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ABSTRACT: The localization of a single tryptophan to the N-terminal domain and six tyrosines to the
C-terminal domain of TBP allows intrinsic fluorescence to separately report on the structures and dynamics
of the full-length TATA binding protein (TBP) ofSaccharomyces cereVisiae and its C-terminal DNA
binding domain (TBPc) as a function of self-association and DNA binding. TBPc is more compact than
the C-terminal domain within the full-length protein. Quenching of the intrinsic fluorescence by DNA
and external dynamic quenchers shows that the observed tyrosine fluorescence is due to the four residues
surrounding the “DNA binding saddle” of the C-terminal domain. TBP’s N-terminal domain unfolds and
changes its position relative to the C-terminal domain upon DNA binding. It partially shields the DNA
binding saddle in octameric TBP, shifting upon dissociation to monomers to expose the saddle to DNA.
Structure-energetic correlations were obtained by comparing the contribution that electrostatic interactions
make to DNA binding by TBP and TBPc; DNA binding by TBPc is more hydrophobic than that by TBP,
suggesting that the N-terminal domain either interacts with bound DNA directly or screens a part of the
C-terminal domain, diminishing its electronegativity. The competition between divalent cations, K+, and
DNA is not straightforward. Divalent cations strengthen binding of TBP to DNA and do so more strongly
for TBPc. We suggest that divalent cations affect the structure of the bound DNA perhaps by stabilizing
its distorted conformation in complexes with TBPc and TBP and that the N-terminal domain mimics the
effects of divalent cations. These data support an autoinhibitory mechanism in which competition between
the N-terminal domain and DNA for the saddle diminishes the DNA binding affinity of the full-length
protein.

The initiation of gene transcription in eukaryotes requires
assembly of a multiprotein pre-initiation complex (PIC)1 that
recruits RNA polymerase to a promoter. The binding of the
TATA binding protein (TBP) to a TATA box sequence is a
key step in PIC assembly at many promoters (1). Crystal-
lographic and solution studies have established the formation
of a 1:1 complex of TBP and TATA box (e.g., refs2-5).
TBP consists of a 180-residue C-terminal domain (TBPc)
that is ∼80% identical in sequence among all eukaryotes
and a N-terminal domain that varies in both length and
sequence (2). The shortest N-terminal domain consists of
four residues inPyrococcus woeseiTBP (6) with the 158
residues of human TBP being the longest (7). The crystal
structures of yeast, human,Arabidopsis, and archael TBP
molecules that have been determined either lack or have
rudimentary N-terminal domains (6, 8-10).

In contrast to the large DNA conformation changes
observed upon TBP or TBPc binding (11), little change is
seen in the crystal structures of the C-terminal domain (6,

8, 9, 12). Only a small reorientation of the two subdomains
relative to the 2-fold axis is observed in a manner indepen-
dent of the sequence variations of the bound DNA (2, 13).
Studies of the intrinsic fluorescence of TBP showed that the
C-terminal domain has the same compact and rigid structure
in free monomers and octamers and monomers complexed
with DNA (4). Left unresolved was reconciliation of the high
average tyrosine anisotropy with the demonstration by
molecular dynamics of substantial mobility of two of the
six tyrosine residues within the C-terminal domain (4).

Although cells are viable when TBPc replaces TBP, the
N-terminal domains of yeast and human TBP function in
autoinhibition of DNA binding, binding of other transcription
factors (14-18), and mediating self-assembly of the protein.
Human and yeast TBPc dimerize in solution with equilibrium
association constants and dissociation rates that vary greatly
with the experimental conditions (19, 20). In contrast, TBP
self-associates to tetramers and octamers (21, 22). Self-
association and DNA binding are linked processes; only
monomeric TBP-TATA box complexes are observed. While
octamers rapidly equilibrate during DNA binding (23),
equilibration of dimers can be slow (19, 20). The role of the
N-terminal domain in mediating TBP self-association is
highlighted by the ability of the isolated domain to itself
self-associate (24).

Limited information about the structure of the N-terminal
domain of TBP and its relationship to the C-terminal core is
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available. Fluorescence spectroscopy was used to show that
the structure of the N-terminal domain is different in the
TBP-DNA complex, TBP monomers, and TBP octamers
(4, 22, 25). This conclusion is consistent with hydroxyl
radical protein footprinting of TBP and its complex with
DNA, indicating that the N-terminal domain binds to the
saddle of the core domain and is displaced upon DNA
binding (5). The work presented here continues our explora-
tion of the interdomain interactions by extending the
fluorescence analysis of TBP structure and by directly
comparing solution structural properties of TBP and TBPc.
This study shows that the N-terminal domain undergoes
structural changes and is an active participant in binding of
the TATA box by the conserved C-terminal core domain.
Properties of the C-terminal domain affected by the attached
N-terminal domain include its DNA binding affinity and
structural dynamics. An unexpected result is that binding of
both TBPc and TBP is stabilized by divalent cations, albeit
by different degrees. In general, the binding of TBPc to the
TATA box sequence is more hydrophobic than that of TBP.
We explore the hypothesis that the N-terminal domain of
TBP functions as a TAF by undergoing structural and
functional transformations necessary for formation of the
promoter pre-initiation complex.

EXPERIMENTAL PROCEDURES

Protein, DNA, and Other Reagents. Full-lengthSaccha-
romyces cereVisiae TBP and the C-terminal core domain
(TBPc) were expressed inEscherichia coliand purified as
described elsewhere.2 Extinction coefficients (εM,nat) of 15 180
and 9540 M-1 cm-1 determined for TBP and TBPc,
respectively, were used to determine the protein concentra-
tions from the absorbance at 278 nm as described in ref26.
N-Acetyl-L-tyrosine (N-Tyr) andN-acetyl-L-tryptophan (N-
Trp) ethyl esters (Sigma) were used as the spectral references
for these measurements.

Labeled and unlabeled DNA oligonucleotides were pur-
chased from TriLink Biotechnologies, Inc., and their con-
centration was optically determined using extinction coef-
ficients calculated from sequence with correction for
fluorescein or TAMRA absorption at 260 nm. The oligo-
nucleotide bearing the adenovirus major late promoter
(AdMLP), tetramethylrhodamine-5′-(GGGCTATAAAAG GG-
)duplex-3′-fluorescein, was used to monitor TBP and TBPc
binding via fluorescence resonance energy transfer (FRET)
(11, 27). An unlabeled oligonucleotide with the same
sequence was used in the intrinsic fluorescence studies of
the TBP- and TBPc-DNA complexes.

Duplexes of comparable length have been used in crystal-
lographic studies of TBPc complexed with DNA (13) and
solution studies analyzed by FRET (11); consistent results
were obtained for protein-DNA complexes in these two
venues. The duplex used in our studies has a stability of
-17.2 kcal/mol under the experimental ionic conditions at
37 °C (28, 29), resulting in<0.1% single-strand oligonucle-
otides at the 10 nM concentration used in the binding assay.

The high GC content of the duplex ends minimizes fraying.
The stability of this oligonucleotide probe in binding studies
is further confirmed by the equilibrium and kinetic studies
conducted using these oligonucleotide duplexes and restric-
tion fragments hundreds of nucleotides in length (11, 30,
31).

Fluorescence and Absorption Spectroscopy. All experi-
ments were performed in buffer containing 25 mM Tris-
HCl, 100 mM KCI, 5 mM MgCI2, 1 mM CaCI2, and 2 mM
DTT at pH 7.5 and 22°C except for the salt-induced
dissociation experiments, where the concentration of KCl
and MgCl2 is specified. Absorption measurements were
taken with a Beckman Coulter (Fullerton, CA) DU 7400
spectrophotometer. Fluorescence measurements were taken
with a Jobin Yvon (Edison, NJ) Fluoromax-3 spectrofluo-
rometer. The intensity of the Raman scattering band of
water was used as the internal standard of fluorometer
sensitivity.

Acrylamide (neutral) and iodide (negatively charged) as
a potassium salt were used as dynamic fluorescence quench-
ers. The quencher was added to the solutions containing the
protein or protein-DNA complex and the fluorescence
measured 3-4 min later. Control experiments were con-
ducted to verify that the protein-DNA complexes did not
dissociate upon addition of the quenchers (data not shown).
Acrylamide quenching was analyzed with the Stern-Volmer
equation

whereF0 andF are the protein’s fluorescence intensities in
the absence and presence of the quencher (Q), respectively,
andKSV is the dynamic collision quenching constant since
all the protein’s chromophores are accessible to the quencher
(32). The modified Stern-Volmer equation was used to
analyze iodide quenching

where dF ) F0 - F, F0, F, [Q], andKSV are as in eq 1, and
a1 is a portion of the chromophore that is accessible to
quencher since only the surface portion of the chromophores
is accessible (33).

Fluorescence anisotropy was analyzed by the Perrin
equation

whereA is the anisotropy,A0 is the limiting anisotropy in
the absence of molecular motion,τ is the lifetime, andθ is
the rotational correlation time (34). The limiting aniso-
tropy A0 is obtained by plotting 1/A versusF/F0 since the
relative change in the lifetime is as followsτ t τrel )
τ/τ0 ) F/F0.

Fluorescence Resonance Energy Transfer (FRET). FRET
of the doubly labeled oligonucleotide described above was
used to follow TBP and TBPc binding and dissociation

2 Gupta, S., Cheng, H. Y., Mollah, A. K., Jamison, E., Morris, S.,
Chance, M. R., Khrapunov, S., and Brenowitz, M. (2007) DNA and
protein footprinting analysis of the modulation of DNA binding by the
N-terminal domain of theSaccharomyces cereVisiae TATA Binding
Protein (manuscript in preparation).
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(11, 35). The efficiency of the energy transfer (E) depends
on the distance between a donor and an acceptor according
to

whereR is the donor-acceptor distance andRo is the Förster
radius [the distance between the donor and acceptor at which
E ) 0.5 (32)]. E is measured by

whereFD andFDA are the fluorescence of the donor in the
absence and presence of the acceptor, respectively. Com-
bining eqs 4a and 4b yields

from which the donor-acceptor distance is calculated. The
14 bp length of the oligonucleotide (47.6 Å) and the chosen
donor-acceptor pair for whichRo ) 59.6 Å under the
experimental conditions (36) permit the measurement of the
change in FRET efficiency since TBP induces a significant
bend in the DNA upon binding (11). Fluorescence emission
at 520 (donor) and 580 nm (acceptor) following excitation
at 490 nm was measured via FRET experiments. Equation
4a was also used to analyze the quenching of tyrosine
fluorescence by DNA.

Equilibrium Binding and Salt-Induced Dissociation Ti-
trations. TBP and TBPc binding isotherms were obtained
as described previously (27). Equilibrium titrations were
analyzed by

wherePobs, Pmin, andPmax are the observed, minimum, and
maximum values, respectively, of the measured fluorescence
intensity or anisotropy. The specific DNA binding activity
of each protein preparation used in these studies was
determined by stoichiometric titrations as described else-
where (5).2 For equilibrium binding titrations,Yh is determined
for the Pf

nH + Of T POnH reaction as

whereKd is the equilibrium dissociation constant,Ptot and
Otot are the total protein and DNA concentrations, respec-
tively, andnH is the Hill coefficient (27). Equation 6 reduces
to the single-site (Langmuir) binding model whennH ) 1.

The electrostatic contribution to formation of TBP- and
TBPc-DNA complexes was ascertained from the net number
of ions (m+ for cations andx- for anions) and waters released

whereKd is the equilibrium dissociation constant, (Kd)o is
the value ofKd extrapolated to 1 M salt, andm+ is the cation
concentration (37). Usually,m+ . x- due to the polyanionic

nature of DNA and polyampholyte nature of proteins. Since
the influence of water is negligible at high salt concentrations,
SK typically reflects the net cation release or uptake upon
formation of protein-DNA complexes.

SK can be conveniently obtained from salt displacement
isotherms in which a protein-DNA complex is dissociated
by titration with increasing concentrations of salt (38). In
these experiments

where

where (Kd)o can be transformed into mp, the salt concentra-
tion at which half of the initial protein-DNA complex is
dissociated. Equimolar concentrations of TBP or TBPc and
unlabeled duplex (250 nM) along with the doubly labeled
oligonucleotide at 10 nM were mixed and incubated for
1 h. KCl was then added at the specified concentration and
the solution incubated for 1 h prior to measurement of the
solution fluorescence. Dissociation of TBP and TBPc from
DNA was followed by measurement of the extent of FRET
as described above. Nonlinear least-squares fitting of salt
titration isotherms to eqs 8 and 9 yields values of mp and
SK at any concentration of the macromolecules (38).
Inclusion of divalent cations in an analysis of the monovalent
cation dependence of a binding assumes that the two are
competitive (38). Since divalent cations stabilize the TBP-
DNA complex (Figure 7 and Table 2), they cannot be
considered as competitors for the DNA phosphates. There-
fore, eqs 6-9 provide a relative assessment of TBP-DNA
complex stability under the different experimental conditions
that were analyzed.

RESULTS

TBP and TBPc DNA Binding Isotherms.The specific DNA
binding activity of the TBP and TBPc preparation used in
these studies was>80%. The reported protein concentrations
have been corrected for activity. TBPc and TBP bind to the
same TATA box sequence embedded with the 14 bp duplex
with different affinities; Kd ) 12.1 ( 0.3 and 29.4(
0.8 nM, respectively (Figure 1). The higher affinity of TBPc
observed with the FRET assay is consistent with the results
obtained via DNase I footprinting for binding to a longer
length of DNA except for the reduced magnitude of the
observed difference.2 All of the isotherms reported in this
study are best fit with annH of 1.0 ( 0.1, consistent with
binding of a single TBP or TBPc molecule to the single
TATA box. The difference in the shape of the TBPc curves
in Figure 1 is due the DNA concentration of 10 nM being
comparable to the measuredKd of TBPc.

Fluorescence Quenching. The structural differences un-
derlying the DNA binding affinities of TBP and TBPc have
been probed by fluorescence spectroscopy, taking advantage
of tyrosine and tryptophan as unique reporters of the C- and
N-terminal domains, respectively (4). Fluorescence quench-
ing is an effective probe of small, local changes in the
molecular environment of aromatic amino acids due to
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protein conformational changes. Negatively charged iodide
will quench the fluorescence of only the residues that are
located in hydrophilic environments of proteins, particularly
on the surface. Neutral acrylamide readily penetrates into
the hydrophobic interior and thus quenches fluorescence less
discriminately (33, 39).

Both the quantum yield and fluorescence spectrum of TBP
change upon DNA binding. The tyrosine component of the
spectra (the∼310 nm shoulder) decreases, while the tryp-
tophan component (the∼350 nm shoulder) increases
(Figure 2, solid lines). Quenching of the tyrosine fluorescence
is due to the migration of energy from the DNA. The
increased tryptophan fluorescence quantum yield is due to
changes in the structure of the N-terminal domain (4). The
spectrum of the free protein returns after dissociation of the
TBP-DNA complex at high salt concentrations even though

DNA is present (data not shown). Iodide differently quenches
the fluorescence of TBP and the TBP-DNA complex;
tryptophan is accessible to iodide quenching, while tyrosine
is not in the TBP-DNA complex (Figure 2, dotted lines).
That the tyrosine fluorescence of the TBP-DNA complex
is unchanged in the presence of iodide confirms that the
quencher does not induce complex dissociation.

Quantitation of tyrosine fluorescence quenching by acry-
lamide is visualized in Stern-Volmer plots (Figure 3).
Acrylamide quenching is linear for both TBPc and TBP,
indicating that all the emitting tyrosines in the C domain of
TBP are fully accessible to solvent. Comparable low values
of the Stern-Volmer constant relative to the fully accessible
control N-Tyr are measured for both the free and DNA-bound
protein. Identical results are obtained at protein concentra-
tions of 1 and 6µM, where free TBP is predominantly
monomeric and octameric, respectively (21, 22), and TBPc
is dimeric.2 These data show that the accessibility of the
emitting tyrosines of the C-terminal domain to acrylamide
is the same whether the N-terminal domain is present or
absent or whether the proteins are monomeric or oligomeric.

In contrast to the results obtained with the neutral quencher
acrylamide, the emitting tyrosines of both TBP and TBPc
are inaccessible to negatively charged iodide when com-
plexed to DNA (data not shown). Stern-Volmer plots
(eq 1) of the free protein’s tyrosine fluorescence quenching
by iodide curve downward with increasing concentrations
of iodide, indicative of the residues residing in a solvent
inaccessible hydrophobic environment (data not shown).
Therefore, the modified Stern-Volmer formalism (eq 2) was
used to quantitate the tyrosine’s fractional accessibility to
iodide (Figure 4 and Table 1). The different quenching
behaviors of acrylamide and iodide can be ascribed to the

FIGURE 1: Isotherms for the binding of TBPc (b) and TBP (0) to
the 14 bp duplex bearing the TATAAAAG TATA box (AdMLP)
obtained by FRET as described in Experimental Procedures. The
solid lines represent the best fit to eq 6 withKd values of 12.1(
0.8 and 29.4( 0.3 nM, respectively.

FIGURE 2: Normalized fluorescence emission spectra of TBP (A)
and TBPc (B) obtained following excitation at 275 nm in the
absence (s) or presence of 100 mM KI (- - -). The thick lines depict
data for the TBP-DNA and TBPc-DNA complexes.

FIGURE 3: Stern-Volmer plots for the quenching by acrylamide
of TBP (A) and TBPc (B) tyrosine fluorescence monitored at
306 nm following excitation at 275 nm. The analyzed solutions
are the free proteins at 6 (0) or 1 µM (4) or the protein at 6µM
complexed with DNA (b) or N-acetyl-L-tyrosine ethyl ester (1).
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greater penetration of a neutral molecule into hydrophobic
regions of the proteins.

N-Tyr provides a reference for full exposure in Figure 4,
extrapolating to 1.0 on they-axis. The tyrosines of TBP and
TBPc have almost equal (50-60%) accessibility to iodide
at 1 µM protein, evidenced by their extrapolation to 1.9-
2.0 on they-axis of the modified Stern-Volmer plots (Figure
4). The accessibility to iodide decreases to 30% for TBP
when the protein concentration is increased to 6µM; this
result contrasts with an absence of an effect for TBPc (Figure
4). Thus, the self-association of TBP from monomers to
octamers changes the environment of the tyrosine residues
of the C-terminal domain, making them less accessible to

the solvent (21, 22). In contrast, TBPc is dimeric at both
protein concentrations under the conditions of our study.2 A
caveat to these data is the unequal contribution of each of
the six tyrosines to the total fluorescence; the fractional
accessibility refers to only the residues that contribute to the
total fluorescence quantum yield (see below and Discussion).

The N-Terminal Domain Alters the Core Domain’s
Structure. The anisotropy of TBP’s tyrosine fluorescence is
high and minimally dependent on DNA binding or self-
association, and the tyrosine side chains are firmly anchored
in the C-terminal domain (4). The studies of TBP are herein
extended to TBPc. The effect of quenching on the fluores-
cence anisotropy was also analyzed to distinguish the
mobility of the buried and surface tyrosine side chains
(eq 3 and ref34) since more than half of the emitting residues
accessible to acrylamide are also accessible to iodide
(Figure 4 and Table 1).

The limiting values of the tyrosine anisotropy (A0) are
listed in Table 1.A0 is higher for TBPc than for TBP for
both quenchers (Figure 5). DNA binding has no effect on
A0 for either TBP or TBPc (Figure 5A and Table 1). While
the large decrease in the quantum yield upon DNA binding
makes comparison of the correlation times difficult, the
invariance ofA0 upon DNA binding argues for the tyrosine
residues within the C-terminal domain being firmly anchored.
For free TBP and TBPc,A0 is close to that obtained for
acrylamide when iodide is the quencher (Figure 5B and
Table 1). A similar measurement was not made for the DNA-
bound complexes since the emitting tyrosines are not
accessible to iodide in the complexes (Figure 2). The identical
values ofA0 measured for the total and surface tyrosine
residues (panels A and B of Figure 5, respectively) show
that all the emitting residues are well-anchored in the
C-terminal domain. The higher values ofA0 for TBPc relative
to those of TBP show that the C-terminal domain is more
compact when the N-terminal domain is not present. The
surprising conclusion is that the N-terminal domain is not
simply an appendage to the DNA-binding core domain but
modulates its structure and thereby presumably its function.

That the single tryptophan of yeast TBP resides within
the N-terminal domain provides a sensitive local reporter of
its structure. We extended a previous study of this tryptophan
fluorescence (4, 22, 25) to acrylamide and iodide quenching
to further explore this domain’s structure. Both probes
quench the tryptophan fluorescence. Quenching is weaker

FIGURE 4: Modified Stern-Volmer plots for the quenching by
iodide of TBP (A) and TBPc (B) tyrosine fluorescence monitored
at 306 nm following excitation at 275 nm. The analyzed solutions
are the free proteins at 6 (9) or 1 µM (O) and N-Tyr (2). The
quantities dF ) F0 - F, F0, andF are the protein’s fluorescence
intensities in the absence or presence of the quencher KI; see eq 2
(Experimental Procedures).

Table 1: Global Analysis of Intrinsic Fluorescence Quenching Reveals Structural Differences between TBP and TBPc upon DNA Binding

Q-rc 1 µM TBP 6 µM TBP TBP with DNA 1µM TBPc 6µM TBPc TBPc with DNA N-Tyrd N-Trpe

Tyrosine
KSV

a (M-1) acryl 10.6( 1.0 9.7( 1.0 9.8( 1.0 7.2( 0.3 7.9( 0.4 7.0( 0.4 36.1( 0.4 -
fractional acryl 100% 100% 100% 100% 100% 100% 100% -

accessibility KI ∼60% ∼30% NAf ∼50% ∼50% NAf 100% -
Ao

b acryl - 0.191( 0.004 0.191( 0.004 - 0.234( 0.008 0.254( 0.008 - -
KI - 0.191( 0.009 NAf - 0.258( 0.015 NAf - -

Tryptophan
KSV

a (M-1) acryl 7.4( 0.6 7.2( 0.6 13.9( 0.6 - - - - 19.9( 0.5
KI 3.6 ( 0.3 3.3( 0.3 7.9( 0.3 - - - - 8.5( 0.6

fractional acryl 100% 100% 100% - - - - 100%
accessibility KI 100% 100% 100% - - - - 100%

Ao
b acryl - 0.237( 0.036 0.135( 0.012 - - - - -

KI - 0.221( 0.058 0.147( 0.014 - - - - -
a Stern-Volmer constant (eq 1).b Limiting value of anisotropy (see eq 3).c Q-r, fluorescence quenchers: acryl, acrylamide; KI, potassium

iodide. d N-Acetyl-L-tyrosine ethyl ester.e N-Acetyl-L-tryptophan ethyl ester.f Not accessible.
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for free TBP than for the protein-DNA complex. KSV

doubles compared with that of the free protein. Iodide
quenching of the complex approaches that of fully exposed

N-Trp; acrylamide quenching progresses approximately half
as far (Figure 6A,B and Table 1).

A change in the solvent exposure of a protein residue is
often accompanied by a change in its mobility. Insight into
the mobility of the N-terminal domain’s tryptophan was
obtained from Perrin plots comparable to those shown for
tyrosine in Figure 5; equivalent results were obtained for
neutral and negatively charged quenchers (panels C and D
of Figure 6, respectively). TheA0 value of∼0.23 measured
for the free protein decreases to∼0.14 for the TBP-DNA
complex. SinceA0 depends on the global motion of the
protein molecule as well as the internal rotation of the
chromophore, the decreased value ofA0 must be due to an
increased level of segmental motions of the tryptophan
residue. These results show that the N-terminal domain’s
tryptophan is partly buried in free TBP and becomes solvent-
exposed following DNA binding. This conclusion is con-
sistent with the observed red shift of the fluorescence
spectrum (Figure 2 and refs4, 22, and25).

By separately monitoring the structures of the C-terminal
and N-terminal domains of TBP, we have shown that the
presence of the structure of the core domain is different in
the presence and absence of the N-terminal polypeptide and
that the N-terminal domain partly unfolds upon DNA
binding. Below we explore the thermodynamic consequences
of the structural differences between TBP and TBPc that
reveal unexpected differences in the electrostatic contribu-
tions to DNA binding by the two proteins.

Electrostatics Contribute Differently to TBP- and TBPc-
DNA Binding. The electrostatic contribution to TBP and
TBPc binding was quantitated from salt displacement
isotherms (Figure 7, Table 2, and eqs 7-9). In the absence
of divalent cations, the midpoints (mp) of the dissociation
isotherms are 101( 2 and 162( 8 mM, respectively, for

FIGURE 5: Perrin plots for the quenching-resolved emission
anisotropy of tyrosine fluorescence of TBP and TBPc (excitation
at 275 nm and emission at 306 nm) by acrylamide (A) and iodide
(B): free protein at 6µM (9) and TBP-DNA complex at 6µM
(O). The data for the TBP-DNA complex are not shown in panel
B since its tyrosine fluorescence is inaccessible to iodide. The
parameterA is the fluorescence anisotropy (eq 3, Experimental
Procedures);F0 andF are defined in the legend of Figure 4.

FIGURE 6: Stern-Volmer plots (A and B) and Perrin plots (C and D) for the quenching of tryptophan fluorescence (excitation at 275 nm
and emission at 365 nm) of TBP by acrylamide (A and C) and iodide (B and D). The straight lines represent the best fit to eqs 1 and 3.
Conditions: TBP at 1 (0) and 6µM (4) and TBP at 6µM complexed with a 1.2-fold molar excess of DNA bearing the sequence TATAAAAG
(b) or N-acetyl-L-tryptophan ethyl ester (1). The parametersA, F0, andF are the same as in Figures 4 and 5.

TATA Box Binding by TBPc and TBP Biochemistry, Vol. 46, No. 16, 20074881



the TBP- and TBPc-DNA complexes, reflecting the higher
stability of the TBPc-DNA complex. The relative stability
increases when Mg2+ and Ca2+ are present (mp) 132( 7
and 228( 11 mM, respectively), experimental conditions
typical for TBP studies conducted by our laboratory. An
identical trend is observed when either Mg2+ or Ca2+ is
present (Table 2). Facilitation of DNA binding by monova-
lent or divalent cations is atypical (38, 40). Thus, divalent
cations are not simple competitors with respect to the
formation of TBP- and TBPc-DNA complexes.

The nonelectrostatic component of the Gibbs free energy
(∆G°) of the TBP- and TBPc-DNA binding reactions is
obtained from the salt displacement isotherms as (Kd)o

(Table 2 and eq 7). From these data, the relative contribution
of the electrostatic and nonelectrostatic components to
binding can be calculated (Table 2 and Figure 8); the
electrostatic contribution to DNA binding is significantly
greater for TBP than for TBPc independent of the presence
or absence of divalent cations. Restated from the opposite
point of view, the TBPc-DNA interaction is more hydro-
phobic, consistent with its higher affinity (Figure 2) and
resistance to dissociation by salt (Figure 7).

Since the quenching experiments show that TBPc is more
compact than the C-terminal domain of TBP, both free and
complexed to DNA, we asked whether the protein-induced
DNA bend differs between the two complexes. The end-to-
end DNA distance within the TBPc-DNA complex was
shorter for all the solution conditions that were analyzed
(Figure 9). While the difference is not great, the conclusion
is robust due to the comparative nature of the measurements.
Thus, the presence of the N-terminal domain of TBP affects
the structure of TBPc (Figure 5 and Table 1) and results in
a less compact complex with the TATA box bearing DNA
(Figure 9).

DISCUSSION

TBP is the nexus of transcription pre-initiation complexes
that result from the coordinated assembly of an array of
general and gene-specific proteins. The interactions among

FIGURE 7: Salt-induced dissociation isotherms for TBP (A) and
TBPc (B) bound to 14 bp oligonucleotides at equimolar protein
and DNA concentrations (0.25µM) in buffer containing 25 mM
Tris at pH 7.6 and, initially, 50 mM KCl. The added KCl is
indicated by thex-axis. The squares depict isotherms determined
in the absence of Ca2+ or Mg2+. The circles depict isotherms
determined in the presence of 1 mM CaCl2 and 5 mM MgCl2.
Dissociation of TBP and TBPc from DNA was followed by
measurement of the level of FRET as described in Experimental
Procedures.

Table 2: Thermodynamics of Association of TBP and TBPc with Duplex DNA Bearing the TATA Box Sequence TATAAAGa

SKb mpc (mM KCl) ∆Gd (kcal/mol) ∆Gne
e (kcal/mol)

50 mM KCl TBP 5.9( 0.49 101( 2 10.3( 0.12 1.3( 0.61
TBPc 4.6( 0.53 162( 8 10.1( 0.08 4.4( 0.32

50 mM KCl amd 6 mM Mg2+ TBP 4.0( 0.48 143( 7 10.85( 0.06 4.7( 0.33
TBPc 4.84( 0.46 247( 8 11.28( 0.05 5.3( 0.27

50 mM KCl and 6 mM Ca2+ TBP 3.9( 0.48 149( 7 10.97( 0.02 4.9( 0.36
TBPc 4.0( 0.43 245( 10 11.2( 0.14 5.95( 0.27

50 mM KCl, 1 mM Ca2+, and 5 mM Mg2+ TBP 3.8( 0.5 132( 7 10.94( 0.04 4.7( 0.33
TBPc 3.47( 0.45 228( 11 11.4( 0.16 4.7( 0.33

a See Experimental Procedures and ref38 for details for the definitions of the parameters given in the table. The errors reported for all parameters
except∆Gne were propagated using the 95% confidence interval. The reported errors for∆Gne were calculated using the 65% confidence interval.
b The thermodynamic average of the number of ions released upon DNA binding by TBP. The SK value was obtained from salt displacement
experiments as the fitting parameter in eq 9.c The midpoint of a salt displacement dissociation curve such as that shown in Figure 7.d Gibbs free
energy of binding of TBP to DNA. The value of∆G for TBP and TBPc was obtained from equilibrium experiments under the salt conditions given
in column 1.e Nonelectrostatic component of the Gibbs free energy of binding of TBP to DNA obtained from salt displacement experiments using
the fitting parameter (Kd)o in eq 7.

FIGURE 8: Negative electrostatic (hatched bars) and nonelectrostatic
(gray bars) components of the Gibbs free energy of DNA binding
by TBP and TBPc in pH 7.6 solutions containing 25 mM Tris-
HCl, 50 mM KCl, and the added salt as indicated: K, no added
salt; Mg, 6 mM MgCl2; Ca, 6 mM CaCl2; and Mg/Ca, 5 mM MgCl2
and 1 mM CaCl2.
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the proteins of the TFIID complex are highly conserved.
TBPc and its TAFs are among the most evolutionarily
conserved proteins (41, 42); many TAFs contain histone-
like structural domains that are responsible for the protein-
protein interactions within TFIID (43, 44). Although lacking
the histone-like fold, TBPc is structurally similar to histones,
including an absence of tryptophan residues and the unique
microenvironment of its tyrosine residues that is discussed
below (45). The structural analogy between TBP and histones
can perhaps be extended to both proteins possessing N-
terminal “tails”. The greater affinity of TBPc for DNA
compared to TBP (Figure 1) and the different mechanisms
of TBP and TBPc self-association (20-22) suggest that
mediation of assembly reactions is a principal function of
TBP’s N-terminal domain (5, 16-18).2

Tyrosine Fluorescence Specifically Reports on the Struc-
ture of the DNA-Binding Saddle. The tyrosine fluorescence
of TBP and TBPc is statically quenched upon TATA box
binding due to the energy transfer with the nucleotide bases
(Figure 2 and ref46). Four of the proteins’ six tyrosine
residues are within the DNA binding saddle; the other two
are located on the top surface of the H2′ subdomain
(Figure 10A and ref13). The solvent accessibilities of the
saddle and surface residues are significantly different
(Figure 10B and ref4). Surface residues Y224 and Y231
are “significantly exposed” with 20-30% accessibility
compared with 0-15% accessibility for the tyrosine residues
in the saddle. These values are comparable to the 22 and
0-10% accessibilities, respectively, calculated from the
crystallized TBPc monomers (8). The accessibility of the
surface residues calculated from the TBPc structures is
unaffected by DNA binding.

That Y224 and Y231 are least quenched by DNA follows
from their distance from the bound nucleotides (Table 3).
These residues are also the most exposed to the solvent
(Figure 9B) and therefore should be most accessible to
dynamic quenching in TBP-DNA and TBPc-DNA com-
plexes. Since the tyrosine fluorescence of TBP- and TBPc-
DNA complexes is insensitive to iodide (Figure 2 and
Table 1), the fluorescence quantum yield of Y224 and Y231
must be relatively low and the quantum yield of the four

tyrosines surrounding the DNA binding saddle (Y94, Y139,
Y185, and Y195) unusually high (4). Thus, the measured
tyrosine fluorescence uniquely reports upon the structure of
the DNA binding saddle of TBP and TBPc. A low quantum
yield for tyrosine fluorescence is typical of proteins (47),
with the exception of histones whose tyrosines have unusu-
ally high quantum yields (45). We interpret our results to
reflect conservation of the microenvironment of the protein
fold that stabilizes highly conserved interactions within
multiprotein protein-DNA complexes such as the nucleo-
some and transcription pre-initiation complexes, extending
the structural analogy between TBP and histones.

Interdomain Interactions. As expected, the binding of TBP
and TBPc to the strong AdMLP TATA box sequence renders
the saddles of TBP and TBPc equally inaccessible to the
negative quencher iodide (Table 1). The negative quencher
is particularly informative in that it mimics the charge of
DNA. However, the quencher accessibility of the saddle
differs between the two proteins when they are free in
solution. While the saddles of free monomeric TBP and

FIGURE 9: End-to-end distance of the 14 bp duplex free (cross-
hatched bars) and in the complex with TBP (solid gray bars) or
TBPc (hatched bars) as a function of the indicated chloride salt of
the indicated ion or ions present in the buffer.RDA (angstroms) is
the end-to-end DNA distance calculated as described in Experi-
mental Procedures. DNA represents the free DNA in all the
solutions. The other columns represent the protein-DNA complexes
under the same experimental conditions as described in the legend
of Figure 8.

FIGURE 10: Highly solvent accessible tyrosines are most distal to
the DNA binding saddle of TBP. (A) Positions of all six tyrosines
as shown crystallographically (13). (B) Solvent accessibility for
each particular tyrosine of the C domain of TBP, as shown by
molecular dynamic simulations (4).

Table 3: Distances between the Closest Carbon Atoms of the
Tyrosine and Nucleotide Ringsa

residue number RDA (Å)b Ec

Tyr residues surrounding
the DNA binding saddle

94 11.7 0.82

139 12.8 0.72
185 10.4 0.90
195 13.4 0.66

“out of the saddle” Tyr residues 224 15.7 0.43
231 18.0 0.25

a The positions of tyrosines in the TBPc structure are shown in Figure
10. b Donor-acceptor distance.c The effectiveness of Tyr-DNA en-
ergy migration (E) was calculated with the equation 1/E ) 1 + (RDA/
Ro)6, whereRo ≈ 15 Å for the tyrosine-DNA FRET donor-acceptor
pair.
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dimeric TBPc are comparably accessible to the negatively
charged quencher, TBP’s saddle is quenched 2-fold less upon
assembly of TBP monomers into octamers. In contrast, the
quenching of TBPc’s saddle is weak and independent of
protein concentration, consistent with the proposed saddle-
to-saddle dimerization of TBPc (19) as TBPc is dimeric in
the quenching experiments.2 Although the absence of a direct
comparison between TBP and TBPc monomers leaves
ambiguous the degree to which the N-terminal domain
protects the saddle from the negative quencher, the N-
terminus could inhibit DNA binding without blocking the
tyrosine’s access to solvent. Alternatively, the N-terminal
domain might modulate DNA binding by rendering the
structure of the C-terminal core less compact and flexible
as suggested by the results obtained with the neutral quencher
acrylamide (Figures 3 and 5 and Table 1).

The conformation of the N-terminal domain varies with
solution conditions, oligomerization and DNA binding
converting it from a globular conformation that inhibits DNA
binding to a less folded form in TBP-DNA complexes
(Figure 6A,B and Table 1). The structural plasticity of the
N-terminal domain is in contrast to the rigidity of the
C-terminal domain. From the point of view of the C-terminal
core, the N-terminal domain of TBP may be considered “just
another transcription factor” that modulates its function. The
structural changes of the N-terminal domain are comparable
to those undergone by some TAFs during assembly of the
pre-initiation complex. For example, TAF1 folds from a
largely unstructured state to a globular structure that occupies
the DNA binding saddle of TBP, thereby inhibiting its DNA
binding activity (48). Another example is the N-terminal
domain of TAF(II)230, which mimics DNA bound to the
concave surface of TBP (49, 50). In addition to modula-
ting the function of TBP, the repositioning and changed
conformation of the N-terminal domain is a potential
regulatory signal to TAFs that TBP is bound to DNA,
consistent with its proposed role as a dynamic regulator of
TBP function.

Electrostatics Contributes Differently to DNA Binding by
TBPc and TBP.Formation of TBP-DNA complexes is a
result of unfavorable enthalpy changes offset by favorable
entropy changes, including the release of water and salt (51).
A large area of hydrophobic surface is buried when TBPc
binds to DNA by bending and deforming the duplex toward
an A-like conformation, resulting in a broad, flat hydrophobic
surface that is complementary to the hydrophobic surface
of the protein’s saddle (2, 13). Even so, electrostatics
dominates the binding of TBP to DNA by contributing more
than one-half to the net stability of complex formation when
divalent cations are not present. The electrostatic contribution
is significantly reduced when divalent cations are present,
more dramatically for TBP than for TBPc (Figure 8 and
Table 2). The larger electrostatic contribution to TBP binding
relative to TBPc binding may reflect changes in the binding
of the C-terminal domain to the DNA or interactions between
the two domains. Evidence for direct interactions between
the DNA and the N-terminal domain has not been found.
For example, the absence of quenching of the tryptophan
fluorescence in the TBP-DNA complex shows that the
N-terminal domain is not in the proximity of the DNA
(Table 1). Thus, a proper understanding of the thermody-
namics of binding of promoter by TBP must include the full-

length protein characterized in a solution that appropriately
models the cellular milieu.

The net cation displacement measured for formation of
the TBPc- and TBP-DNA complexes reflects the sum of
sequence-specific and nonspecific contributions that influence
different portions of the salt displacement isotherms
(Figure 7). The average number of the ions released upon
binding (Table 2) mainly reflects the number of nonspecific
ionic contacts disrupted upon dissociation of the complexes
and thus differs from direct measures of the binding energy
in the equilibrium experiments (27, 31). The net four to five
cations released upon binding of TBP or TBPc to the 14 bp
duplex (Table 2) is comparable to binding measurements
made using longer restriction DNA fragments (31). These
data taken together with the stability of the 14 bp duplex
under experimental conditions (see Experimental Procedures)
show that neither long-range interactions nor end effects (52)
appear to influence these measurements. The displacement
of four to five cations upon the binding of TBPc is much
weaker than might be expected on the basis of inspection of
the number of phosphates contacted in formation of the
complex. Of interest is the observation that monovalent
cations can localize within the grooves of duplex DNA (53-
60) since TBP binding flattens the grooves of the bound
duplex. However, the contribution of these localized cations
on DNA structures like AT tract bending or groove narrow-
ing (55, 56, 61) remains uncertain due to average occupancies
of just a few percent at particular sites (53, 57).

The divergence of expectation from inspection of structure
and thermodynamic reality is common and reflects the
multitude of contributions to the formation of protein-DNA
complexes (2, 54, 62). Thus, DNA conformation depends
not on locally bound monovalent cations but rather on the
balance of the competing factors in the electrostatic free
energy (63). The contribution from solvation that originates
in large measure from counterions is a significant portion
of electrostatic free energy. In the TBP-TATA box complex,
attractive interactions may be mediated through a delocalized
charge potential (13); monovalent delocalized cations influ-
ence this potential. The effect of mutations on the salt
dependence of TBP-DNA binding has been rationalized by
the notion of “spread” cations reducing the electronegativity
of the protein and the complex as a whole (64).

The SK values listed in Table 2 reflect a relative
thermodynamic measure of the reduction of the electrone-
gativity necessary for complex formation. In contrast, the
dissociation midpoints (mp) of the salt displacement titrations
reflect both electrostatic and nonelectrostatic contributions
to binding. Inspection of these values shows that the
enhanced stability of the TBPc-DNA complex over the
TBP-DNA complex (mp ) 162 ( 8 vs 101 ( 2) is
accompanied by only a small change in the number of cations
released upon binding [SK) 5.9 ( 0.5 and 4.6( 0.5,
respectively (Table 2)]. It is interesting that the greater
stability of TBPc-DNA relative to TBP-DNA complexes
in the presence of Mg2+ and Ca2+ (mp ) 228( 11 and 132
( 7, respectively) is also accompanied by only a slight
change in the electrostatic contribution under these solution
conditions (SK) 3.8 ( 0.5 and 3.47( 0.45, respectively).

These studies do not reveal the exact mechanism by which
the N-terminal domain modulates the electrostatic contribu-
tion to DNA binding or the reason divalent cations differ-
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entially affect TBPc and TBP. A Mg2+- and Ca2+-dependent
change in the conformation of the C-terminal domain is
unlikely in light of the invariance of its structure upon DNA
binding (Table 1). We believe that it is more likely that the
divalent cations affect the structure of the bound DNA
perhaps by minimizing the energy cost of its distortion in
the TBPc-DNA and TBP-DNA complexes. This conjecture
is consistent with the demonstrated stabilization of distorted
DNA duplex structure by Mg2+ (65). It is possible that the
N-terminal domain mimics the contribution of the divalent
cations by interacting with the bound DNA and/or core
domain.

DiValent Cations and TBP-DNA Complex Structure.Salt
displacement isotherms such as those shown in Figure 7
would be expected to shift to lower concentrations of the
monovalent ions in the presence of divalent cations. How-
ever, the opposite is observed. Mg2+ and Ca2+ stabilize TBP
and TBPc complexes with DNA against salt-induced dis-
sociation (Figure 7 and Table 2). Since only the DNA is
deformed in the TBP-DNA complex (13), it is likely that
divalent cations stabilize the distorted DNA. In the absence
of specific effects such as those discussed below, monovalent
and divalent cations will additively effect the stability of
protein-DNA complexes (40).

Divalent cations can have unique effects on DNA structure
and protein-DNA complexes. Mg2+ and Ca2+ can be easily
distinguished from other solvent densities in high-resolution
X-ray structures. These divalent cations are fully hydrated.
Their bound waters form hydrogen bonds with bases and
phosphate groups of DNA. The bound metal ions generally
contribute to the stabilization of the existing conformation
(66). Divalent cations can also participate in interactions with
the base’s nucleic acids. For example, hydrated Mg2+ located
in the major groove of B-DNA appears to partially pull
cytosine bases from the helical stack exposing the base ring
to positive charge (55). Specific interactions are often
mediated through a net of direct or water-mediated hydrogen
bonds with DNA and the protein in complexes. Mg2+ has
been shown to form ionic bridges between DNA phosphates
and RNA polymerase (67) and influence the DNA sequence
specificity of the papillomavirus E2 proteins (38).

We hypothesize that Mg2+ and Ca2+ play a similar role in
stabilizing the deformed DNA in complexes with TBP and
TBPc (33, 68). In this view, the weaker dependence of TBP
on divalent cations is due to interdomain interactions and/or
the observed N-terminal domain conformation changes. The
interdomain interaction in TBP leads to a “loosening” of the
structure of the C-terminal core domain alone and complexed
with DNA (Figure 5). This property is reflected in both in
the intrinsic fluorescence of the tyrosine residues and the
greater end-to-end distance of the bound DNA (Figure 9).
The greater compactness of TBPc compared with TBP
correlates with the greater stability of TBPc complexes in
the salt-induced dissociation experiments (Figure 7).

In proposing that Mg2+ and/or Ca2+ preferentially interacts
with the DNA within TBP- and TBPc-DNA complexes,
we recognize that the net salt balance of these reactions can
be dramatically altered by select substitutions of amino acid
side chains. Three or four mutations are enough to convert
the net cation release ofS. cereVisiaeTBP to the net cation
uptake of the TBP from the hyperthermophilic archeonP.
woesei(69). Detailed study of the cation type and concentra-

tion dependence of complex formation combined with
mutational analysis will be important for fully understanding
the mechanism by which divalent cations contribute to
transcriptional regulation.

NOTE ADDED AFTER ASAP PUBLICATION

This paper was originally published March 23, 2007. Table
1 has been revised. The corrected version was published
March 30, 2007.
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