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ABSTRACT: The structure and behavior of full-length human TBP binding the adenoVirus major late promoter
(AdMLP) have been characterized using biophysical methods. The human protein induces a 97° bend in
DNAAdMLP. The high-resolution functional data provide a quantitative energetic and kinetic description
of the partial reaction sequence as native human TBP binds rapidly to a consensus promoter with high
affinity. The reaction proceeds with successive formation of three bound species, all having strongly bent
DNA, with the concurrence of binding and bending demonstrated by both fluorescence and anisotropy
stopped flow. These results establish the protein species dependence of the TBP-DNAAdMLP structure
and recognition mechanism. Additionally, the strong correlation between the DNA bend angle and
transcription efficiency demonstrated previously for yeast TBP is shown to extend to human TBP. The
heterologous NH2-terminal domains are the apparent source of the species-specific differences. Together
with previous studies the present work establishes that TBPwt-DNATATA function and structure depend
both on the TATA box sequence and on the TBP species.

The interaction between the TATA-binding protein (TBP)1

and gene promoters is central to transcription by RNA
polymerases I, II, and III (1–3). TBP binding of the minor
groove of specific “TATA box” sequences (TATAa/tAa/t)
results in DNA unwinding coupled with helical bending,
creating a unique molecular geometry and bringing linearly
separated nucleotides into closer proximity. These architec-
tural changes are critical to the successful assembly of the
transcription preinitiation complex (PIC). Mutagenesis studies
suggest that the TBP-DNATATA conformation plays a direct
role in transcription activation (4) and the extent of the helical
bend in yeast TBP-DNATATA complexes is strongly cor-
related with transcription efficiency both in Vitro and in ViVo
(5).

Crystallographic studies utilizing DNATATA bound to the
COOH-terminal DNA binding domains (CTDs) of Saccha-
romyces cereVisiae (yTBP) (6) and Homo sapiens (hTBP)
(7, 8) or Arabidopsis thaliana (aTBP) (9) yield superimpos-
able structures, independent of differences in either the
TATA box sequence (10) or the TBP species (6, 8, 9, 11).

This apparent universality was partially eclipsed by subse-
quent biochemical (12, 13) and biophysical solution studies
(5, 14–17) utilizing full-length wild-type yTBP, which
showed bends ranging from ∼30° to ∼80° depending on
the TATA box sequence. Complementary function studies
revealed corresponding TATA sequence-dependent differ-
ences for yTBP promoter recognition (15, 16, 18). These
contrasting results revealed the hazards inherent in general-
izing from TBPCTD-DNATATA complexes in crystals to those
in solution and incorporating wild-type TBP: the model in
which TATA sequences are variably bent over a ∼50° range
leads to a significantly different biological view than does
one based on universal ∼80° bending.

Although the above-cited studies resolved the promoter
sequence dependence of yTBPwt-DNATATA structure and
function, the protein species dependence of the TBP-
DNATATA interaction has remained an open question. Func-
tion studies of full-length TBP reported to date have utilized
primarily yeast TBP, showing an endothermic reaction (15,-
16, 18, 19) with simultaneous DNA binding and bending (18,-
20) and sequential formation of multiple stable yTBP-DNA
species having bent DNA (15, 16, 18). The extent to which
this mechanism can be generalized to other TBP species has
been largely a matter of speculation. Additional uncerta-
inty arose from two contradictory models for human
TBP-DNAAdMLP binding: one model proposed a low-affinity
interaction that included a slow (30 min) isomerization step
or TFIIB requirement (21), while the other demonstrated
broadly shared characteristics for hTBPwt with yTBPwt in that
binding was tight, rapid, and concurrent with helical bending
(22). Establishing the generality or specificity of the TBP-
promoter interaction is of special interest since human
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transcription initiation and regulation are focal points for
targeted intervention.

We have thus undertaken a comprehensive biophysical
study of the behavior of full-length human TBP with
DNAAdMLP. The AdMLP bend angle induced by hTBPwt in
solution is shown by time-resolved fluorescence spectroscopy
to be significantly larger than that induced by yTBPwt,
confirming the TBP species dependence of this key structural
feature for TBPwt-DNAAdMLP complexes in solution. High-
resolution functional data provide a detailed quantitative
description of the partial reaction sequence as hTBPwt binds
and bends duplex DNA bearing the AdMLP TATA sequence,
with the concurrence of binding and bending demonstrated
by combined fluorescence and anisotropy stopped flow.
These results establish the TBP species dependence of this
process via a clear, reliable, and rigorous comparison of the
full-length human and yeast TBPs reactions. Together with
published yTBP-DNATATA studies, these data point to a
primary role of the nonconserved TBP NH2-terminal domains
in regulating promoter recognition and subsequent binding
of other transcription factors during PIC assembly. Finally,
the strong correlation between the degree of the induced
DNATATA bend and relative transcription activity observed
previously with yTBPwt (5) is shown to extend to hTBPwt.

EXPERIMENTAL PROCEDURES

Our experimental approach combined time-resolved fluo-
rescence resonance energy transfer (FRET), stopped flow
FRET, stopped flow anisotropy, binding equilibria, and
dissociation kinetics. Detailed discussions of FRET and its
application to the present work have been published
(15, 16, 18, 23, 24). The key practical consideration is that
TBP binding and bending of dye-labeled oligomers are
directly related to the dramatic changes observed in the
fluorescence spectrum of the labeled DNA (Figure 1).

Materials and Solution Conditions. The double and single
fluorescently labeled and unlabeled top strands bearing the
AdMLP TATA sequence (5′CGCTATAAAAGGGC3′) and
the corresponding complement were synthesized by TriLink
Biotechnologies, Inc. (San Diego, CA) and were identical
to those used in our initial hTBP study (22) and in previous
yTBP-DNAAdMLP studies (5, 14, 15, 18, 20). The double
fluorescently labeled coding strand is linked through six
carbons at the 3′ end to the FRET donor fluorescein and at
the 5′ end to the FRET acceptor N,N,N′,N′-tetramethyl-6-
carboxyrhodamine (TAMRA) and is denoted in the duplex
as T*AdMLPdpx*F. The corresponding single-labeled strand
is identical but without 5′ TAMRA. All labeled strands were
both HPLC and PAGE purified. Purity was confirmed by
comparing absorbance peak ratios to the corresponding
theoretical ratios and considering the dyes’ UV contributions.
Duplex DNA was prepared using a 10-fold molar excess of
complementary strand, shown previously to yield >99% top
strand saturation (25).

Recombinant full-length human TBP containing only the
native amino acid sequence was expressed in Escherichia
coli and prepared without nonionic detergents as described
(22) and is monomeric under the solution conditions and
concentrations used herein (M. Daugherty, unpublished data).
A fluorescence assay similar to that described previously (22)
was used to determine the protein activity from the limiting

slope of a plot of fractional DNA saturation vs total protein
using titration data collected with total DNA . Kd. The
change in fluorescence corresponding to full DNA saturation
was determined from the y-axis intercept of the reciprocal
of the fluorescence change vs the inverse of the total protein
concentration.

Experiments were conducted at the temperatures indicated
in the same buffer used previously with yTBPwt: 10 mM Tris-
HCl, pH 7.4, 100 mM KCl, 2.5 mM MgCl2, 1 mM CaCl2, 5
mM DTT, and 10% glycerol, with 100 mM leupeptin hydro-
chloride added to enhance protein stability (22). The buffer
used for measurements in the nanosecond time regime was
pH 8 to ensure that fluorescence was from a single fluorescein
species (26). All TBP concentrations reported are for active
protein, and concentrations reported for stopped-flow experi-
ments are given after mixing.

FIGURE 1: Donor fluorescein emission in the steady state (A) and
resolved in the ns time regime (C, upper curve) for unbound
T*AdMLPdpx*F and the corresponding spectra following human
TBP binding (B and C, lower curve). The relatively straight and
rigid unbound duplex maintains maximum separation of the 3′
FRET donor, fluorescein (F, 518 nm peak), and the 5′ acceptor,
TAMRA (T, 578 nm peak). (A) Since the rate of energy transfer
from donor to acceptor depends on the inverse sixth power of the
distance between these dyes, the intensity of the fluorescein emission
peak is high: the excited state fluorescein population relaxes back
to the ground state primarily by photon emission rather than by
the transfer of energy to the TAMRA population. (B) hTBP binding
and bending result in a much decreased interdye distance, greatly
increasing the efficiency of energy transfer and thus decreasing the
donor emission. We have shown previously that both the labeled
duplex and the protein are stable for at least 1 h under our solution
conditions with no measurable change in the spectra over that time
period (22). (C) The upper decay curve was generated using the
free duplex and is the time-resolved counterpart of (A) with a 1.49
ns average donor lifetime. The increased transfer rate following
protein-induced bending shortens the lifetime of the observed
fluorescein emission (lower curve) to yield the time decay equivalent
of (B) and a 0.726 ns average donor lifetime. The protein activity
was determined as described to be 26%.
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Instrumentation, Data Acquisition, and Analyses. The same
procedures and instrumentation used previously with yTBPwt

studies (15, 16, 18) were intentionally and conscientiously
employed in the present study in order to ensure a meaningful
comparison between the yeast and human proteins, with a
more precise procedure used to determine the value of ∆H°.
Steady-state data were collected using a model A-1010
fluorimeter from Photon Technologies, Inc. (Lawrenceville,
NJ) with excitation from the 488 nm line of a Coherent model
INNOVA 70-4 argon ion laser (Santa Clara, CA). The
temperature was held within (0.05 °C and recorded from a
thermistor placed in the temperature-controlled cuvette
(Hellma Cells Inc., Plainview, NY). The T*AdMLPdpx*F
emission spectrum, both free and TBP bound, was confirmed
to be invariant over the experimental temperature range as
reported previously (18).

The hTBPwt-DNAAdMLP interaction energetics were ob-
tained by partially saturating the labeled DNA with hTBPwt

and then monitoring the steady-state fluorescence as the
temperature was varied, using protein concentrations near
the Kd. Twenty nanomolar T*AdMLPdpx*F was equilibrated
at 20, 15, or 10 °C and the fluorescence spectrum collected
from 502 to 625 nm. hTBP was added to final concentrations
of 10.5, 15, and 23.5 nM in separate experiments at each
temperature and the spectrum obtained following equilibra-
tion. The temperature was then decreased by 5 °C (from 20
and 15 °C) or by 10 °C (from 20 °C) and a third equilibrium
spectrum obtained. Finally, spectra were collected at each
temperature for 20 nM T*AdMLPdpx*F saturated with
protein. The change in the fluorescein emission intensity was
baseline corrected and normalized to the isoemissive point
of the spectra of unbound and fully saturated DNA. For each
experiment, at both the initial and final temperatures, the ratio
of the partial to the maximum fitted amplitude change
corresponds to the observed fractional saturation. The
calculated association equilibrium constant, Ka, was deter-
mined using the relationship:

Ycalc )
Ka(PT - YcalcDT)

1+Ka(PT - YcalcDT)
(1)

where PT and DT are total active protein and DNA. A van’t
Hoff analysis was conducted using each of the nine pairs of
Ka values.

Association kinetics curves for hTBPwt-DNAAdMLP were
obtained using a customized fluorescence stopped flow
device as described (15, 16, 18) at 10, 15, and 20 °C with
10-20 nM T*AdMLPdpx*F and hTBPwt concentrations from
8.7 to 166 nM, monitoring FRET-derived changes in the
fluorescein emission as the DNA population shifted from
unbound to hTBP bound. Thirty-nine independent curves
were collected, baseline corrected, fit to triexponential decay,
and corrected for fluorescein photobleaching, with replicate
curves averaged prior to global analysis, all as detailed
previously.

The association kinetics were also obtained using anisot-
ropy stopped flow, following the time course of changes in
the rotational mobility of the TAMRA as 20 nM
T*AdMLPdpx bound to 89.2 nM hTBPwt. These measure-
ments utilized a half-wave plate to rotate the polarization
plane of the laser beam incident on the stopped-flow cuvette,
followed by a photoelastic modulator (Hinds International,

Inc., Hillsboro, OR) with the axis oriented 45° to the E vector
of light and modulated at 50 kHz for half-wave modulation.
The demodulation circuitry time constant was 1 ms, com-
parable to the dead time of the stopped flow device and
sufficient to detect a second-order rate constant of at least 6
× 109 M-1 s-1. The demodulator circuitry provided a DC
signal and a rectified AC signal, yielding differing functions
of the anisotropy as a function of time, r(t), and the time-
dependent total fluorescence, F(t). These two quantities could
thus be obtained from the appropriate theoretical expressions.
In the present case, F(t) was found to be a constant, thus
simplifying the sum rule so that r(t) ) ∑riΦi(t), where Φi is
the mole fraction of a fluorescent species and ri is the
corresponding anisotropy. r(t) thus tracks the bimolecular
association kinetics.

The hTBPwt-DNAAdMLP relaxation constant, R, was
determined by challenging the equilibrated hTBPwt-
T*AdMLPdpx*F complex with a large excess of unlabeled
AdMLPdpx as described (15, 16). The subsequent replacement
process, as one equilibrium state relaxed to another, was
monitored by measuring the time-dependent change in the
steady-state fluorescence as DNAunlabeled replaced DNAlabeled.
Briefly, 20 nM hTBPwt-T*AdMLPdpx*F was challenged
with ∼500 nM, 1 µM, or 2 µM unlabeled AdMLPdpx at 10,
15, and 20 °C. The composite curve constructed from the
three to six replicate curves obtained at each condition was
fit to mono-, bi-, and triexponential decay models. Agreement
between the thermodynamic data and the association and
relaxation kinetics data was evaluated by comparing the
amplitude change for each set of kinetics curves with that
observed for the equilibrium isotherms.

Discrimination among Possible Mechanistic Models. That
hTBP-DNAAdMLP recognition proceeds through multiple
steps was revealed directly by two of the observed interaction
characteristics: neither the biphasicity of the association
kinetics nor the inverted temperature dependence of the
relaxation kinetics can derive from a single step reaction;
an explanation for the latter is included in the Supporting
Information. The simplest reaction model could thus be
eliminated independently of model fitting.

The ability of a two-step, single intermediate model to
accommodate the data ensemble was then evaluated using a
set of three linear relationships based on the observed decay
constants, or eigenvalues (λ), associated with this model. For
cases in which the one-intermediate model is appropriate,
these three lines have a common intersection within experi-
mental error; details of this analysis are included in the
Supporting Information. The lack of such a point for these
lines constructed using 15 °C data eliminated this model from
further consideration (Figure 1 in Supporting Information).

Global Analysis. The global analysis was thus conducted
using the simplest three-step model as follows:

hTBP+AdMLP y\z
kl

k2

(hTBP - AdMLP)
I1

y\z
k3

k4

(hTBP - AdMLP)
I2

y\z
k5

k6

hTBP - AdMLPfinal (2)

where I1 and I2 are discrete conformers of the protein-DNA
complex. The fitted parameters were the values for the six
rate constants at 20 °C and their corresponding activation
enthalpies together with the quantum yield values for the
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three bound duplexes relative to that of the free duplex. The
reliable extraction of 15 parameters from this analysis has
been demonstrated (15, 16, 18) and is detailed in the
Supporting Information. Values for the successive changes
in entropy and free energy were obtained by the application
of transition state theory. This comprehensive analysis of
the combined thermodynamic and association and relaxation
kinetics data adhered to the methods developed previously
for the yTBPwt-DNATATA reaction (15, 16, 18). The rigor
of the analysis was augmented by requiring agreement
between the observed amplitude changes for the stopped flow
association and equilibrium data. Additionally, the measured
rate constants had to be consistent with the Ka values and
also combine with the relative quantum yields to give the
correct amplitude changes. Because the fitting procedure is
described in detail in the above referenced publications, only
those aspects of the analysis unique to this study are
elaborated below.

The data ensemble comprised seven averaged stopped flow
kinetic curves and the Ka and R values determined at each
of the three temperatures. Each association kinetics curve
was represented by 41 points with the first half corresponding
to λ1 and extending to 5t1/2 (fast phase), with the remainder
corresponding to λ2 and continuing to the final equilibrium
position. The average error in these points was 1.5%. Because
these reactions ranged from partial to essentially full comple-
tion, the observed overall amplitude changes were incorpo-
rated into the analysis as an additional constraint, requiring
agreement with the calculated Ka values.

The calculated values for the points describing each
theoretical curve were derived from numerical integration
using the rate constant matrix for the two-intermediate model
(27). This matrix and the associated integration routine
differed from that used previously because the lower TBP
concentrations did not correspond to pseudo-first-order
conditions. This procedure gave the concentrations of each
species as a function of time. These values together with
the relative quantum yields for each species yielded the
calculated response function, which relates directly to a given
observed kinetics curve. The overall quality of the global fit
was determined as described from the reduced �2 (σ2

global)
value, which was the weighted sum of the reduced �2 values
for the stopped flow, relaxation, and equilibrium binding
curves (18). As in previous analyses, the fluorescein quantum
yield for each species, relative to that of the unbound duplex,
reflected the extent of DNA bending. The quantum yield
value for the final complex was constrained by an upper limit
of 0.7 but was allowed to vary lower, toward increased
bending. The values for I1 and I2 were also varied but
constrained to have values larger than or equal to the average.

Donor-Acceptor Distance Distributions. Interdye distance
distributions, which reflect the degree of protein-induced
helical bending, were determined from time-resolved emis-
sion decays of single- and double-labeled AdMLPdpx both
unbound and hTBPwt bound at 20 °C exactly as described
(5, 14–16, 23, 25, 28) except that an additional 1 cm path
length liquid filter of 24.13 mM acetate-buffered dichromate,
pH 4, was placed between the sample and detector to
eliminate any traces of excitation light. Briefly, the fluores-
cein emission for each case was captured in the nanosecond
time regime using 10-30 nM duplex DNA and 160-180
nM hTBP. These pairs of emission decay curves for the

unbound and bound duplex were analyzed to obtain the
corresponding distance distribution parameters, Rj (the mean
interdye distance) and σ (the width of the interdye distance
distribution), using the method of moments as described (24).
The parameter values for the bound DNA were obtained by
correcting for the small mole fraction of free duplex present
in solution (<4%).

RESULTS

hTBPwt-DNAAdMLP Solution Structure. The average
DNAAdMLP bend induced in solution by full-length hTBPwt

was determined from time-resolved emission of the FRET
donor (Figure 1, panel C). Rj for the unbound duplex was
65.1 ( 0.3 Å (for R0 ) 63.61 Å and τD* ) 4.12 ns) with σ
) 5.3 ( 0.3 Å. The corresponding values for the hTBPwt-
bound duplex were Rj ) 50.2 ( 0.2 Å and σ ) 5.6 ( 0.1 Å.
The TBP-induced DNA bend is well described by a simple
model incorporating a kink at each end of the TATA
box (5, 14). Consistent with this model, the change in the
mean T*AdMLPdpx*F interdye distance upon hTBP binding
corresponds to a helical bend of 97°, in general agreement
with the value of 102° estimated previously from stopped
flow amplitudes (22).

hTBPwt-DNAAdMLP Binding and Kinetics. The hTBPwt-
promoter thermodynamics were obtained from a series of
nine experiments, each with constant composition but varied
temperature, yielding a set of nine overlapping van’t Hoff
plots, with ∆H° ) 22 ( 1 kcal/mol. The corresponding
values of the association equilibrium constant from eq 1 for
10, 15, and 20 °C were 33 ( 6, 66 ( 9, and 132 ( 8 µM-1,
respectively. The average total amplitude change at saturating
hTBPwt concentrations was -52 ( 3% and was temperature
independent.

The most striking aspect of the stopped flow association
curves is the rapidity of the initial phase of the reaction
(Figure 2, panel A). The overall observed amplitude changes
were in excellent agreement with those predicted from the
equilibrium constants; for example, the observed changes
for 166 and 55 nM TBP were 47 ( 1% and 36.2 ( 0.6%,
respectively, compared to the predicted values of 46.7% and
36.9%. Panel B of Figure 2 shows the normalized anisotropy
signal as the single-labeled duplex binds hTBP under the
same reaction conditions used to obtain the corresponding
FRET signal in panel A. Notably, the two curves agree within
experimental error and yield the same amplitudes and
eigenvalues for the two reaction phases (inset). The implica-
tions of this agreement between the FRET and anisotropy
association signals are considered in the Discussion section.

The hTBPwt-DNAAdMLP relaxation kinetics at all temper-
atures sampled were very well described by monoexponential
decay (Figure 3, solid line). An unexpected temperature
dependence was observed: the reaction slows with increasing
temperature, with overall half-times for the replacement
process of 112, 140, and 166 s at 10, 15, and 20 °C,
respectively. As with the stopped flow traces, the observed
amplitude changes agreed with the thermodynamic data.

QuantitatiVe hTBP-DNAAdMLP Recognition Mechanism.
The ensemble of hTBP-DNAAdMLP kinetic and thermody-
namic data was analyzed globally according to the simplest
possible model (eq 2). The reduced �2 value for the global
fit was 0.88. The rate constants and thermodynamic param-
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eters that optimally describe this process are shown in Table
1. The relative quantum yields of hI1, hI2, and the final
conformer were 0.52 (0.41, 0.58), 0.52 (0.49, 0.54), and 0.52
(0.48, 0.55), revealing strongly bent DNA in each of these
complexes.

DISCUSSION

The present work establishes the protein species specificity
of the TBP-promoter interaction with a consensus TATA
sequence, with these primary findings: (i) the human protein

induces a 97° bend in the adenoVirus major late promoter
compared to 82° with the yeast protein, (ii) human
TBP-DNAAdMLP recognition occurs rapidly and concurrently
with bending to form a stable hTBP-DNAAdMLP complex
in a process that is clearly distinguished from that of the
yeast protein, with higher affinity, more rapid binding, and
unique intermediate species, and (iii) a quantitative com-
parison between these two interactions points to the NTDs
as the primary regulator of the observed species-specific
binding and DNA bending, as discussed below. These results
together with previous studies (5, 14–16, 18, 22) stipulate
the revised paradigm for TBP recognition and deformation
of promoter TATA boxes: both the binding mechanism and
the structure of the resulting TBP-DNA complex are
dependent on the TATA box sequence and on the TBP
species. The initial view that TBP-DNATATA structure is
independent of these two variables obtains only for crystalline
complexes formed with COOH-terminal domains.

Stopped Flow Association Kinetics and Relaxation Kinet-
ics. The most accessible evidence of species-specific function
is provided by the association and relaxation kinetics for the
human and yeast TBPwt-DNAAdMLP reactions. The rapid
initial phase of the hTBP reaction proceeds up to 29× faster
than that of yTBP under identical conditions (Figure 2). The
hTBP-DNAAdMLP replacement reaction was very well
described by monoexponential decay at all temperatures
sampled in contrast to the two phases observed for
yTBPwt-DNAAdMLP (Figure 3).

The relaxation constant reflects the rate of DNA dissocia-
tion from an equilibrium mixture of all bound species
following a challenge with unlabeled DNA. That the
observed relaxation kinetics with the human protein are
monophasic with no initial rapid phase is consistent with
the negligible hI1 equilibrium concentration. In contrast,
equilibrated yTBP-DNAAdMLP includes both yI1 and
yTBP-DNAfinal in appreciable concentrations, which is
reflected in the biphasic relaxation kinetics: a small amplitude
very fast phase followed by a much slower dominant phase
with a 0.0017 s-1 rate constant from 15 to 30 °C (18). The
single eigenvalue for the human complex relaxation is
temperature dependent and is on average ∼5× faster than

FIGURE 2: Normalized fluorescence stopped flow kinetics curves
of hTBP associating with T*AdMLPdpx*F (observed, open circles,
and calculated, solid line) compared to the corresponding yTBP
reaction (broken line, panel A) and in panel B to the
hTBP-AdMLP anisotropy stopped flow kinetics trace (open
circles). Shown are the time-dependent changes in the donor
fluorescein emission as the T*AdMLPdpx*F population binds to
human and yeast TBP, with the time axis interrupted to clarify the
differences (panel A). Although both interactions are biphasic, the
human protein binds with an initial relatively very fast phase not
seen with the yeast protein and reaches completion significantly
faster than does yTBP. Additionally, this fast phase accounts for
only 10-22% of the total amplitude change observed with hTBP
with these conditions, whereas the faster eigenvalue dominates the
yTBP reaction, with the corresponding amplitude ranging from 52%
to 75% of the overall change. This difference arises because the
equilibrium in the first partial hTBP reaction is strongly toward
dissociation, overwhelming the contribution of k3 and yielding a
much less stable complex than with yTBP. The curves shown for
both proteins were obtained using 109 nM protein reacting with
20 nM duplex at 15 °C. The hTBP experiments were conducted
identically to those using yTBP except for the presence of 10%
glycerol in the hTBP buffer, shown previously to have no effect
on yTBP kinetics (22). The yTBP association curve was constructed
for identical conditions using previously collected data (18). The
hTBP-DNAAdMLP reaction monitored by stopped flow fluorescence
anisotropy (open circles, panel B) is compared with the corre-
sponding stopped flow FRET curve (solid line, panel B). The former
was obtained using T*AdMLPdpx, with the normalized change in
anisotropy (r) equal to (rt - r0)/(r∞ - r0) and is the average of five
replicate curves. Both traces are biphasic and show clearly the initial
fast phase reflecting hI1 formation. Because the TAMRA emission
changes only slightly, the anisotropy change accurately tracks the
kinetics of any process yielding a change in rotational correlation
time of the labeled oligonucleotide, which in this case is
hTBP-DNAAdMLP binding. Replacing the numerator of the above
anisotropy expression with (r∞ - rt) shows that the two processes
are proceeding in tandem (inset), confirming the concurrence of
DNA binding and bending. The average signal/noise at t1/2 was
∼86 for the FRET data and ∼8 for the anisotropy data; the two
curves agree within error.

FIGURE 3: Comparative relaxation kinetics of the TBP-
T*AdMLPdpx*F complex at 20 °C following a challenge with
unlabeled duplex for the human (solid line) and yeast (broken line)
proteins. The hTBP complex responds to addition of ∼1 µM
unlabeled DNAAdMLP with monophasic relaxation with R ) 0.00417
s-1. In contrast, the yTBP complex yields sharply biphasic decay
with R1 ) 0.0766 s-1 (11%) and R2 ) 0.00154 s-1 (89%), published
previously (18, 47). Neither the hTBP nor yTBP (18) complex is
sensitive to the concentration of challenge DNA from 1 to 10 µM.
The full hTBP relaxation curve from the global analysis (solid line)
is shown in the inset together with the raw data (open circles). The
reaction went to ∼95% completion, and the observed amplitude
change was consistent with that from the equilibrium experiments.
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that of yTBP-DNA. While both passive replacement and
facilitated displacement have been observed for complexes
of yTBP with the adenoVirus E4 promoter sequence (15)
and for an AdMLP variant sequence (16), both
hTBP-DNAAdMLP and yTBP-DNAAdMLP relaxation occur
through replacement only.

Concurrence of DNA Binding and Bending. Observation
of the hTBP stopped flow association curves further
indicates that the DNA in hI1 is already severely bent. The
widely separated phases of these curves reflect the
dominance of k1 and k2 in this part of the reaction. That
the first eigenvalue λ1 (equal to k1[TBP] + k2) is TBP
concentration independent at each temperature points to
the preeminence of k2, so that the reaction is poised far
toward dissociation with very little hI1 formed for these
low TBP concentrations. The fact that we nonetheless
observe a significant amplitude decrease in the fluorescein
emission intensity (and thus an increase in FRET) specifies
qualitatively that hI1 must be significantly bent. Similar
DNA bending among hI1, hI2, and the final complex was

subsequently confirmed by the relative quantum yield
values obtained from the global analysis.

The inseparability of hTBP-DNATATA binding and bend-
ing was demonstrated independently using stopped flow
anisotropy and required no a priori detailed fitting of the
FRET kinetics (Figure 2, panel B). That the measured FRET
and anisotropy signals yield the same rates for the two phases
first confirms that we are measuring the same process. The
amplitude information then provides the key insight: since
the anisotropies of all bound forms of the duplex DNA can
be assumed to be very similar compared to that of the free
duplex, the observed multiphasic progression of the anisot-
ropy change must then reflect initial formation of hI1 and its
subsequent conversion to hI2 and the final complex. Ad-
ditionally, the small amplitude of the fast phase must arise
from the small mole fraction of hI1 formed up to that point
in the reaction, with the amplitude determined by the large
dissociation constant in the first partial reaction. Since the
progression of the FRET change overlaps that of the anisotropy
change, it necessarily follows that the relative quantum yield
of hI1 must be essentially the same as that of the final equilibrium
population comprising all three bound species. Agreement
between FRET and anisotropy might arise from binding
followed by very rapid (e.g., microseconds) bending or from a
rapid equilibrium with a fraction of strongly bent free DNA
that then binds as we have previously proposed (20). Molecular
dynamics simulations reveal that rapid and large amplitude
DNA bending can occur in the nanosecond time regime (29).
Additionally, large-scale motions of the core hinge region
revealed by molecular dynamics (30) would accommodate
the binding of such transiently bent DNA, followed by
concerted movement of the protein and DNA toward hI1, the
first detectable intermediate. There is thus no evidence with
either human or yeast TBP for a detectable bound form of
the DNA that is not bent, precluding binding to unbent DNA
with subsequent bending to form a different intermediate
species.

Notably, the comparable S. cereVisiae analysis also showed
concurrent binding and DNA bending (18), a finding
corroborated by anisotropy stopped flow (R. Delgadillo,
unpublished data) and by an elegant single molecule study
in which changes in Brownian motion were monitored
throughout the recognition process (31). The four classes of
Brownian motion observed, together with their temporal
evolution, strongly supported a linear two-intermediate
mechanism with yI2 structurally similar but less stable than
the final state, in agreement with our previously published
model (18). The initial change in Brownian motion, corre-
sponding to yI1 formation, was interpreted to indicate less
bending in yI1 than in the subsequent bound forms due to
intercalation of only the upstream phenylalanine pair into
the TATA box. This interpretation assumes that the observed
changes in Brownian motion derived exclusively from
changes in the bending of the DNA in the various bound
species. However, accumulating evidence for a dynamic
NTD that changes position upon DNA binding (32–36)
suggests an alternate view: the movement of the NTD out
of the binding site upon initial association with a corre-
sponding change in the effective molecular volume could
likewise alter the observed Brownian motion. We believe
that the single molecule results may be providing important
insight into the movement of the NTD, with yI1 already

Table 1: Optimal Rate Constants and Corresponding Enthalpy and
Entropy Changes for hTBP-DNAAdMLP Partial Reaction Steps in
Accord with Eq 2 Together with Relative Quantum Yields for Each of
the Three Bound Species

ia ki (s-1) ∆Hi°q (kcal mol-1) ∆Si°q (cal K-1 mol-1)c

1 5.5 (5.2, 5.6)b µM-1 7.4 (6.2, 8.6) -4.3 (-8.5, -0.3)
2 2.75 (2.6, 3.1) 3.0 (3.0, 4.1) -48 (-52, -45)
3 0.41 (0.39, 0.43) 9.5 (7.4, 11) -30 (-37, -23)
4 0.017 (0.013, 0.022) 3.2 (3.0, 4.9) -58 (-63.5, -52)
5 0.045 (0.025, 0.066) 26 (22, 28) 23 (8.4, 38)
6 0.022 (0.018, 0.026) 9.2 (6.1, 12) -37 (-47, -26)
QYI1 0.52 (0.42, 0.59)
QYI2 0.52 (0.49, 0.54)
QYfinal 0.52 (0.49, 0.54)

a The values shown are at 20 °C and 1 M standard state for each
step, i, along the reaction pathway. The assumption was made that ∆Cp

q

) 0; therefore, there is no temperature dependence for ∆Hi°q or ∆Si°q.
b Parameter errors, which derive from a joint confidence region, were
obtained in the following manner: the 15 × 15 variance matrix was
calculated from the inverse of the approximate Hessian matrix following
the method of Bard (44), using a 1% change in the various parameters
to calculate the required partial derivatives. The partial derivatives were
taken over 50 time points for each of the 10 kinetic curves and over 50
fractional saturation points for each of the 3 binding curves. In other
studies, we have used simulated noisy data with appropriately scaled
random noise that corresponded to the experimental errors to obtain the
distribution of fitted parameters, a widely recommended and common
procedure (45). That approach yields results that are in excellent
agreement with a third approach: knowing the global optimum from 25
random starting positions in parameter space, the 25 sets of parameter
values obtained when the Simplex search crossed the 68% joint
confidence boundary were used to obtain the distribution of parameter
values. The latter two procedures provided estimates that were not
dependent on an assumed hyperelliptical joint confidence region. The
reported parameter error estimates are averages of those obtained from
the variance matrix and the latter procedure employing the joint
confidence boundary. Despite the care taken in determining the error
estimates, these values must be considered with caution since they are the
extreme limits for each individual parameter as projections of the joint
confidence region onto a given parameter axis. Because the volume of the
joint confidence region is markedly less than that of the hyperrectangle
described by all of the parameter errors (46), one cannot assume that any
parameter vector with projections jointly within the error estimates provides
an adequate description of the data. Rather, the valid values are those that
adequately represent the satisfactory fits to the experimental data based on
the reduced �2 values for the stopped flow and relaxation curves of 0.015
and 0.025 (normalized from 1 to 0) and an average 6% error for the
equilibrium constant. c ∆Si°q values were calculated from ki and ∆Hi°q
using transition state theory.
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strongly bent, coupled events for which we now have
convincing spectroscopic evidence (J. Whittington and L. J.
Parkhurst, unpublished data).

How do hI1, hI2, and the final complex differ? Although
the trajectory of the DNA through the binding pocket is
complex and cannot be easily described by a simple model,
certain features provide insight. The DNA up- and down-
stream of the two phenylalanine sites has B DNA structure.
The distortion between these sites can be characterized by
three 70-80° angles: the two Phe-induced bend angles, with
respect to the vector connecting the Phe pairs, and the
dihedral angle that describes the noncoplanar orientation of
the entering and exiting B DNA segments. The distance
between the two Phe pairs is considerably greater than that
between six B DNA bases. To accommodate this increased
distance while maintaining base pairing, the DNA is sig-
nificantly unwound throughout this region. We hypothesize
that the three species derive from different degrees of Phe
insertion coupled to protein movement in the hinge region
(30), which is in turn modulated by changes in the NTD
position relative to that of the core domain. Such differences
would result in coupled changes in the three angles and in
unwinding, which cannot be further distinguished with the
present data.

Global Analysis Using the Two-Intermediate Model.
Global analysis yields an energetic profile showing that each
step of the hTBP-DNAAdMLP pathway follows a very similar
thermodynamic pattern, with entropy driving successive
endothermic transformations in a series of partial reactions
that differ markedly from those of yTBP (Figure 4). Coupl-
ing these energetics with the corresponding kinetics yields
the time evolution of the two proteins’ reactions and
highlights their differences (Figure 5). The final complex is
formed nearly 2 orders of magnitude faster with hTBP than
with yTBP. yI1 remains at high mole fraction far longer than
hI1 and is still present at equilibrium at significant population.
In contrast, hI1 drops off within the first second over our range
of conditions and is negligible at equilibrium at 37 °C.
Notably, hI2 builds as high as 0.66 mol fraction at 15 °C,
due to the greater stability of hI2 over hI1 and the much larger
k3 value relative to k4 and k5. yI2 is significantly less stable
than yI1, with the corresponding rate constants leading to
rapid depletion rather than accumulation. The 2.7 kcal mol-1

lower free energy of hI2 compared to yI2 underscores this
difference (Figure 4). While an I2 species was absolutely
required to accommodate the collective yTBP-DNAAdMLP

data (18), its maximum mole fraction was e0.09 at any
sampled temperature. Thus, whereas both proteins form
multiple discrete TBP-DNA conformers at equilibrium, I2

dominates the hTBP reaction but I1 dominates with yTBP.
Under optimal in ViVo conditions, hI2 becomes negligible at
equilibrium while yI1 constitutes 0.16 of the equilibrated
mixture of bound complexes.

Kinetic Vs Thermodynamic Control of TBP-DNA Binding.
An intermediate yTBP-DNATATA species has been proposed
as the biologically relevant complex to which subsequent
transcription factors and regulatory proteins preferentially
bind (18), a hypothesis supported by a growing body of
evidence (15, 16). To begin exploring this model for the
hTBP-DNAAdMLP interaction, simulations of PIC assembly
were conducted as described (18), utilizing eq 2 and the
globally determined microscopic rate constants at 37 °C.

hTBP, DNA, and TFIIA concentrations were set at 10 µM,
near the presumed nuclear concentrations, and the rate
constant for TFIIA binding to all hTBP-DNA complexes
was 3.7 × 106 M-1 s-1, determined by direct measurements
in our laboratory using yTBP (37), followed by rapid PIC
formation. With thermodynamic control of the reaction, PIC
assembly can occur only from hTBP-DNAfinal. With kinetic
control hI1, hI2, and the final complex are all potential targets

FIGURE 4: The energetic progression of the reaction from TBP +
DNAAdMLP on the left to the most stable binary complex on the
right for the human (A) and yeast (B) proteins at 25 °C. Differences
in the energetics of the hTBP and yTBP (18) reaction progressions
are readily apparent from a graphic representation of ∆H°q (solid
line) and T∆S°q (dashed line). Both reactions are endothermic
overall, with ∆H° and ∆S° values for hTBP of 27.8 (23.8, 31.8)
kcal mol-1 and 131.3 (118, 145) cal K-1 mol-1 and for yTBP, 13.4
(11.6, 15.2) kcal mol-1 and 81.3 (76.6, 86.6) cal K-1 mol-1 (18).
These “overall” values represent the difference between the
thermodynamic parameters for the final complex and free TBP +
DNA. Because all three conformers are present at equilibrium, the
observed change in such parameters is the difference between a
weighted average of the three bound species and the corresponding
value for the reactants; ∆H° obtained from the van’t Hoff analysis
thus differs from the “overall” value shown in the figure [Table 1
(18)]. The modest activation energy of 7 kcal mol-1 required for
the first hTBP transition (TBP + DNAAdMLPf I1) differs markedly
from that of the yTBP pathway, for which this step presents the
largest energetic barrier with ∆H°q ) 35.1 kcal mol-1. The latter
is overcome by a commensurate increase in entropy with ∆S°q )
87.8 cal K-1 mol-1, in contrast to the decrease in entropy in the
course of hI1 formation with ∆S°q ) -4 cal K-1 mol-1. In the
second partial reaction (I1 f I2) the hTBP transformation repeats
its pattern for the first step with a similar entropic gain and enthalpic
loss. In contrast, the yTBP partial reaction is strongly exothermic
with a decrease in entropy, with ∆H°q ) 3 kcal mol-1 and ∆S°q )
-55 cal K-1 mol-1. The result is that, whereas the hI2 conformer
is 6.3 kcal mol-1 higher in energy and 27.9 cal K-1 mol-1 higher
in entropy than hI1, the corresponding thermodynamic changes in
the yTBP reaction are -26 kcal mol-1 and -94 cal K-1 mol-1,
respectively. In the final transformation, hI2 surmounts a substantial
activation energy to become hTBP-AdMLPfinal, aided by an
accompanying increase in entropy, with ∆H°q ) 25.7 kcal mol-1

and ∆S°q ) 23.1 cal K-1 mol-1, to achieve the largest energetic
changes, with ∆H° and ∆S° values of 17.1 kcal mol-1 and 59.6
cal K-1 mol-1. The final yTBP step is likewise entropically driven
as the energetic losses associated with yI2 formation are overcome
to form the final complex. The largest partial free energy change
for hTBP, -8.7 kcal mol-1, occurs in the initial binding step. hI2
is 2.0 kcal mol-1 lower in free energy than hI1 whereas yI2 is
significantly less stable than yI1. The corresponding equilibrium
constant is thus 100× larger for the complex incorporating the
human protein. Transition states are denoted (q), and arrows show
progressive changes in ∆H°.
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for nucleating PIC assembly, and the fully bent DNAAdMLP

in all three complexes renders them transcriptionally active
conformers. Notably, however, the large populations of hI1

and hI2 result in little formation of the ternary complex from
the final conformer with kinetic control of the process.
Simulations show that such kinetic control yields a half-time
of 0.14 s for PIC assembly, nearly ∼145× faster than with
thermodynamic control, with >98% of the PIC assembling
on the intermediates rather than on the thermodynamically
most stable species.

Correlation of TBP-Induced Bend Angles and Transcrip-
tion ActiVity. The extent of yTBP-induced TATA box
bending is strongly correlated with both in Vitro and in ViVo
transcription activity (5). We therefore asked whether this
relationship is general or TBP species specific. Indeed, the
more severe induced bend angle (Figure 6) and higher
transcription activity of hTBP (38) relative to yTBP sustain
this correlation (Figure 7). This broadened range of bend
angles is a particularly important observation since it is the
first evidence that the DNA bends induced by TBP are
“universally” a basic determinant of the efficiency of
transcription activation. The adenoVirus, which infects
humans, appears to have evolved its promoter to favor the
human transcription machinery with a TATA box maximally
bent by the human TBP to effect maximum transcription
activity. Preliminary studies in our laboratory suggest that,
as with yTBP, the TATA box bends induced by hTBP are
TATA sequence dependent (J. Whittington, unpublished
data), and we expect that this structural variability will
likewise correspond to variable transcription rates. Variable
promoter bending has been proposed to mediate differential
binding and affinities of subsequent transcription factors,
particularly TFIIA and TFIIB (5).

NH2-Terminal Domains Apparently Specify Differences
between hTBP and yTBP. What is the source of structural
and functional differences observed when hTBPwt or yTBPwt

react with the AdMLP TATA box? Experiments were
carefully performed to ensure that the only variable was the
TBP species. The observed variations must therefore arise
from differences in the two proteins. The COOH-terminal
domains of yeast and human TBP are 81% homologous (8)
with nearly 100% conservation of the contact residues (7, 8).
Although the dissimilarities in DNA bending and recognition
could conceivably arise from the noncontacting nonconserved
residues within the core domain, the invariance of the X-ray
structures and minor changes in the protein core upon DNA
binding (6, 9) argue against this view.

In contrast to the core domains, the NH2-terminal domains
vary dramatically among TBP species, with only 17 con-
served residues between the yeast and human domains and
with an additional 99 residues in the hTBP domain. The
present results are consistent with previous observations that
evolutionarily divergent NTDs confer species specificity to
transcription processes (e.g., refs 39–43). yTBP-promoter
binding appears to be regulated by NTD occupancy of the

FIGURE 5: Comparison of the mole fractions of the hTBP and yTBP
species at optimal in ViVo temperatures. The time-dependent
populations of the three TBP-DNAAdMLP species formed during
association with the human protein at 37 °C (A) and the yeast
protein at 30 °C (B) were simulated using 10 µM DNAAdMLP and
10 µM protein and previously collected yTBP data (18). The
species-dependent differences are apparent in the rates of complex
formation overall and in the comparative evolution of I1, I2, and
the final conformer (F) for each protein.

FIGURE 6: Comparative T*AdMLPdpx*F bending by yTBPwt (dotted
line) and hTBPwt (broken line). Time-resolved FRET provides a
rigorous approach to the determination of the structure of
TBP-DNATATA complexes in solution, yielding emission decays
fromwhichtheprobabilitydistributionof the5′TAMRA-3′fluorescein
distance can be precisely determined (5, 14–16, 23, 24). Further,
the sensitivity of measurements at ∼60 Å with this dye pair is such
that a 1° change in the bend angle results in a 1% change in the
observed emission intensity. A high degree of confidence is thus
ascribed to the difference measured for the hTBP and yTBP induced
bends, with the latter redetermined herein under identical condi-
tions using yTBP prepared as described (22). yTBP-bound
T*AdMLPdpx*F has an Rj ) 52.2 Å with σ ) 8.9 Å. Bend angles
(R) were obtained from these data using a simple two-kink bending
model (5, 14) and the method of moments (24).

FIGURE 7: In Vitro transcription efficiency (38) is strongly correlated
with the degree of the TBP-induced bend for both the human and
yeast proteins. Experimentally measured bends induced by yTBP
in AdMLP (solid square) and the A3, T6, C7, G6, and T5 AdMLP
variant TATA sequences (open circles in order from bottom left)
have been shown previously to correlate with both in Vitro and in
ViVo transcription activity (5). The high relative transcription activity
of hTBP-DNAAdMLP, 172% (38), and the mean hTBP-induced
AdMLP bend angle of 97° (solid triangle) extend this trend (R2 )
0.957). The yTBP-DNAAdMLP bend angle was redetermined herein
to ensure comparability.
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concaVe binding saddle and requires NTD moVement away
from this site toward the conVex surface of the DNA binding
domain, creating a two-domain interaction surface for
subsequent binding of other transcription and regulatory
proteins (32–36). Although corresponding hTBP studies haVe
not yet been performed, the dissimilarities between the human
and yeast domains stipulate substantially different architec-
tures for these two NTDs, both with and without bound
DNATATA. Notably, this perspectiVe is supported by the
markedly higher actiVation energy for I1 formation with yTBP
(35 kcal mol-1) than with hTBP (7 kcal mol-1), consistent
with differential NTD occupancy of the DNA binding site.
In this View, the highly homologous CTDs are the source of
the broad consistency obserVed in the hTBP- and
yTBP-DNAAdMLP structures and interactions, while the
highly Variable NTDs impose key modifications of geometry
and function to achieVe a leVel of regulatory control.
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