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ABSTRACT: Recombinant full-lengthSaccharomyces cereVisiaeTATA binding protein (TBP) and its isolated
C-terminal conserved core domain (TBPc) were prepared with measured high specific DNA-binding
activities. Direct, quantitative comparison of TATA box binding by TBP and TBPc reveals greater affinity
by TBPc for either of two high-affinity sequences at several different experimental conditions. TBPc
associates more rapidly than TBP to TATA box bearing DNA and dissociates more slowly. The structural
origins of the thermodynamic and kinetic effects of the N-terminal domain on DNA binding by TBP
were explored in comparative studies of TBPc and TBP by “protein footprinting” with hydroxyl radical
(‚OH) side chain oxidation. Some residues within TBPc and the C-terminal domain of TBP are comparably
protected by DNA, consistent with solvent accessibility changes calculated from core domain crystal
structures. In contrast, the reactivity of some residues located on the top surface and the DNA-binding
saddle of the C-terminal domain differs between TBP and TBPc in both the presence and absence of
bound DNA; these results are not predicted from the crystal structures. A strikingly different pattern of
side chain oxidation is observed for TBP when a nonionic detergent is present. Taken together, these
results are consistent with the N-terminal domain actively modulating TATA box binding by TBP and
nonionic detergent modulating the interdomain interaction.

The TATA binding protein (TBP)1 is required for the
initiation of transcription by each of the three eukaryotic
RNA polymerases (1). TBP is composed of two domains.
The C-terminal domain (TBPc) is highly conserved and binds
TATA box sequences with high affinity and specificity. In
contrast, the N-terminal domain of TBP is highly variable
species to species with regard to both its primary sequence
and length (2). Except for the TBP ofArabidopsis thaliana
that has a rudimentary N-terminal domain, crystallographic
studies of both free and DNA-bound protein have been
carried out using TBPc (3-12). Published biochemical
studies have been carried out using either full-length TBP
or TBPc.

The general view of the N-terminal domain is that it is
dynamic and minimally structured (13-15). Differences in
DNA binding by TBP and TBPc in vitro have been described
including enhanced binding affinity and DNA bending when
the N-terminal residues are not present (16, 17). It was
proposed that conformational changes involving the N-
terminal domain might contribute to isomerization steps
during the formation of a stable TBP-DNA complex and
that the natural conformation of TBP is not optimal for DNA
binding (16, 17). Evidence for the interaction of the N-
terminal domain with the DNA-binding “saddle” and its
displacement by DNA is indicated by intrinsic protein
fluorescence and protein footprinting (13, 18).

The diminished affinity of human TBP relative to its
isolated core domain suggests that the N-terminal domain
inhibits DNA binding by the protein’s C-terminal domain
(19). However, comparisons between TBP and TBPc have
been done without determination of the specific DNA-
binding activity of protein preparations, leaving ambiguous
whether these are true differences. An additional complica-
tion is that both proteins self-associate. TBP follows a
monomer-tetramer-octamer assembly pathway while TBPc
dimerizes (14, 20-22). TBP oligomers rapidly reequilibrate
in the presence of DNA ligand (23) while TBPc dimers
slowly dissociate under some experimental conditions (20,
24). The N-terminal domain mediates the self-assembly
reaction of the full-length protein (14, 25).
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This study compares the equilibrium binding and associa-
tion and dissociation kinetics of TBP and TBPc preparations
whose specific DNA binding activities have been quantitated.
These data clearly show that the N-terminal domain reduces
the affinity of the C-terminal core for TATA box bearing
DNA. The decreased affinity is the result of both decreased
association and increased dissociation rates. Insight into the
structure of the N-terminal domain, its interaction with the
C-terminal core domain, and the changes that occur upon
the binding of DNA has been obtained by comparative
protein footprinting of TBP and TBPc that extend earlier
work conducted only on the full-length protein (18). The
role of this autoinhibitory interaction in regulating transcrip-
tion initiation is discussed.

EXPERIMENTAL PROCEDURES

Materials

Protein Expression and Purification.The standard expres-
sion and purification protocols for TBP and TBPc (26-28)
were modified to improve their yields and specific DNA-
binding activities. TheSaccharomyces cereVisiaeTBP gene
SPT 15 was cloned into the pET15b expression vector and
expressed inEscherichia coliBL21(DE3) pLysS to produce
TBP with a His tag affixed to the N-terminus (R. Moir,
personal communication). Similarly, expression of plasmid
p5J-yTBPc inE. coli strain BL21(DE3) producedS. cereVi-
siae TBPc with a His tag attached to the N-terminus (8).
TBPc begins at residue 61 of TBP. Cells lines were streaked
on LB agar plates containing 50µg/mL ampicillin and 34
µg/mL chloramphenicol for TBPc and TBP, respectively, and
incubated overnight at 37°C. Colonies scrubbed from a
single plate were resuspended in 1.0 mL of YT broth.
Resuspended cells were used to inoculate 500 mL YT broths
either containing 2% sucrose and 100µg/mL ampicillin or
containing 0.4% glucose, 100µg/mL ampicillin, and 34µg/
mL chloramphenicol for TBPc and TBP, respectively. Cells
were grown at 37°C until the OD of the cell suspensions
became∼0.6-0.8. IPTG was added to a final concentration
of 1 mM to induce protein expression. Cells were further
incubated at 37°C for 2 h and then harvested at 3000g for
20 min at 4°C. The cell pellet was washed once with buffer
A (40 mM HEPES-NaOH, pH 7.9, 20% glycerol, 500 mM
KCl, 5 mM imidazole, and 2 mM MgCl2) and stored at
-80 °C.

The same purification protocol is used for TBP and TBPc
unless otherwise noted. All steps are carried out at 4°C
unless otherwise noted. Frozen cells were thawed on ice and
resuspended at 5 mL/g in buffer A containing complete
protease inhibitor cocktail tablets (Roche catalog no. 1873580).
The cell suspension surrounded by a jacket filled with ice-
water saturated with NaCl was lysed by sonication with
30 s bursts spaced 2 min apart. The cell lysate was
centrifuged in a Sorvall SS-34 rotor at 11000 rpm for 20
min. Chromosomal DNA was precipitated from the super-
natant by dropwise addition of 10% protamine (2.5 mL/20
mL of sample; Sigma catalog no. P4505) along with gentle
stirring for 10 min. The precipitate was removed by
centrifugation as above, and the supernatant was processed
through the following chromatographic steps.

An Econo-Pac disposable chromatography column (Bio-
Rad catalog no. 732-1010) packed with 2 mL of Ni-NTA

agarose (Qiagen catalog no. 30120) was equilibrated with
10 column volumes of buffer A and set up for gravity flow.
Following sample loading, the column was sequentially
washed with 5 column volumes of buffer A, buffer B
(40 mM HEPES-KOH, pH 7.9, 20% glycerol, 1 M KCl,
2 mM MgCl2, and 5 mM imidazole), and buffer C (40 mM
HEPES-KOH, pH 7.9, 20% glycerol, 200 mM KCl, 2 mM
MgCl2, and 20 mM imidazole). The TBP was eluted with 5
column volumes of buffer D (40 mM HEPES-KOH, pH
7.9, 10% glycerol, 200 mM KCl, 2 mM MgCl2, and
250 mM imidazole). The elute was mixed with thrombin to
remove the His tag (10 units of thrombin/mg of sample;
Amersham catalog no. 27-0846-01) and dialyzed (Spectrum
Laboratories, tubing no. 132678) at 14°C overnight against
buffer E (25 mM HEPES-KOH, pH 7.9, 20% glycerol,
3 mM CaCl2, 2 mM MgCl2, and 100 mM KCl). KCl was
added into the digestion product to 500 mM and the sample
loaded on the regenerated Ni-NTA column. The TBP-
containing flow-through was collected and dialyzed against
buffer E overnight.

The cleaved peptide was removed with a 2 mLcolumn of
Q-Sepharose (Amersham catalog no. 17-1014-0) equilibrated
with 10 column volumes of buffer E. The dialyzed solution
was loaded on the column and the flow-through collected.
The protein-containing solution was dialyzed overnight
against buffer F (25 mM HEPES-KOH, pH 7.9, 20%
glycerol, 1 mM EDTA, 1 mM DTT, and 300 mM KCl),
concentrated by Centricon (Millipore catalog no. 4205), and
stored in small aliquots at-70 °C.

DNA Preparation.Unlabeled DNA oligonucleotides were
obtained from Invitrogen or TriLink Biotechnologies, Inc.
Oligonucleotide concentration was determined using extinc-
tion coefficients calculated from the base pair composition
(29). A 18 bp oligonucleotide duplex bearing the TATA box
sequence of the adenovirus major late promoter (AdMLP)
of the sequence 5′-CGCTATAAAAG GGCTGGG-3′ was
prepared; annealing titrations of the complement were
conducted to ensure that all of the oligonucleotides present
in binding assays were duplex. DNase I footprinting studies
were carried out using aHindIII (32P-labeled)/NdeI restriction
fragment of 282 bp bearing the AdMLP prepared from
plasmid ppUMLP (30, 31) or aHindIII ( 32P-labeled)/BsrDI
restriction fragment of 204 bp bearing the yeast U6 promoter
prepared from plasmid pM4 (32).

Methods

Analytical Ultracentrifugation.Sedimentation equilibrium
studies were conducted at 20 and 22°C using the absorption
optics of a Beckman XL-I analytical centrifuge essentially
as described previously (14, 21). The protein was dialyzed
against pH 7.6 buffer containing either 25 mM cacodylic
acid or Tris-HCl, 5 mM MgCl2, 1 mM CaCl2, 0.2 mM DTT,
and 100 mM KCl with or without the nonionic detergent
0.01% Brij-58. The data were analyzed using the XL-A/XL-I
analysis software (Beckman Instruments).

Absorption and Fluorescence Spectroscopy. Optical mea-
surements were performed in buffer containing 25 mM Tris-
HCl, 100 mM KCl, 5 mM MgCl2, 1 mM CaCl2, and 2 mM
DTT at pH 7.5 and 22°C. BSA (Sigma) at 50µg/mL was
added to the solution when binding isotherms were measured
using fluorescent labeled oligonucleotides. Absorption mea-

TBP and TBPc Biochemistry, Vol. 46, No. 35, 20079887



surements were made using a Beckman Coulter DU 7400
spectrophotometer (Fullerton, CA). Fluorescence measure-
ments were made using a Jobin Yvon Fluoromax-3 spec-
trofluorometer (Edison, NJ) corrected for the spectral sen-
sitivity of the instruments.

Measurement of Extinction Coefficients and Determination
of Specific DNA-Binding ActiVity. The concentration of the
oligonucleotides and the proteins used in binding studies was
determined from absorption measurement by using their
respective extinction coefficients at specific wavelengths. The
extinction coefficient at 260 nm for the 18 bp duplex DNA
was estimated from the base pair composition as mentioned
above (29). TBP and TBPc extinction coefficients were
determined fromεM,nat ) AbsnatεM,Gdn/AbsGdn, whereεM,nat

and εM,Gdn are the extinction coefficients and Absnat and
AbsGdn are the optical densities of the native and denaturated
protein in 6 M guanidine hydrochloride, respectively, at
278 nm (33). εM,Gdn is calculated from the number of aromatic
amino acids and cysteine using the molar extinction coef-
ficients for appropriate model compounds as reported earlier
(34). The concentrations of TBP and TBPc were determined
from the absorption measure at 278 nm by using the
extinction coefficients 15180 and 9540 M-1 cm-1, respec-
tively.

The specific DNA-binding activity was determined by
titration of 0.5µM TBP or TBPc with increasing concentra-
tions of the 18 bp DNA duplex in buffer containing 10 mM
sodium cacodylate, 100 mM KCl, 5.0 mM MgCl2, and
1.0 mM CaCl2 at pH 7.6 and 22°C. Since these protein
concentrations were significantly greater than theKd of the
binding reaction, the titration resulted in a linear increase in
complex concentration until an equivalence point was
reached. The net change in the intrinsic fluorescence of TBP
and TBPc upon binding the unlabeled DNA was used to
calculate the fractional saturation of the protein (15). The
ratio of the fluorescence emissions at 365 and 306 nm was
used to quantitate DNA binding to TBP (15) while the
intensity of fluorescence at 306 nm was used to quantitate
DNA binding to TBPc. The excitation wavelength is
275 nm for both experiments. The equivalent point was
determined by fitting the data to two intersecting lines. The
fractional activity of the protein was determined from the
intersection point assuming a 1:1 protein:DNA stoichiometry.

Equilibrium and Kinetic QuantitatiVe Footprinting. Quan-
titative DNase I footprint titration experiments were con-
ducted in solutions containing 100 mM KCl, 5.0 mM MgCl2,
1.0 mM CaCl2, and 50µg/mL BSA at pH 7.6 and 22°C as
described (30, 31, 35). The buffer used was either 25 mM
sodium cacodylate, BisTris, Tris-HCl, or KH2PO4 as indi-
cated. Isotherms were also determined in solutions addition-
ally containing 0.01% Brij. The transition curves were scaled
to fractional saturation and fit to the Hill equation as
described elsewhere (35). The quench-flow DNase I kinetic
footprinting experiments were conducted and analyzed as
described (30, 31, 36, 37) in the solution described above
with BisTris as the buffer. The resultant autoradiograms were
digitized using a Storm imager and quantitated with Im-
ageQuant (Molecular Dynamics) as described (37).

Protein ‚OH Footprinting. TBP, TBPc, and their binary
complexes with the 18 bp DNA duplex were prepared to a
final concentration of 1µM in 10 mM potassium phosphate
buffer at pH 7.6 containing 100 mM KCl, 5 mM MgCl2, 1

mM CaCl2, 0.01% Brij, and 0.1 mM EDTA. Samples were
also prepared in similar buffer omitting Brij and CaCl2. The
free protein and complex were exposed to white synchrotron
light at the National Synchrotron Light Source’s (Brookhaven
National Laboratory, Upton, NY) beamline X-28C operating
at a ring energy of 2.8 GeV (18, 38-40). The KinTek
quench-flow mixer present at the beamline was modified so
that a single syringe pushed sample from 50 or 250µL loops
through the synchrotron beam. The flow rate of the sample
was adjusted to control the exposure time by the KinTek
controller software program PACCOM version 3.20 from
Pacific Scientific Digital Motion Control Products. The
continuous flow arrangement allowed large volumes of low
concentration samples to be exposed to the X-ray beam for
durations up to 120 ms. All sample exposures were con-
ducted a room temperature. The exposed samples were
collected in microfuge tubes containing methionine amide
to quench the peroxide induced secondary oxidation during
the postexposure sample handling time periods (41, 42).
Samples were frozen in dry ice and stored in-80 °C.

Chromatography and Mass Spectrometry.The frozen
samples were thawed, and trypsin (Promega) was added to
an enzyme:protein ratio of 1:40 (w/w) in the presence of
10% acetonitrile and 0.1µM CaCl2. The pH of the sample
solution was maintained at pH 8.2 by the addition of
ammonium carbonate buffer to a final concentration of
50 mM. The digestion reaction was carried out at 37°C for
12 h. The digested peptides from samples exposed without
the detergent Brij were introduced into a ThermoFinigan
LCQ classic mass spectrometer via a Waters Alliance 2690
high-pressure liquid chromatography system (ThermoFinigan
Inc., San Jose, CA; Waters Corp., Milford, MA). The reverse-
phase chromatographic separations were performed with
200 pmol of digested proteins on a 1× 150 mm C18 column
(Vydac Separations Group Inc., Hesperia, CA) at a flow rate
of 50 µL/min with a 2% gradient of acetonitrile and water
containing 0.05% trifluoroacetic acid. The digested peptides
from samples exposed with the detergent Brij were intro-
duced into a ThermoFinigan Deca XP Plus mass spectrom-
eter equipped with a nanospray ion source, via an UltiMate
nanoseparation reverse-phase HPLC system (ThermoFinigan
Inc., San Jose, CA; LC Packings). Using a column-switching
technique mediated by a Switchos module (LC Pakings),
1 pmol of the digested proteins was loaded onto a 300µm
i.d. × 5 mm C18, PepMap nano RP trapping column to
preconcentrate and wash away excess salts. The loading
solvent containing 0.1% formic acid (pH) 2.9) was flowed
at 30µL/min. Reverse-phase separation was performed on
a 75µm i.d.× 15 cm C18, PepMap nanoseparation column.
Eluent A (95% water, 5% acetonitrile, and 0.1% formic acid)
and eluent B (5% water, 95% acetonitrile, and 0.1% formic
acid) were used to form the gradient. The ESI and MS/MS
spectra were recorded in the centroid mode.

All mass spectra were acquired in the positive ion mode.
The fraction of peptide modified was determined from the
ratio of the area under ion signals for the oxidized radiolytic
products to the sum of those for the unoxidized peptides and
the oxidized radiolytic products. The oxidized radolytic
products include+14, +16, +32, and +48 Da species
relative to the unmodified ions. The fraction of unmodified
peptide determined from the multiple experimental repeats
versus exposure times (a “dose-response” plot) was fitted
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globally to a single exponential decay function with Origin
version 6.1 (OriginLabs) to determine the rate of peptide
modification. The reported errors of the rate data were
determined by the Origin program using 95% confidence
limits of the fitting results.

SolVent Accessibility Calculations. The solvent accessibil-
ity of individual side chains in the yeast TBP core domain
and the DNA-bound form was determined from the PDB
coordinate file 1YTB after removing either only TFIIA or
TFIIA and the DNA. The program GETAREA 1.1 (http://
www.scsb.utmb.edu/cgi-bin/get_a_form.tcl) was used to
calculate the solvent-accessible surface area per residue from
the PDB files. The amino acid side chains whose solvent
accessibilities (see Experimental Procedures) areg20 Å2 are
underlined in Table 2 of the Supporting Information.

RESULTS

TBPc and TBP Characterization.Yields of approximately
2.1 mg and 1.3 mg/g of cells were obtained forS. cereVisiae
TBP and TBPc, respectively. The molecular masses deter-
mined by mass spectrometry are 27286 and 20150 Da for
TBP and TBPc, respectively (Figure 1). These values
compare with molecular masses of 27285 and 20149 Da
calculated for these proteins from their sequence. The protein
preparations used in this study were>95% homogeneous.
TBP contains six tyrosines and no tryptophan in its C-
terminal core domain and one tryptophan and no tyrosines
in the N-terminal domain. The single tryptophan in the
N-terminal domain provides a clear optical signature distin-
guishing TBPc from TBP (13, 15). The UV absorption and
fluorescence emission spectra of our preparations of TBPc
and TBP are those expected for proteins without and with

tryptophan, respectively (Figure 2 and Supporting Informa-
tion, Figure 1).

The absorption spectra of denaturated TBP and TBPc
resemble the spectra of the model compoundsN-acetyl-L-
tyrosine andN-acetyl-L-tryptophan ethyl esters, demonstrat-
ing complete solvent exposure of the aromatic amino acids
(data not shown). The spectra of the native proteins are red
shifted with higher extinction coefficients consistent with the
burial of the aromatic acids in the interior of the proteins
(Supporting Information, Figure 1). Consideration the spec-
tral differences between the denatured and native proteins
allowed calculation of accurate extinction coefficients (Sup-
porting Information, Table 1) and thus accurate total protein
concentrations.

Upon excitation at 275 nm, the 40 nm red shift in the
fluorescence emission spectra of TBP observed upon dena-
turation of the protein contrasts with the invariance of the
fluorescence emission spectra of TBPc upon its denaturation
(Figure 2, solid and broken lines). Only the quantum
efficiency of TBPc decreases. The emission maximum of
TBPc also does not change upon DNA binding; only the
quantum efficiency decreases (Figure 2B, bold line). Thus,
the red shift observed upon the binding of TBP to DNA is
entirely due to the single tryptophan present in the N-terminal
domain (Figure 2A, bold line).2 The presence of Brij, DTT,
or both in the solution has no discernible effect on the
absorption or fluorescence spectra of TBP and TBPc
(unpublished data).

Specific DNA-Binding ActiVity. We took advantage of the
tyrosine fluorescence quenching and tryptophan fluorescence

2 This conclusion is confirmed by the comparable red shift and
increase in the fluorescence quantum yield observed upon excitation
of TBP at 295 nm (data not shown).

FIGURE 1: Mass spectra of the purifiedS. cereVisiaeTBP (A) and
TBPc (B) used in these studies obtained using a Thermo Finnigan
LCQ classic mass spectrometer using electrospray ionization.

FIGURE 2: Normalized fluorescence emission spectra ofS. cereVi-
siaeTBP (A) and TBPc (B) native (s) and in buffer containing 8
M urea (---) obtained as described in Experimental Procedures. The
bold lines depict the native proteins complexed with DNA.

TBP and TBPc Biochemistry, Vol. 46, No. 35, 20079889



enhancement that occurs upon TBP-DNA complex forma-
tion and tyrosine fluorescence quenching upon TBPc-DNA
complex formation to accurately and precisely determine the
specific DNA-binding activity of preparations of the two
proteins (Figure 3). The opposite changes in the fluorescence
intensity are due to the enhancement of the tryptophan
fluorescence in TBP and the quenching of the tyrosine
fluorescence in TBPc (Figure 2). The specific DNA binding
activity of both proteins in this example is∼80%. Specific
activity values ranged from 80% to 100% for the protein
preparations used in this study. The reported protein con-
centrations have been corrected for the activity value
determined for the particular protein preparation used in the
experiments.

Self-Association.Confirmation that the nonionic detergent
Brij-58 present at a concentration of 0.01% in the assay
buffer did not affect TBP self-association was obtained by
sedimentation equilibrium analysis. Data obtained at two KCl
concentrations in the presence and absence of the detergent
was best fit by the well-documented monomer-tetramer-
octamer assembly model (14, 21) with association free
energies indistinguishable from those previously published
(Table 1). TBPc dimerizes as previously reported (22, 43)
in the absence and presence of Brij-58 although dimerization
is weakened by the detergent (Table 1 and Supporting
Information, Figure 2). On the basis of the assembly
constants, TBP and TBPc are monomeric at the concentra-
tions present in the binding assays presented below that were
conducted in solutions containing the detergent. TBP is
monomeric in both the presence and absence of the detergent
at the higher protein concentrations used in the protein

footprinting studies. In these experiments, TBPc is mono-
meric in the Brij-containing buffer and predominantly
dimeric in its absence.

Equilibrium Binding. TBPc binds to TATA box containing
DNA with significantly greater affinity than TBP (Figure 4,
Table 2). The isotherms obtained for both proteins are well
described by the single-site binding polynomial, confirming
that coupled equilibria do not contribute to either reaction
under these experimental conditions. TBPc always binds with
higher affinity although there are subtle variations among

FIGURE 3: Specific DNA-binding activity of a representative
preparation ofS. cereVisiae TBP (A) and TBPc (B) used in these
studies. TBP or TBPc at a concentration of 0.5µM was titrated
with increasing concentrations of the 18 bp duplex bearing the
sequence TATAAAAG as described in Experimental Procedures.
The solid lines are the best fit of two intersecting lines used to
determine the equivalence point of the titration (‚‚‚). The ratio of
365 to 306 nm fluorescence intensity (A, TBP) or fluorescence
intensity at 306 nm (B, TBPc) was monitored.

Table 1: Sedimentation Equilibrium Analysis of TBP and TBPc
Self-Association

buffer initial [TBP] (µM) M T Ta M T Oa

from ref14 0.8-16 NDb -49.3( 1.4
TBP 6.6-33 -21.2( 0.8 -51.7( 1.1
TBP (Brij-58) 6.6-33 -22.2( 0.3 -51.7( 0.5

buffer initial [TBPc] (µM) Mw
c M T Dd

TBPc 11.0-42 39839( 1650
TBPc (Brij-58) 11.0-42 35745( 2063 -7.2( 0.7

a Results shown are the best fit values to the monomer-tetramer-
octamer model in the 100 mM KCl assay buffer. Values are∆G° in
kcal/mol. b Tetramer was not discernible (ND) in these experiments.
c The weight-average molecular weight assuming a homogeneous
monodisperse particle.d Results shown are the best fit values to the
monomer-dimer equilibrium. Values are∆G° in kcal/mol.

FIGURE 4: Representative set of TBP and TBPc binding isotherms
obtained as described in Experimental Procedures. This experiment
was conducted in sodium cacodylate buffer containing 0.01% Brij.
TBPc (solid symbols) and TBP (open symbols) were bound to the
DNA containing the AdMLP (TATAAAAG, circles) or U6
(TATAAATA, squares) promoter TATA box sequences. Global
fitting of each set of data to the Hill equation yieldedKd ) 1.8 (
0.2 nM andnH ) 1.1 ( 0.1 andKd ) 20.0 ( 2.9 nM andnH )
1.0 ( 0.1 for TBPc and TBP, respectively.

Table 2: Affinity Calculated from Paired TBP and TBPc
Equilibrium Binding Isotherms for Binding to the AdMLP TATA
Box Sequence TATAAAAG

buffera protein Kd (nM) nH

cacodylate-Brij TBP 20.0( 2.9 1.0( 0.1
TBPc 1.8( 0.2 1.1( 0.2

KH2PO4-Brij TBP 7.7( (-0.4,+0.3) 1.06( 0.04
TBPc 2.2( 0.1 1.06( 0.07

KH2PO4 TBP 7.6( (-0.4,+0.3) 1.02( 0.03
TBPc 2.2( 0.1 1.04( 0.08

KH2PO4-5% glycerol TBP 7.2( 0.3 1.05( 0.04
TBPc 0.40( 0.06 1.06( 0.07

a The buffer is the solution described in Experimental Procedures
with the indicated buffering component and additives.
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the several solution conditions tested (Table 2). For example,
phosphate is inhibitory of TBP but not TBPc binding.
Conversely, glycerol facilitates TBPc binding but has no
effect on TBP. Lastly, 0.01% Brij has no effect on the
binding of either protein.

DNA Binding Kinetics. The second-order rate constant for
TBPc binding to the AdMLP TATA box sequence is 5-fold
greater than that determined for TBP (Figure 5A). The linear
dependence ofkobs on TBP or TBPc concentration is
consistent with the simple bimolecular association previously
detected by DNase I footprinting for TBP (30). The rates of
dissociation of TBP and TBPc also differ. The TBPc-TATA
complex is three and one-half times more stable than the
TATA complex of the full-length protein (Figure 5B). Thus,
the higher affinity of TBPc reported in Figure 5 is a
composite of the protein’s increased rate of association and
decreased rate of dissociation relative to TBP. The association
and dissociation progress curves are adequately described
by single exponentials under these experimental conditions
(data not shown; Figure 5B). It should be noted that these
curves reflect an average rate constant and do not provide
information about the reaction intermediates that have been
visualized by more comprehensive and precise kinetics
studies detected by fluorescence resonance energy transfer
of dye-labeled DNA (44).

Protein Footprinting.Samples of TBP, TBPc, and their
complexes with DNA were exposed to white synchrotron
X-ray radiation for 0-150 ms. The relative abundance of
unmodified and oxidized tryptic peptide ions was calculated
from the ion chromatogram peak area corresponding to the
mass of the selected peptide as described in Experimental
Procedures. To ensure that the native protein was probed,
quantitation of the loss of unmodified peptides was moni-
tored. Oxidation as a function of X-ray exposure was
consistently first order (data not shown; ref39).

The oxidation rate constants for the identified tryptic
peptides and comparisons between free and DNA-bound TBP
and TBPc are summarized in Figure 6 and Table 2 of the
Supporting Information. Representative chromatogram, tan-
dem mass spectra, and the dose-response plot are shown in
Supporting Information, Figures 3-5. Differences between
the TBP results obtained herein and in previous work
conducted under different experimental conditions (18) are
addressed in the Discussion. Studies were also conducted in
the presence or absence of the nonionic detergent Brij to
explore its structural consequences and match the experi-
mental conditions of the biochemical studies presented in
Figures 2-5.

The interpretation of the footprinting results is aided by
viewing the structural disposition of the oxidized tryptic
peptides (Figure 7). The C-terminal domain (TBPc) consists
of two subdomains, H2 and H2′, that form a continuous,
10-stranded, slightly curved antiparallelâ-sheet defining the
distinct concave DNA binding saddle (Figure 7E). The loops
that emerge from the ends of the saddle between strands S2
and S3 and strands S2′ and S3′ (the “stirrups”) define a
cylindrical cleft. Helices H2 and H2′ are cradled on the
convex surface of the sheet; the short helices H1 and H1′
precede strands S2 and S2′ in the primary sequence. The S1
strand connects the N-terminal polypeptide to the H2′ helix.

Approximately 60% of the primary sequence is covered
by the observed tryptic peptides in the total ion ESI-MS
chromatograms. The observed peptides include segments of
the N-terminal domain, the DNA binding saddle, and the
top side of the C-terminal domain. The X-ray doses used
were sufficient to detect modification of reactive aromatic
side chains with predicted solvent accessibilities>40 Å2

(data not shown). This limit is slightly greater than the
oxidation detection reported in other studies for aromatic side
chains with>20 Å2 accessibility (18, 39, 45-48). Detectable
peptides with oxidation rate constants>2 × 10-4 s-1 are
considered “unreactive” (Figure 6 and Supporting Informa-
tion, Table 2). Tandem mass spectrometry (MS/MS) was
performed as necessary to confirm the identity of tryptic
peptides and/or determine the site (or sites) of oxidation (45,
49). The order of side chain reactivity to oxidation by‚OH
is Cys, Met, Phe, Tyr, Trp, Pro, His, and Leu (45, 49). The
observed‚OH reactivity depends upon both the intrinsic
reactivity of the residues and their solvent accessibility (45,
49, 50). In order to separate out the solvent accessibility
dependence of the observed oxidation rate, comparisons of
relatiVe reactivity changes, such as the presence or absence
of the N-terminal domain or DNA binding, are the focus of
our study. While the solvent accessibility calculated from a
crystal structure is often comparable to the‚OH reactivity
in solution, differences have been noted (45).

FIGURE 5: (A) Association of TBPc (solid symbols) and TBP (open
symbols) to DNA bearing the AdMLP TATA box followed by
quench-flow DNase I footprinting. The solid lines depict the best
fit of y ) ka(x) + kd (72) with kd fixed at the values determined
from panel B andka ) (6.3 ( 1.0) × 105 and (30.7( 2.0) × 105

M-1‚s-1 for TBP and TBPc, respectively. (B) Dissociation of TBPc
(solid symbols) and TBP (open symbols) from DNA bearing the
AdMLP TATA box followed by DNase I footprinting. The solid
lines depict exponential decay curves with the best fit values ofkd
) (8.9 ( 0.5) × 10-4 and (2.5( 0.2) × 10-4 s-1 for TBP and
TBPc, respectively. The experiments were conducted as described
in Experimental Procedures in buffer containing 0.01% Brij.
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The N-Terminal Domain of TBP.The most N-terminal
detectable tryptic peptide is 7-11, which contains the
reactive residues Leu and Phe. That this peptide is not
oxidized in either free TBP or the TBP-DNA complex
indicates that the terminus of the N-terminal polypeptide is
inaccessible to solvent. In contrast, the next three peptides
in the sequence are generally reactive (Figures 6A and 7A).
The rate constants of 0.42 and 1.5 s-1 measured for peptides
16-23 and 32-47, respectively, are consistent with their
reactive residues being solvent accessible. DNA binding
changes the reactivity of these three oxidized peptides by
g2 fold. The reactivity of peptide 24-31 increases while
those flanking are protected, suggesting that the ends of the
N-terminal domain become less accessible while the middle
becomes more accessible upon TBP-DNA complex forma-
tion (Figures 6A and 7B). Peptide 24-31 contains the sole
Trp residue present in TBP and has been the subject of
parallel fluorescence investigations (Figure 2 and ref51).

The H2 Subdomain of TBP and TBPc.Four of the seven
detectable peptides in the H2 subdomain (residues 61-∼160)
are significantly and comparably oxidized in TBP and TBPc.
The peptides are also comparably protected by DNA in both
proteins. The other three peptides of this subdomain are not
oxidized in the absence or presence of DNA (Figure 6A,B).
The detected peptides include part of the S1 strand, S2-S5
strands, H2 and H1 helices, and the loops joining these
secondary folds (Figure 7A,E). The peptides include residues
within the DNA binding saddle region (99-105, 111-120,
and 121-127) that are protected byg2-fold upon DNA
binding (Figure 7B,F). These results are consistent with the
decrease in solvent accessibility of the probed residues

3 A new analytical method (41) not available during our earlier study
(18) allows useful information to be extracted from the methionine-
containing peptides 99-105 and 121-127.

FIGURE 6: Summary of the peptide oxidation rates obtained from the‚OH protein footprinting comparison of TBP and TBPc as described
in Experimental Procedures. The black bars are free proteins. The gray bars are TBP or TBPc in an equimolar complex with the TATA box
containing DNA oligonucleotide. Peptides not detected by mass spectrometry are not shown. The peptides that are detectable but whose
rate constant is<2 × 10-5 s-1 are indicated along the bottom of the histograms; these peptides are referred to as unreactive.
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FIGURE 7: Mapping of the tryptic peptides detected by‚OH protein footprinting onto the atomic resolution three-dimensional structure of
TBPc (8). The known structure of TBPc is schematically represented with ribbons with the potentially reactive residues having solvent
accessibilityg20 Å2 (except for Met) displayed as sticks. The side chain color exactly matches its corresponding backbone color. The
N-terminal domain is represented by sequence since its atomic resolution structure has not been solved. Panels A-D depict TBP free and
DNA bound in the presence and absence of the nonionic detergent Brij. Panels E and H depict the same set of results for TBPc. At the base
of each column is a color legend. The left column depicting free protein is colored by relative oxidation rate. The right column depicting
the protein complexes with DNA is colored by the relative reactivity change measured upon ligation.
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calculated from the TBPc crystal structures.3 Peptide 121-
127 was not recovered for the TBPc-DNA complex for
reasons unknown.

Peptide 84-90 is of interest since its reactive residues,
Leu87 and His88, are situated within the H1 helix on the
outside of the proteins and its reactivity decreases∼2-fold
in TBPc upon the binding of DNA (Figures 6B and 7F).
The reactivity of this peptide does not significantly change
in TBP (Figures 6A and 7B). Two peptides (146-151 and
152-156) also situated on the top of the domain are not
detectably oxidized in either free or DNA-bound TBP and
TBPc (Figures 6A,B and 7A,B,E,F). Since these peptides
possess highly reactive Phe residues whose solvent acces-
sibilities are appreciable in the crystal structures, their lack
of reactivity suggests that this region is less accessible in
solution than predicted by the crystal structures. These results
indicate that the solvent-accessible surface of the H2 sub-
domain is minimally affected by the N-terminal domain.
Thus, the reactivity changes observed upon DNA binding
are due to an alternative mechanism.

The H2′ Subdomain of TBP and TBPc. The H2′ subdomain
encompasses residues 160-∼239 (S1′, H1′, S2′-S5′, and
H2′). In contrast to the H2 subdomain, the reactivity of three
of the four H2′ peptides differs dramatically between TBP
and TBPc; peptides 172-196, 212-218, and 221-238 are
highly reactive in TBPc (Figures 6B and 7E) and virtually
unreactive in TBP (Figures 6A and 7A). These differences
in oxidation rate are of greater magnitude than the changes
observed upon DNA ligation (Figure 7B,F). Only peptide
168-171 is reactive in both proteins. Unfortunately, a report
of the saddle in this subdomain is unavailable due to the
absence of peptide 202-211 at this experimental condition.

These results show that the N-terminal domain docks
against the H2′ subdomain. The extreme protection of peptide
172-196 is notable as it possesses multiple reactive side
chains with solvent accessibilitiesg40 Å2 (Supporting
Information, Table 2). Peptide 172-196 includes residues
in the H1′ subdomain that are outside of the DNA-binding
region, S2′ and S3′, and associated loops in the saddle
(Figure 7A,E). Peptide 212-218 is more specific as it
possesses a single reactive residue, Leu214, that resides near
the DNA-binding saddle. While this peptide is unoxidized
in both free TBP and the TBP-DNA complex (Figures 6A
and 7A,B), it is reactive in TBPc and 2-fold protected in the
TBPc-DNA complex (Figures 6B and 7E,F). This reactivity
pattern is consistent with the N-terminal domain binding
within the saddle and being displaced upon DNA binding
although it remains bound to other surfaces of the H2′
subdomain.

A Nonionic Detergent Affects the Structures of TBP and
TBPc. Detergents are often used in the study of transcription
owing to their stabilization of the constituent factors. Since
our binding studies utilize the nonionic detergent Brij
(Figures 4 and 5; refs52 and 53), additional protein
footprinting studies were conducted to explore its effect on
the structures of TBP and TBPc. Some tryptic peptides
observed in the above-described studies are not present and
vice versa (compare Figures 6A,C and 6B,D). This effect
appears to be due to interaction of the detergent with the
chromatography matrix and altered ionization of efficiencies
of the peptides or alterations of the digestion efficiencies at
specific sites due to the presence of detergents (Supporting

Information, Table 2). However, a sufficient number of
common peptides are observed to allow direct comparison
between the two conditions. Generally, higher reactivity rates
are observed in the presence of the detergent (Figure 6C,D).

The changes in the‚OH reactivity pattern of the N-terminal
domain induced by Brij suggest that structural changes are
induced by the detergent (Figure 6A,C). While Brij induces
a small increase in the modification rate of peptide 16-23
in the free protein, DNA bindingincreasesthe modification
rate by 4-fold compared to the 2-fold ratedecreasemeasured
in the absence of detergent. Peptide 32-47 behaves similarly.
These differences reflect large andopposite changes in
solvent accessibility of this region in the absence and
presence of the detergent.4

The ‚OH reactivity of TBPc and the core domain of TBP
is the same when Brij is present. For example, peptides 197-
201 and 202-211 show comparable low and high oxidation
rates, respectively, in both proteins (Figures 6C,D and 7C,G).
In contrast, extensive protection of TBP’s H2′ subdomain
in the absence of detergent was presented above. We
conclude from these data that the H2′ subdomain of TBP is
protected by the N-terminal domain and Brij inhibits this
interdomain interaction. The effect of Brij is most dramatic
for the peptides derived from the top side of the H2′
subdomain of TBP. Peptides 172-196 and 221-238 are
detected under both solution conditions. They are unreactive
in the absence of detergent and highly reactive in its presence
(compare Figures 6A,C and 7A,C; see Supporting Informa-
tion, Table 2).

Observed in the Brij experiments is peptide 202-211,
which reports on the accessibility of the H2′ side of the DNA-
binding saddle. This peptide and those reporting on the H2
side of the saddle (peptides 99-105 and 111-120) display
comparable 2-fold protections on DNA binding in both TBP
and TBPc (Figure 7D,H and Supporting Information, Table
2). The uniform response to DNA binding across the saddle
suggests that the N-terminal domain does not occlude this
surface in the presence of detergent. Peptide 172-196,
spanning the H1′ helix and both sides of the saddle, behaves
similarly (Figures 7D,H). We conclude that the N-terminal
domain is less interactive with the core domain in the
presence of Brij compared with its absence.

DISCUSSION

The central role played by TBP in the transcription of
eukaryotic genes necessitates a thorough exploration of its
structure and function if accurate molecular models of its
assembly and function with the other components of the
transcription machinery are to be generated. Our understand-
ing of the C-terminal DNA-binding domain of TBP has been
aided by its high conservation. In contrast, the role played
by the N-terminal domain is ill-defined due in part to its
variability among species; its structural diversity may reflect
comparable diversity of function.

Tighter TATA Box Binding by TBPc. Quantitating the
consequences of its absence is an important step in defining

4 Peptide 56-79, which contains a Cys78, is very reactive in both
TBP and the TBP-DNA complex, consistent with its predicted solvent
accessibility in the X-ray crystal structure. However, this peptide’s
absence from the mass spectra in the absence of detergent and the
absence of peptide 61-79 from the TBPc mass spectra prevent further
interpretation of this observation.
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the role of the N-terminal domain in TBP function and
transcription initiation. A conclusive answer to this question
has been hampered by TBP and TBPc self-association and
uncertainty in the specific DNA binding activity of protein
preparations between which comparisons were made. Subtle
changes to the growth conditions and use of a cleavable His-
tag expression vector resulted in reproducibly high yields
of highly activity protein (Figure 3). Use of protein prepara-
tions of defined and high specific activity demonstrates that
TATA box binding by the C-terminal domain is inhibited
by the presence of the N-terminal domain. The binding
affinity difference between TBP and TBPc for the TATA
box is as large as an order of magnitude in direct comparisons
under identical experimental conditions (Figure 4). A smaller
differential is observed in studies utilizing a 14 bp oligo-
nucleotide, suggesting a contribution by the DNA flanking
the TATA box to the difference observed by footprinting
(51).

Multiple Mechanisms of N-Terminal Domain Modulation
of DNA Binding by TBP. The higher affinity of TBPc for
the TATA box sequence is consistent with our proposal that
the N-terminal domain binds to the DNA-binding saddle and
thus competes with the DNA (18). However, the present
protein footprinting results (see below) and comparison of
the kinetics of TBP and the TBPc TATA box binding suggest
that this explanation is incomplete. While the greater rate of
TBPc association is consistent with our proposal, its lesser
dissociation rate is not (Figure 5). The expectation is for
identical TBPc and TBP dissociation rates if the sole effect
of the N-terminal domain was to compete with DNA for the
saddle. That this is not the case suggests that modulation of
TATA box binding by TBP involves processes in addition
to competition between DNA and the N-terminal domain
for the surface of the saddle. The possibility that the
N-terminal domain directly contacts the DNA is opposed
by other structural studies (51). Changes in the structure of
the C-terminal domain upon deletion of the N-terminal
polypeptide is considered at the end of the discussion (51).

Comparing PreVious and Present Protein Footprinting
Studies of TBP. Protein ‚OH footprinting reports on the
solvent accessibility of reactive amino acid side chains (54);
the spatial resolution of our previous (18) and present studies
is at the level of oxidized tryptic peptides. The previous‚
OH protein footprinting studies of TBP and the TBP-DNA
complex were conducted at lower ionic strength than the
present work and in the absence of Mg2+ and Brij (18). Also,
TBPc was not analyzed in the previous study.

The previous and present (in the absence of Brij) protein
footprinting studies of TBP generally agree with several
exceptions. Our use of methionine amide to quench second-
ary oxidation reactions after sample X-ray exposure (55, 56)
allows methionine to be used as a structural probe (for
example, peptide 99-105; Figure 6) since the loss of
unmodified peptide products containing this residue follows
an apparent first-order decay (data not shown). Thus,
structural information from this peptide is new. We note that
the modification rates of some C-terminal domain peptides
containing solvent-exposed aromatic amino acids were less
than previously measured. This reduced reactivity may result
from either alternate side chain orientations or decreased
postexposure secondary oxidation reactions (57, 58).

The major‚OH reactivity differences are the helices on
the top of the protein and the N-terminal domain. Four
peptides in the H2 domain (84-90, 106-110, 146-151, and
152-156) are not oxidized in the present study in either the
presence or absence of DNA (Figure 6). Thus, DNA-
dependent solvent accessibility changes on the convex side
of the H2 domain in TBP observed at low salt are not present
in higher salt solution. A similar picture is presented by the
convex surface of the H2′ domain in contrast to the rate
changes previously observed upon DNA binding. Peptide
168-171 remains highly reactive, and peptide 212-218 is
not oxidized in both free and DNA-bound TBP. Since the
present results are consistent with the solvent accessibility
differences calculated from the crystal structures of the core
domain, we conclude that the interdomain interaction is
reduced in the higher salt solution. As discussed below, the
conclusion that there are DNA-dependent changes in the
interaction of the C- and N-terminal domains is confirmed
although the details of this interaction are different.

Comparing TBPc with TBP. The present study expands
upon our previous work (18) in two important ways. First,
the analysis of TBPc as well as TBP allows a direct
assessment of the N-terminal domain interaction with the
core domain. Second, we have analyzed the effect of the
commonly used nonionic detergent Brij on TBP structure
so that appropriate comparisons with functional data can be
made. The footprint of the N- or the C-terminal domain can
be directly visualized on Figure 7 (left column) in the
presence and absence of Brij by comparing the‚OH reactivity
patterns of TBP and TBPc indicated by the arrows along
the side of the figure. The N-terminal domain protects the

FIGURE 8: Cartoons summarizing our models for the interaction
of the N- and C-terminal domains. (A) In the absence of Brij, the
N-terminal domain docks into the DNA binding saddle and also
binds to the H2′ subdomain. (B) When DNA displaces the
N-terminal domain from the saddle, its conformation changes, and
interaction with the H2′ subdomain is perturbed. (C) Interactions
between Brij and the protein compete with the interdomain
interactions. (D) DNA binding displaces the N-terminal domain.
The N-terminal domain does not form a compact structure in the
presence of the detergent.
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convex surface of the H2′ subdomain as well as both sides
of the DNA-binding saddle in both solution conditions,
confirming binding of the N-terminal domain to the DNA
binding saddle (18). An additional aspect of the interdomain
interaction revealed by the present data is that the H2 and
H2′ sides of the DNA-binding saddle are not symmetrically
protected. The greater reactivity changes observed in the H2′
subdomain is not unexpected as the N-terminal polypeptide
is linked to the C-terminal domain by this subdomain
(Figure 7).

Comparison of the TBPc- and TBP-DNA complexes
directly shows that the nonionic detergent Brij alters the
repositioning of the N-terminal domain upon the binding of
DNA (Figure 7, right column). In Brij, the reactivity of the
convex surface of the H2′ is enhanced in the TBP-DNA
complex in contrast to no change in the absence of the
detergent (Figure 7, compare panels B and D). Enhancement
N-terminal domain reactivity upon DNA binding is also
observed in Brij (Figure 7, compare panels B and D). We
conclude from these data that the N-terminal domain remains
associated with the convex surface of TBP in detergent-free
solutions. In contrast there is less interdomain contact (except
for the polypeptide connectivity) in the presence of Brij.

These conclusions are summarized in the cartoons shown
in Figure 8. Our conclusion is that the N-terminal domain
modulates DNA binding and possibly TBP’s interactions
with general and specific transcription factors that bind to
the H2′ subdomain. The autoinhibition of DNA binding is
reminiscent of that observed for theσ subunit of the
prokaryotic RNA polymerase (59-61). This observation
establishes a parallel between the regulation of prokaryotic
and eukaryotic transcription initiation. That the N-terminal
domain remains bound to the convex surface of TBP as well
as the saddle suggests autoinhibition of protein binding to
this surface in the assembly or regulation of transcription
initiation.

Detergent Affects the Structures of both TBP and TBPc.
Figures 6 and 7 document a functionally significant change
in protein structure induced by Brij, a nonionic detergent,
in addition to the above-noted effect on TBPc dimerization
(Table 1). These changes contrast with the absence of
observed structural changes in bovine serum albumin upon
the addition of nonionic detergents at their critical micelle
concentrations (62-64). The hydrophobic interaction plays
a predominant role in the interaction between proteins and
nonionic detergents (62, 63). In contrast, ionic detergents
often perturb protein structure significantly (62, 63, 65, 66).
The “oil-like” core of the micelle is proposed to solubilize
the hydrophobic residues of protein leading to partial or
complete unfolding of the native structure (67). The forma-
tion of the micelles can also change the solvent structure,
thereby altering the solvation properties of a protein (68).

Nonionic detergent-protein interactions are typically
weaker than those with ionic detergents (63). However, the
nonionic detergent-induced conformation changes in the
mutant Bcl-XL protein have been reported that do not occur
with the wild-type counterpart (69). Examples of partial
dissociation into subunits of hemoglobin, hemocyanin, and
alkaline phosphatase have also been documented (70). Such
data demonstrate that nonionic detergents can have unpre-
dicted effects on protein assembly and conformation. Since
the DNA-binding saddle of TBP is highly hydrophobic, it is

unsurprising that Brij influences the docking of the N-
terminal domain and TBPc dimerization. The inclusion of
Brij and similar detergents in assay solutions may thus be
less an effect on protein stability and more its minimization
of autoinhibitory interdomain interaction.

Conformational Changes within the Domains. The protein
footprinting studies described in this paper report on the
interaction of the C- and N-terminal domains. An indication
of differences in the internal dynamics of the C-terminal
domain with and without the N-terminal polypeptide comes
from a TBP vs TBPc comparative analysis of the quenching
of the intrinsic fluorescence of the tyrosines embedded within
the C-terminal core domain together with FRET analysis of
DNA bending (15, 51, 71). These studies have shown that
the core domain is more compact in TBPc compared to the
full-length protein both free in solution and complexed with
DNA. The N-terminal domain changes its conformation upon
DNA binding, consistent with its repositioning on the
C-terminal domain observed herein by protein footprinting
(15, 51). The fluorescence studies also show that divalent
cations differentially affect the binding of TBPc and TBP
to DNA. It is suggested that the N-terminal domain mimics
these effects of divalent cations (51), a hypothesis that can
be tested by future protein footprinting studies. Together,
the fluorescence studies of domain structure and the protein
footprinting studies of interdomain interaction support the
autoinhibition model shown in Figure 8.

In conclusion, our studies suggest that the N-terminal
domain is autoinhibitory to DNA binding and possibly
protein-protein interactions by TBP. While multiple mech-
anisms appear to underlie autoinhibition, the binding of the
N-terminal domain to the saddle of the C-terminal core plays
a significant role. The first function would reduce nonspecific
association of the protein with genomic DNA and thus
enhance the specificity of TATA box binding. The latter
function may help to orchestra the sequential assembly of
the transcription preinitiation complex. The isomerization that
moves the N-terminal domain out of the DNA-binding saddle
also exposes the protein-binding surfaces on the top of the
C-terminal domain. Thus, isomerization of TBP would ensure
that only the TBP molecules that are bound to DNA in
productive complexes can assemble the additional factors
necessary to initiate transcription.

SUPPORTING INFORMATION AVAILABLE

Five figures and two tables as described in the text. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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