATT
GGTAT
GGGAA

TATATATA
TATATATA
TATATATAT
TATATATATA
TATATATA
TATATATA
TATATATA
T AT A T AT AT A T
TATATATA
T A T A T A T A
T A T A T A T A
T A T A T A T A T A
TATATATATA
T A T A T A T A

50. GTGAG TATAAATA
51. CAGGG TATAAATA
52. CAGAG TATAAATA
53. TAGGG TATAAATA
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Figure 2. DNase 1 footprinting of selected TATA elements. Individual
representative clones were used in TBP DNase footprinting assays. The sequence
of each TATA element and the protected region(s) are indicated. A footprint assay
for a double-TATA box is also shown.

G GATT
C TT CT
G AA C G
C CAGA
CACAT
GTGTC
CTCGG
CGCTC
CTCTT
CTCTC
G C TAG
C C AG T
GTCCT
GGGAC

C GTC G
CTTCA
C TGAG
CTCCG

TATAAAA

54. AA G AG TA TA A AA GA GA G

result implies that TBP binds this sequence more stably than other
TATA-like sequences (20). In order to test this notion, we
determined the equilibrium binding constant of TBP bound to
TATATAA with that for TBP binding to the three other variants
of the TATA box. Keq for different types of TATA sequences
was estimated by DNase footprinting at varying concentrations
of TBP (Figure 3). The point at which 50% binding is observed
provides a value for Keq. This analysis was corrected for the
concentration of active TBP, and all values were determined at
least twice. Values for Keq obtained for the various TATA
variants are shown in Table 3. TBP has a higher affinity for the
sequence TATATAA (1.1 x 10-9M) as compared to
TATAAAA 3.7 x 10-9M), TATATATA (1.4 x 10-9M) and
TATAAATA (1.6 x 10-9M). Thus, the sequence TATATAA is
the most efficiently bound by TBP, and TATAAAA is the least
avidly bound.

Table 2. The frequency of occurrence of individual bases within clones containing
a TATATAA sequence are shown. The consensus deduced from these data is
also shown

-5 -4 -3 -2 -1 1 2 3 4 5 6 7 8 9 10 11 12

A 9 15 5 17 4 0 35 0 35 0 35 35 3 1 11 7 6

6 13 9 21 12 18 0 0 0 0 0 0 0 30 18 10 10 12

C 7 7 7 1 13 0 0 0 0 0 0 0 2 13 10 9 7

T 6 4 2 5 0 35035035 0 0 0 3 4 12 9

N a/g G A/6G /C T A T A T A A G G/C N N N

Stability of TBP-DNA complexes
We next determined the half life for TBP-DNA complexes at
various TATA boxes, in order to examine the possibility that
the values for keq reflect differences in stability of the
TBP-DNA complexes. In this case, excess unlabeled competitor
DNA was added to TBP-DNA complexes, and the fraction of
TBP remaining bound after various intervals was assessed by
footprinting (Figure 4). The relative stability of the various
complexes determined from this analysis is as follows:
TATATAA > TATATATA > TATAAATA > TATAAAA.
We infer that the stability ofTBP bound at these TATA elements
largely accounts for differences in ke,q as well as the selection
frequencies for each type.
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Table 3. Summary of keq and tl 2 values for TBP at cach TATA elemcnt. Note:
the value for TATATAA is from the data of figurc 5.

Sequence Frequency K,q (M) t'12
TATATAA 35/54 1.1 x lo-" 16 min.

TATATATA 14/54 1.4 x 10-9 14 min.

TATAAATA 4/54 1.6 x 10-9 12 min.

TATAAAA 1/54 3.7 x 10' 9 min.
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Figure 3. Keq measurements for TBP binding to selected sequences. DNase 1

footprinting analysis of TBP binding. Increasing amounts of TBP were incubated
with end-labeled DNA containing a TATA sequence as shown above each series
of experiments. Autoradiograms were scanned by densitometry, and the data
corrected for film response in order to determine the fractional occupancy of
binding sites at the various TBP concentrations. The values were plotted and used
to determine Kq for each type of TATA element. Keq is taken as the
concentration of active TBP required to give 50% binding.

TBP-DNA complexes are highly sensitive to the ionic
environment

The range of values of half lives shown here for TBP complexes
is substantially different from those reported for yeast TBP (20).
One reason for this discrepancy is that in the experiments here,
150 mM KCl was used for the selections and assays, because
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Figure 4. Measurement of the relative rates of dissociation of TBP from complexes
with selected TATA elements. To measure the half life ofTBP-DNA complexes,
TBP was incubated with probes for 30 minutes to form TBP-DNA complexes.
A large excess of cold TATAAAA containing oligonucleotide was then added
to bind free TBP. A portion of each reaction was withdrawn for DNase I
footprinting at the times indicated. Data were quantified and plotted to determine
the approximate half life of TBP at each element.

at lower concentrations we observe avid, non-specific binding
by TBP virtually everywhere within the footprinting probe
employed (see Figure 5, lane 7). Such binding is easily competed,
but implies a general and significant propensity of TBP to bind
DNA randomly at low salt concentrations. We therefore
determined the effect of salt concentration on the TBP dissociation
rate. Figure 5 shows results obtained at 150 mM KCl or 80 mM
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Figure5. Effect of salt on the dissociation rate of TBP-DNA complexes. DNase
1 footprinting of TBP complexes with the sequence TATATAA was used to
determiine the dissociation rate of TBP at 80 mM KC1 or 150 mM KCI, as

indicated. Quantification was performed as described in the legend to figure 3.

KCI. At the lower salt concentration, the value for t1/2 is 50
minutes. At 150 mM KCl this value is 16 minutes. It is therefore
plain that the ionic environment has a profound effect on the
nature of TBP-DNA interactions.

DISCUSSION
We have used an in vitro selection scheme to identify the DNA
sequences to which TBP can efficiently bind. Surprisingly, just
four TATA variants were isolated, one of which (TATATAA)
was sufficiently over-represented to determine a consensus for
optimum TBP binding. Taken together, our observations
demonstrate that, rather than binding DNA promiscuously, TBP
has distinct sequence preferences even within a group of A-T
rich sequences. We had anticipated obtaining a large number of
TBP-binding sequences, since there are sixty four possible seven
base pair sequences containing A and T (27/2). Moreover, some
sequences were expected to contain C residues at least one
position, since similar selection schemes or systematic
mutagenesis studies suggested that TBP can functionally interact
with many distinct DNA sequences to produce initiation
complexes (7-9) and many naturally occuring TATA boxes
contain the sequence CATAAA (21,22) It has also been directly
shown that TBP can bind non-consensus TATA boxes, albeit with
reduced affmnity as compared to binding to the sequence
TATAAAA (6). Because most previous studies did not measure
binding by TBP alone, it is possible that additional
protein-protein interactions can stabilize the TBP complex at
non-ideal sequences, for example those provided by interaction
with TAFs or other general initiation factors. Indeed, we have
found that human TFIIB improves the binding by TBP under
conditions where TBP is otherwise limiting (J.-M.W. and E.B.,
unpublished data). Moreover, in cases where a promoter lacks
a TATA box, TFIID is still required for transcription initiation
to occur ( see 13, 14). This result taken together with those
mentioned above (7-9) strongly suggest that the avidity ofTBP
binding to a TATA box is not the sole determinant for
transcription efficiency. We have tested the ability of all four
types of TATA box to support transcription in vitro. While all
are functional, there is no obvious connection between TBP
binding avidity and transcription efficiency or direction (J.-M.W.
and E.B., submitted).
Another explanation for why so few TATA variants were

isolated might be that, in this study, we used Acanthamoeba TBP,
which may have a different DNA binding specificity from yeast
or human TBP. However, we consider this unlikely because of
the extensive (>80%) amino acid identity in the carboxyl
terminus 180 amino acids (15,23). The simplest explanation for
our results is that TBP recognizes DNA in a highly selective
manner. This result was also unexpected because the hydrogen
bonding potential within the minor groove of all the selected
sequences are virtually identical, as illustrated in figure 6a, which
shows superimposed A:T and T:A base pairs [a presentation first
used for A:U and U:A base pairs (1)]. For example, the position
of thymidine 02 in an A:T base pair is within 0.4 Angstroms
of N3 of adenine in a T:A base pair when the structures are
superimposed. Comparison of the Van der Waals radii of these
base pairs (Figure 6b) reveals a somewhat different picture. As
for the superimposed stick figures, the overall minor groove
surface for an A:T base pair is very similar to that of a T:A base
pair, with the important exception that there is a pocket between
the thymidine 02 and adenine 2H position. This pocket is located
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T A
A T

Minor Groove A:T/(T:A)

Figure 6. Minor groove structures of A:T and T:A base pairs. a An A:T base pair is shown superimposed on a T:A base pair. b. Comparison of the Van der
Waals surface of A:T and T:A base pairs. The arrows indicate a cleft that occupies a distinct position with respect to the DNA backbone, when A:T and T:A base
pairs are compared. Both representations were produced in Insight II (Biosym Corp., San Diego, CA) as a canonical B DNA base pair.

in a distinct position, displaced by roughly 2 Angstroms relative
to the sugar-phosphate backbone, when A:T and T:A base pairs
are compared. This difference might contribute to the non-

equivalence ofA:T and T:A in their recognition by TBP, at least
at some positions within the TATA box.
The consensus sequence identified here: 5' A/G G A/G G/C

TATATAA G G/C 3'; demonstrates that bases outside of the
TATA element proper, can have a measurable influence on TBP
binding (Table 2). This result is wholly consistent with those
obtained by chemical interference studies (4,5), which showed
enhanced binding by TBP to DNA methylated by dimethyl sulfate
at the N7 position of a G residue at position -3 relative to the
TATA box. In the present study, we observe a preference for
G at -3 as well as other bases outside of the TATA box.
The crystal structure of a complex between TBP and DNA

has recently been determined (24-26), and this structure explains
some of the observations made here. In particular, the selection
of a G residue at the 3' end of the TATA consensus given above.
In this case, the A-G step interacts with phenylalanine residues,
that pry the bases apart, inducing a kink (25,26). It is thus possible
that the A-G step is most favorable both for the interaction with
phenylalanine and its ability to deform. An identical argument
can be made for the selection of TAT as the first three residues
in all cases, since the T-A step also interacts with kink-inducing
phenylalanine residues, and the third T interacts closely and
assymetrically with the protein. Interestingly, some of these
interactions are in the vicinity of the surface pocket in A:T base
pairs noted above. However, it remains unclear why a G residue
at -3 relative to the TATA box was found in the majority of
selected sequences, since the crystal structure does not show
interactions in this region. We note however, that the oligos used
for crystallization extend only to -1 or -2 of the TATA box

(5'GTATATAAAACGGT 3' or 5'GCTATAAAAGGGCA3').
Similarly, it is unclear why the sequence TATATAA is a better
binder than TATAAAA, since both make favorable, apparently
similar contacts in the crystal structure.
The structure of A:T rich DNA has been determined,

demonstrating that A:T and T:A base pairs in consecutive
positions can impart particular geometric constraints on the
structure of DNA as compared to random DNA (27,28). The
TATA element, TATAAAA, may be the most rigid of those
selected by our scheme, because of an expected effect of the four
consecutive adenines, and the more avidly bound sequences
TATATAA and TATATATA may be the most flexible. It is also
possible that differences in the hydration patterns of different
TATA sequences could contribute to binding avidity, since water
is excluded from the contact region between TBP and DNA
(24-26). However, since the stability of bound complexes
appears to account for the overall variation in kq values, we do
not think this likely.

It thus seems feasible to suggest that TBP binding specificity
and the stability of the complex is dictated by particular direct
interactions with chemical groups of the DNA minor groove,
but that these contacts are optimized by the ability of a given
sequence to adopt a particular structure. In the present case the
sequence TATATAA may be the closest to an optimum
configuration, but this configuration can be modified by adjacent
bases on either side of the TATA box. This latter interpretation
is made appealing by the observation that TBP induces a drastic
bend and unwinding of the TATA box upon binding
(25,26,29,30).
Such a hypothetical situation is not unlike that of 434, CAP

and other repressors (31,32), where bases that do not make direct
contact nonetheless influence protein-DNA interactions overall.
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Such observations have led Crothers and co-workers to propose
that certain dinucleotide pairs, particularly A-T steps, have a
tendency to bend toward the minor groove, wheras others, such
as G-C steps, bend in toward the major groove (32). This
suggestion would explain the selection of Gs outside the TATA
box, which are centered ten bases, or one DNA helical turn apart.
Thus the sequence TATATAA could bend around TBP with the
minor groove closest to the protein, and the flanking sequences
with the major groove closest to the protein surface. However
this model is not consistent with the evidence obtained by
crystallography (25,26).
The values for k,,q, obtained here, are in general agreement

with the relative values one might predict based upon the
fiequency of the sequences obtained by selection, and are in good
general agreement with those obtained previously for different
TATA elements complexed with yeast TBP (16). Because of the
different conditions used here, it is difficult to directly compare
these values, but we note a marked effect of ionic strength on
the stability of TBP-DNA interactions and on the affinity of
TBP for non-specific DNA. These observations are consistent
with the observed deleterious effects ofDNA phosphate ethylation
on TBP binding (4,5), since electrostatic interactions are expected
to be decreased at higher ionic strength. It seems probable that
the weaker non-specific complexes observed at low salt are due
solely to electrostatic interactions, wheras the specific complex,
or that favored at high salt, is stabilized by the extensive
hydrophobic interactions between the surface of TBP and DNA
(25,26). One prediction of this observation is that the TBP
complex should be salt-resistant, as described for the complex
between TFIB and DNA (33). In fact we have observed TBP
binding at KCl concentrations as high as 400 mM (J.-M.W and
E.B., unpublished data).

In conclusion, TBP binds DNA with a significant ability to
discriminate among A:T and T:A base pairs by interactions with
the DNA minor groove. Plainly, some feature other dtan the mere
presence of A:T base pairs determines the DNA binding
specificity of TBP. As noted in the foregoing, it seems possible
that specificity is determined by the combined effects of overall
geometry, rigidity and by influences of flanking DNA sequence,
in addition to specific recognition by TBP of chemical groups
within the minor groove. It seems quite feasible to anticipate that
other proteins, such as IHF (34,35), which also specifically
recognize DNA bases in the minor groove will share this
property.
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