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Eukaryotic mRNA transcription by RNA polymerase Il is a highly regulated
complex reaction involving numerous proteins. In order to control tissue
and promoter specific gene expression, transcription factors must work in
concert with each other and with the promoter DNA to form the proper
architecture to activate the gene of interest. The TATA binding protein (TBP)
binds to TATA boxes in core promoters and bends the TATA DNA. We have
used quantitative solution fluorescence resonance energy transfer (FRET)
and gel-based FRET (gelFRET) to determine the effect of TFIIA on the con-
formation of the DNA in TBP/TATA complexes and on the kinetic stability
of these complexes. Our results indicate that human TFIIA decreases the
angle to which human TBP bends consensus TATA DNA from 104° to 80°
when calculated using a two-kink model. The kinetic stability of TBP/TATA
complexes was greatly reduced by increasing the KCl concentration
from 50 mM to 140 mM, which is more physiologically relevant. TFIIA
significantly enhanced the kinetic stability of TBP/TATA complexes, there-
by attenuating the effect of higher salt concentrations. We also found that
TBP bent non-consensus TATA DNA to a lesser degree than consensus
TATA DNA and complexes between TBP and a non-consensus TATA box
were kinetically unstable even at 50 mM KCI. Interestingly, TFIIA increased
the calculated bend angle and kinetic stability of complexes on a non-
consensus TATA box, making them similar to those on a consensus TATA
box. Our data show that TFIIA induces a conformational change within the
TBP/TATA complex that enhances its stability under both in vitro and
physiological salt conditions. Furthermore, we present a refined model for
the effect that TFIIA has on DNA conformation that takes into account
potential changes in bend angle as well as twist angle.
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Introduction

The TATA binding protein (TBP) is a central
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component of the eukaryotic mRNA transcription
machinery. TBP binding to TATA boxes in pro-
moter DNA is thought to be the initial event for
general transcription factor recruitment at many
promoters.' > The binding of TBP to TATA DNA
has been well characterized functionally and struc-
turally, and the complex is considered to form
with high affinity and kinetic stability. TBP binds in
the minor groove of DNA and bends the DNA.*”
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Crystal structures of TBP bound to TATA DNA have
shown that the C-terminal DNA binding domain of
TBP looks like a saddle with stirrups hanging from
each end.®*"" Each stirrup contains phenylalanine
residues, which insert into the minor groove on each
side of a 6 bp stretch of DNA, centered in the middle
of the 8 bp TATA box. Insertion of the phenylalanine
residues disrupts the base stacking interactions and
allows TBP to bend the DNA.* ' TBP causes minor
grove widening and changes the roll, rise, and twist
of the TATA DNA.

The affinity with which TBP binds the DNA is
dictated by the conformational flexibility of the
DNA, and not by sequence specific interac-
tions.®'*"'® Therefore, flexible TATA sequences and
sequences biased to bend toward the major groove
are preferred for binding, whereas rigid GC-rich
sequences and sequences biased to bend toward
the minor groove are not. Fluorescence resonance
energy transfer (FRET) studies by Parkhurst and
colleagues have shown that yeast TBP bends DNA
80° whereas human TBP bends the DNA 102° in
solution, as determined using a two-kink model in
which the net bend angle from linear is the sum of the
two equal bend angles at each kink.'”""* The bend
angles calculated from these studies are thought
to be the average between the bent and unbent
populations, rather than one static bend angle.
Therefore, at saturating TBP concentrations, the
average calculated bend angle is dictated by the
equilibrium constant for bending /unbending. FRET
studies coupled with Monte-Carlo simulations on
multiple TBP bound DNA sequences have also
shown that sequence changes within the DNA can
alter the average DNA bend angle, and larger bend
angles are generally correlated with an increase in
transcriptional activity.'*'*?

The binding of yeast and archaeal TBP to TATA
DNA are sensitive to cation concentration, where
decreases in both affinity and rate of association
have been observed with increased salt concentra-
tion.”"* This effect is thought to be in part due to
a hydrating water at the protein-DNA interface
and accessibility of cations within the binding
pocket.'**'"%* It has also been suggested that weaker
recognition sequences allow for more rapid
exchange of ions into the hydrophobic binding
pocket of TBP, making them more sensitive to salt
concentration.

The affinity and stability of TBP bound to DNA is
enhanced by transcription factor TFIIA.***° Human
TFIIA is a three-subunit protein totaling 69 kDa and
is believed to be required for transcription at most
eukaryotic promoters.”’ >’ It has been shown to
interact with multiple activators, TBP associated
factors (TAFs), and general transcription factors,
including TBP.? Studies of TFIIA/TBP/TATA tern-
ary complexes show that TFIIA contacts TBP as well
as the DNA upstream and within the TATA box.>'°

With the goal of obtaining a better understanding
of the roles that TBP and TFIIA play in transcrip-
tional regulation, we used FRET assays to accurately
measure changes in the distance between the ends of

the DNA upon binding TBP and TBP/TFIIA. We
found that TFIIA enhances the stability of the bent
state of TBP/TATA complexes, makes the complexes
less sensitive to salt concentration, and causes the
conformation of non-consensus TATA DNA bound
by TBP to be the same as that of a consensus TATA
box. We also developed a refined model for visual-
izing the effect of TFIIA on TATA DNA conforma-
tion, which evaluates potential changes in bend
angle and twist.

Results

FRET can be used to determine the architecture of
macromolecular complexes by measuring intermo-
lecular distances between various components.
FRET has been used to study the bending of DNA
by yeast and human TBP.1718 To begin to assess the
effect of other transcription factors on the TBP-
induced DNA bend, we established FRET assays.
We initially probed TBP binding to the TATA-14
construct shown in Figure 1(a). This 14 bp construct
contains donor (Alexa-555) and acceptor (Alexa-647)
fluorophores attached to the 3’ ends of opposite
strands. Fluorescence emission data was collected
on the TATA-14 construct (Figure 1(b)), which dis-
plays a mild degree of FRET in the absence of
TBP (continuous line). Addition of human TBP (bro-
ken line) decreased the donor signal and enhanced
the acceptor signal, consistent with closer proxi-
mity of the donor-acceptor pair and increased
FRET.

(@) TATA-14
GGGCTATAAAAGGG -Alexa 647
Alexa 555-CCCCRRARTRTORG
(b)
25000

Fluorescence Units

I I 1
540 610 680 750
Wavelength (nm)

Figure 1. The use of FRET to monitor the bending of
TATA DNA by human TBP. (a) Diagram of the 14 bp
TATA-14 DNA. Alexa-555 (donor) and Alexa-647 (accep-
tor) are attached to the 3’ ends of the DNA. (b) TBP
changes DNA conformation causing increased FRET.
Shown are the emission spectra of unbound TATA-14
(continuous line) and TBP bound TATA-14 (broken line)
excited at 532 nm.
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To facilitate rapid study of TBP induced DNA
bending, we performed FRET studies on samples in
parallel using a 384 well borosilicate microplate and
measuring the fluorescence with a Typhoon fluor-
imager. Preliminary studies showed that this system
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Figure 2. A two-kink model used to evaluate the bend-
ing of DNA by TBP. (a) FRET increases as TBP is titrated
into reactions containing TATA-14. TBP was titrated from
0.08 nM to 60 nM using 1 nM TATA-14. Reactions were
analyzed in a 384 well borosilicate microplate using a
Typhoon fluorimager. Donor (green), FRET (red), and the
pseudo-color overlay of the FRET and donor signals are
shown. (b) FRET efficiency increases due to an increase in
the concentration of TBP. FRET efficiency was calculated at
each concentration of TBP. Data points are the average of
three experiments and error bars represent one standard
deviation. (c) Two-kink bend model used to calculate the
angle (@) to which TBP bends TATA DNA." The DNA is
shown as a red rod consisting of three segments with
lengths (L4, Ly, and L3). The upper panel shows linear DNA
and the sequence of the DNA construct. R,, is the measured
end-to-end length of the unbound DNA. The lower panel
shows bent DNA. R, is the measured end-to-end length of
the bound DNA.

allowed us to accurately measure distance changes
in the TATA-14 DNA probe at concentrations and
sample volumes as low as 1 nM and 20 pl, res-
pectively. Figure 2(a) shows the donor (green), FRET
(red), and the pseudo-color overlay of the FRET and
donor signals. As the TBP concentration increased, a
shift toward FRET was observed. Figure 2(b) shows
a plot of average FRET efficiency (determined using
the equations shown in Materials and Methods)
versus TBP concentration. As the concentration of
TBP increased, the average end-to-end distance of
the TATA-14 DNA decreased and eventually
reached a plateau, indicating the DNA was satu-
rated with TBP. From this plateau point, we cal-
culated the average end-to-end distance of TATA-14
when bound by TBP to be 43 A. Using this distance
measurement and a modified version of the pre-
viously published two-kink model"” (Figure 2(c)),
we calculated an average DNA bend angle (o) of
104°. This value is in agreement with the bend angle
of 102° that Parkhurst and colleagues determined
for human TBP bound to a TATA box of the same
sequence.'®

Human TFIIA changes the conformation of the
DNA in the TBP/TATA complex

We next asked whether the association of the gen-
eral transcription factor TFIIA with the TBP/TATA-
14 complex alters the conformation of the TATA
DNA. Solution-based FRET assays were performed
on the TATA-14 construct with saturating concentra-
tions of human TBP (25 nM) and human TFIIA
(50 nM). Although TFIIA binds to TBP in a 1:1 com-
plex, TFIIA was added in a twofold molar excess
over TBP to push the reaction toward TBP/TFIIA/
TATA complexes. Figure 3(a) shows donor (green),
FRET (red), and the pseudo-color overlay of the
FRET and donor signals for unbound (wells 1-4),
TBP bound (wells 5-8), and TBP /TFIIA bound (wells
9-12) TATA-14. Visually, an increase in FRET signal
can be observed in both TBP/TATA-14 and TBP/
TFIIA /TATA-14 complexes compared to unbound
TATA-14. When quantitated, the end-to-end distance
for the TBP/TATA-14 complex was calculated to be
43 A, whereas the end-to-end distance for the TBP/
TFIIA /TATA-14 complex was 48.7 A. Thus, TFIIA
increased the average end-to-end distance by nearly
6 A. The calculated two-kink bend angle for TBP
bound complexes accordingly decreased from 104°
to 80° upon association of TFIIA. When we added
TFIIA to TATA-14 in the absence of TBP it did not
cause a change in FRET (data not shown). Hence,
TFIIA alone does not interact with the DNA in a
manner that alters its conformation.

As a control to ensure that the FRET changes
observed were not due to environmental effects on
the fluorophores, we switched the positions of the
donor and acceptor fluorophores to create the TATA-
14* DNA. Figure 3(b) shows donor (green), FRET
(red), and the pseudo-color overlay of the FRET and
donor signals for unbound (wells 1-4), TBP bound
(wells 5-8), and TBP/TFIIA bound (wells 9-12)
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TATA-14*. The bend angles calculated for TBP/
TATA-14* and TBP/TFIIA/TATA-14* complexes
were 103° and 83°, respectively, consistent with the
values obtained with the TATA-14 DNA. We
conclude that the TFIIA-induced change in FRET is
not due to environmental changes in the fluoro-
phores, because the probability of the fluorophores
experiencing identical environments at both of the 3’
ends of the DNA is highly unlikely.

These solution studies showed a change in end-to-
end distance upon association of TFIIA; however,
we could not elucidate whether this change was due
to a change in DNA conformation, a shift in the
equilibrium state between bound and free DNA, or a
combination of the two. To distinguish between the
two possibilities, we used gelFRET,37 which allowed
us to resolve TBP/TFIIA /TATA-14 complexes from
partially formed complexes and unbound DNA.
Binding assays for gelFRET experiments were
assembled as they were for solution experiments,
and samples were resolved by native polyacryla-
mide gel electrophoresis in salt conditions similar to
those present in solution. After complexes were
resolved from free DNA, the gels were imaged on a
Typhoon fluorimager, quantitated, and FRET effi-
ciency was determined as described in Materials
and Methods. Figure 4(a) shows pseudo-color over-
lays of donor (green) and FRET (red) signals for
lanes from a native gel containing TATA-14 and
TATA-14* unbound and bound with TBP and TFIIA.
The bend angles calculated for TATA-14 and TATA-
14* in the bound bands were 83° and 87.8°
respectively. Although these values are 3° to 5°
greater than the bend angles calculated from
solution studies, they are significantly lower than
the bend angles calculated for the complexes lacking

Overlay | § N N L R QN0 § 1 ¥ |
12346567 8 9101112

standard deviation. (b) The calcu-
lated angle to which TBP bends the
DNA is not affected by switching
the positions of the fluorophores.
The conditions were the same as
in (a), with the exception that the
TATA-14* DNA was used.

TFIIA. TBP/TATA complexes are generally not
stable during native gel electrophoresis, however,
we were able to detect weak TBP/TATA-14 and
TBP/TATA-14* bands in gels. FRET measurements
on these complexes yielded calculated bend angles
of approximately 102° (data not shown). We there-
fore conclude that the change in bend angle upon
addition of TFIIA to TBP/TATA complexes is caused
by a change in the conformation of the bound DNA
as opposed to a shift in equilibrium between bound
and unbound species.

To determine whether protein binding in the
native gel influenced the fluorescence intensity of
either the donor or acceptor fluorophore, we per-
formed controls in which **P was added to a 5’ end
of the two TATA DNAs shown in Figure 4(b). Using
DNAs that were both fluorescently and radio-
actively labeled allowed us to normalize for the
amount of DNA present in unbound and bound
species and calculate the ratio of fluorescence to
radioactivity for the DNA in these complexes. If this
ratio remained constant for both the donor and the
acceptor fluorophores, then we could conclude that
protein binding under gel conditions does not affect
the fluorophores. The two **P-labeled DNAs were
incubated with TBP and TFIIA and complexes were
resolved using native gel electrophoresis. Gels were
first scanned for fluorescence using donor settings
for the donor labeled construct and acceptor settings
for the donor-acceptor construct. Gels were then
dried and subject to phosphorimagery. Figure 4(b)
shows representative donor (green), acceptor (red),
and radioactivity (grey) data. The ratios of fluores-
cence to radioactivity did not change between
unbound and TBP/TFIIA bound bands for either
the donor or acceptor fluorophores, indicating that
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Figure 4. The decrease in the end-to-end distance of the TATA DNA observed in the presence of TFIIA is due to a
change in the conformation of the DNA. (a) gelFRET was used to measure the end-to-end distance of TATA-14 and TATA-
14* DNA in the presence and absence of TBP and TFIIA. After resolving unbound and bound DNA on a native gel,
fluorescence was imaged using a Typhoon fluorimager. Shown are overlays of donor (green) and FRET (red) signals for
lanes from a representative gel. The average FRET efficiency, end-to-end distance, and calculated bend angle are shown
along with the number of reactions analyzed (1) for each of the four conditions. Errors represent one standard deviation.
(b) 3*P-labeling was used to determine the effect of protein binding in native gels on the fluorescence intensities of the
donor and acceptor fluorophores. Constructs used in gelFRET to determine quantum yield changes for donor and
acceptor fluorophores when bound by TBP and TFIIA are shown at the top. The lanes show the donor (green), acceptor
(red), and radioactive (grey) signals for unbound and TBP/TFIIA bound DNAs.

protein binding did not substantially affected the
fluorophore intensities.

TFIIA stabilizes TBP/TATA complexes

Since TFIIA altered the conformation of the TBP/
TATA complex, we questioned whether TFIIA would
also affect the kinetic stability of this complex,
perhaps by “locking” the TBP/TATA complex into
a more stable state. We first determined dissociation
rate constants for TBP/TATA-14 complexes and the

TBP/TFIIA/TATA-14 complexes under our stan-
dard in vitro binding and transcription conditions
(50 mM KCl, 4 mM MgCl,). After allowing com-
plexes to form, excess unlabeled TATA-14 DNA was
added and the FRET efficiency was measured over
time using a fluorimeter. Figure 5(a) shows a plot of
relative FRET efficiency versus time for TBP/TATA-
14 (blue squares) and TBP/TFIIA/TATA-14 (green
triangles). Data were fit to an equation for single
exponential decay. Under our standard in vitro
conditions, TFIIA decreased the dissociation rate
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Figure 5. TFIIA increases the kinetic stability of the
TBP/TATA complex. (a) Rates of dissociation were
measured under our standard monovalent salt concentra-
tion (50 mM KCl) for TBP/TATA-14 and TBP/TFIIA/
TATA-14 complexes. The change in FRET over time after
adding excess unlabeled TATA-14 DNA was measured
and data were fit to a single exponential decay rate. The
rate constants for dissociation were 2.1x10° s ' and
53x10" % s ! for TBP/TATA-14 (blue squares) and TBP/
TFIIA/TATA-14 (green triangles), respectively. (b) Mea-
sured rates of dissociation under physiological mono-
valent salt concentration (140 mM KCl) for TBP/TATA-14
and TBP/TFIIA / TATA-14 complexes. The change in FRET
over time after adding excess unlabelled TATA-14 DNA
was measured and data were fit to a single exponential
decay rate. The rate constants for dissociation were
13x10 % s ' and 7.1x10 * s ! for TBP/TATA-14 (blue
squares) and TBP/TFIIA/TATA-14 (green triangles),
respectively.

constant from 2.1x1072 s7! to 5.3x10 % s 1. Thus,
TFIIA caused a fourfold stabilization of the TBP/
TATA complex.

It was important to determine how TBP/TATA
stability is affected by TFIIA under physiological
salt conditions, because it is known that the TBP/
DNA complex is sensitive to the monovalent salt
concentration”** and the physiological salt concen-
tration in a cell is much greater than that typically
used for in vitro binding and transcription assays
such as those we have used here. An experiment

comparable to that shown in Figure 5(a) was per-
formed at salt concentrations more similar to those
found in human cells (140 mM KCl, 5 mM MgCl,,
5 mM NaCl) and yielded dissociation rate constants
of 1.3x10 2 s~ ! for TBP/TATA-14 (Figure 5(b), blue
squares) and 7.1x10™* s~ ! for TBP/TFIIA / TATA-14
(Figure 5(b), green circles). The increased salt con-
centration caused a sixfold increase in the dissocia-
tion rate constant for TBP/TATA-14 complexes, but
only a 1.4-fold increase in the dissociation rate con-
stant for TBP/TFIIA/TATA-14 complexes. Thus,
under physiological salt concentrations, TBP does
not bind DNA stably and TFIIA causes a substantial
increase in the kinetic stability of the TBP/TATA
complex (18-fold). This is consistent with a model in
which TFIIA induces a conformational change in the
TBP/TATA complex that “locks” TBP on DNA,
thereby attenuating the destabilizing effect of higher
monovalent salt concentrations on the TBP/TATA-
14 complex.

TFIIA induces a stabilizing conformation in
complexes on a mutant TATA box

We have shown that TFIIA induces both a
conformational change upon TBP bound DNA and
stabilizes TBP binding to a strong TATA box. We
next asked whether TFIIA would behave similarly
when TBP is bound to a weaker TATA box, differing
from the consensus TATA sequence. Figure 6(a)
shows the sequence of TATA(A3)-14, a non-con-
sensus TATA DNA in which the T:A (non-template
strand:template strand) base-pair at position three of
the TATA box was changed to an A:T base-pair. This
non-consensus TATA box has been shown to have
significantly reduced TBP binding affinity and
transcriptional activity.”***’ Solution binding as-
says were performed and a pseudo-color overlay of
donor (green) and FRET (red) signals is shown in
Figure 6(b). The calculated bend angles for the TATA
(A3)-14 DNA bound by TBP and TBP/TFIIA were
71° and 87°, respectively. TBP alone appeared to
bend the TATA(A3)-14 DNA far less (33°) than it
bent the consensus TATA-14 DNA. In the presence of
TFIIA, however, the TATA(A3)-14 DNA was bent to
a similar degree as the TATA-14 DNA (87° and 80°,
respectively). We also performed gelFRET experi-
ments on the TBP/TFIIA/TATA(A3)-14 complex.
The pseudo-color overlay of donor (green) and
FRET (red) signals from gelFRET is shown for free
TATA(A3)-14 DNA and TBP/TFIIA/TATA(A3)
complexes in Figure 6(c). The bend angle calculated
for the complex was 81.5°.

Dissociation rate constants were determined for
TBP/TATA(A3)-14 and TBP/TFIIA/TATA(A3)-14
complexes under our standard in vitro binding
conditions (50 mM KCl). Representative data are
shown in Figure 6(d). TBP/TATA(A3)-14 complexes
dissociated rapidly with a dissociation rate constant
of 6.0x107% s '. TFIIA caused a 55-fold stabiliza-
tion of these complexes; TBP/TFIIA /TATA(A3)-14
complexes had a dissociation rate constant of
1.1x107° s™'. We also found that increasing the
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Figure 6. TFIIA increases the kinetic stability with which TBP binds and the calculated angle to which TBP bends a
non-consensus TATA DNA. (a) The mutant TATA(A3)-14 DNA contains a T/ A base-pair in place of the A/T base-pair at
the third position of the TATA box (lower case letters). (b) Solution FRET was used to measure the effects of TBP and
TFIIA on the conformation of the TATA(A3)-14 DNA. Donor (green), FRET (red), and the pseudo-color overlay of the
FRET and donor signals are shown for unbound (wells 1-4), TBP bound (wells 5-8), and TBP/TFIIA bound (wells 9-12)
TATA(A3)-14. The average FRET efficiency, end-to-end distance, and calculated bend angle are shown along with the
number of reactions performed (1) for each of the three conditions. Errors represent one standard deviation. (c) gelFRET
was used to measure the effects of TBP and TFIIA on the conformation of the TATA(A3)-14 DNA. Unbound and TBP/
TFIA bound TATA(A3)-14 DNA were resolved on a native gel and fluorescence was imaged using a Typhoon
fluorimager. Shown are overlays of donor (green) and FRET (red) signals for lanes from a representative gel. The average
FRET efficiency, end-to-end distance, and calculated bend angle are shown along with the number of reactions analyzed
(n) for each of the two conditions. Errors represent one standard deviation. (d) TFIIA increased the kinetic stability of the
TBP/TATA(A3)-14 complex. Rates of dissociation were measured under our standard monovalent salt concentration
(50 mM KCI) for TBP/TATA(A3)-14 and TBP/TFIIA /TATA(A3)-14 complexes. The rate constants for dissociation were
6.0x10 % s ' and 1.1x10 % s~ ' for TBP/TATA(A3)-14 (blue squares) and TBP/TFIIA/TATA(A3)-14 (green triangles),
respectively.

monovalent salt concentration to physiological
conditions did not significantly affect the rate of
dissociation of TBP/TFIIA/TATA(A3)-14 com-
plexes (data not shown). These data are consistent
with a model in which TFIIA causes a conforma-
tional change in TBP/TATA complexes at weak
TATA boxes, resulting in enhanced kinetic stability
and an increased tolerance of higher monovalent
salt concentrations.

Discussion
Using quantitative FRET, we found that TFIIA

changes the conformation of the DNA in TBP/TATA
complexes. TBP alone induced a 104° bend in a

consensus TATA DNA, as calculated using a two-
kink bend model. TFIIA decreased the calculated
bend angle to 80°. Native gel electrophoresis was
used to isolate TBP/TFIIA/TATA complexes, and
quantitative FRET on these complexes showed
the effect of TFIIA was due to a change in the
conformation of the TATA DNA in the complex, as
opposed to a change in the fraction of complexes in
the bound state at equilibrium. TBP bent a non-
consensus TATA DNA less than the consensus TATA
DNA in the absence of TFIIA; however, in the
presence of TFIIA, the bend in non-consensus and
consensus TATA DNA was similar. The kinetic
stability of TBP/TATA complexes was found to be
highly affected by monovalent salt concentration;
under physiological conditions TBP bound DNA
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transiently. Association of TFIIA greatly enhanced
the kinetic stability of TBP bound to either a con-
sensus or a non-consensus TATA sequence. These
studies lead to a model in which TFIIA locks the
TBP/TATA complex into a conformation that is
kinetically stable at physiological salt concentrations
on both consensus and non-consensus TATA
sequences.

TBP binding and bending of TATA DNA as
measured by quantitative FRET

Understanding the mechanism by which TBP
binds DNA is important for understanding tran-
scriptional regulation, as this binding event is an
early step in recruitment of the general transcription
factors to many promoters. In order to view DNA
conformational changes upon binding of TBP and
TFIIA, we used two methods for quantitative FRET
involving controls for changes in both spectral
overlap and fluorescence intensity upon protein
binding. FRET assays were performed in a 384 well
microplate, which allowed us to use small volumes
and amounts of protein for steady-state visualiza-
tion. Using this approach, we confirmed earlier
results, which showed that human TBP bends the
TATA DNA by 102° when evaluated with the two-
kink bend model.'® It is interesting to note that yeast
TBP bends TATA DNA by 80°4! which is signifi-
cantly less than that for human TBP, indicating that
human TBP and yeast TBP have different properties
in binding and bending TATA DNA.

The TBP/TATA complex has been found to be
kinetically stable in vitro and was therefore thought
to be stable in cells as well. Our studies show that
although human TBP is bound stably to TATA DNA
under standard in vitro transcription conditions
(koit=2.1x10"% s~ at 50 mM KCl), TBP/TATA com-
plexes are significantly less stable at salt concen-
trations more similar to those inside cells (kyg=
1.3x10 % s ! at 140 mM KCI). This sixfold increase
in the rate constant for dissociation of human TBP/
TATA complexes is larger than would have been
predicted from previous studies of yeast TBP.*'
Increased monovalent salt has been shown to reduce
both the association rate constant and the overall
binding affinity of yeast TBP to DNA*'; however,
rate constants for dissociation were not directly
measured. Using the affinity and association rate
constants to calculate the dissociation rate con-
stants indicates that changing the KCl concentration
from 50 mM to 140 mM would result in only a 1.6-
fold increase in the dissociation rate constant for
yeast TBP/TATA complexes. An explanation for the
apparent increased sensitivity of human TBP/TATA
complexes to monovalent salt awaits further study.

Non-consensus TATA boxes have been shown to
have reduced binding affinity for TBP and tran-
scriptional activity relative to a consensus TATA
box.?****? This deficiency correlates with a smaller
average bend angle upon binding of yeast TBP and
a shift toward the unbent state.!® Our FRET data
for human TBP binding to TATA(A3)-14 led to a

calculated average bend angle of 71°, which is 33°
less than that observed when human TBP binds the
consensus TATA-14 under the same conditions. We
also found that complexes between human TBP and
the TATA(A3) mutant have much lower kinetic
stability than complexes containing the consensus
TATA box. This lower stability could result from a
decrease in the time the complex spends in the bent
state and/or the time TBP spends bound to the
DNA, either of which would dramatically decrease
transcriptional activity.

TFIIA alters the conformation of TBP bound
TATA DNA and increases the kinetic stability of
TBP/TATA complexes

While the conformation of the DNA in the TBP/
TATA complex has been well characterized, the
influence of additional transcription factors on
TATA DNA architecture is less well understood.
Using solution FRET and the two-kink bend model,
we found that the angle at which TATA DNA is bent
by human TBP changes from 104° to 80° upon the
association of TFIIA. Using gelFRET, we found that
DNA in a complex with TBP and TFIIA was bent
83°. The similarity between the solution FRET and
gelFRET measurements allowed us to conclude that
the change in FRET observed in the presence of
TFIIA was due to a change in the conformation of
the DNA, as opposed to a change in the fraction of
DNA bound. The change in DNA conformation
induced by TFIIA could result from interactions of
TFIIA with TBP, the DNA, or both. Crystal struc-
tures have previously shown little deviation be-
tween DNA conformations when TBP is bound to
TATA DNA alone or in the presence of TFITA®!7>7;
however, these complexes contained only the C-
terminal DNA binding domain of TBP and portions
of the TFIIA subunits. It is possible that protein—
protein and/or protein-DNA interactions missing
in these complexes contribute to the change in DNA
conformation we observed with FRET when we
used full-length human proteins. TFIIA could also
cause additional changes in DNA conformation on
longer TATA DNA constructs that allow more
extensive TFIIA-DNA contacts.>* We also note the
calculated bend angle for the human TBP/TFIIA/
TATA complex is identical to that measured for
the yeast TBP/TATA complex without TFIIA." It
will be interesting to determine the effect of yeast
TFIIA on DNA conformation in the yeast TBP/ TATA
complex.

Solution FRET and gelFRET indicated that TFIIA
forces the TATA DNA into the same conformation
for both a weak and a strong TATA box even though
TBP alone bends these two DNAs differently.
Specifically, the binding of TBP and TFIIA induced
bends of approximately 80° in both the consensus
TATA-14 DNA and the non-consensus TATA(A3)-14
DNA, whereas binding by TBP alone induced bends
of 103° and 70° in these DNAs, respectively. This
indicates that when TFIIA interacts with TBP/
TATA, the resulting complex contains DNA in a
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specific conformation regardless of the TATA
sequence and its binding affinity for TBP.

We also found that human TFIIA enhances the
kinetic stability of TBP/TATA complexes, and that
the effect of TFIIA is very dramatic at physiological
salt concentrations and with a non-consensus TATA
box. The effect of TFIIA on the stability of TBP/
TATA complexes was anticipated from the previous
work of Pugh and colleagues, who found that
human TFIIA 1ncreased the stability of TBP/TATA
complexes by tenfold.”> The most profound effect
that we observed was the 55-fold kinetic stabiliza-
tion of complexes formed on the non-consensus
TATA(A3) DNA. Our work shows that TFITA not
only stabilizes TBP/TATA complexes, but also
leads us to propose a model in which TFIIA locks
the TATA DNA into a uniform bent state regardless
of the salt concentration or the sequence of the
TATA box. It is possible that this effect of TFIIA
results from its ability to induce a conformational
change in TBP that reduces the occupancy or
accessibility of salt or water in the binding pocket
between TBP and the DNA. Alternatively, the
contacts TFIIA makes with the DNA may tether
TBP to DNA if it releases its direct contacts,
allowing TBP to rapidly rebind before completely
dissociating.

Our studies provide both structural and func-
tional insight into how TBP and TFIIA are involved
in transcriptional regulation in cells. The transient
nature by which TBP binds DNA under cellular salt
conditions suggests that TBP alone will not be stably
bound at promoters in cells, but instead may require
other factors such as TFIIA and TAFs to stabilize the
interaction. The rapid association and dissociation of
TBP alone with DNA may be vital for the control of
transcription. The recruitment of TFIIA to specific
promoters may serve as a means to selectively
increase TBP occupancy and hence transcription of
genes that need to be actively transcribed under
specific cellular conditions. Moreover, TFIIA might
be critical for inducing a specific DNA conformation
in TATA-less promoters, which may be an important
aspect of setting levels of transcription from genes
that lack TATA boxes.

A model for assessing the conformation of
TATA DNA that considers bend and twist

The two-kink model, which has been used to
calculate the bend angle of TATA DNA in complexes
with TBP, assumes the bent DNA is planar.’® It is
likely that TBP also twists the DNA at one or both of
the kinks, which would contribute to the overall
change in end-to-end distance observed in our FRET
experiments. Twist is apparent in Figure 7(a), which
shows the crystal structure of human TBP from two
views rotated 90° with respect to one another with
extra DNA projected from the pubhshed structure to
help observe the DNA trajectory.®'' The DNA is not
planar, but extends into a third dimension as a result
of twist induced by TBP. The crystal structure of the
human TBP/TATA complex showed that TBP twists

the DNA such that the angle between the incoming
and outgoing DNA is 110°0."

To envision how twist would affect the DNA end-
to-end distance, we created a two-kink-twist model
that allows for twist in the right kink (Figure 7(b)).
The model is characterized by two angles: the bend
angle a and the twist angle y. Segments 1 and 2 in
the DNA construct are anchored in the xy plane
indicated in light green. When v is 0°, segment 3 is
also in this plane, and the planar two-kink model
can be used to calculate a. As vy changes from 0°
through 360°, segment 3 will sweep out of this plane
tracing a cone. The end of segment 3 will always be
in the yz plane indicated in light blue. We have used
the two-kink-twist model to aid in our under-
standing of the possible mechanism by which
TFIIA alters the DNA in the TBP/TATA complex.
Figure 7(c) shows possible combinations of bend
and twist angles that could give rise to the distances
we observed for TBP/TATA-14 (43 A, blue curve)
and TBP/TFIIA/TATA-14 (48.7 A green curve)
complexes using solution FRET. As can be seen for
both complexes, as the twist angle increases from 0°
to 180°, the bend angle must also increase to main-
tain a constant end-to-end distance in our model.
This analysis demonstrates that the end-to-end
distance change caused by TFIIA can be accounted
for by a change in the twist angle alone; the range of
bend angles where this is possible is between the
horizontal broken lines. According to our simple
model, the increase in end-to-end distance upon
association of TFIIA could result from decreased
bend only, increased twist only, or a combination of
bend and twist changes. The two extreme modes of
changing the end-to-end distance have different
energetic implications for TFIIA binding. If TFIIA
decreases the TATA DNA bend angle, strain within
the DNA would be reduced. Alternatively, if TFIIA
increases the TATA DNA twist angle, torsion would
be added to the system, resulting in increased strain
within the DNA.

The possibility that the change in end-to-end
distance we observed here could be caused by
changes in both bend and twist raises interesting
questions about the effect of TFIIA on transcription.
TFIIA could alter both distance and phasing of the
TATA box with respect to the transcriptional start
site. By altering these parameters, the binding and
activity of other transcription factors may be
affected positively or negatively. Therefore, the con-
formation of the TBP/TFIIA /TATA complex may be
tunable and play a vital role in rapid responses to
gene regulation.

Materials and Methods

DNA constructs and proteins

Recombmant human TBP and TFIIA were prepared as
described.* Ohgonucleotldes containing a primary amine
attached to the 3’ end via a six-carbon linker (Integrated
DNA Technologies) were phenol/chloroform extracted,
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Figure 7. A model for TBP binding that includes both bend and twist. (a) A two-kink bend and a twist in TATA DNA
is induced by human TBP. Two views of the human TBP/TATA crystal structure are shown, with additional DNA added
to each end of the TATA box used in the structural studies.!’ (b) A two-kink-twist model for the DNA in TBP/TATA
complexes. The planar two-kink bend model'® was used as the basis for incorporating a twist into a third dimension. See
the text for a description of the model. (c) TFIIA induced conformational changes in TBP/TATA complexes could arise
from changes in bend angle, twist angle, or combinations of bend and twist angles. Plotted are the bend and twist angle
combinations that could give rise to the end-to-end distances observed for the TBP/TATA-14 (blue curve) or TBP/TFIIA/
TATA-14 (green curve) complexes based on the two-kink-twist model. The broken lines represent the region where
changes in twist only could result in the observed end-to-end distance change caused by TFIIA.

ethanol precipitated, and dissolved in water at a concen-
tration of 4 mM. Oligonucleotide solution (4 ul) was added
to 41 pl of 0.1 M sodium borate (pH 8.5). Alexa-555 (donor)
or Alexa-647 (acceptor) (100 pug, containing a succinimidyl
ester; Molecular Probes) was dissolved in 7 ul of dimethyl
sulfoxide (DMSO). The oligonucleotide and dye were
mixed and agitated overnight in the dark. The fluores-
cently labeled oligonucleotide was purified using a G-25
spin column followed by chromatography on a C18
column (Supelco; 25 cmx4.6 mm) using 0.1 M triethy-
lammonium acetate and an acetonitrile gradient (10%-—
20% (v/v)). Fractions containing labeled oligonucleotide
were dried, pooled, and resuspended in TE (10 mM Tris
(pH7.0), 0.1 mM EDTA). TATA DNAs were generated by
annealing two complementary oligonucleotides (heating
to 95 °C for 2 min, then slow cooling to room temp-
erature). Annealing reactions were performed with a mild
excess of acceptor labeled DNA relative to donor labeled
DNA to ensure all donor-labeled DNA had a paired
acceptor DNA strand.

Binding reactions and solution FRET measurements

Unless stated otherwise, binding reactions were per-
formed using in vitro transcription reaction conditions.**

Briefly, proteins were preincubated at 30 °C for 3 min in
10 pl of buffer A containing 20% (v/v) glycerol, 20 mM
Tris (pH 7.9), 100 mM KCI, 1 mM DTT, and 50 pg/ml
bovine serum albumin (BSA). DNA (2 nM) was pre-
incubated at 30 °C for 3 min in 10 ul of buffer B containing
20 mM Hepes (pH7.9), 8 mM MgCl,, and 1 mM DTT. The
solutions containing proteins and DNA were combined
and incubated at 30 °C for 20 min, followed by addition
of poly[dG-dC]-poly[dG-dC] (GE Healthsciences) to a
final concentration of 25 pg/ml. Eighteen ul of each
reaction were then added to individual wells of a 384
well borosilicate microplate (Intermountain Scientific
Corporation) and scanned for fluorescence using a
Typhoon Imager (GE biosciences). Scanning was per-
formed with laser and filter settings adjusted for the
excitation and emission wavelengths specified at a focal
point 3 mm from the surface and light emission collected
with a PMT set at 600 V. Fluorescence was quantitated
with ImageQuant® software.

gelFRET experiments

Binding reactions were assembled as described above
using 1.5-5 nM TBP and 5-50 nM TFIIA. Where indicated,
TATA DNA was ?P-labeled at the 5’ end using [y->*P]ATP
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with T4 polynucleotide kinase. Gels were composed of
4% (w/v) acrylamide (37.5:1), 5% glycerol, 0.5X Tris-
borate-EDTA, 4 mM magnesium acetate, and 50 mM
potassium acetate. After addition of poly[dG-dC]-poly
[dG-dC], reactions were incubated for 2 min and loaded
onto a running gel. Gels were run at 150 V for 1-2 h at 4 °C.
Gels were kept between the borosilicate plates (C.B.S.
Scientific) and scanned for fluorescence using a Typhoon
fluorimager (GE biosciences). Scanning was performed as
described above. For experiments including radioactivity,
gels were dried and analyzed by phosphorimagery.
Fluorescence and radioactivity in bands were quantitated
with ImageQuant® software.

FRET calculations

The FRET efficiency (E) from donor to acceptor is related
to the distance between them (R) by the following
equation:*®

E = R§/(R§ +R°)

The FRET pair used here (AlexaFluor-555 (D) and
AlexaFluor-647 (A)), has a calculated R, value of 51 A,
assuming k>=2/3. For TATA DNAs containing these two
fluorophores (one on each 3’ end), three fluorescence
measurements were made using a Typhoon fluorimager:
(1) fluorescence of the donor (D) fluorophore, (2)
fluorescence of the acceptor fluorophore (A), and (3)
FRET (F), which was observed by exciting D and
measuring emission from A. Laser and filter settings
were applied as follows: D, 532 nm excitation/580 nm
with 20 nm bandpass emission; A, 633 nm excitation/
670 nm with 30 nm bandpass emission; and F, 532 nm
excitation/670 nm with 30 nm bandpass emission. The
FRET efficiency can be calculated from:

E= (Fcorr)/(Fcorr + Dcorr)

The following discussion explains how D,y and Feo,y
were determined. When measuring FRET, extra signal
can be observed due to donor bleed-through and
acceptor direct excitation. To correct for these spectral
overlaps, xp and x 5 were determined using TATA DNAs
labeled with only a single fluorophore. xp was deter-
mined by using a donor-only DNA excited at 532 nm
with emissions collected at 580 nm (D) and 670 nm (F),
where:

D= (F/D)(D only)

Xa Wwas calculated by using an acceptor-only DNA
excited at 532 nm (F) or 630 nm (A) with emission
collected at 670 nm, where:

‘A = (F/D)(A only)

Spectral overlap for xp and xa were 0.065 and 0.042,
respectively. These values, which are based on the
excitation and emission properties of the two fluoro-
phores and the instrument used, remained constant
throughout the experiments using the Typhoon fluor-
imager. Overlap-corrected FRET (F*) was calculated
using:

F*=F — (1pD) — (1aA)

When binding protein to fluorescent constructs, poten-
tial changes in fluorescence intensity may occur due to
changes in the local environments of the fluorophores.
Changes in fluorescence intensity between unbound and
bound species were determined for both the donor (op)
and acceptor (0,) fluorophores. op was calculated by
dividing the donor signal of bound DNA (b) by donor
signal of unbound DNA (u) using a donor only labeled
construct:

op = Dy /Dy

oa was calculated by dividing the acceptor signal of
bound DNA by the acceptor signal of unbound DNA in a
D-A pair:

oA = Ab/Au

Acceptor only constructs were not needed, because the
acceptor signal remains the same regardless of the degree
of FRET (data not shown). Donor and FRET signals were
corrected using the following;:

Fcorr = F*/O-A

Dcorr = D/OD

When performing gelFRET, the amount of DNA
probe in the unbound and bound states was not
typically the same due to loading differences, non-
saturating binding conditions, and/or complex decay;
therefore, calculations for fluorescence intensity could
not be performed in the manner used for solution based
assays. To account for fluorescence intensity changes in
gels, an internal control was used that consisted of
either a donor only construct containing a (5'- **P) on
the strand with the donor fluorophore or a D-A pair
containing a (5'- 52P) on the strand with the acceptor
fluorophore. The fluorescence signals of unbound and
bound species were then divided by the phosphorima-
ger signal (P) to normalize for the amount of DNA
present, where:

oo = (D/P),/(D/P),

oa = (A/P)y/(A/P),

Measurement of dissociation rate constants

Reactions were assembled as described earlier and
contained 5 nM TATA DNA, 19 nM TBP, and 38 nM TFIIA,
where indicated. Complexes were allowed to form for
20 min at room temperature. Dissociation was measured
over time after the addition of unlabeled TATA-14 to a
final concentration of 1-4 puM; the dissociation rate
constants for TBP/TATA-14 complexes measured at
50 mM KCl and 140 mM KCI were unaffected by
competitor concentration over this range. Experiments
were performed using a Fluorolog-3™ fluorimeter (Yvon/
Horiba), DataMax™ Software, and a 12 pl cuvette (Nova
Biotech). Fluorescence was measured by exciting at
532 nm and collecting emission at 580 nm (5 nm bandpass)
and 670 nm (5 nm bandpass) for donor (D) and FRET (F)
signals, respectively. Signals were background corrected,
and FRET efficiency (E) was calculated by the equation
E=F/(F+D). Relative FRET efficiency was plotted versus
time in seconds and data were fit with the equation E=
(Evound—Eunbound)e ™ + Eynbouna using Prism® software to
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solve for k. The plots shown were normalized by the
equation y= (E_Eunbound)/(Ebotmd_Etmbound)~ PhYSiOIOgi'
cal salt concentrations consisted of 140 mM KCl, 5 mM
MgCl,, and 5 mM NaCl.

Bend angle calculations using a two-kink model

To relate distance changes to a conformational change
within the DNA template upon TBP binding, we
calculated a DNA bend angle («) using a modified version
of the two-kink model (Figure 2(c)) derived by Parkhurst
and colleagues, which is based on a crystal structure of
yeast TBP bound to TATA DNA.' The model has also
been applied to human TBP/TATA complexes.'® The two-
kink model uses the end-to-end distances of the unbound
DNA (R, A) and the TBP-bound DNA (R}, A) to calculate
a DNA bend angle. The DNA molecule is treated as a rigid
rod with three segments, of length L,, L,, and L3, and two
“hinges” that separate the three segments (see Figure 2(c)).
Two bends of exterior angle 6 occur at the two hinges.
Therefore the total bend angle is a=26. In the original
model, the TATA box was positioned in the center of the
DNA constructs used for the FRET studies, thereby
making L; equal to L. L, was determined to be
20.4 AY In our constructs, L, was also 20.4 A, but the
TATA box was not centered. It was offset by the addition
of an extra base-pair to L, and the removal of one base-pair
from Ls. Ly and L; were calculated from R, using the
following;:

L= (Ry—Ly)/2+34

Ly = (Ry — Ly)/2 — 3.4

The left end of the construct lies at the origin of a
coordinate system, and all three segments lie in the xy
plane (see Figure 2(c)). The position of the right end of the
construct is therefore at the x, y coordinates:

x = LycosO + L, 4+ L3cosO

Yy = Lysin® — L3sin®

The total end-to-end distance of the molecule is Ry, which
is given by:

R =x*+y°

Two-kink-twist model

To generate the two-kink-twist model, a twist of angle
v was allowed to occur at the second hinge, between the
second and third segments. (Note that no loss of
generality occurs in assuming that all the twist occurs
between segment 1 and segment 2: we can always
choose the coordinates such that these segments are in
the same plane.) In the coordinate system (see Figure
7(b)), the left end of segment 1 lies at the origin, segment
1 and segment 2 lie in the xy plane, and the twist moves
the right end of segment 3 in the z direction, out of the
xy plane. In this system, y is the angle between the
projection of the end of the segment 3 in the yz plane and
the negative y axis.

The right end of segment 3 is at position (L;cos6,
—LysinBcosy, LssinBsiny) relative to the right end of

segment 2. The position of the right end of the molecule
is therefore at the x, y, z coordinates:

x = Lycos® + L, + LzcosH
Yy = L1sin® — LysinBcosy

z = LssinBsiny

The total end-to-end distance of the molecule is Ry, which
is given by:

RE=x+y+7

1,=20.4 A and the lengths L, and Lz were calculated as
described in the previous section.
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