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Binding characteristics of yeast TATA-binding protein (yTBP) over five oligomers having different TATA 
variants and lacking a UASGAL, showed that TATA-binding protein (TBP)-TATA complex gets stabilized in the 
presence of the acidic activator GAL4-VP16. Activator also greatly suppressed the non-specific TBP-DNA 
complex formation. The effects were more pronounced over weaker TATA boxes. Activator also reduced the 
TBP dimer levels both in vitro and in vivo, suggesting the dimer may be a direct target of transcriptional 
activators. The transcriptional activator facilitated the dimer to monomer transition and activated monomers 
further to help TBP bind even the weaker TATA boxes stably. The overall stimulatory effect of the GAL4-VP16 
on the TBP-TATA complex formation resembles the known effects of removal of the N-terminus of TBP on its 
activity, suggesting that the activator directly targets the N-terminus of TBP and facilitates its binding to the 
TATA box. 

[Mishra A K, Vanathi P and Bhargava P 2003 The transcriptional activator GAL4-VP16 regulates the intra-molecular interactions of the 
TATA-binding protein; J. Biosci. 28 423–436] 

1. Introduction 

Promoter recognition and nucleation of the pre-initiation 
complex assembly for RNA polymerase II (pol II) is car-
ried out by the central factor of the eukaryotic transcrip-
tion (Greenblatt 1991; Roeder 1996), the TATA-binding 
protein (TBP). Although some promoter binding comp-
lexes lacking TBP (Weiczorek et al 1998; Bell and Tora 
1999; Berk 2000) have been identified; TBP is the com-
mon transcription initiation factor for TATA-containing 
as well as TATA-less promoters of all three gene classes 
(Pugh and Tjian 1992; Sharp 1992; Hernandez 1993; 
Rigby 1993). Variation in the sequence of the TATA boxes 
can be found in naturally occurring promoters but the 
yeast TBP (yTBP) was shown to bind both consensus  
and non-consensus TATA elements (Hahn et al 1989). 
Recruitment of TBP to establish a stable TBP-DNA  
complex is the major rate limiting step for transcription 
process in vitro as well as in vivo (Chatterjee and Struhl 

1995; Klages and Strubin 1995; Blair and Cullen 1997; 
Majello et al 1998; Kuras and Struhl 1999). The TBP-
TATA complex needs to be stabilized through the help of 
additional factors (Lee et al 1992; Imbalzano et al 1994) 
and the requirement for help may be more if the TATA 
box itself is of a poor consensus. 
 Most eukaryotic genes are regulated and their expres-
sion generally needs induction through activation or anti-
repression mechanisms. Transcriptional activators act on 
several steps of transcription, proposing several targets  
of activators in the multi-component transcription pre-
initiation complex (PIC). However, the exact mechanistic 
details of activation are still not completely understood. 
Eukaryotic activators alleviate chromatin repression to 
increase rate of overall transcription (Workman et al 
1991; Croston et al 1992; Pazin et al 1994; Tsukiyama  
et al 1994), or facilitate the assembly of pre-initiation 
complex qualitatively or quantitatively (Horikoshi et al 
1988; Lin and Green 1991). Activator is shown to facilitate 
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the recruitment and delivery of TBP on to the promoter,  
a step shown to be rate-limiting for transcription initi-
ation. Yeast activator GAL4 (and its fusion derivative 
GAL4-VP16) is one of the most-studied activator. It has 
an acidic activation domain. Acidic activators, like 
GAL4, work at steps after TBP-TATA binding and require 
the presence of their binding site to exert their action 
(White et al 1992). Thus, activators may help either recruit 
or stabilize more than one component of the initiation 
complex (White et al 1992; Choy and Green 1993; Li  
et al 1999). Several studies have described TBP, TFIIB, 
TAFs (TBP-associated factors), carboxy-terminal domain 
(CTD) of pol II as targets of activators (Burley and Roeder 
1996). However, other studies (both in vivo as well as  
in vitro) have shown that it is TBP, and not TFIIB, which 
is the actual direct target of the activator (Stringer et al 
1990; Melcher and Johnston 1995; Shen et al 1996a). 
TAFs were not found essential for growth in yeast mutants 
lacking them, suggesting that TBP alone may be enough 
for activated expression (Reese et al 1994; Walker et al 
1996). Direct recruitment of TBP could bypass activator 
requirement but pol II was required for activation of  
the target genes (Kuras and Struhl 1999; Li et al 1999). 
These studies suggest that TBP recruitment is a rate limit-
ing process and activator works at this step or a step prior 
to this. 
 Crystal structure of the TATA-binding protein has 
shown that the conserved C-terminal domain of the protein 
is saddle-shaped, and its concave side is the DNA bind-
ing surface of the protein (Nikolov et al 1992; Chasman 
et al 1993; Nikolov et al 1996). TBP crystallizes as dimers. 
Dimerization shows protein concentration dependence, as 
well as ionic strength dependence (Coleman et al 1995, 
1999; Coleman and Pugh 1997). The observed differences 
due to the above mentioned parameters have led to refut-
ing the possibility of dimerization in vitro as well as in 
vivo (Daugherty et al 1999, 2000; Campbell et al 2000). 
Our studies, have suggested that yeast TBP is predomi-
nantly monomeric, and only a small population of it 
dimerizes in vivo (Vanathi et al 2003). 
 Strength of the promoter has been related to the TATA 
box sequence, but a gene with a non-consensus TATA 
box can also be expressed efficiently in vivo. One of the 
possible regulatory mechanisms of gene expression could 
be through the differential action of the transcriptional  
activators over the TBP-TATA interaction for TATA 
variants. Most of the recent literature supports this possi-
bility. An up-mutant of yTBP, which selectively promo-
ted transcription from several weak or basal promoters 
did not affect transcription from strong promoters  
(Blair and Cullen 1997). This was an indication that TBP 
interacted with strong and weak promoters differently. 
Furthermore, these differences were reflected as activator 
effects. Response of different activators to overexpres-

sion of TBP was also different (Sadovsky et al 1995), 
while similar TATA elements showed very different  
levels of transcriptional activation by GAL4 in vivo 
(Wobbe and Struhl 1990). 
 The studies made in the past to decipher the mechanism 
of action of a transcription activator have proposed acti-
vator action at a step after TBP-TATA complex formation. 
Another mechanism suggesting a co-oprerative mode of 
binding by TBP and GAL4 also could not be proven right 
(Xie et al 2000a). We studied the possibility of activator 
functioning at steps prior to TBP-TATA complex forma-
tion, especially its action over TBP dimers. Gel shift ana-
lysis is a well-established technique to assay the activity 
of TBP (Horikoshi et al 1990). It has been used for deter-
mination of dissociation constant for TBP-TATA binding 
(Hoopes et al 1992). We used the same technique to mea-
sure the binding parameters of different TBP-promoter 
complexes to ascertain the mode of action of activators. 
We conclude that activator acts at two steps to improve 
the TBP-TATA complex formation – especially for the 
weaker TATA boxes – and that TBP dimer levels show 
response to GAL4 concentrations in vitro and in vivo. 

2. Materials and methods 

2.1 Protein purification 

Full length yeast TBP with C-terminal 6Xhis tag was 
purified as described before (Vanathi et al 2003). A gel 
shift assay, used to estimate the percent active TBP mole-
cules by titrating excess of DNA over a fixed amount of 
TBP (Hendrickson and Schleif 1984), gave around 18–
20% active molecules in our different TBP preparations. 
All TBP amounts given are the total TBP concentrations 
but for calculating the activity parameters, the active mole-
cule concentration was used. 
 The plasmid pJL2 (a gift from M Ptashne, USA) was 
used with XA90 strain of Escherichia coli, for over-
expression and purification of the recombinant GAL4-
VP16, according to Chasman et al (1989). Whenever used 
with TBP, a 1⋅5-fold molar excess of GAL4-VP16 was 
incubated for 30 min with TBP at room temperature. 

2.2 DNA templates 

All gel shift assays were carried out with two kinds of 
PCR amplified, radiolabelled, short oligomers, having a 
centrally placed TATA box with or without GAL4 bind-
ing sites upstream to it. The fragments were radiolabelled 
by including α-[32P]-dATP in PCR itself, and gel puri-
fied. The DNA obtained finally was quantified by read-
ing absorbance at 260 nm. 
 DNA templates having 1–5 GAL4 binding sites imme-
diately upstream of an E4 promoter were amplified from 
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the plasmids pG(1–5)E4T (kind gifts from J Kadonaga, 
USA). A 75 bp long fragment having a centrally placed 
TATA box of Adenoviral major late promoter was PCR 
amplified from the plasmid pMLU112 (gift from K P 
Kumar, USA). This TATA box was mutated to four dif-
ferent sequences by replacing a 40 residue long stretch in 
pMLU112 with synthetic oligomers of same sequence but 
different TATA boxes. The DNA fragments having muta-
ted TATA boxes were PCR amplified as a 110 bp stretch 
having the TATA box in the centre. The G-C rich sequence 
of DNA flanking the TATA box in all of them was same 
as given below CCGGGTGTTCCTGAAGGGGGGCTA-
TAAAAGGGGGTGGGGGATCCTCGAG (TATA box is 
shown in bold). 
 The different TATA boxes thus made were of different 
strengths and had following sequences: 
 
(i) TATAAAA (AdMLP): TATA box, as found in the 
Adenoviral major late promoter. Natural context of this 
box is very G-C rich and TBP shows high affinity for this 
box (Hahn et al 1989; Perez-Howard et al 1995). 
(ii) TATAAAT (U6): as in SNR6 (U6 snRNA) gene of 
yeast. 
(iii) TATATAT (E4): as in E4 promoter of Adenovirus. 
A TATA box of related sequence TATATAA was classi-
fied as strong before (Hahn et al 1989; Petri et al 1995; 
Hoopes et al 1998). 
(iv) TAAATAT (U6 reverse): yeast SNR6 TATA box in 
reverse orientation. 
(v) TAAAAAA (TA6): Attempts to obtain co-crystal of 
TBP with TA6 bearing oligonucleotide were reported to 
be unsuccessful (Patikoglou et al 1990). 
 
Names of these boxes were abbreviated as given within 
parentheses. Based on the information available in litera-
ture, the former three sequences were selected as repre-
sentatives of strong and the latter two as that of weaker 
TATA boxes. 

2.3 Gel mobility shift assays 

A constant amount (100 fmol) of DNA was titrated with 
varying TBP amounts in the presence of 5 mM MgCl2 
and 0⋅1 M NaCl at 30°C for 1 h, under the binding condi-
tions given before (Vanathi et al 2003) and the complex 
was loaded on a 5–6% polyacrylamide gel. The loaded 
samples were run for exactly 1 h, the gel was dried and 
exposed for autoradiography or quantitation in a Fuji 
PhosphorImager. The band intensities were estimated 
using the programImage Gauge for Apple Macintosh com-
puter. Life-time of complexes in the gel were estimated 
according to Hoopes et al (1992) and complex amounts 
were corrected for gel dissociation. Final data was used 
for calculation of the equilibrium dissociation constant as 
described before (Bhargava and Chatterji 1989). 

2.4 Footprinting analysis 

For footprinting analysis of the TBP-TATA complexes, 
restriction enzyme digested plasmids having 460 bp size 
DNAs carrying different TATA boxes were used. DNA 
(3 nM) was incubated with 72 nM or 144 nM TBP (4- or 
8-fold molar excess of active TBP) or a 1 : 1⋅5 TBP : 
GAL4-VP16 mix as given above and digested with 2 ng 
DNaseI in 25 µl volume for 1 min each at 25°C. Dige-
stion products were visualized on a 6% sequencing gel by 
primer extension analysis using end-labelled primers. 
The gel was analysed by PhosphorImager quantiation, 
and fraction protected was calculated after normalization 
of lane differences. 

2.5 Chemical cross-linking 

TBP was cross-linked in vitro as described before (Vanathi 
et al 2003). The cross-linked products, resolved by SDS-
PAGE, were visualized either by silver staining or Western 
blotting using a polyclonal anti-TBP antibody. Radio-
labelled TBP (Vanathi et al 2003) was used for cross-
linking at low concentrations and products on the dried gels 
were either autoradiographed or quantitated using Fuji 
PhosphorImager. 
 In vivo oligomerization of TBP in yeast was followed 
as described before (Vanathi et al 2003), and the bands 
on the Western blot were quantitated by PhosphorImag-
ing. Equal number of cells from the culture of the strains 
BJ926 (a protease deficient, normal strain) and YJJ160  
(a GAL4 overproducing strain) (Parthun and Jaehning 
1990), both grown in enriched medium, were used. BJ926 
and YJJ160 were gifts from G Kassavetis (USA) and  
J Jaehning (USA) respectively. 

3. Results 

TBP shows a low sequence specificity in DNA binding 
(Wong and Bateman 1994). We followed the binding of 
yTBP to both weak and strong TATA boxes under identi-
cal conditions in the absence and the presence of the acti-
vator, GAL4-VP16. A TBP-DNA titration in the presence 
of GAL4 bound upstream to a TATA box; would show 
the effect of DNA-bound activator on binding of free 
TBP to TATA box. However, effect of GAL4 in the  
absence of its own binding site (UASGAL) is likely to  
be due to its interaction with free TBP, thus making it 
possible to analyse a direct interaction of the two pro-
teins. We used gel shift assays for TBP-TATA binding in 
the absence of UASGAL also. 

3.1 Effect of GAL4-VP16 on TBP-TATA interaction 

The twin panels in figure 1A show a comparative account 
of DNA binding activity of TBP with five different TATA 
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box sequences (in the naturally occurring G-C rich con-
text of the Adenovirus major late promoter) in the absence 
and presence of GAL4-VP16, at two different TBP : 
DNA ratios. In every case, two complexes were seen. 
Complex 1 is presumably the proper, specific TBP-TATA 
complex. Complex 2, which stays close to the wells, may 
be a non-specific complex having more than one TBP 
molecule bound to one probe molecule (Hoopes et al 
1992). In the absence of GAL4-VP16, at 1⋅5-fold molar 
excess of TBP over DNA, very little complex 1 was seen 
in the gel; but at 7⋅5-fold molar excess, only complex 2 
was seen. In the presence of GAL4-VP16, for all the five 
TATA boxes very little of complex 2 was seen, suggest-
ing that an activator could be involved in the regulation 
of promoter binding by TBP even in the absence of its 
own binding site. At low molar excess of TBP over 
DNA, complex 1 formation was less for all, except TA6 
for which along with the suppression of complex 2, the 
activator improved the complex 1 formation. However, at 
higher molar excess of TBP, for all five of them, not only 
the complex 2 was suppressed (figure 1C) but the specific 
complex formation was also very much enhanced (figure 

1B). Thus, when saturation level of TBP is present, acti-
vator ensures that a full occupancy for TATA box is achie-
ved, suggesting that free GAL4-VP16 molecules interact 
directly with free TBP molecules to improve their recruit-
ment over TATA box. 
 

3.2 GAL4-VP16 helps the weaker TATA box 

To follow the effect of this interaction on TBP activity in 
solution, we also used DNaseI digestions to see the foot-
print of the TBP on all the five TATA variants in the  
absence and presence of GAL4-VP16. The differential 
effect of GAL4-VP16 at different TBP levels was more 
evident this way. At low TBP levels, clear footprint over 
reportedly weaker TATA boxes (TA6 and reverse U6) 
could not be seen (figure 2A, lanes with only TBP). How-
ever, quantitation and normalization of lane differences 
showed the best protection over the TATATAT (E4) box, 
reported before to be a stronger one (Petri et al 1995; 
Hoopes et al 1998). Similar to the results in gel shift  
assay, GAL4-VP16 was found to be somewhat inhibitory 

 
Figure 1. GAL4 enhances the TBP-TATA interaction. Five different TATA box 
sequences in an Adenovirus major late promoter context were complexed with two 
different molar excess of either TBP or a 1 : 1⋅5 (molar stoichiometry) TBP : 
GAL4-VP16 mix. Fraction bound was calculated after correction of complex 
amount for dissociation in gel. fTBP or fTBP + GAL4 represent fraction bound in 
the presence of their respective proteins. (A) Gel shift assay showing complex 
formation in the absence (upper panel) and presence (lower panel) of GAL4-VP16. 
Given fold shows molar excess of TBP (active molecules) over DNA. (B) Bar 
diagram of quantitation result for complex 1 at 1 : 7⋅5 DNA : TBP molar ratio. (C) 
Bar diagram of quantitation result for complex 2 at 1 : 7⋅5 DNA : TBP molar ratio. 
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for all of them except TA6 box (not shown). At higher 
TBP levels, while stronger TATA boxes were not affec-
ted, a better complex formation due to GAL4-VP16 for 
the weaker TATA boxes (TA6 and reverse U6) was seen, 
giving an increase in protection in the presence of GAL4-
VP16 (figure 2B,C). TBP has been shown to bind trans-
criptionally inactive TA5 sequence previously (Bernues  
et al 1996). We could see the TBP footprint over TA6 
box in solution, but the complex in the gel could be seen 
only in the presence of GAL4-VP16 (figure 1A). This 
suggests that the TBP-DNA complex of weaker TATA 
boxes may be very short-lived in solution in the absence 
of any stabilizing factors and the enhanced protection in 
solution in the presence of GAL4-VP16, could be due to 
an improved complex formation. 

3.3 GAL4-VP16 stabilizes the TBP-TATA complex 

GAL4 has been reported to change the interaction of TBP 
over the AdMLP TATA box having adjacent GAL4 bind-

ing sites (Horikoshi et al 1988). The observed effects of 
GAL4 on TBP activity seen above may be a result of its 
effect on some of kinetic parameters of TBP-DNA bind-
ing, affecting the affinity of yeast TBP and/or its strength 
towards binding to different TATA boxes. TBP-TATA 
complex shows salt sensitivity (Petri et al 1995) and salt 
dependence of both AdMLP and E4 promoters was shown 
to be similar before (Petri et al 1998). Therefore, to make 
comparisons easier, we followed TBP binding with all 
TATA variants at one concentration of 100 mM NaCl 
which is the salt used even in dimer cross-linking experi-
ments described below. 
 TBP-TATA complex is known to dissociate in the gel 
(Hoopes et al 1992). Complexes with all five TATA 
boxes used in experiments 1 and 2 also dissociated to vary-
ing degrees in the gel. However, gel assays similar to the 
one in figure 3A showed that GAL4-VP16 stabilized them. 
In a typical gel (figure 3A), where a TBP-TATA complex 
at saturation level was electrophoresed for different 
times, most of the complex dissociated after 3 h of gel 

 
Figure 2. GAL4-VP16 helps a weak TATA box. DNaseI footprinting analysis of 
TBP-TATA complex formation in solution. Position of TATA boxes in each set of 
reactions is marked with a vertical line on left sides of each set. GATC represents 
the Maxam-Gilbert sequencing reaction using the same primer. (A) TBP was pre-
sent at 4-fold molar excess. (B) Complex formation with only two of weaker 
TATA boxes at 8-fold molar excess of TBP is shown. (C) Results of the quantita-
tion of the gel in (B). Fold increase represents the ratio of fraction protected in the 
presence of GAL4-VP16 to that in the absence of GAL4-VP16. 
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run while very little free DNA could be generated in the 
presence of the activator. A measurement of the half-life 
time using the data from these gels showed several fold 
stabilization of these complexes in the presence of GAL4- 
VP16 (table 1). Thus the complex with weak TATA boxes, 
reverse U6 and TA6, could be seen in the gel because of 
its stabilization only in the presence of GAL4-VP16. 
 We also used a large number of gel shift assays to 
study the effect of the activator on binding properties of 
TBP with different TATA boxes. Figure 3B shows one of 
the typical gel shift assays used for the purpose. In this 
gel, where a 110 bp DNA carrying an E4 promoter 
TATA box and one UASGAL immediately upstream to it 
was used as template, a titration of the GAL4-VP16-DNA 
complex by increasing TBP amounts (lower panel) was 
observed. Complex formation was followed under a con-

dition when all the DNA molecules were having their 
UASGAL occupied by the GAL4-VP16. It is evident that 
the complex 2 was suppressed giving more of specific 
complex in the presence of the activator. This was seen in 
every assay, with or without a UASGAL present on the 
template. In the presence of its binding site, GAL4-VP16 
increased the affinity of TBP and the stability of the 
complex on an E4 promoter at least two-fold; the number 
of sites made little difference (table 1). The TATA box 
sequence of this promoter is same as one of the TATA 
variants without UASGAL used here, the TATATAT (E4) 
sequence; but they behaved slightly different towards 
TBP. Binding of TBP to E4 TATA without UASGAL is 
slightly inhibited and GAL 4 does not appear to change 
the gel stability of the complex. Since flanking sequences 
of a TATA box have been shown to affect the TBP-

 
Figure 3. Effect of GAL4-VP16 on binding activity of TBP. Two typical gels 
used for calculation of the half-life time or the binding constant for the TBP-
TATA complex. (A) TBP-TATA complex dissociates in the gel and gets stabilized 
by GAL4-VP16. 100 fmol of G1E4T DNA was complexed with 2⋅74 pmol TBP 
(saturating amount for this DNA) without or with 3⋅6 pmol of GAL4-VP16. Bind-
ing was started at different time points, allowed to proceed for same time and 
loaded at different times on the gel to get different run times. In lane F, free DNA 
was run for longest period as control, to mark its position in the gel after 3 h of gel 
run. (B) A typical gel mobility shift assay for TBP-TATA complex formation over 
an E4 promoter with one UASGAL immediately upstream to the TATA box. In 
panel (b) UASGAL was saturated by 3⋅6 pmol of GAL4-VP16 before titration with 
TBP. 
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TATA complex formation, the observed difference can 
be related to the different sequence contexts of both 
TATA boxes. 
 As depicted in table 1, in the absence of a GAL4 bind-
ing site, the activator did not alter the affinity of the TBP 
to stronger TATA boxes. However, stability of the com-
plex for U6 increased two-fold and decreased a little for 
AdMLP and E4. The values for apparent equilibrium dis-
sociation constants were within the range of reported 
values (Hahn et al 1989; Perez-Howard et al 1995) but 
towards the higher side, probably due to the measure-
ments at 100 mM NaCl. Kd value for the weaker TATA 
boxes could not be estimated since their complexes could 
not be seen in the gel in the absence of the activator. 
However, in the presence of GAL4-VP16, a low affinity 
complex for both the boxes could be seen and titrated to 
give an apparent Kd of 32–33 nM. Thus, these results 
show that GAL4-VP16 stabilizes the TBP-TATA complex 
in the gel in every case, but the effect is less pronounced 
for the stronger TATA boxes, implying that GAL4 has 
different effect on interaction of TBP with different 
TATA boxes. The results are also in agreement to a pre-
vious report that GAL4 does not affect the affinity or rate 
of TBP-TATA interaction (White et al 1992). 
 

3.4 TBP dimer dissociation and GAL4-VP16 

Both human and yeast TBP were shown to dimerize in 
solution and dissociate in the presence of DNA in a TATA 
specific manner (Coleman et al 1995, 1999; Coleman and 
Pugh 1997). It is possible that dimers quickly dissociate 
in the presence of strong TATA box whereas weaker 
TATA boxes can not induce enough dimer dissociation 
and need additional help from activators. We explored 

the effect of GAL4-VP16 on TBP dimers in the presence 
of the TATA box at the low level of TBP used in gel shift 
assays by using TBP radiolabelled at its N-terminal 
kinase tag in a cross-linking reaction (figure 4). Measura-
ble dissociation in a TATA-specific manner was seen  
at low TBP levels in the presence of AdMLP promoter 
(figure 4A). A quantitation and calculation of dimer 
amounts taking care of lane differences showed that the 
small population of dimer at this TBP level goes well 
above normal in the presence of excess poly(dG-dC) 
(figure 4B). This may be the reason that even in the pre-
sence of TATA box, the dimer level did not come down 
appreciably, since the context of the TATA box in the 
AdMLP DNA is very G-C rich). Assuming poly(dG-dC) 
to be a representative of the bulk of non-TATA, non-spe-
cific DNA as found in vivo, the dimer level in the  presence 
of poly(dG-dC) was taken as basal. Thus, the TATA box 
at even half or equal molar ratio could bring the basal 
dimer level down, in contrast to the reported requirement 
of 250-fold molar excess of DNA to see the effect (Cole-
man et al 1999). This basal level reduced further in the 
presence of still higher molar excess of the TATA box. 
 The presence of GAL4-VP16 at equimolar ratio to TBP 
apparently gave more TBP dimer (figure 4A) which 
showed decrease with increasing DNA. Similar results 
were obtained when TBP was cross-linked in the presence 
of equimolar amounts of all five TATA boxes (figure 
4C). Here again, a quantitation of the gel (not shown) 
showed that the loss of dimer is in proportion to the  
strength of the TATA box, highest in the presence of 
AdMLP and negligible in the presence of TA6 (compare 
the lanes without GAL4-VP16 in figure 4C). In the pre-
sence of GAL4-VP16, the dimer level was higher com-
pared to that in its absence. The apparently higher dimer 
level in the presence of GAL4-VP16 (lane 4, figure 4D) 

Table 1. Effect of GAL4-VP16 on binding characteristics of yTBP to DNA. 
      
 Equilibrium dissociation constant (nM) Half-life time in gel (min) 
          
TATA variant – GAL4-VP16 + GAL4-VP16 – GAL4-VP16 + GAL4-VP16 
          
(a) No UASGAL     
 TATAAAA (AdMLP)  3⋅38 ± 0⋅26  3⋅75 ± 1⋅75 65⋅6 ± 5⋅8 58⋅2 ± 1⋅2 
 TATAAAT (U6snRNA)  8⋅98 ± 0⋅32  9⋅75 ± 0⋅75 38⋅5 ± 7⋅7 88⋅2 ± 7⋅6 
 TATATAT (E4) 17⋅6 ± 6⋅4 21.0 ± 2⋅6 74⋅1 ± 1⋅9 65⋅0 
 TAAATAT (U6 reverse) –  32⋅33 ± 4⋅03 – 335⋅9 ± 35⋅3 
 TAAAAAA (weakest)  – 33⋅1 ± 6⋅9 – 178⋅1 ± 38⋅9 

     
(b) With UASGAL     
 One site  7⋅1 ± 0⋅9  8⋅4 ± 0⋅1 86⋅0 ± 6⋅9 144⋅5 ± 2⋅8 
 Two sites 13⋅0 ± 1⋅0  4⋅3 ± 1⋅8 67⋅0 ± 3⋅5 187⋅3 ± 15⋅5 
 Five sites 11⋅6 2⋅7  ND  ND 
          
Each value represents mean ± SD of results from three or more gel shift assays as given in the text. TATA boxes 
under (b) were from E4 promoter with one, two or five GAL4 binding sites upstream. ND, Not determined. 
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reduced when TATA box in a non-G-C rich context was 
present (cf. lane 3, figure 4D). However, if the TATA box 
level was kept constant and G-C rich UASGAL was pre-
sent, the dimer level did not come down appreciably irres-
pective of number of GAL4 binding sites (figure 4D). 
Thus, it appeared that at low TBP (and GAL4-VP16) 
level dimer amount increased in the presence of the acti-
vator. However, it was interesting to note that while  
excess of G-C rich DNA could increase dimer level to 
~ 20% even with low TBP; if TATA box is included in 
the sequence, dimer levels can come down to 10% or less. 
 

3.5 TBP dimers and TBP-TATA binding 

TBP dimerization shows concentration dependence. At low 
TBP levels, dimers are not present in significant amounts. 
To ensure that the dimer-monomer ratio remains the same 
after dilution, TBP at 10-fold higher than normal concen-
trations in gel shift assays was first cross-linked and then 

diluted to the low levels required. When an aliquot of this 
cross-linked TBP was diluted and used in gel shift assay 
(figure 5A), no complex could be obtained even at four-
fold molar excess of total TBP. At 3⋅25 µM concentra-
tion, more than 50% TBP could be cross-linked into dimers 
(not shown). Therefore, after dilution of pre-cross-linked 
TBP, even at 4-fold molar excess, effective concentration 
of binding-competent TBP will be less than half of the 
same for uncross-linked TBP. Under our binding condi-
tions, gel shift assays had shown a negligible complex 
formation at less than 2-fold molar excess of TBP. This 
may be the reason, why no complex was seen in lane 3 of 
figure 5A. Addition of GAL4-VP16 to this binding reac-
tion did not improve the complex 1 formation. Cross-
linking did not affect the complex 2 formation, although 
GAL4-VP16 made these complexes enter the gel from 
the well. Since GAL4-VP16 did not increase the complex 
1 formation once the dimer was cross-linked; the major 
amount of this complex is formed only after dimer disso-
ciation. Therefore, GAL4-VP16 directly interacts with 

 
Figure 4. Effect of GAL4-VP16 on TBP dimers at low level in the presence of DNA. 
150 nM radiolabelled TBP was cross-linked using 2 mM BMH and cross-linked products 
resolved by SDS-PAGE were visualized by autoradiography and PhosphorImaging. 
GAL4-VP16 if present, was at 1⋅5 molar excess to TBP. (A) TBP dimer dissociation in the 
presence of increasing TATA box. TBP was cross-linked in the absence or presence of 
given molar excess of AdMLP promoter DNA. (B) Quantitation of the gel in an experi-
ment similar to (A). The bar labelled ‘excess’ shows cross-linking in the presence of 
excess poly(dG-dC). (C) Stronger TATA boxes dissociate more dimer. TBP was cross-
linked in the presence of 0⋅5 molar excess of five different TATA boxes, with or without 
equimolar GAL4-VP16. (D) Presence of GAL4 binding DNA does not remove GAL4-
VP16 effect. Lane with ‘0’ UASGAL had two-fold molar excess of E4TATA (in AdMLP 
context) over TBP whereas in lanes with other amounts, same TATA level was comple-
mented with given fold of UASGAL. ‘Excess’ had excess of oligos carrying only UASGAL

but no TATA box. 
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dimers and must be responsible for its dissociation into 
monomers. Figure 5B shows the results from similar  
experiments carried out with two DNA : TBP ratios, 
wherein at both levels of TBP, GAL4-VP16 resulted in an 
increase in complex formation and cross-linking of TBP 
resulted in severe loss of binding. At four-fold TBP excess, 
residual complex seen could be the result of monomer 
activation by GAL4-VP16 (as explained later). However, 
for experiment with higher TBP amounts, 1⋅5-fold molar 
excess of GAL4-VP16 was included during cross-linking 
itself and in this case also, there was only a residual 
complex formation seen due to either pre-existing mono-
mers or the dissociation of dimers into monomers which 

escaped cross-linking due to GAL4-VP16. These results 
showed a direct relationship between the effect of the 
activator and the dimer cross-linking to TBP-TATA  
interaction in vitro, suggesting activator interacts directly 
with TBP dimers. 

3.6 TBP dimerization shows direct response to  
GAL4-VP16 

Figure 6A shows a direct interaction of GAL4-VP16 with 
yTBP dimers as evidenced by chemical cross-linking  
and SDS-PAGE. Lane 2 shows that the observed dimers 

 
Figure 5. Contribution of dimers to TBP-TATA complex 
formation. 65 pmol of TBP in the absence or presence of 
1⋅5 molar excess of GAL4-VP16 was subjected to chemical 
cross-linking and used at 4- or 12-fold (active TBP) excess to 
DNA in a gel shift assay. Complex 1 represents specific com-
plex and complex 2 is higher order complex that stays near 
well. (A) TBP was cross-linked in the absence of GAL4-VP16, 
which was added only during binding with 4-fold molar excess 
of TBP over DNA. (B) TBP was cross-linked in the presence of 
GAL4-VP16 and used at 12-fold molar excess in contrast 
to TBP used at 4-fold excess which was cross-linked in the 
absence of GAL4-VP16. ‘Fraction Bound’ represents the frac-
tion of total DNA in complex in each case. 
 

 
 
Figure 6. GAL4 reduces TBP dimers in vitro as well as 
in vivo. (A) 570 nM TBP was cross-linked with BMH in the 
absence (lane 3) or presence (lane 4) of 11-fold molar excess of 
GAL4-VP16 in vitro. Cross-linked products were resolved by 
SDS-PAGE and visualized in a Western blot using a polyclonal 
anti-TBP antibody. Lane 1 shows uncross-linked TBP and lane 
2 shows TBP mock-treated with 10% DMSO. (B) GAL4 over-
production results in loss of TBP dimers in vivo. Quantitation 
results of TBP dimers in vivo estimated in equal number of two 
yeast strains grown with glucose or galactose are shown. TBP 
was visualized on Western blot by probing with TBP-affinity 
column purified, radiolabelled, anti-TBP polyclonal antibody. 
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in lane 3 are not due to the solvent effect but due to the 
direct cross-linking of the pre-existing dimers in solution 
at this TBP concentration. An 11-fold molar excess of the 
activator resulted in loss of dimers leading to less cross-
linked products and more of monomers (lane 4). This effect 
of GAL4-VP16 on cross-linking was specific, since it 
could not be replicated either by BSA added in similar 
amounts or in a titration with varying amounts of BSA or 
GAL4-VP16 (not shown). 
 A similar effect of the activator was observed on yeast 
dimers in vivo when an in vivo cross-linking experiment 
(Vanathi et al 2003) was carried out over equal number 
of cells from two different yeast strains grown with two 
different carbon sources. The yeast strain YJJ160 over-
expresses the activator GAL4 constitutively (Parthun and 
Jaehning 1990). However, in the presence of glucose, 
since GAL4 remains repressed (probably due to GAL80), 
both the strains showed a basal, i.e. ~ 20% of total TBP 
population existing as dimers (figure 6B). In the presence 
of galactose, the GAL4 in both the strains gets activated 
and this change was directly reflected in TBP dimer levels 
as depicted in figure 6B. YJJ160 showed more than 50% 
loss in dimer population, suggesting the increase in the 
GAL4 level was directly responsible for this change. 
 Taking together, the results presented in this study have 
shown that acidic transcriptional activators like GAL4 
affect TATA-TBP interaction in two ways. At higher TBP 
and GAL4 levels, activator directly promoted the disso-
ciation of TBP dimers as well as TBP-DNA binding over 
the weaker TATA boxes. It also stabilized this complex 
very much even at lower levels probably through yet  
another mechanism as described below. The affinity of 
TBP for strong TATA boxes was not affected but the 
activator, for all the TATA boxes, suppressed non-
specific complexes. We have observed a direct effect of 
GAL4-VP16 on TBP dimers as well as TBP binding to 
TATA boxes, even in the absence of UASGAL. Therefore, 
GAL4-VP16 acts over a step prior to the binding of TBP 
to TATA box, i.e. the dissociation (or suppression in 
vivo) of TBP dimers required for binding to DNA. 
 

4. Discussion 

4.1 GAL4-VP16 and TBP-TATA interaction 

Interaction of TBP with TATA box is influenced by the 
sequence of the box in a particular promoter. Closer the 
sequence is to the best consensus, TATAAAA, stronger 
the promoter can be; as evidenced by numerous studies  
in the past (Bernues et al 1996; Yean and Grall 1997; 
Hoopes et al 1998). It has been shown, however, that all 
TATA elements are recognized in a similar way by TBP 
(Patikoglou et al 1990) although bendability of its seque-

nce is reported to be an important component of the bind-
ing kinetics (Starr et al 1995; Grove et al 1998; Parkhurst 
et al 1999). Results given in table 1 show that sensitivity 
of the TBP-DNA interaction to the activators differs  
according to the TATA sequence and GAL4 acts on a 
step prior to TBP-DNA contacts are established. 
 Activators at high level can inhibit transcription and 
gene expression (Kelleher et al 1992) and this inhibition 
is reported to be due to the same domain, which causes 
activation (Berger et al 1990). TBP and activation domain 
of GAL4 were reported to bind in a 1 : 2 stoichiometry 
(Xie et al 2000b) giving a very specific and salt-stable 
complex (Melcher and Johnston 1995). On the other hand, 
activation domain of VP16 at 100-fold molar excess  
to TBP was shown to inhibit its binding to TATA box 
(Nishikawa et al 1997). In the present study, except in 
figure 6A, GAL4-VP16 was used at only 1⋅5 or equal 
molar excess to TBP. But we have seen its both stimu-
latory as well as inhibitory effects on TBP-TATA inter- 
action, which may be related to the absolute levels of  
both the proteins used. At high levels of TBP, when 
dimers are prevalent, GAL4-VP16 reduced dimer levels 
(figure 6A) as well as improved the TATA box occu-
pancy (figure 1B, C). Low level of TBP dimers at lower 
TBP levels, showed an apparent increase due to GAL4-
VP16 (figure 4), which could be the reason for the obser-
ved inhibition of binding at low TBP levels. However, at 
both TBP levels, GAL4-VP16 prevented the dissociation 
of the complex in the gel. Such an effect of GAL4 would 
require a direct interaction of GAL4 with TBP for which 
there is ample evidence available (Martinez et al 1995; 
Melcher and Johnston 1995; Burley and Roeder 1996; 
Shen et al 1996a). This interaction of activation domain 
involves both ionic and hydrophobic interactions just as 
in case of TBP-DNA complex (Shen et al 1996b). The 
activation domain thus competes with TATA box to bind 
the TBP (with a binding constant in µM range; Melcher 
and Johnston 1995) suggesting GAL4-VP16 may actually 
interfere with TBP-TATA interaction at high concentra-
tions. Nevertheless, activator bypass experiments have sug-
gested that one of the jobs of activator may be to recruit 
and deliver TBP to the TATA box (Klages and Strubin 
1995; Chatterjee and Struhl 1995). 
 

4.2 An explanation in N-terminus of TBP 

Modulatory but apparently contradictory effect of GAL4-
VP16 on TBP dimers and its stabilizing effect on TBP-
TATA complex, both can be understood better by taking 
into account the structure of the TBP molecule. N-terminus 
of TBP was reported to mediate the proximal transcri-
ptional activation (Seipel et al 1993). Removal of N-ter-
minus also resulted in 2–4-fold increase in affinity as 
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well as a stable complex of yTBP-TATA in a gel shift 
assay (Lieberman et al 1991). N-terminus thus showed 
little effect on dissociation constant but resulted in 
greater DNA bending due to TBP binding, very much 
destabilizing the TBP-DNA complex in a gel shift analy-
sis (Kuddus and Schmitz 1993). It was further suggested 
that a defined N-terminal region of hTBP may be invol-
ved in specific protein-protein interaction required for the 
assembly of a functional complex on TATA box (Lescure 
et al 1994; Zhao and Herr 2002). The effects of GAL4-
VP16 observed in this study, therefore, resemble that of 
N-terminus removal from TBP in causing no change in 
affinity but a high stabilization of TBP-TATA complex 
in gel. Thus, it is possible that GAL4-VP16 removes the 
inhibitory effects of the N terminus (most probably the 
proposed blockage of DNA binding surface) and pro-
motes the involvement of specific region in N-terminus 
in specific complex formation reported before (Lescure  
et al 1994). 
 Considering the above as the possible mechanism, our 
results can be further explained as given in figure 7. Once 

GAL4 displaces the N-terminus from the DNA binding 
concave side of the TBP monomer (figure 7), the mole-
cule has two options. At low GAL4 levels (figure 7A), in 
the presence of TATA box, it can readily form a stable 
complex with it but in the absence of it, the free DNA 
binding domain may form a dimer which gets detected in 
cross-linking experiments. This may be the reason in the 
presence of low GAL4-VP16 and TATA box amounts, 
we have seen an increase in TBP dimer. At high levels 
(figure 7B), the GAL4 itself can form a stable complex 
with the DNA binding domain with a Kd in µM range 
(Melcher and Johnston 1995). The heteromer will not get 
cross-linked by BMH and will move as monomer in 
SDS-PAGE. It can be easily dissociated in competition 
with the TATA box to give TBP-DNA complex and fits 
truly in the ‘hands-off’ model for TBP delivery to TATA 
box (Kotani et al 2000). Thus the most logical conclusion 
of our results is that binding of activation domain results 
in removal of the N-terminus of TBP from the DNA 
binding surface in monomer. This modulation will give 
more of TBP-TATA complex (if DNA is available) or 

 
 
Figure 7. Schematic representation of a possible mechanism of GAL4 action. C-terminal domain of TBP is 
given as black sickle moon and N-terminus as grey, unstructured stretch. GAL4 is grey circles and TATA DNA 
is shown as shaded arc. (A) At low levels, GAL4 removes the inhibitory effects of N-terminus of TBP which 
otherwise may fold back to block the concave DNA-binding surface. The exposure of this surface due to GAL4 
may lead to improved DNA binding in the presence of TATA or more of dimerization in the absence of TATA. 
(B) At higher levels, in the absence of TATA, GAL4 itself can block the exposed DNA binding surface, which 
will not allow dimerization of TBP. This will lead to reduced cross-linking and result in more of active TBP 
monomers. (C) In vivo, the DNA binding surface of TFIID may be blocked either due to dimerization or N-
terminus of TAFII230/145 (white, open ellipse and ribbons). DNA-bound GAL4 after induction may remove 
these blocks, after which the activation domain may deliver TBP directly to the TATA box. 
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more of TBP homodimer (if DNA is not available); since 
contacts are established through the same TBP surface in 
both of them. 

4.3 An in vivo mechanism of TBP-TATA  
binding regulation 

We noticed that yTBP was mostly monomeric, with only 
20% of total TBP as dimers in vivo, a number similar to 
that seen in vitro in the presence of excess poly(dG-dC). 
Thus, in the presence of mostly non-TATA DNA in vivo, 
it is quite possible that to protect its DNA binding domain, 
TBP or TFIID population not engaged in promoter bind-
ing at a time, gets converted to dimer. This can be a rea-
dily inducible form since activator can directly act over 
it, keeping it protected as well as activated, till TATA 
box according to its strength takes it away. The orders of 
magnitude difference in dissociation constants of DNA 
binding domain with TATA box or activation domain 
suggests this mechanism may be a possibility in vivo. 
 The observations made in this study can give several 
insights into the in vivo mechanisms, if put in right pers-
pective. Normal state of eukaryotic DNA is chromosomal 
and that of TBP as several complexes. Accessibility of 
TATA box to TBP is regulated by several factors in vivo: 
by the phase of the exposed DNA on nucleosome surface; 
context of the TATA box; the strength of the TATA box; 
and complexed state of TBP etc. Chromatin remodelling 
mechanisms can make a TATA in chromatin accessible, 
wherein gene-specific complexes are recruited by the gene-
specific activators with a final purpose of first making 
the TATA box accessible. A strong activator, like GAL4, 
can bind its site in chromatin and induce chromatin re-
modelling both in vitro and in vivo (Axelrod et al 1993; 
Pazin et al 1998). GAL4 native protein has two activation 
domains of different strengths and VP16 activation  
domain also has two subdomains of different strengths 
which undergo a conformational change on binding with 
the DNA binding surface of TBP (Shen et al 1996a,b). 
Several reports suggest that acidic activators, like GAL4-
VP16, directly block DNA binding concave side of TBP 
in competition with TATA box. Transcriptional acti-
vators may also work in a similar fashion as antirepres-
sors of auto inhibitory activity of N-terminal domains of 
TAFs, which block the DNA binding surface of TBP 
(Burley and Roeder 1998; Liu et al 1998; Kotani et al 
2000; Kobayashi et al 2001). 
 As given in figure 7C, two possibilities exist in vivo. 
For one, TBP (or TFIID) may try to scan the DNA and 
may become dimeric in the vicinity of non-specific DNA 
(as explained above). However, in proximity to a DNA-
bound activator under induced conditions, after TATA 
box becomes available due to chromatin remodelling, 
dimer is dissociated and TBP is simultaneously trapped/ 

held by GAL4. Alternatively, the DNA binding domain 
of TBP in TFIID may be blocked by a TAF N-terminus, 
while N-terminus of TBP may be held away due to other 
TAFs. Upon induction, when TBP comes close to the 
activated, DNA bound GAL4, it may get trapped by the 
activation domain, replacing the blocking TAF from the 
DNA binding domain. Simultaneous to the trapping of 
TBP by GAL4, the second repeat of the TBP saddle can 
invade the TATA and get fixed there by TFIIB, which is 
also helped in its recruitment by the activation domain. 
At this step, the activation domain may leave the DNA 
binding surface so that complex can be stabilized further 
in a two-step process by TFIIA or TFIIB (Zhao and Herr 
2002). This delivery of the TBP to TATA by GAL4 pro-
vides four-way protection and specificity to the DNA 
binding domain of TBP. It protects it from blocking by 
the N-terminus of TBP itself or other inhibitory TAFs 
and excludes the possibility of dimerization and non-spe-
cific complex formation; all of which are possible in the 
absence of such a mechanism. Thus, utilization of vulne-
rability of the DNA binding domain of TBP and versatility 
of activator functions by eukaryotic cells for regulatory 
controls presents yet another example of its economics. 
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