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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- protein side chains (Clark et al., 1993; Escalante et al.,
tion is an important element of biological activity (Dicker- 1998; Li et al., 1995; Schultz et al., 1991).

son, 1998 and references therein). Recently determined TBP specifically binds to the consensus sequence
three-dimensional structures of minor groove-insertingTATAt/aAt/aX (TATA box). The TATA box is usually
DNA-bending proteins implicated in the control and regu-located 30 basepairs upstream from the transcriptional start
lation of transcription have revealed a new mechanism tgijte of the core promoter (Burley and Roeder, 1996; Pugh,
produce the bend in DNA (for reviews see Werner and1996). Structural comparisons (Guzikevich Guerstein and
Burley, 1997; Werner et al., 1996)). This common mecha-Shakked, 1996) and molecular dynamics simulations (Pardo
nism involves the insertion of one or several side chains int@t al., 1998a) led to the suggestion that the bent DNA can be
the minor groove of DNA, and the unstacking of two characterized as an A-DNA structure in which the torsion
contiguous basepairs, to produce noticeable kinks. As @ngle of the glycosyl bondyj, of the 16 nucleotides com-
consequence of the side chain insertion the DNA structure iBrising the TATA box was modified by-45°. Classifica-
severely bent toward the major groove. Known three-dition of known protein-DNA complexes (Dickerson, 1998)
mensional structures in.this group are the complexes withy 55 suggested that the TATA box exhibits three-dimen-
TATA-box binding protein (TBP) (Geiger et al., 1996; JUO gjgna)writhe resulting from positiveroll at the successive
etal., 1996; Kim et al., 1993a, b; Kosa et al., 1997; Nikolovyy,qenairs steps along the TATA box. The insertion of side
etal.,, 1995; Tan et al,, 1996), with the purine PUrR (SChu<paing from TBP (two pairs of conserved Phe residues), at

macher et al., 1994) and lactose operon Lacl (Lewis et al“ﬂhe first two (TA) and last two (t/aX) basepai
: : - pair steps of the
1996) repressors, with the high-mobility group (HMG) do- TATA box, may have a key role in achieving the desirable

main of LEF-1 (Love et al., 1995) and SRY (Werner et al"change iny and the positiveoll at these steps. However,

1995) proteins, with the integration host factor IHF (Rice etthe mechanism by which the central base step (At/a) of the

al., 1996), and with the hyperthermophile chromosoma : .
protein Sac7d (Robinson et al., 1998). Other examples exiéIEATA box can undergo such a changeyandroll remains

where bending of DNA is induced without the insertion of unknov_vn. In_ aprevious study, we suggeste_d.from molec.ular
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
Received for publication 24 August 1999 and in final form 29 Decemberprovide the driving force for the kink in this step (Pastor et
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DNA Kinking by Hydrogen Bonds to TBP 1989

central basepair step of the DNA tetramers TATA andof data collection), was used. The Helmholtz free energy differerdesafre
TAAA; 2) ab initio quantum mechanical calculations of the reported, as the conformational transitions were conducted at constant volume.
: : - s - The MD/PMF simulations were run with the Sander and Gibbs modules
hydrogen_ bond interactions identified in two TBP com- of AMBER 4.1, the all-atom force field (Cornell et al., 1995), SHAKE
plexes _(K'm etal., 1993a, b)* between the two Asn and tchond constraints in all bonds, a 2 fs integration time step, and constant
Thr residues of TBP and the TA and AA steps of DNA; and temperature of 300 K coupled to a heat bath (Berendsen coupling). All
3) analysis of hydrogen bond interactions during the consolute-solute interactions were evaluated, an8 & cutoff was applied to
formational transition from A-DNA into the TA-DNA form the solute-water and water-water interactions (the default cutoff scheme in
. . . . MBER 4.1). Conformational analysis of the DNA structures was per-
(GUZIkeVICh Guerstein and Sh.akked’ 1996) found in thes ormed with CURVES 5.1 (Lavery and Sklenar, 1988, 1989). Because this
TBP/DNA.compIexes. The choice of A-DNA as the starting 4igorithm performs a global fit to the DNA axis, the global basepair step
conformation reflects the fact that unrestrained moleculaparameters depend on the DNA length. Thus, the reported parameters of
dynamics simulations suggest a predisposition of TATAboth simulated and experimental structures are calculated on DNA tetramers.
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 A model of the interaction between the central
box (Flatters and Lavery, 1998). 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

METHODS TBP/DNA complexes (Kim et al., 1993a, b): 1) Ade-5:Thy-25 and Thy-

. rs 6:Ade-24 of DNA (AT central basepair step) with Asn-69, Thr-124,
Free energy penalty for k|nk|ng the central Gly-125, Asn-159, Thr-215, and Gly-216 of SCE; or 2) Ade-6:Thy-23 and
basepair step of the TATA box Ade-7:Thy-22 of DNA (AA central basepair step) with Asn-27, Thr-82,

Ely—83, Asn-117, Thr-173, and Gly-174 of ATH. To characterize the
properties of these interactions with ab initio quantum mechanical calcu-

tetramers TATA. and T ,'bUIlt. in canonical A-DNA conformation lations, the model system shown in Figs. 1 and 2 was constructed to include
(Arnott and Hukins, 1972) defined in AMBER 4.1 (Pearlman et al., 1995). . .

) . the following molecular fragments: the free bases Ade or Thy (the sugar
These sequences are found in the central basepair step of the TATA b0>r(noieties were replaced by a hydrogen) and the side chains of Asn (the C
in complexes withSaccharomyces cerevisiddBP (SCE) (Kim et al.,

1993b) andArabidopsis thaliana BP2 (ATH) (Kim et al., 1993a), respec- atom of the backbone is included), Thr (thg &rd CO moieties of the

tively. T hi lect trality of th ¢ teri total Packbone are included), or Gly (the,@nd NH moieties of the backbone
Ively. To achieve electroneutrality of the systems, counterions (a tota %bre included). All free valences were capped with hydrogen atoms. Thr-82

6 sodium ions) positioned initially at a distance of 3.5 A from each P atom. } )
. . . . . ; n ATH orients the QH group toward @ of Thy (Kim et al., 1993a). Thus,
along the O-P-O bisector were included in the simulations using the ED|‘|J QH group Q v ( )

the C, O3, and roups of the sugar moiety were attached to the bases
module in AMBER 4.1. The DNA and the counterions were placed in a G O G group 9 y

that are involved in the hydrogen bond to Thr: Ade-5 and Ade-24 in the
rectangular box containing Monte Carlo-equilibrated TIP3P water (1327 ycrog

. A complex with SCE and Ade-6 and Thy-22 in the complex with ATH.
and 1351 water molecules for TATA and TAAA, respectively) with the . S .
During the energy optimization of the system (each strand of DNA with the
EDIT module in AMBER 4.1. Initial equilibration was carried out with the 9 gy op y (

) A o corresponding protein side chains were optimized separately) the atoms of
DtNA atrirgs flxecl, tthe SC;dI”UITI Ic()jntS) azgowatef motleculej mltnlr;uzed (ﬁootT and Ade, and the backbone atoms of Asn, Thr, and Gly were kept fixed
steepest descent steps loflowed by conjugate gradient steps), hea he positions originally determined by x-ray crystallography (Kim et al.,

(from O to 3.00 K n 15. ps). and equilibrated (from JTS 10100 p_s) at ConSt,ant1993a, b). Becke’s three-parameter hybrid functional using the LYP cor-
pressure with isotropic scaling (Berendsen coupling). The final box size

S Selation functional (B3LYP) (Becke, 1993) and the 6-31G basis set were
gf;eor;cgilgﬁt;onTwere 36'8(“.36'7 x flOIdA fortTﬁgﬁ,Oind 37,31X used for the optimization of the released atoms. The energy of interaction,
b ih ’ S %r ,tlresuulnlg in atlnaf t:nSI yt Legemein . Eine evaluated with the 6-31G** basis set at the B3LYP level of density

oth cases. subsequently, all elements of the Systems Were energy-mig, .nq theory (Parr and Yang, 1989), represents the stabilization of the

mized (100 steepest descent steps followed by 400 conjugate gradie%mplex. This energy is defined as the difference in energy between the

steps), heated (from 0to 300 K in 15 ps) and equilibrated (from 15 to 2":’Ooptimized complex and the sum of the energies of the DNA bases and TBP

ps) at constant volume. During these 250 ps of equilibration the torsion angle§de chains, calculated in the conformation obtained in the complex. All the

e B, v ?ﬁ e,_gzt_a?dA Xbrir/ld thef Wati_on-Célflf( b‘;"se‘?a'”’l‘gv nere m;'(’)“‘l?“”ed quantum mechanical calculations were performed with the GAUSSIAN94
close fo The initial A-UA conforma ion(5* for orsional angies anc. system of programs (Frisch et al., 1995) using the default criteria for
A for hydrogen bond distances) with flat harmonic restraints (64 kcal ol convergence

rad * for torsional angles and 64 kcal mdlA~* 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. Evolution of the interaction between the protein
The transitions from the initial A-DNA structures to the kinked struc- Side chains of TBP and the central basepair

tures were carried out with an MD/PMF procedure by changing in 51step of the TATA box during the

windows the torsional angles B, v, 9, €, {, andy, and the Watson-Crick  sonformational transition

hydrogen bond distances from the initial A-DNA values to those found in

complexes with SCE or ATH. The contribution of these constraints to theTo characterize the evolution of the hydrogen bond interactions between
free energy [E(van der Waalsh E(electrostatic)+ E(internal energies)]  TBP side chains and DNA bases (see above) during the conformational
was evaluated by the thermodynamic integration/constraint forces methottansition from the A to the TA form of DNA observed in the complex with
(Pearlman, 1993). Following a procedure described before (Pardo et alSCE, a model system was constructed consisting on the heavy atoms of the
1998b), the simulation times were chosen from convergence tests. A totalverage structures computed from the MD/PMF calculations. Specifically,
simulation time of 1530 ps, 51 windows (5 ps of equilibration+ 25 ps the stages were defined at windows 1 (A-DNA), 11 (20% of TA-DNA

The model systems used in the free energy calculations consist of the DN
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character), 21 (40% of TA-DNA character), 31 (60% of TA-DNA charac- the data collection trajectory at each window for the TATA
ter), 41 (80% of TA-DNA character), and 51 (TA-DNA) in the MD/PMF  tetramer), in a similar manner to the previously reported con-

simulations (see above). The heavy atoms of the DNA bases, at positior]%rm(,;‘tional transition for the first. and most conserved. base-
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 ttRAIl step (TA) _Of th_e TAT_A box (Pardq etal, 1998b)- Note
coding strand A (corresponding to Ade-5 and Thy-6 in Kim et al., 1993b).that the dynamics simulations resulted in small adjustments of

The protein side chains of Asn-159 (the, @tom of the backbone is  all other backbone dihedral angles as well, but these remained
included), Thr-215 (the Cand CQ moieties of the backbong are included), within the range of values Corresponding to A-DNA.
and Gly-216 (the Cand NH m0|et|es_of thg backbone_ are included) were Fig. 4 a shows the root mean square deviation (rmsd)
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 thebe’tween the average structures computed from the data
B3LYP level of theory and the 6-31G basis set, were performed agollection trajectory in each window of the TATA and
described above. The energy of the systems was evaluated with th§ AAA tetramers and the crystal structures of the complex
6—3le*f basis set at the B3LYP level of theory for the optimized \yith SCE and ATH, respectively. The rmsd profiles indicate
geometries. that as the simulation progresses, the computed average

structures at each window become more similar to the
RESULTS AND DISCUSSION conformation found in the crystal structures. TBP binding to
L . the TATA box significantly alters the helical parameters
Free energy cost of kinking the central basepair . Il, and twist (Werner et al., 1996). Fig. 5 depicts
step of the TATA box rse, Tot, V - 9. P

these inter-base parameters for the central basepair step of
The free energy for the conformational transition of thethe average structures computed during the data collection
central base step (At/a) of the TATA box from the A to the trajectory in the first window (initial structure) and the last
TA form of DNA was evaluated with the MD/PMF simu- window (final structure) of the MD/PMF simulations, com-
lations described in Methods, on the DNA tetramers TATApared to the experimental values in the complexes with SCE
and TAAA, found in complexes with SCE and ATH, re- (Kim et al., 1993b), ATH (Kim et al., 1993a), human TBP
spectively. The choice of the A-DNA conformation as a (Juo et al., 1996), yeast TFIIA/TBP (Tan et al., 1996), or
starting point reflects the following findings: 1) the confor- human TFIIB/TBP (Nikolov et al., 1995). The conforma-
mational parameters of the TATA box in the complex with tional parameters of the simulated structures (Fig. 5) agree
TBP resemble those of the A-DNA structure, with the well with the corresponding data from experiment. This
exception of the glycosyl-bond torsion angléGuzikevich ~ extent of agreement with the experimental data is notewor-
Guerstein and Shakked, 1996); 2) unrestrained moleculahy, because the conformational transitions were achieved
dynamics simulations reproduce the apparent predispositiooy modifying only the backbone torsional angles. Differ-
of DNA dodecamers containing TATA sequences towardences between the DNA tetramers are also evident, as the
attaining a conformation close to A-DNA (Flatters et al., central AT step of the TATA tetramer is found to have
1997; Pastor et al., 1998) that could not be observed in othdrigherrise androll, and lowertwistthan the central AA step
DNA oligomers without the TATA box (Flatters and La- of the TAAA tetramer. This indicates that TBP binding
very, 1998); and 3) the bending of the TATA box can beresults in a more significant conformational change of the
achieved by gradual changes in the torsion angle of th&ATA than the TAAA tetramer.
glycosyl-bondy, within the constraints of an A-DNA back- Fig. 4b shows the computed free energy changes during
bone (Pardo et al., 1998a). Thus, the conformational tranthe conformational transition from A-DNA to the confor-
sition was completed primarily by modifying the valueypf mation found in the complex with SCE and ATH =
in 51 windows (see Methods) through a smooth change (se@— 1, 0 representing A-DNA and 1 TA-DNA). These free
Fig. 3 for a display of the average structures computed fronenergy 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; ani)(
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).
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DNA Kinking by Hydrogen Bonds to TBP 1991

FIGURE 2 Molecular models used in the calculation of
the hydrogen bond interactions betwee the Asn-117,
Thr-173, and Gly-174 side chains of ATH and Ade-6 and
Ade-7 bases of the TATA box; and,(c) the Asn-27,
Thr-82, and Gly-83 side chains of ATH and Thy-22 and
Thy-23 bases of the TATA boxComplex idenotes the
mode of interaction, observed in the crystal structure (Kim
et al., 1993a), in which Thr-82 orients the i group
toward Q' of Thy-22 (). Complex iidenotes the mode of
interaction in which Thr-82 orients the @& group toward
O, of Thy-22 () in a similar manner to the other Thr side
chains of SCE and ATH.

Thy2

Complex ii

other, as they cannot be expected to accurately describe tfi@m a statistical analysis on unrestrained molecular dynam-
absolute energies of DNA kinking due to the following ics simulations of seven DNA dodecamers (Pastor et al.,
approximations: 1) the choice of the starting conformation;1997). A comparison of the relative propensities of these
2) the effects of the interaction with the protein have nottwo sequences to achieve the conformation found at the
been taken into account; and 3) the discrepancies betweaentral basepair step in their complexes with TBP indicated
computed and crystal structures (e.g., see Pardo et al., 1998iat TATA requires less energy than TAAA (9.5 versus 11.3
for a more detailed consideration of these limitations). Bekcal/mol) to achieve the average conformation in TBP/DNA
cause these approximations may be assumed to equalépmplexes (see Pastor et al., 1997). A free energy difference
affect the compared structures, the difference in the valuesf 1.8 kcal/mol between the two tetramers was obtained
of free energy changeAAF, should yield a qualitative through Boltzmann weighing of the spontaneous population
indication of the comparative energy differences. Thus, thef the bound conformation, and this result is in good agree-
energetic cost for the conformational change in the TATAment with the energies evaluated by the MD/PMF simula-
tetramer (11.8 kcal/mol, see solid line in FigbYis higher  tions described here.
by 3.7 kcal/mol than for the TAAA tetramer (8.1 kcal/mol).  Notably, the energy required to kink the central basepair
The larger conformational change produced by SCE (sestep is lower than the previously reported energy required to
above) is reflected in the calculated energies. produce the kink in the first basepair step (TA) of the TATA

We have previously reported that the energy cost to kinkbox associated with the insertion of two Phe side chains
AA or TT steps is higher than TA or AT steps because of(compare the results in Table 3 and FigB ®f Pardo et al.,
the steric clash between methyl groups of Thy in the kinkedL998b with those of Fig. #). The smaller kink produced by
conformation (Pardo et al., 1998b). To confirm this obser-SCE in the central basepair step (see Table 3 in Pastor et al.,
vation we evaluated the free energy penalty for the confor1997) is also reflected in the lower energy calculated here
mational transition produced in the TAAA sequence byfor this deformation.
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. .b) et t_he_fo_r TATA step of the TATA box and the protein side chains
tetramer (11.8 kcal/mol, see Fig. ). This is in good

o : . . of TBP

qualitative agreement with the previous observation (Pardo
et al., 1998b). An estimate of the relative free energyThe direct hydrogen bond interactions between TBP and the
penalty for this structural transition was obtained earliercentral base step of the TATA box involve the side chains

The interaction between the central basepair
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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).

of two Asn (69 and 159 of SCE, and 27 and 117 of ATH) Two possible modes of interaction between Asn-27, Thr-
and two Thr residues (124 and 215 of SCE, and 82 and 1782, and Gly-83 of ATH and the noncoding strand Thy-22
of ATH) (Kim et al., 1993a, b). Figs. 1 and 2 depict the and Thy-23 of the TATA box were considered in the mod-
molecular models used in the ab initio calculation of theels: Complex idenotes the mode of interaction observed in
corresponding hydrogen bond interaction energies (sethe crystal structure (Kim et al., 1993a), in which the,©
Methods for computational details). We assumed that thgroup of Thr-82 is oriented toward;®f Thy-22 (see Fig.
orientations of both the Asn/Thr side chains and the centra? b). Complex iidenotes the mode of interaction in which
Ade/Thy bases are determined by the protein secondarhe O,;H group of Thr-82 is oriented toward @f Thy-22
structure and the DNA sugar-phosphate backbone to whicfsee Fig. 2c), in a manner similar to the other Thr side
these moieties are bound. Consequently, the positions of thehains of SCE and ATH. Table 1 shows the interaction
atoms of Thy and Ade, and the backbone atoms of Asn, Threnergies between the ATH side chains and the DNA bases
and Gly were kept fixed at the positions originally deter-in both conformations. The ATH side chains form stronger
mined by x-ray crystallography (Kim et al., 1993a, b). In ahydrogen bond interactions @omplex i(—17.9 kcal/mol)
separate test of the role of the glycine residues in the¢han inComplex ii(—14.6 kcal/mol). That the ©-H.;-O,,
protein-DNA interface region (Gly-125 and Gly-216 of hydrogen bond Gomplex ) is stronger than the &-H. ;-
SCE, and Gly-83 and Gly-174 of ATH), optimization of the O,, bond Complex i) is also corroborated by the shorter
molecular models in the absence of these residues yieldezhlculated length of the 3-H.,; bond (2.09 A, see Fig. B)
structures in which the side chains of Asn and Thr could nothan the @-H,, distance (2.53 A, see Fig.@. The former
achieve the hydrogen bond interactions with the DNA basesond G-H,,-O,, is also more linear (145°) than the
(results not shown). The apparent reason for this result is th@©,+H.;-O,, bond (122°). It is important to note that the
electrostatic repulsion between the,@tom of Thr and the  reported interaction energies do not include the difference in
O;; atom of Asn (see Figs. 1 and 2). Thus, Gly appears tenergy of the ATH side chains in both conformations (see
stabilize the appropriate conformation to the Asn and ThiMethods). This component may be significant because
side chains through hydrogen bonds of the solvent-accessir-82 in Complex icannot form the hydrogen bond be-
ble backbone: N-HO_,(Thr) and N-H-Oj,(Asn) (see Figs. tween the NH backbone of Gly-83 and the,@tom of Thr

1 and 2). (see Fig. 2p andc). A single point energy evaluation of the
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% TA-DNA character compensates for the breakage of the N@&j, hydrogen
0% 20% 40% 60% 80% 100% bond (a comparison of the total energies of both complexes
3 shows thaComplex is more stable tha@omplex iiby only
~ 3 _r:mn. S 0.1 kcal/mol). Given that theomplexesire isoenergetic and
< \ NN that Complex iis also representative of the interactions
g 1 "L.Q_\r_‘ found in the human TBP/DNA complex (Juo et al., 1996),
‘* 0.la Ttaae we will considerComplex ias the model for the interaction.
—~ 15 Note that, as for the case of the first basepair step of the
'g 101D / TATA box (Pardo et al., 1998b), the ability of the protein
< 5 Jptae side chains to discriminate between AT or AA base steps at
S 04 /4"'- the central basepair step of the TATA box is not determined
2 s —\’x.\__% """""" ) at the level of interaction energies. Thus, &g values in
5-10 = Table 1, which represent interaction energies between the
40 — ' modeled residues of SCE (see Fig. 1) or ATH (Fig. 2) and
e 30 4 T~ the coding strand (Figs. & and 2a), or the noncoding
& 20 4 \ strand (Figs. b and 2b) of the central basepair step of the
E 10 - — TATA box, are nearly equal for thEomplex iarrangement.
01€ i These results are in qualitative agreement with experi-
5 mental observations. Thus, electrophoretic mobility shift
g d assays (Wong and Bateman, 1994) have been used to clas-
] 4 ’\\ sify the sequences of the TATA box from a pool of random
g 3 double-stranded oligonucleotides into four different classes
R et et TS SR D ——— ~ according to their affinity for TBP: TATATAA Kqq =
A 122 . 1.1 X 100 ° M), TATATATA (1.4 X 10" ° M), TATA-
= :13 — ‘ AATA (1.6 X 10” ° M), and TATAAAA (3.7 X 10~ ° M).
g 14 \ It seems reasonable to assume that the TATATATA se-
= 15 \\ quence adopts, at the central basepair step, the conformation
< -16 - \ observed in the complex with SCE, and that the TATA-
m -17 € AATA sequence adopts the conformation observed in the

0% 20% 40% 60% 80%  100%  complex with ATH. On this basis we conclude that the
% TA-DNA character binding affinity of SCE or ATH for the central sequence
TATA or TAAA, respectively, is similar. In agreement with

FIGURE 4 @) Rmsq comparisons of the average structures computeqhis experimental result, the calculated hydrogen bond en-
f_rom the data collection trg]ectory at each window for the TATbId ergies between TBP and the central base step of the TATA
line) and TAAA (broken ling tetramers, and the crystal structures of .
TA-DNA in the complex with SCE (Kim et al., 1093b) and ATH (Kim et DOX are of the same magnitude for SCE and ATH (see Table
al., 1993a), respectively. The rmsd values are shown for the heavy atomk and above). However, we found the conformational
of the entire sequenceb)( Computed free energy changes during the change of the central TATA tetramer, driven by SCE, to

conformational transition of the TATAselid line) and TAAA (broken o, jire 3.7 kcal/mol more than the conformational change
line) tetramers.q) Evolution of the basepair step parameteistduring the

conformational transition of the TATA tetramerd)(Evolution of the  Of the TAAA tetramer, driven by ATH (see Fig.H). This
hydrogen bond interactions between thgalom of Thy-6 and the hydro-  larger free energy cost of distorting the TATA sequence by
gen atom of the K,-N, bond of Asn-159 (@+H,-Ns,, solid line) and the SCE is Compensated in the complex with ATH by the
H atom of the NH bond of the Gly-216 backbone and thg &om of : P
Thr-215 (N-H-O. . dotted ling and the Q, atom of Asn-158 (N-HO,y, energy gost (3.2 kca_l/mol) evaluated with ab initio quan_tum
broken ling. (¢) Evolution of the energy of interaction between the Mechanical calculations (see above) for the c_onformz_monal
modeled residues of SCE (Asn-159/Thr-215/Gly-216) and the central basehange of the Asn-27, Thr-82, and Gly-83 side chains of
step (Ade-5/Thy-6) of the TATA box. ATH (breaking the N-H-O_, hydrogen bond; see Fig.13.
This “compensation” is reflected in the good agreement

between the theoretical analysis and the experimental re-

ATH side chains in both conformations (using B3LYP/6— Sults showing nearly identical complexation energies for the
31G**) shows that Asn-27, Thr-82, and Gly-83 are moretwo cases. The clear importance of hydrogen bonding as a
stable inComplex iithan inComplex iby 3.2 kcal/mol. This ~ mechanism to compensate for DNA bending is also identi-
difference in energy represents the cost of breaking th&able in the hyperthermophile TBP/DNA complex, where
N-H--O_, hydrogen bond. However, the stronger interactionthe interactions extend to three bases on each side of the
of the ATH side chains with the DNA bases @omplex i  center of the TATA box (Kosa et al., 1997).
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TATA TAAA TATA TAAA TATA TAAA
4 | ! 30 1 } 40 1 1

FIGURE 5 Helical global parametersse, roll, andtwist, calculated with CURVES 5.1 (Lavery and Sklenar, 1988, 1989), of the average structures
computed during the data collection trajectory at the first (initial structwtete barg and the last (final structureyhite dotted barswindows of the
MD/PMF simulations, and of the experimental complexes with SCE (Kim et al., 13@8il;barg, ATH (Kim et al., 1993asolid barg, human TBP (Juo

et al., 1996black dotted barg yeast TFIIA/TBP (Tan et al., 199@ilack dotted barg or human TFIIB/TBP (Nikolov et al., 199%lack dotted bars

The interaction between TBP and the central residues of Asn-159, Thr-215, and Gly-216 of SCE (see
basepair step of the TATA box during the Methods). The simplified representation of the protein re-
conformational transition flects the assumption that the backbone of TBP does not

. .change, in position and conformation, during the process of
The direct hydrogen bonds between the Asn/Thr/Gly mOtle)NA bending for the two following reasons. The first

of TBP and the central basepair step of the TATA box are . o
: o : L . reason is that DNA recognition involves the contact be-
likely to be essential in the formation of the kink in this

basepair step (Pastor et al., 1997). The mechanistic role 3¥veen a series of Arg/Lys residues with the negatively

these hydrogen bond interactions in the kinking of DNAcharged phosphate moieties of the. DNA. backbone
was evaluated from the conformational transition of A- (vamamoto et al., 1992). These strong interactions set and
DNA into the TA-DNA form observed in the complex with maintain the position of the TBP residues that insert (the
SCE. The DNA/SCE complex was chosen for this analy:~:i§3h‘_a residues), and of those_fo_rming hydrogen-bond inter-
over the DNA/ATH complex for the following reasons: 1) actions (the Asr\/Thr/GIy motif) in the minor groove of the
the conformational change produced by SCE in the central ATA box during the process of protein-assisted DNA
basepair step of the TATA box is larger than in the ATH Pending. The second reason is that TBP undergoes only a
complex (see above); 2) the interaction of the Asn, Thr, angmall conformational change upon DNA binding (Kim et
Gly side chains of SCE with the AT base step is symmetl-, 1993a, b). Consequently, the protein backbone atoms
rical in the coding and the noncoding strand (see Table 16an be considered fixed during the energy optimization of
calculated; and 3) the Asn, Thr, and Gly side chains of SCEure (Kim et al., 1993b). .
interact directly with the AT bases and not with the sugars. Fig. 6 depicts the structures of the central basepair step
The molecular models used in these calculations contAde-5 and Thy-6) at the conformations calculated at win-

sisted of the free bases Ade-5 and Thy-6 of DNA, and thedows 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

TA'?;-E 1 fEs"glrEQ;'ej °:)i"te':T°|:i<2:_be;‘;"ee: ::e m‘:{'e'edt 4  MD/PMF simulations, and the optimized side chains of
resiaues O 19. or 19. an € coding stran _ _ _ _
(Figs. 1 a and 2 a) or the noncoding strand (Figs. 1 b and 2 b) Asn 159, Thr 215’, and Gly 216 for each of the Co,nforr_na
of the central basepair step of the TATA box tions. The comparison of the evolving structures brings into
_— evidence the repositioning of Thy-6 and Asn-159 to achieve
Protein Side Chain DNA Step (kca'ﬂ‘mol) the hydrogen bond interaction between thg @om of

Thy-6 and the H,-Ng, atoms of Asn-159. Thus, the central

SCE  Asn-159/Thr-215/Gly-216 Ade-5/Thy-6 (codi -17.9 : T
°n ) y ° y-6 (coding) basepair step of the TATA box must undergo a significant

Asn-69/Thr-124/Gly-125  Ade-24/Thy-25 -17.8
ATH Asn-117/Thr-173/Gly-174 Ade-5/Ade-6 (coding) —17.9 decrease of thawist parameter (Fig. 4 shows the changes
Asn-27/Thr-82/Gly-83 Thy-24/Thy-28omplex i —17.9 in twist during the conformational transition) to accomplish
Complex ii —14.6 the interaction with Asn-159. To further illustrate the for-
*Calculated at the B3LYP/6-31G**//B3LYP/6-31G level of theory. mation of this hydrogen bond, Fig.dishows the evolution
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of the O,~Hg,-N5, distance during the conformational tran- CONCLUSIONS

sition. The profile indicates that as the simulation progresses
the hydrogen bond distance is shortened to a finatk), we havg recently propos_ed (Pardo et al., 19_98a) that the
value of 2.25 A. Fig. 4d also shows the evolution of the mechanism of DNA bending from an A-DNA-like confor-

other hydrogen bond distances between the NH atoms of th@_ation 0 t_he TA_'DNA structure observed in_the complgx
Gly backbone and both the Qatom of Thr (N-H-O._,) and with TBP is achieved by gradual changes in the torsion
the O, atom of Asn (N-I-i-o ) during the A-IgNA to angle of the glycosyl bond of the nucleotides comprising the
TA-DNlA transition. It is remaraklable that these two hydro- TATA_ box_. _This p_utative conformationa_l transition h ad
gen bond distances are invariant during the com‘ormationzi?een |dent|f|_ed earlier from crystallographic data (Guzikev-
transition. These findings suggest that the rigidity of theICh Guerstein and Shakked, 1996). The present study sug-

Asn/Thr/Gly motif of TBP, supported by the hydrogen gests that the energy required for this conformational tran-
bonds of tﬁ/e NHI atoms of th:FEEF-)Iy backbyone (se)(la abive)sition differs for TATA compared to TAAA tetramers at the

drives the distortion of the central basepair step of th central basepair step of the TATA box: 11.8 kcal/mol vs. 8.1
TATA box to facilitate the formation of the hydrogen bondekcall mol, respectively. However, this energetic cost is par-
; ; tially compensated by a significant increase in the energy of
nteraction between the £atom of Thy-6 and the fJ-N ) X

! ! W o~ y b-Neo fhe hydrogen bond interactions between the Asn/Thr/Gly

atoms of Asn-159. These interactions could not be realized ™ .
for a TATA box in the A-DNA conformation. The signifi- motif of SCE and the AT central base step of the TATA box
' (—4.5 kcal/mol per strand, as was evaluated by ab initio

cant rigidity of this motif in TBP has also been observed in : hanical calculati Th h P
unrestrained MD simulations of the ATH and SCE proteins,quan um mechanical calculations). us, the conforma-

both free and in complex with DNA (N. Pastor, unpublishedt!Onal change at the Ce””"’." base _step facilitates the forma-
observations). tion of the hydrogen bond interaction between theafm

; ; ; f Thy and the H,-Nj, atoms of Asn, which cannot be
Finally, Fig. 4 e shows the evolution of the energy of 0 2 82 o .
interaction between the modeled residues of SCE and thf rmed when the TATA box is in the A-DNA conformation.

central base step of the TATA box. The gradual transfor- ons_equently, th? mechanism of protein-assisted DNA
mation from the A-DNA to the TA-DNA form produces a bending by changing the glycosyl bond extends beyond the

o ; - - insertion of two pairs of conserved Phe residues, at the first
significant increase in the magnitude of the hydrogen bond ) '
interaction from an initial value of-12.3 kcal/mol (A- m’o f(TA) é;.nd ""‘?‘C}.WO Et/: >((j) basep: Irs dOf E)h? TATAtbOXAtO
DNA) to a final value of—16.8 kcal/mol (TA-DNA), con- € formation of direct hydrogén bonds between two Asn,

sonant with the gradual formation of the hydrogen bondBNO GIY‘ aZ?/ tWOf tEhrTil\Ejri\ ;halr]rs with th? fcertwitiral t\;‘_lo
interactions observed in the crystal structure. asepairs (At/a) of the Ox. To accountfiorine entre

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

Thr215 (Elcock and McCammon, 1996) and phosphate neutraliza-
tion (Lebrun et al., 1997) are likely to favor the energetics
of bending.

Gly216 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

Asnl59 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

FIGURE 6 Structures of the central basepair step Ade-5 and Thy-6 ofynction of specific TATA boxes and the design of novel

the TATA box at the conformations calculated at windows 1 (A-DNA, the TBP constructs with predetermined Speciﬁcity
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, thalarkest gray of the MD/PMF simulations, and

the optimized side chains of Asn-159, Thr-215, and Gly-216 at eachThis work was supported in part by a grant from the Association for
conformation (Kim et al., 1993b). Only polar hydrogens are shown. The O International Cancer Research (to H.W.), a Fulbright/CONACYT/IIE
atom of Thy-6 and the k}-N;, atoms of Asn-159 are shown in the scholarship (to N.P.), and DGES Grant PB98-0907 (to L.P.). Some of the
ball-and-stick representation. simulations were run at the Cornell National Supercomputer Facility (spon-

Biophysical Journal 78(4) 1988-1996



1996 Pardo et al.

sored by the National Science Foundation and IBM) and at the Centre deebrun, A., Z. Shakked, and R. Lavery. 1997. Local DNA stretching
Computaciol Comunicacions de Catalunya. mimics the distortion caused by the TATA box-binding protd®noc.
Natl. Acad. Sci. USA94:2993-2998.
Lewis, M., G. Chang, N. C. Horton, M. A. Kercher, H. C. Pace, M. A.
Schumacher, R. G. Brennan, and P. Lu. 1996. Crystal structure of the
REFERENCES lactose operon repressor and its complexes with DNA and inducer.
) o Science271:1247-1254.
Amog’gbﬁldg' Wh L. H;k'n;' 19;2' Ogtlmlzzg_q%gl?efggséfor A-DNA Li, T., M. R. Stark, A. D. Johnson, and C. Wolberger. 1995. Crystal
and B-DNA. Blochem. BIophys. Res. Lommei- LU structure of the MATal/MAT alpha 2 homeodomain heterodimer bound
Becke, A. D. 1993. Density-functional thermochemistry. lll. The role of to DNA. Science270:262—269.

exact exchangel. Chem. Phys98:5648. Love, J. J., X. Li, D. A. Case, K. Giese, R. Grosschedl, and P. E. Wright.
Burley, S. K., and R. G. Roeder. 1996. Biochemistry and structural biology 1995. Structural basis for DNA bending by the architectural transcription
of transcription factor 11D (TFIID).Annu. Rev. Biochen®5:769—799. factor LEF-1.Nature.376:791-795.

Clark, K. L., E. D. Halay, E. Lai, and S. K. Burley. 1993. Co-crystal Nikolov, D. B., H. Chen, E. D. Halay, A. A. Usheva, K. Hisatake, D. K.
structure of the HNF-3/fork head DNA-recognition motif resembles Lee, R. G. Roeder, and S. K. Burley. 1995. Crystal structure of a
histone H5.Nature.364:412—420. TFIIB-TBP-TATA-element ternary complexNature.377:119-128.

Cornell, W. D., P. Cieplak, C. I. Bayly, I. R. Gould, K. M. Merz, Jr., D. M. Pardo, L., H. Pastor, and H. Weinstein. 1998a. Progressive DNA bending
Ferguson, D. C. Spellmeyer, T. Fox, J. W. Caldwell, and P. A. Kollman. is made possible by gradual changes in the torsion angle of the glycosyl-
1995. A second generation force field for the simulation of proteins, bond.Biophys. J.74:2191-2198.

nucleic acids, and organic molecule3. Am. Chem. Socll17: Pardo, L., H. Pastor, and H. Weinstein. 1998b. Selective binding of the

5179-5197. TATA box-binding protein to the TATA box-containing promoter:
Dickerson, R. E. 1998. DNA bending: the prevalence of kinkiness and the analysis of structural and energetic factdsophys. J.75:2411-2421.

virtues of normality.Nucleic Acids Re<26:1906-1926. Parr, R. G., and W. Yang. 1989. Density-Functional Theory of Atoms and

Elcock, A. H., and J. A. McCammon. 1996. The low dielectric interior of ~Molecules. Oxford University. Pljess,_Oxford.
proteins is sufficient to cause major structural changes in DNA onPastor, N., L. Pardo, and H. Weinstein. 1997. Does TATA matter? A
associationJ. Am. Chem. S0d.18:3787-3788. structural exploration of the selectivity determinants in its complexes

Escalante, C. R., J. Yie, D. Thanos, and A. K. Aggarwal. 1998. Structure with TBP. Biophys. ‘]'73:640__(352"
of IRF-1 with bound DNA reveals determinants of interferon regulation. Pastor, N., L. Pardo, and H. Weinstein. 1998. How the TATA box selects
Nature.391:103-106. its protein partnerin Molecular Modeling of Nucleic Acids. N. B.

Flatters, D., and R. Lavery. 1998. Sequence-dependent dynamics of Ibegngszgfgzé J. Santal.ucia, editors. Ame. Chem. Soc., Washington,

TATA-box binding sitesBiophys. J.75:372-381. Pearl D. A 1993. Determining th ibut ; raints in
) earlman, D. A. . Determining the contributions of constraints in free
Fla_tters, D., M. _Young, D. L. Bevendge, _and R. Lavery. 1997. C_:onforma- energy calculations: development, characterization, and recommenda-
tional properties of the TATA-box binding sequence of DNIJABiomol. tions. J. Chem. Phys98:8946—8957.

Struct. Dyn.14:757-765.

. ¥ . Pearlman, D. A., D. A. Case, J. W. Caldwell, W. S. Ross, T. E. Cheatham,
Frisch, M. J., G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B. G. Johnson, p . Ferguson, G. L. Seibel, U. C. Singh, P. K. Weiner, and P. A.

M. A. Robb, J. R. Cheeseman, T. A. Keith, G. A. Petersson, J. A.  Kgliman. 1995, AMBER 4.1. University of California, San Francisco.

Montgomery, K. Raghavachari, A. Al-Laham, V. G. Zakrzewski, J. V. . ..

Ortiz, J. B. Foresman, J. Cioslowski, B. B. Stefanov, A. Nanayakkara,Pthf B. F.”19_9?. Mechan|sms of transcription complex assertislgr.
M. Challacombe, C. Y. Peng, P. Y. Ayala, W. Chen, W. Wong, J. L. _Opln. Cell Biol. 8:303-311. ) )
Andres, E. S. Replogle, R. Gomperts, R. L. Martin, D. J. Fox, J. S.Rice, P. A, S. W. Yang, K. Mizuuchi, and H. A. Nash. 1996. Crystal
Binkley, D. J. Defrees, J. Baker, J. J. P. Stewart, M. Head-Gordon, C. structure of an IHF-DNA complex: a protein-induced DNA U-tu@ell.

Gonzalez, and J. A. Pople. 1995. Gaussian 94. 87:1295-1306.
Geiger, J. H., S. Hahn, S. Lee, and P. B. Sigler. 1996. Crystal structure drobinson, H., Y. G. Gao, B. S. McCrary, S. P. Edmondson, J. W. Shriver,
the yeast TFIIA/TBP/DNA complexScience272:830—836. and A. H. J. Wang. 1998. The hyperthermophile chromosomal protein

Sac7d sharply kinks DNANature.392:202-205.

Schultz, S. C., G. C. Shields, and T. A. Steitz. 1991. Crystal structure of a
CAP-DNA complex: the DNA is bent by 90 degreeScience.253:
1001-1007.

. ) ! h Schumacher, M. A, K. Y. Choi, H. Zalkin, and R. G. Brennan. 1994.
ZDéclkg;sgo_rESlf% How proteins recognize the TATA baxMol. Biol. Crystal structure of Lacl member, PurR, bound to DNA: minor groove
) ’ C binding by alpha helicesScience266:763—770.

K'r?é‘ll' L.D.B. .N'k(i:?\/' and S. K. Burlefy. 1?2?2 Clo-cry:;I stru;gge of Tan, S., Y. Hunziker, D. F. Sargent, and T. J. Richmond. 1996. Crystal
520_r562c7ogn|2|ng € minor groove of a elemehature. ' structure of a yeast TFIIA/TBP/DNA compleiature.381:127-151.

. ' . . Werner, M. H., and S. K. Burley. 1997. Architectural transcription factors:

Kim, Y., J. H. Geiger, S. Hahn, and P. B. Sigler. 1993b. Crystal structure proteins that remodel DNAC)éII. 88:733-736. P
of a yeast TBP/TATA-box compleiNature. 365:512-520. Werner, M. H., A. M. Gronenborn, and G. M. Clore. 1996. Intercalation,

Kosa, P. F., G. Ghosh, B. S. DeDecker, and P. B. Sigler. 1997. The pNA kinking, and the control of transcriptioiScience271:778—784.
2.1-angstrom crystal structure of an archaeal preinitiation complex;

TATA-box-binding protein/transcription factor (I11)B core/TATA-box. Wi/lrgleercyzul\lﬁa.r Hk;éé]i.sRc‘)thulzrr]r%a?\. Zﬂéxergnzggo:zi/;gil C;ré\?g'alcégrio#ggtﬁé
Proc. Natl. Acad. Sci. US/A4:6042—-6047. '

three-dimensional solution structure of the human SRY-DNA complex.
Kraulis, J. 1991. MOLSCRIPT: a program to produce both detailed and Cell. 81:705-714.

schematic plots of protein structur&. Appl. Crystallogr.24:946—950. Wong, J. M., and E. Bateman. 1994. TBP-DNA interactions in the minor
Lavery, R., and H. Sklenar. 1988. The definition of generalized helicoidal groove discriminate between A:T and T:A base paihscleic Acids Res.

Guzikevich Guerstein, G., and Z. Shakked. 1996. A novel form of the DNA
double helix imposed on the TATA-box by the TATA-binding protein.
Nat. Struct. Biol.3:32-37.

Juo, Z. S., T. K. Chiu, P. M. Leiberman, |. Baikalov, A. J. Berk, and R. E.

parameters and of axis curvature for irregular nucleic acid8iomol. 22:1890-1896.

Struct. Dyn.6:63-91. Yamamoto, T., M. Horikoshi, J. Wang, S. Hasegawa, P. A. Weil, and R. G.
Lavery, R., and H. Sklenar. 1989. Defining the structure of irregular Roeder. 1992. A bipartite DNA binding domain composed of direct
nucleic acids: conventions and principles. Biomol. Struct. Dyn. repeats in the TATA box binding factor TFIIDProc. Natl. Acad. Sci.

6:655—667. USA.89:2844-2848.

Biophysical Journal 78(4) 1988-1996



