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ABSTRACT One of the common mechanisms of DNA bending by minor groove-binding proteins is the insertion of protein
side chains between basepair steps, exemplified in TBP (TATA box-binding protein)/DNA complexes. At the central basepair
step of the TATA box TBP produces a noticeable decrease in twist and an increase in roll, while engaging in hydrogen bonds
with the bases and sugars. This suggests a mechanism for the stabilization of DNA kinks that was explored here with ab initio
quantum mechanical calculations and molecular dynamics/potential of mean force calculations. The hydrogen bonds are
found to contribute the energy necessary to drive the conformational transition at the central basepair step. The Asn, Thr, and
Gly residues involved in hydrogen bonding to the DNA bases and sugar oxygens form a relatively rigid motif in TBP. The
interaction of this motif with DNA is found to be responsible for inducing the untwisting and rolling of the central basepair step.
Notably, direct readout is shown not to be capable of discriminating between AA and AT steps, as the strength of the
hydrogen bonds between TBP and the DNA are the same for both sequences. Rather, the calculated free energy cost for an
equivalent conformational transition is found to be sequence-dependent, and is calculated to be higher for AA steps than for
AT steps.

INTRODUCTION

The bending of DNA associated with protein-DNA interac-
tion is an important element of biological activity (Dicker-
son, 1998 and references therein). Recently determined
three-dimensional structures of minor groove-inserting
DNA-bending proteins implicated in the control and regu-
lation of transcription have revealed a new mechanism to
produce the bend in DNA (for reviews see Werner and
Burley, 1997; Werner et al., 1996)). This common mecha-
nism involves the insertion of one or several side chains into
the minor groove of DNA, and the unstacking of two
contiguous basepairs, to produce noticeable kinks. As a
consequence of the side chain insertion the DNA structure is
severely bent toward the major groove. Known three-di-
mensional structures in this group are the complexes with
TATA-box binding protein (TBP) (Geiger et al., 1996; Juo
et al., 1996; Kim et al., 1993a, b; Kosa et al., 1997; Nikolov
et al., 1995; Tan et al., 1996), with the purine PurR (Schu-
macher et al., 1994) and lactose operon LacI (Lewis et al.,
1996) repressors, with the high-mobility group (HMG) do-
main of LEF-1 (Love et al., 1995) and SRY (Werner et al.,
1995) proteins, with the integration host factor IHF (Rice et
al., 1996), and with the hyperthermophile chromosomal
protein Sac7d (Robinson et al., 1998). Other examples exist
where bending of DNA is induced without the insertion of

protein side chains (Clark et al., 1993; Escalante et al.,
1998; Li et al., 1995; Schultz et al., 1991).

TBP specifically binds to the consensus sequence
TATAt/aAt/aX (TATA box). The TATA box is usually
located 30 basepairs upstream from the transcriptional start
site of the core promoter (Burley and Roeder, 1996; Pugh,
1996). Structural comparisons (Guzikevich Guerstein and
Shakked, 1996) and molecular dynamics simulations (Pardo
et al., 1998a) led to the suggestion that the bent DNA can be
characterized as an A-DNA structure in which the torsion
angle of the glycosyl bond (x), of the 16 nucleotides com-
prising the TATA box was modified by;45°. Classifica-
tion of known protein-DNA complexes (Dickerson, 1998)
has suggested that the TATA box exhibits three-dimen-
sionalwrithe resulting from positiveroll at the successive
basepairs steps along the TATA box. The insertion of side
chains from TBP (two pairs of conserved Phe residues), at
the first two (TA) and last two (t/aX) basepair steps of the
TATA box, may have a key role in achieving the desirable
change inx and the positiveroll at these steps. However,
the mechanism by which the central base step (At/a) of the
TATA box can undergo such a change inx androll remains
unknown. In a previous study, we suggested from molecular
dynamics simulations of TATA box-containing DNA oli-
gomers, that the direct hydrogen bonds between two Asn
and two Thr side chains with this central basepair step may
provide the driving force for the kink in this step (Pastor et
al., 1997). Here we explore the elements of the structural
and energetic basis for this hypothesis in the context of the
smooth transition from A-DNA to TA-DNA described ear-
lier (Pardo et al., 1998a). We report results from 1) molec-
ular dynamics/potential of mean force (MD/PMF) simula-
tions used to calculate the energy required to kink the
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central basepair step of the DNA tetramers TATA and
TAAA; 2) ab initio quantum mechanical calculations of the
hydrogen bond interactions identified in two TBP com-
plexes (Kim et al., 1993a, b), between the two Asn and two
Thr residues of TBP and the TA and AA steps of DNA; and
3) analysis of hydrogen bond interactions during the con-
formational transition from A-DNA into the TA-DNA form
(Guzikevich Guerstein and Shakked, 1996) found in these
TBP/DNA complexes. The choice of A-DNA as the starting
conformation reflects the fact that unrestrained molecular
dynamics simulations suggest a predisposition of TATA
sequences toward attaining a conformation close to A-DNA
(Flatters et al., 1997; Pastor et al., 1998), a behavior that was
not observed in other DNA oligomers without the TATA
box (Flatters and Lavery, 1998).

METHODS

Free energy penalty for kinking the central
basepair step of the TATA box

The model systems used in the free energy calculations consist of the DNA
tetramers TATA and TAAA, built in canonical A-DNA conformation
(Arnott and Hukins, 1972) defined in AMBER 4.1 (Pearlman et al., 1995).
These sequences are found in the central basepair step of the TATA box,
in complexes withSaccharomyces cerevisiaeTBP (SCE) (Kim et al.,
1993b) andArabidopsis thalianaTBP2 (ATH) (Kim et al., 1993a), respec-
tively. To achieve electroneutrality of the systems, counterions (a total of
6 sodium ions) positioned initially at a distance of 3.5 Å from each P atom
along the O-P-O bisector were included in the simulations using the EDIT
module in AMBER 4.1. The DNA and the counterions were placed in a
rectangular box containing Monte Carlo-equilibrated TIP3P water (1327
and 1351 water molecules for TATA and TAAA, respectively) with the
EDIT module in AMBER 4.1. Initial equilibration was carried out with the
DNA atoms fixed, the sodium ions and water molecules minimized (100
steepest descent steps followed by 400 conjugate gradient steps), heated
(from 0 to 300 K in 15 ps), and equilibrated (from 15 to 100 ps) at constant
pressure with isotropic scaling (Berendsen coupling). The final box sizes
after equilibration were 36.83 36.7 3 31.0 Å for TATA, and 37.13
37.03 31.5 Å for TAAA, resulting in a final density of;1.04 g cm23 in
both cases. Subsequently, all elements of the systems were energy-mini-
mized (100 steepest descent steps followed by 400 conjugate gradient
steps), heated (from 0 to 300 K in 15 ps) and equilibrated (from 15 to 250
ps) at constant volume. During these 250 ps of equilibration the torsion angles
a, b, g, d, e, z, andx, and the Watson-Crick basepairing, were maintained
close to the initial A-DNA conformation (65° for torsional angles and60.1
Å for hydrogen bond distances) with flat harmonic restraints (64 kcal mol21

rad21 for torsional angles and 64 kcal mol21 Å21 for hydrogen bond distanc-
es). This procedure results in similar equilibrated initial conformations for the
DNA tetramers compared in the calculation, thus allowing for direct compar-
isons of free energy differences between them.

The transitions from the initial A-DNA structures to the kinked struc-
tures were carried out with an MD/PMF procedure by changing in 51
windows the torsional anglesa, b, g, d, e, z, andx, and the Watson-Crick
hydrogen bond distances from the initial A-DNA values to those found in
complexes with SCE or ATH. The contribution of these constraints to the
free energy [E(van der Waals)1 E(electrostatic)1 E(internal energies)]
was evaluated by the thermodynamic integration/constraint forces method
(Pearlman, 1993). Following a procedure described before (Pardo et al.,
1998b), the simulation times were chosen from convergence tests. A total
simulation time of 1530 ps, 51 windows3 (5 ps of equilibration1 25 ps

of data collection), was used. The Helmholtz free energy differences (DF) are
reported, as the conformational transitions were conducted at constant volume.

The MD/PMF simulations were run with the Sander and Gibbs modules
of AMBER 4.1, the all-atom force field (Cornell et al., 1995), SHAKE
bond constraints in all bonds, a 2 fs integration time step, and constant
temperature of 300 K coupled to a heat bath (Berendsen coupling). All
solute-solute interactions were evaluated, and an 8 Å cutoff was applied to
the solute-water and water-water interactions (the default cutoff scheme in
AMBER 4.1). Conformational analysis of the DNA structures was per-
formed with CURVES 5.1 (Lavery and Sklenar, 1988, 1989). Because this
algorithm performs a global fit to the DNA axis, the global basepair step
parameters depend on the DNA length. Thus, the reported parameters of
both simulated and experimental structures are calculated on DNA tetramers.

A model of the interaction between the central
basepair step of the TATA box and selected
protein side chains of TBP

Direct hydrogen bond interactions between the central basepair step of the
TATA box and TBP have been identified in the crystal structures of
TBP/DNA complexes (Kim et al., 1993a, b): 1) Ade-5:Thy-25 and Thy-
6:Ade-24 of DNA (AT central basepair step) with Asn-69, Thr-124,
Gly-125, Asn-159, Thr-215, and Gly-216 of SCE; or 2) Ade-6:Thy-23 and
Ade-7:Thy-22 of DNA (AA central basepair step) with Asn-27, Thr-82,
Gly-83, Asn-117, Thr-173, and Gly-174 of ATH. To characterize the
properties of these interactions with ab initio quantum mechanical calcu-
lations, the model system shown in Figs. 1 and 2 was constructed to include
the following molecular fragments: the free bases Ade or Thy (the sugar
moieties were replaced by a hydrogen) and the side chains of Asn (the Ca

atom of the backbone is included), Thr (the Ca and CO moieties of the
backbone are included), or Gly (the Ca and NH moieties of the backbone
are included). All free valences were capped with hydrogen atoms. Thr-82
in ATH orients the OgH group toward O91 of Thy (Kim et al., 1993a). Thus,
the C91, O91, and C94 groups of the sugar moiety were attached to the bases
that are involved in the hydrogen bond to Thr: Ade-5 and Ade-24 in the
complex with SCE and Ade-6 and Thy-22 in the complex with ATH.
During the energy optimization of the system (each strand of DNA with the
corresponding protein side chains were optimized separately) the atoms of
Thy and Ade, and the backbone atoms of Asn, Thr, and Gly were kept fixed
at the positions originally determined by x-ray crystallography (Kim et al.,
1993a, b). Becke’s three-parameter hybrid functional using the LYP cor-
relation functional (B3LYP) (Becke, 1993) and the 6-31G basis set were
used for the optimization of the released atoms. The energy of interaction,
Eint, evaluated with the 6-31G** basis set at the B3LYP level of density
functional theory (Parr and Yang, 1989), represents the stabilization of the
complex. This energy is defined as the difference in energy between the
optimized complex and the sum of the energies of the DNA bases and TBP
side chains, calculated in the conformation obtained in the complex. All the
quantum mechanical calculations were performed with the GAUSSIAN94
system of programs (Frisch et al., 1995) using the default criteria for
convergence.

Evolution of the interaction between the protein
side chains of TBP and the central basepair
step of the TATA box during the
conformational transition

To characterize the evolution of the hydrogen bond interactions between
TBP side chains and DNA bases (see above) during the conformational
transition from the A to the TA form of DNA observed in the complex with
SCE, a model system was constructed consisting on the heavy atoms of the
average structures computed from the MD/PMF calculations. Specifically,
the stages were defined at windows 1 (A-DNA), 11 (20% of TA-DNA
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character), 21 (40% of TA-DNA character), 31 (60% of TA-DNA charac-
ter), 41 (80% of TA-DNA character), and 51 (TA-DNA) in the MD/PMF
simulations (see above). The heavy atoms of the DNA bases, at positions
obtained from energy optimization at the B3LYP level of theory with the
6–31G basis set, were superimposed on the central AT base step of the
coding strand A (corresponding to Ade-5 and Thy-6 in Kim et al., 1993b).
The protein side chains of Asn-159 (the Ca atom of the backbone is
included), Thr-215 (the Ca and CO moieties of the backbone are included),
and Gly-216 (the Ca and NH moieties of the backbone are included) were
added to the AT base step in the orientation determined by x-ray crystal-
lography (Kim et al., 1993b). Energy minimization of the systems, at the
B3LYP level of theory and the 6 –31G basis set, were performed as
described above. The energy of the systems was evaluated with the
6 –31G** basis set at the B3LYP level of theory for the optimized
geometries.

RESULTS AND DISCUSSION

Free energy cost of kinking the central basepair
step of the TATA box

The free energy for the conformational transition of the
central base step (At/a) of the TATA box from the A to the
TA form of DNA was evaluated with the MD/PMF simu-
lations described in Methods, on the DNA tetramers TATA
and TAAA, found in complexes with SCE and ATH, re-
spectively. The choice of the A-DNA conformation as a
starting point reflects the following findings: 1) the confor-
mational parameters of the TATA box in the complex with
TBP resemble those of the A-DNA structure, with the
exception of the glycosyl-bond torsion anglex (Guzikevich
Guerstein and Shakked, 1996); 2) unrestrained molecular
dynamics simulations reproduce the apparent predisposition
of DNA dodecamers containing TATA sequences toward
attaining a conformation close to A-DNA (Flatters et al.,
1997; Pastor et al., 1998) that could not be observed in other
DNA oligomers without the TATA box (Flatters and La-
very, 1998); and 3) the bending of the TATA box can be
achieved by gradual changes in the torsion angle of the
glycosyl-bondx, within the constraints of an A-DNA back-
bone (Pardo et al., 1998a). Thus, the conformational tran-
sition was completed primarily by modifying the value ofx
in 51 windows (see Methods) through a smooth change (see
Fig. 3 for a display of the average structures computed from

the data collection trajectory at each window for the TATA
tetramer), in a similar manner to the previously reported con-
formational transition for the first, and most conserved, base-
pair step (TA) of the TATA box (Pardo et al., 1998b). Note
that the dynamics simulations resulted in small adjustments of
all other backbone dihedral angles as well, but these remained
within the range of values corresponding to A-DNA.

Fig. 4 a shows the root mean square deviation (rmsd)
between the average structures computed from the data
collection trajectory in each window of the TATA and
TAAA tetramers and the crystal structures of the complex
with SCE and ATH, respectively. The rmsd profiles indicate
that as the simulation progresses, the computed average
structures at each window become more similar to the
conformation found in the crystal structures. TBP binding to
the TATA box significantly alters the helical parameters
rise, roll , and twist (Werner et al., 1996). Fig. 5 depicts
these inter-base parameters for the central basepair step of
the average structures computed during the data collection
trajectory in the first window (initial structure) and the last
window (final structure) of the MD/PMF simulations, com-
pared to the experimental values in the complexes with SCE
(Kim et al., 1993b), ATH (Kim et al., 1993a), human TBP
(Juo et al., 1996), yeast TFIIA/TBP (Tan et al., 1996), or
human TFIIB/TBP (Nikolov et al., 1995). The conforma-
tional parameters of the simulated structures (Fig. 5) agree
well with the corresponding data from experiment. This
extent of agreement with the experimental data is notewor-
thy, because the conformational transitions were achieved
by modifying only the backbone torsional angles. Differ-
ences between the DNA tetramers are also evident, as the
central AT step of the TATA tetramer is found to have
higherriseandroll , and lowertwist than the central AA step
of the TAAA tetramer. This indicates that TBP binding
results in a more significant conformational change of the
TATA than the TAAA tetramer.

Fig. 4 b shows the computed free energy changes during
the conformational transition from A-DNA to the confor-
mation found in the complex with SCE and ATH (l 5
03 1, 0 representing A-DNA and 1 TA-DNA). These free
energy values must be considered only relative to each

FIGURE 1 Molecular models used in the
calculation of the hydrogen bond interac-
tions between (a) the Asn-159, Thr-215,
and Gly-216 side chains of SCE and Ade-5
and Thy-6 bases of the TATA box; and (b)
the Asn-69, Thr-124, and Gly-125 side
chains of SCE and Ade-24 and Thy-25
bases of the TATA box. The positions of
the atoms of Thy and Ade, and the back-
bone atoms of Asn, Thr, and Gly were kept
fixed at the positions originally determined
from x-ray crystallography (Kim et al.,
1993b).

1990 Pardo et al.
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other, as they cannot be expected to accurately describe the
absolute energies of DNA kinking due to the following
approximations: 1) the choice of the starting conformation;
2) the effects of the interaction with the protein have not
been taken into account; and 3) the discrepancies between
computed and crystal structures (e.g., see Pardo et al., 1998b
for a more detailed consideration of these limitations). Be-
cause these approximations may be assumed to equally
affect the compared structures, the difference in the values
of free energy change,DDF, should yield a qualitative
indication of the comparative energy differences. Thus, the
energetic cost for the conformational change in the TATA
tetramer (11.8 kcal/mol, see solid line in Fig. 4b) is higher
by 3.7 kcal/mol than for the TAAA tetramer (8.1 kcal/mol).
The larger conformational change produced by SCE (see
above) is reflected in the calculated energies.

We have previously reported that the energy cost to kink
AA or TT steps is higher than TA or AT steps because of
the steric clash between methyl groups of Thy in the kinked
conformation (Pardo et al., 1998b). To confirm this obser-
vation we evaluated the free energy penalty for the confor-
mational transition produced in the TAAA sequence by
SCE. Thus, for a similar conformational change the in
TAAA tetramer, the cost is 2.6 kcal/mol higher (14.4 kcal/
mol, results not shown in Fig. 4b) than the for TATA
tetramer (11.8 kcal/mol, see Fig. 4b). This is in good
qualitative agreement with the previous observation (Pardo
et al., 1998b). An estimate of the relative free energy
penalty for this structural transition was obtained earlier

from a statistical analysis on unrestrained molecular dynam-
ics simulations of seven DNA dodecamers (Pastor et al.,
1997). A comparison of the relative propensities of these
two sequences to achieve the conformation found at the
central basepair step in their complexes with TBP indicated
that TATA requires less energy than TAAA (9.5 versus 11.3
kcal/mol) to achieve the average conformation in TBP/DNA
complexes (see Pastor et al., 1997). A free energy difference
of 1.8 kcal/mol between the two tetramers was obtained
through Boltzmann weighing of the spontaneous population
of the bound conformation, and this result is in good agree-
ment with the energies evaluated by the MD/PMF simula-
tions described here.

Notably, the energy required to kink the central basepair
step is lower than the previously reported energy required to
produce the kink in the first basepair step (TA) of the TATA
box associated with the insertion of two Phe side chains
(compare the results in Table 3 and Fig. 6B of Pardo et al.,
1998b with those of Fig. 4b). The smaller kink produced by
SCE in the central basepair step (see Table 3 in Pastor et al.,
1997) is also reflected in the lower energy calculated here
for this deformation.

The interaction between the central basepair
step of the TATA box and the protein side chains
of TBP

The direct hydrogen bond interactions between TBP and the
central base step of the TATA box involve the side chains

FIGURE 2 Molecular models used in the calculation of
the hydrogen bond interactions between (a) the Asn-117,
Thr-173, and Gly-174 side chains of ATH and Ade-6 and
Ade-7 bases of the TATA box; and (b, c) the Asn-27,
Thr-82, and Gly-83 side chains of ATH and Thy-22 and
Thy-23 bases of the TATA box.Complex i denotes the
mode of interaction, observed in the crystal structure (Kim
et al., 1993a), in which Thr-82 orients the OgH group
toward O19 of Thy-22 (b). Complex iidenotes the mode of
interaction in which Thr-82 orients the OgH group toward
O2 of Thy-22 (c) in a similar manner to the other Thr side
chains of SCE and ATH.
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of two Asn (69 and 159 of SCE, and 27 and 117 of ATH)
and two Thr residues (124 and 215 of SCE, and 82 and 173
of ATH) (Kim et al., 1993a, b). Figs. 1 and 2 depict the
molecular models used in the ab initio calculation of the
corresponding hydrogen bond interaction energies (see
Methods for computational details). We assumed that the
orientations of both the Asn/Thr side chains and the central
Ade/Thy bases are determined by the protein secondary
structure and the DNA sugar-phosphate backbone to which
these moieties are bound. Consequently, the positions of the
atoms of Thy and Ade, and the backbone atoms of Asn, Thr,
and Gly were kept fixed at the positions originally deter-
mined by x-ray crystallography (Kim et al., 1993a, b). In a
separate test of the role of the glycine residues in the
protein-DNA interface region (Gly-125 and Gly-216 of
SCE, and Gly-83 and Gly-174 of ATH), optimization of the
molecular models in the absence of these residues yielded
structures in which the side chains of Asn and Thr could not
achieve the hydrogen bond interactions with the DNA bases
(results not shown). The apparent reason for this result is the
electrostatic repulsion between the Og1 atom of Thr and the
Od1 atom of Asn (see Figs. 1 and 2). Thus, Gly appears to
stabilize the appropriate conformation to the Asn and Thr
side chains through hydrogen bonds of the solvent-accessi-
ble backbone: N-HzzzOg1(Thr) and N-HzzzOd1(Asn) (see Figs.
1 and 2).

Two possible modes of interaction between Asn-27, Thr-
82, and Gly-83 of ATH and the noncoding strand Thy-22
and Thy-23 of the TATA box were considered in the mod-
els: Complex idenotes the mode of interaction observed in
the crystal structure (Kim et al., 1993a), in which the Og1H
group of Thr-82 is oriented toward O91 of Thy-22 (see Fig.
2 b). Complex iidenotes the mode of interaction in which
the Og1H group of Thr-82 is oriented toward O2 of Thy-22
(see Fig. 2c), in a manner similar to the other Thr side
chains of SCE and ATH. Table 1 shows the interaction
energies between the ATH side chains and the DNA bases
in both conformations. The ATH side chains form stronger
hydrogen bond interactions inComplex i(217.9 kcal/mol)
than inComplex ii(214.6 kcal/mol). That the O91zzzHg1-Og1

hydrogen bond (Complex i) is stronger than the O2zzzHg1-
Og1 bond (Complex ii) is also corroborated by the shorter
calculated length of the O91zzzHg1 bond (2.09 Å, see Fig. 2b)
than the O2zzzHg1 distance (2.53 Å, see Fig. 2c). The former
bond O91zzzHg1-Og1 is also more linear (145°) than the
O2zzzHg1-Og1 bond (122°). It is important to note that the
reported interaction energies do not include the difference in
energy of the ATH side chains in both conformations (see
Methods). This component may be significant because
Thr-82 in Complex icannot form the hydrogen bond be-
tween the NH backbone of Gly-83 and the Og1 atom of Thr
(see Fig. 2,b andc). A single point energy evaluation of the

FIGURE 3 Average structures com-
puted from the data collection trajectory
at each window during the conforma-
tional transition for the TATA tetramer.
The initial A-DNA (black) and final TA-
DNA (gray) conformations are shown in
the ball-and-stick rendering. The figure
was created using MOLSCRIPT (Kraulis,
1991).

1992 Pardo et al.
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ATH side chains in both conformations (using B3LYP/6–
31G**) shows that Asn-27, Thr-82, and Gly-83 are more
stable inComplex iithan inComplex iby 3.2 kcal/mol. This
difference in energy represents the cost of breaking the
N-HzzzOg1 hydrogen bond. However, the stronger interaction
of the ATH side chains with the DNA bases inComplex i

compensates for the breakage of the N-HzzzOg1 hydrogen
bond (a comparison of the total energies of both complexes
shows thatComplex iis more stable thanComplex iiby only
0.1 kcal/mol). Given that thecomplexesare isoenergetic and
that Complex i is also representative of the interactions
found in the human TBP/DNA complex (Juo et al., 1996),
we will considerComplex ias the model for the interaction.

Note that, as for the case of the first basepair step of the
TATA box (Pardo et al., 1998b), the ability of the protein
side chains to discriminate between AT or AA base steps at
the central basepair step of the TATA box is not determined
at the level of interaction energies. Thus, theEint values in
Table 1, which represent interaction energies between the
modeled residues of SCE (see Fig. 1) or ATH (Fig. 2) and
the coding strand (Figs. 1a and 2 a), or the noncoding
strand (Figs. 1b and 2b) of the central basepair step of the
TATA box, are nearly equal for theComplex iarrangement.

These results are in qualitative agreement with experi-
mental observations. Thus, electrophoretic mobility shift
assays (Wong and Bateman, 1994) have been used to clas-
sify the sequences of the TATA box from a pool of random
double-stranded oligonucleotides into four different classes
according to their affinity for TBP: TATATAA (Keq 5
1.1 3 102 9 M), TATATATA (1.4 3 102 9 M), TATA-
AATA (1.6 3 102 9 M), and TATAAAA (3.7 3 102 9 M).
It seems reasonable to assume that the TATATATA se-
quence adopts, at the central basepair step, the conformation
observed in the complex with SCE, and that the TATA-
AATA sequence adopts the conformation observed in the
complex with ATH. On this basis we conclude that the
binding affinity of SCE or ATH for the central sequence
TATA or TAAA, respectively, is similar. In agreement with
this experimental result, the calculated hydrogen bond en-
ergies between TBP and the central base step of the TATA
box are of the same magnitude for SCE and ATH (see Table
1 and above). However, we found the conformational
change of the central TATA tetramer, driven by SCE, to
require 3.7 kcal/mol more than the conformational change
of the TAAA tetramer, driven by ATH (see Fig. 1b). This
larger free energy cost of distorting the TATA sequence by
SCE is compensated in the complex with ATH by the
energy cost (3.2 kcal/mol) evaluated with ab initio quantum
mechanical calculations (see above) for the conformational
change of the Asn-27, Thr-82, and Gly-83 side chains of
ATH (breaking the N-HzzzOg1 hydrogen bond; see Fig. 2b).
This “compensation” is reflected in the good agreement
between the theoretical analysis and the experimental re-
sults showing nearly identical complexation energies for the
two cases. The clear importance of hydrogen bonding as a
mechanism to compensate for DNA bending is also identi-
fiable in the hyperthermophile TBP/DNA complex, where
the interactions extend to three bases on each side of the
center of the TATA box (Kosa et al., 1997).

FIGURE 4 (a) Rmsd comparisons of the average structures computed
from the data collection trajectory at each window for the TATA (solid
line) and TAAA (broken line) tetramers, and the crystal structures of
TA-DNA in the complex with SCE (Kim et al., 1993b) and ATH (Kim et
al., 1993a), respectively. The rmsd values are shown for the heavy atoms
of the entire sequence. (b) Computed free energy changes during the
conformational transition of the TATA (solid line) and TAAA (broken
line) tetramers. (c) Evolution of the basepair step parametertwistduring the
conformational transition of the TATA tetramer. (d) Evolution of the
hydrogen bond interactions between the O2 atom of Thy-6 and the hydro-
gen atom of the Hd2-Nd2 bond of Asn-159 (O2zzzHd2-Nd2, solid line) and the
H atom of the NH bond of the Gly-216 backbone and the Og1 atom of
Thr-215 (N-HzzzOg1, dotted line) and the Od1 atom of Asn-159 (N-HzzzOd1,
broken line). (e) Evolution of the energy of interaction between the
modeled residues of SCE (Asn-159/Thr-215/Gly-216) and the central base
step (Ade-5/Thy-6) of the TATA box.
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The interaction between TBP and the central
basepair step of the TATA box during the
conformational transition

The direct hydrogen bonds between the Asn/Thr/Gly motif
of TBP and the central basepair step of the TATA box are
likely to be essential in the formation of the kink in this
basepair step (Pastor et al., 1997). The mechanistic role of
these hydrogen bond interactions in the kinking of DNA
was evaluated from the conformational transition of A-
DNA into the TA-DNA form observed in the complex with
SCE. The DNA/SCE complex was chosen for this analysis
over the DNA/ATH complex for the following reasons: 1)
the conformational change produced by SCE in the central
basepair step of the TATA box is larger than in the ATH
complex (see above); 2) the interaction of the Asn, Thr, and
Gly side chains of SCE with the AT base step is symmet-
rical in the coding and the noncoding strand (see Table 1,
Fig. 1, and above), so that only one side needs to be
calculated; and 3) the Asn, Thr, and Gly side chains of SCE
interact directly with the AT bases and not with the sugars.

The molecular models used in these calculations con-
sisted of the free bases Ade-5 and Thy-6 of DNA, and the

residues of Asn-159, Thr-215, and Gly-216 of SCE (see
Methods). The simplified representation of the protein re-
flects the assumption that the backbone of TBP does not
change, in position and conformation, during the process of
DNA bending for the two following reasons. The first
reason is that DNA recognition involves the contact be-
tween a series of Arg/Lys residues with the negatively
charged phosphate moieties of the DNA backbone
(Yamamoto et al., 1992). These strong interactions set and
maintain the position of the TBP residues that insert (the
Phe residues), and of those forming hydrogen-bond inter-
actions (the Asn/Thr/Gly motif) in the minor groove of the
TATA box during the process of protein-assisted DNA
bending. The second reason is that TBP undergoes only a
small conformational change upon DNA binding (Kim et
al., 1993a, b). Consequently, the protein backbone atoms
can be considered fixed during the energy optimization of
the systems at the positions determined in the crystal struc-
ture (Kim et al., 1993b).

Fig. 6 depicts the structures of the central basepair step
(Ade-5 and Thy-6) at the conformations calculated at win-
dows 1 (A-DNA), 11 (20% of TA-DNA character), 21 (40%
of TA-DNA character), 31 (60% of TA-DNA character), 41
(80% of TA-DNA character), and 51 (TA-DNA) of the
MD/PMF simulations, and the optimized side chains of
Asn-159, Thr-215, and Gly-216 for each of the conforma-
tions. The comparison of the evolving structures brings into
evidence the repositioning of Thy-6 and Asn-159 to achieve
the hydrogen bond interaction between the O2 atom of
Thy-6 and the Hd2-Nd2 atoms of Asn-159. Thus, the central
basepair step of the TATA box must undergo a significant
decrease of thetwist parameter (Fig. 4c shows the changes
in twist during the conformational transition) to accomplish
the interaction with Asn-159. To further illustrate the for-
mation of this hydrogen bond, Fig. 4d shows the evolution

FIGURE 5 Helical global parametersrise, roll , and twist, calculated with CURVES 5.1 (Lavery and Sklenar, 1988, 1989), of the average structures
computed during the data collection trajectory at the first (initial structure,white bars) and the last (final structure,white dotted bars) windows of the
MD/PMF simulations, and of the experimental complexes with SCE (Kim et al., 1993b;solid bars), ATH (Kim et al., 1993a;solid bars), human TBP (Juo
et al., 1996;black dotted bars), yeast TFIIA/TBP (Tan et al., 1996;black dotted bars), or human TFIIB/TBP (Nikolov et al., 1995;black dotted bars).

TABLE 1 Energies of interaction between the modeled
residues of SCE (Fig. 1) or ATH (Fig. 2) and the coding strand
(Figs. 1 a and 2 a) or the noncoding strand (Figs. 1 b and 2 b)
of the central basepair step of the TATA box

Protein Side Chain DNA Step
Eint*

(kcal/mol)

SCE Asn-159/Thr-215/Gly-216 Ade-5/Thy-6 (coding) 217.9
Asn-69/Thr-124/Gly-125 Ade-24/Thy-25 217.8

ATH Asn-117/Thr-173/Gly-174 Ade-5/Ade-6 (coding) 217.9
Asn-27/Thr-82/Gly-83 Thy-24/Thy-25Complex i

Complex ii
217.9
214.6

*Calculated at the B3LYP/6-31G**//B3LYP/6-31G level of theory.
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Biophysical Journal 78(4) 1988–1996



of the O2zzzHd2-Nd2 distance during the conformational tran-
sition. The profile indicates that as the simulation progresses
the hydrogen bond distance is shortened to a final O2zzzHd2

value of 2.25 Å. Fig. 4d also shows the evolution of the
other hydrogen bond distances between the NH atoms of the
Gly backbone and both the Og1 atom of Thr (N-HzzzOg1) and
the Od1 atom of Asn (N-HzzzOd1) during the A-DNA to
TA-DNA transition. It is remarkable that these two hydro-
gen bond distances are invariant during the conformational
transition. These findings suggest that the rigidity of the
Asn/Thr/Gly motif of TBP, supported by the hydrogen
bonds of the NH atoms of the Gly backbone (see above),
drives the distortion of the central basepair step of the
TATA box to facilitate the formation of the hydrogen bond
interaction between the O2 atom of Thy-6 and the Hd2-Nd2

atoms of Asn-159. These interactions could not be realized
for a TATA box in the A-DNA conformation. The signifi-
cant rigidity of this motif in TBP has also been observed in
unrestrained MD simulations of the ATH and SCE proteins,
both free and in complex with DNA (N. Pastor, unpublished
observations).

Finally, Fig. 4 e shows the evolution of the energy of
interaction between the modeled residues of SCE and the
central base step of the TATA box. The gradual transfor-
mation from the A-DNA to the TA-DNA form produces a
significant increase in the magnitude of the hydrogen bond
interaction from an initial value of212.3 kcal/mol (A-
DNA) to a final value of216.8 kcal/mol (TA-DNA), con-
sonant with the gradual formation of the hydrogen bond
interactions observed in the crystal structure.

CONCLUSIONS

We have recently proposed (Pardo et al., 1998a) that the
mechanism of DNA bending from an A-DNA-like confor-
mation to the TA-DNA structure observed in the complex
with TBP is achieved by gradual changes in the torsion
angle of the glycosyl bond of the nucleotides comprising the
TATA box. This putative conformational transition had
been identified earlier from crystallographic data (Guzikev-
ich Guerstein and Shakked, 1996). The present study sug-
gests that the energy required for this conformational tran-
sition differs for TATA compared to TAAA tetramers at the
central basepair step of the TATA box: 11.8 kcal/mol vs. 8.1
kcal/mol, respectively. However, this energetic cost is par-
tially compensated by a significant increase in the energy of
the hydrogen bond interactions between the Asn/Thr/Gly
motif of SCE and the AT central base step of the TATA box
(24.5 kcal/mol per strand, as was evaluated by ab initio
quantum mechanical calculations). Thus, the conforma-
tional change at the central base step facilitates the forma-
tion of the hydrogen bond interaction between the O2 atom
of Thy and the Hd2-Nd2 atoms of Asn, which cannot be
formed when the TATA box is in the A-DNA conformation.
Consequently, the mechanism of protein-assisted DNA
bending by changing the glycosyl bond extends beyond the
insertion of two pairs of conserved Phe residues, at the first
two (TA) and last two (t/aX) basepairs of the TATA box, to
the formation of direct hydrogen bonds between two Asn,
two Gly, and two Thr side chains with the central two
basepairs (At/a) of the TATA box. To account for the entire
effect of the protein, the calculations will need to consider
as well the overall electrostatic effects of the protein on the
energetics of bending. The low dielectric interior of proteins
(Elcock and McCammon, 1996) and phosphate neutraliza-
tion (Lebrun et al., 1997) are likely to favor the energetics
of bending.

The present findings, and the differences in structure and
energetics calculated for the different TATA box sequences,
point to a complex interplay of direct readout and induced
fit as the likely source of selectivity differences in the
various DNA/TBP complexes, both wild-type and mutant.
These energetic contributions are superimposed on the ef-
fect of dehydration of the interaction surfaces on the total
energy of formation of the protein-DNA complex. The
sequence-dependent insights into the mechanism of com-
plex formation, combined with the relative energetic costs
evaluated here for the various sequence-dependent steps,
should be useful in guiding novel experiments to probe the
function of specific TATA boxes and the design of novel
TBP constructs with predetermined specificity.

This work was supported in part by a grant from the Association for
International Cancer Research (to H.W.), a Fulbright/CONACYT/IIE
scholarship (to N.P.), and DGES Grant PB98–0907 (to L.P.). Some of the
simulations were run at the Cornell National Supercomputer Facility (spon-

FIGURE 6 Structures of the central basepair step Ade-5 and Thy-6 of
the TATA box at the conformations calculated at windows 1 (A-DNA, the
lightest gray), 11 (20% of TA-DNA character), 21 (40% of TA-DNA
character), 31 (60% of TA-DNA character), 41 (80% of TA-DNA charac-
ter), and 51 (TA-DNA, thedarkest gray) of the MD/PMF simulations, and
the optimized side chains of Asn-159, Thr-215, and Gly-216 at each
conformation (Kim et al., 1993b). Only polar hydrogens are shown. The O2

atom of Thy-6 and the Hd2-Nd2 atoms of Asn-159 are shown in the
ball-and-stick representation.
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sored by the National Science Foundation and IBM) and at the Centre de
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