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Abstract Deformation of DNA takes place quite often due to
binding of small molecules or proteins with DNA. Such
deformation is significant due to minor groove binding and,
besides electrostatic interactions, other non-covalent interac-
tions may also play an important role in generating such
deformation. TATA-box binding protein (TBP) binds to the
minor groove of DNA at the TATA box sequence, producing a
large-scale deformation in DNA and initiating transcription. In
order to observe the interactions of protein residues with DNA
in the minor groove that produce the deformation in the DNA
structure, we carried out molecular dynamics simulations of
the TBP-DNA system. The results reveal consistent partial
intercalation of two Phe residues, distorting stacking interac-
tions at two dinucleotide step sites. We carried out calculations
based on dispersion-corrected density functional theory to
understand the source of such stabilization. We observed
favorable interaction energies between the Phe residues and
the base pairs with which they interact. We suggest that salt-
bridge interactions between the phosphate groups and Lys or
Arg residues, along with the intercalation of Phe residues
between two base pair stacks, stabilize the kinked and
opened-up DNA conformation.

Keywords Stacking energy - TATA-box TBP -
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Introduction

Proteins and small molecules bind to DNA by making mostly
non-bonded contacts along the major or minor grooves. Dur-
ing this mode of binding, the DNA double helical structure
does not alter significantly. The protein-DNA interface is
formed primarily by van der Waals contacts, hydrogen bonds,
and salt bridges. Some small planer aromatic molecules and
aromatic side chains of proteins also interact with DNA by
making stacking interactions with the DNA bases via interca-
lation. With this mode of interaction, the alteration in DNA
local structural is quite significant at the binding site. This
strength of interaction usually correlates with the biological
activity of the molecule, and several energy contributions may
be responsible for the binding. Most intercalators bind to
DNA by non-covalent stacking with nucleic acid base pairs,
often combined with hydrogen bonding and even covalent
binding involving the drug side chains [1]. The separation
between successive basepairs increases considerably due to
the binding of the intercalators, i.e., the rise value of the base
pair step is increased and the double helix is partially untwist-
ed. This class of DNA-binding ligands includes dyes, muta-
gens and carcinogens, and some anti-tumor antibiotics, which
bind to DNA with varying degrees of sequence selectivity
[2—8]. Such ligand binding can affect many biological prop-
erties of DNA, including transcription and replication. De-
pending on the intercalator, these effects are modulated not
only by the chemical characteristics of the chromophore but
also by the presence and position of substituent moieties
attached to it. The general mode of intercalation was proposed
to involve in formation of a kink, i.e., a sharp, localized bend
that may provoke the appearance of a wedge-shaped entry
notch accessible from the minor or major groove. Initial
formation of a kink would be the result of un-stacking of a
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single base pair step and rolling open of the base planes. This
could be related to the alternation of the normal C2'-endo
deoxy-ribose sugar puckering in B-DNA to a mixed pucker-
ing pattern. These changes do bring about DNA unwinding
and changes in the magnitude of the helical twist [9]. More-
over, the helical twists at dinucleotide steps appear to be
inversely related to the roll angles i.e., the amount of wedge
formation. Rise value of the dinucleotide step, which is altered
due to intercalation, is also strongly correlated to twist. There
exists a possibility that intercalation at certain sequences is
based, at least in part, on the inherent flexibility of dincleotide
steps in terms of base pair parameters like roll, twist, slide,
rise, propeller, etc. [10]. Kinking of the DNA by minor groove
intercalation has also been observed not only upon binding of
small ligands but also in complexes with proteins involved in
transcriptional regulation [11].

The three-dimensional (3D) structures of several DNA
minor groove binding proteins have been determined, reveal-
ing a new mechanism to produce a bend in DNA with a
possible role in control and regulation of transcription. The
common mechanism involves the insertion of one or several
aromatic side chains into the minor groove of DNA, and
unstacking of two successive base pairs to produce perceptible
kinks. Due to this side chain insertion, the DNA structure is
bent strictly toward the major groove, which helps to open the
narrow minor groove. The 3D structures of the TATA-box
binding protein (TBP) complex with the TATA box [12-15],
and of the trimeric complexes between the TBP/TATA box
and TFIHA [16, 17] or TFIIB [18, 19] revealed this fact.
Besides several hydrogen bonding interactions between
charged amino acid residues and the backbone phosphate
atoms of DNA as observed in the crystal structures, van der
Waals interactions also play an important role [20-22]. These
non-polar contacts occur between a series of conserved Val,
Leu, and Pro residues and the minor groove edges of the
bases, and between the side chains of two pairs of conserved
phenylalanine (Phe) residues and the first two (TA) and last
two (t/aX) basepairs of the TATA box [23-25]. Insertion of
these Phe residues between two base pairs produces two sharp
kinks in the helix, unstacking the base-pairs and pulling them
partially apart. Any loss of stacking energy is probably com-
pensated by extensive van der Waals interaction or 7t—7t inter-
action between the bases and the Phe rings. In the case of the
human TBPc-DNA complex, Phe-284 and Phe-193 insert into
the first and last base pair steps of the TATA box, respectively.
In addition, Phe-210 and Phe-301 residues support the pene-
trating phenylalanines and stabilize the kinks through exten-
sive van der Waals contacts with the ribose groups of A and T,
respectively. Depending on the depth of intercalation or inser-
tion of the Phe residues between the base pair steps, the
bending kink at the 3" end of the TATA box is different for
plant and human complexes. In case of plants, Phe-193 is
inserted 1.0 A further into the base steps compared with the
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human complex, leading to a slightly larger kink in the 3’ end
of the TATA box (44° vs 39°) [26]. The 3D structure of TBP
and its interactions with DNA have remained nearly con-
served throughout evolution. The shaded base pair steps in
the AUMLP TATA element containing sequence in Fig. 1 are
the steps in which the conserved Phe residues are intercalated
[15, 27]. The selectivity of TBP for the first and most con-
served TA step of the TATA box, compared with the other and
less common AT, TT, AA, and CG steps, has been reported
[24, 25, 28]. The strongest requirement for an efficient TATA
box appears to be an initial T, with a subsequent A mandated
so the Phe side-chains of TBP can push them apart to create
the upstream kink.

Although structural studies have indicated conserved
kinks, stabilization due to these deformations is not well
known. We have used molecular dynamics (MD) simulation
of'the human TBP-DNA complex to study the deformation of
DNA due to binding of TBP and interactions of TBP residues
with DNA in the minor groove side. Recent advances in ab-
initio quantum chemical methods have made them suitable for
estimation of such interaction strengths. However, it was
pointed out that the most efficient density functional theory
(DFT) based methods are incapable of judging stacking inter-
action by considering the dispersion component. Several
dispersion-corrected DFT (DFT-D) methods have been tested
by various groups for estimation of stacking interaction [1,
29-34]. By comparing several such DFT-D methods, we
recently found that wB97X-D/6-31G(2d,2p) is most suitable
for nucleic acid systems [35]. Here, we also explored the
energetic basis of the stability of the intercalated Phe residues
to maintain the kinks at the two ends of the TATA box. Both
classical and DFT-D calculations were performed to study the
energetics of interaction between the base pair steps of DNA
and the hydrophobic phenylalanine side chain. It was reported
that the DFT-D method yields results with a chemical preci-
sion (<1 kcal mol ") that is comparable to highly accurate
CCSD/(T)/complete basis set limit calculations, and is capable
of describing the hydrogen bonding and dispersion interac-
tions known to make an important contribution to base pair
stacking and ligand—nucleobase interactions [1, 35-45]. We
carried out geometry optimizations of two base paired dinu-
cleotide steps, considering the base atoms by replacing the
sugar-phosphate backbone atoms with methyl group along
with the intercalated Phe residue, replacing the protein main
chain with an ethyl group, using the wB97X-D/6-

12345678910111213141516
SCTGCTATAAAAGGCTG
GACGATATTTTCCGAC;

Fig. 1 Sequence of TATA-box binding protein (TBP) binding DNA
sequence in h-TBP-DNA complex. Shaded base pair steps are phenylal-
anine (Phe) intercalation sides
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31G(2d,2p) method. It was shown recently that results with
dinucleotides including the sugar-phosphate backbone are
very similar to those obtained by considering bases only
[46]. Use of methyl groups mimicking sugars was also seen
to give excellent results [35, 40, 47]. Both classical and
DFT-D calculations indicate that the interaction between
the intercalator and DNA bases is quite strongly attractive
and that it has a specific role in stabilizing the kinks formed
in the DNA structure.

Methods

Many crystal structures of the TBP-TATA box complex are
now available; due to the extreme importance of this binding,
most of them were solved at quite high resolution. We have
analyzed these PDB structures [48] (PDB ID: 1AIS, 1C9B,
1CDW, 1D3U, 1JFI, INGM, INH2, INVP, 1QN3, 1QN4,
1QNS, 1QN6, 1QNA, 1QNB, 1QNE, 1RM1, 1TGH, 1VOL,
IVTL, IVTO, 1YTB, 1YTF). Among these, ICDW is for the
human TBP-DNA complex.

MD simulation and structural analysis

The coordinates of the TBP-bound DNA were taken from
Protein Data Bank (PDB ID 1CDW [15]). The protein in
1ICDW.pdb corresponds to the C-terminal domain but for
simplicity we numbered the 155th residue as residue 1. Initial
set up and minimizations of the system were performed using
the AMBER 8 suite of programs [49] with parm94 [50]
parameters, which are well tested for nucleic acids as well as
proteins [51, 52]. The system for simulation with periodic
boundary condition was solvated in an orthorhombic water
box containing TIP3P water molecules in such a way that
there were at least 15 A thick layers of water molecules around
the solute in all directions and the required number of sodium
ions to maintain electro-neutrality. The system was then ener-
gy minimized for 20,000 cycles using a combination of
steepest descent and conjugate gradient algorithms and apply-
ing periodic boundary condition. Electrostatic energy was
calculated using the particle mesh Ewald summation method
with 1 A grid spacing and 10® convergence criterion.
Lennard-Jones and short-range electrostatic interactions were
truncated at 10 A. The MD simulation was carried out using
NAMD [53, 54]. Heating to 300 K was carried out slowly
during 30 ps with 1 fs time step using NAMD. We continued
the simulation for 100 ns at constant temperature (300 K) and
pressure (1 bar) using the Langevin-Piston algorithm. Trans-
lational and rotational movements of the center of mass were
removed at an interval of 5 ps. SHAKE constraints were
applied to all bonds involving hydrogen atoms. Conforma-
tions after every 1 ps were saved for further trajectory analysis.
We also performed the simulation for 30 ns using the same

protocol and the AMBER ff14SB [55] force-field, which
follows parmbsc0 [56] parameters for nucleic acids to under-
stand the force-field effect.

The interaction energy between the intercalated Phe residue
and the corresponding basepair steps was evaluated throughout
the simulation time scale using NAMD software [53]. Root
mean square deviation (RMSD) and root mean square fluctu-
ation (RMSF) analysis of the DNA and protein structures were
performed using CHARMM [57], and all the structural param-
eters of the DNA were calculated by NUPARM [58]. The
hydrogen bonding information between protein and DNA dur-
ing MD runs of the TBP-DNA complex were obtained by a
modified version of pyrHBfind [59] using donor-to-acceptor
distance cut-off at 3.0 A and angle greater than 150°. We used
donor-to-acceptor distance cutoff 3.5 A and hydrogen bond
angle cutoft 120° for calculation of the frequency of inter-base-
pair hydrogen bonds in the simulation trajectories.

Modeling of the stacked geometry

We took the crystal structure, as well as a few simulation
snapshots of the corresponding base pair steps (TA/TA and
CT/AG) and intercalating phenyl ring for quantum chemical
studies. The details of the system studied are given in Table 1.
Instead of the sugar-phosphate backbone we attached a methyl
group with the bases as previously done in other studies
(Fig. 2) [35, 60]. An ethyl group is added with the phenyl ring
instead of s protein chain, which can be considered as ethyl-
benzene (Fig. 2). An ethyl group was chosen as it is bulkier
and may hinder rotation of the phenyl ring to an undesired
position and may be able to increase ring charge density as
well as mimic the effect of the protein main chain.

DFT calculations

The modeled systems were geometry optimized and the inter-
action energy was obtained with the DFT-D [39] method,
wBI97X-D [42] functional and 6-31G(2d,2p) basis set using
Gaussian09 [61]. The interaction energy between the
intercalator (L) and DNA base pairs (R), (AE;_r) was deter-
mined as the difference between the energy of the complex
(EyL_r) and the sum of the individual energies of the
intercalator (£ ) and base pairs (£R) in the unbound optimized
state. If the conformational energy changes undergone by both
intercalator and target molecule on binding are neglected (as is
often done when series of ligands are compared), the interac-
tion energy can be approximated by

AE r = Eir—(EL+ ER)

where E and ER are the intramolecular energies of
intercalator and receptor in the bound state. As the wB97X-
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Table 1 Possible hydrogen bonding network between TATA-box binding protein (TBP) and the TATA box

Amino acid Donor DNA Acceptor Percentage Hydrogen Average hydrogen bond Secondary structure
residue atom residue atom of occurrence bond distance distances in simulation of the interacting
in crystal (standard deviation) amino acid
Asn (9) ND2 Thy(24) 02 37.09 2.72 2.86(0.14) E
ND2 Thy(25) 02 41.34 3.21 2.97(0.20)
Lys(37) Nz Cyt(14) o3’ 5.58 8.23 6.29(2.54) T
NZ Thy(15) o1pP 20.36 7.20 5.58(2.77)
Arg(38) NH2 Thy(23) Oo1pP 5.06 2.62 8.36(2.03) T
NH2 Cyt(21) o3’ 329 7.66 3.75(0.89)
NH2 Thy(22) O1P 42.82 6.19 3.11(0.42)
Arg(45) NH2 Thy(24) O1P 4333 3.06 3.16(0.81) E
NH2 Thy(23) o3’ 3.12 3.63 3.63(0.83)
Arg(50) NH1 Thy(25) O1P 24.82 2.80 5.34(1.67) T
NHI1 Ade(26) O1P 0.10 7.01 8.98(2.08)
Lys(60) NZ Gua(12) O1P 28.30 4.49 3.86(1.00) E
Nz Ade(11) O1P 1.63 471 5.47(0.98)
Lys(67) Nz Ade(26) O1P 12.47 457 5.23(1.78) C
NZ Thy(25) 03’ 1.45 3.95 5.16(1.56)
Asn(99) ND2 Ade(8) N3 5.48 476 3.24(0.28) E
Arg(136) NH2 Thy(7) Oo1pP 18.31 2.81 4.31(0.96) E
NH1/NH2 Ade(8) o2p 92.25 458 2.90(0.17)
Arg(141) NHI Ade(9) o1p 10.53 9.77 7.45(2.79) T
Lys(151) NZ Thy(27) O1P 9.51 5.80 5.24(1.31) E
Nz Ade(28) O1P 13.71 455 4.47(1.02)
Lys(158) Nz Ade(9) O1P 1.89 5.69 6.50(1.34) C
NZ Ade(10) o1p 1.69 5.03 6.16(1.24)

D functional is recommended to be used without basis set
superposition error (BSSE) correction, we have not consid-
ered this correction [42].

Results
Deformation of DNA structure
The RMSD of the TBP-bound DNA structure with respect to

the initial structure (Fig. S1) indicates that DNA structure does
not alter much with respect to the initial structure and the

Helix Axis (Z)

Fig. 2 Model structure of base pairs and the intercalator for quantum
chemical study (Phel30 intercalated in TA/TA step)
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RMSD values become steady within 30 ns. Hence, we ana-
lyzed the snapshots of the last 70 ns in our structural studies. It
should be noted that deformation of DNA structure is associ-
ated with base pair step geometry [62, 63]. We therefore
calculated roll, twist, slide, etc., for each base pair step for
all snapshots. Comparison of these values within the binding
region (6th to 11th base pairs) indicates unusually large roll
values and very small twist values for some of those. The roll
values for the first and last base pair steps of binding region
(i.e. step-5 and step -11) are very high due to partial interca-
lation of a pair of phenylalanine residues of the TBP protein in
these two base pair steps. The variations of these base pair
parameters and torsion angles with their standard deviations
are given as supplementary materials (Tables S1-S3). Torsion
angles are also restricted in the binding region. The § torsion
angles in the binding region are in the 90° range, correspond-
ing to C3'-endo sugar puckers. Thus, the DNA in the complex
adopts a regular B-DNA like structure at the both ends but
takes up a somewhat unusual deformed conformation in the
binding region of the double helix.

TBP/DNA interactions

Structural deformation of the duplex DNA can also assist
interactions at the binding interface. In many protein/DNA
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complexes, the DNA duplex is relatively unperturbed, and
sequence recognition occurs via a pattern of hydrogen bonds
from amino acid side-chains to amino- and carbonyl- as well
as imino-groups of the DNA bases along the surface of the
major groove, which is rich in variations of these functional
groups. But in the case of the TBP/DNA complex, the inter-
actions occur in the shallow and wide minor groove. It may be
noted that variation in disposition of the functional groups is
significantly lower in the generally narrower minor groove
[64, 65]. In the TBP-DNA complex, most of the H-bonds are
formed between phosphate groups of DNA and a few amino
acid side chains. A few amino acid residues also make hydro-
gen bonds with DNA bases as indicated in Table 1. In our
simulation of the protein—-DNA complex the hydrogen bond-
ing partners are seen to change quite often. Among these
bonds, the frequency of two hydrogen bonds involving
DNA base atoms are significant: (1) Asn-9 forms a pair of
hydrogen bonds with the O2 atoms of Thy-24 and Thy-25, (2)
Asn-99 forms a hydrogen bond with the N3 atoms of Ade-8.
All other hydrogen bonds are with DNA backbone atoms. We
observed hydrogen bonds between Lys-37 and Cyt-14/Thy-15
that were not reported in the crystal structure [15]. The H-
bonds between Lys-37, Lys-60, Arg-136, Arg-141 with one
strand of the DNA and those involving Arg-38, Arg-45, Arg-
50, Lys-67, Lys-151 with the second strand of DNA are quite
stable and similar to electrovalent bonds. As shown earlier
from quantum chemical studies in gas-phase, these give rise to
about —100.0 kcal mol " energy [59, 62] as compared to an
interaction energy of about —10.0 kcal mol ™' for a regular
hydrogen bond [60]. These hydrogen bonds therefore can give
huge stabilization energy to the deformed DNA as well as to
the complex even in solution. On the other hand, a few other
hydrogen bonds, tabulated in Table 1, were found to be
unstable in the simulation. These atoms possibly form stron-
ger hydrogen bonds with water in the simulation setup. Two
pairs of Phe residues (Phe-39 and Phe-56, Phe-130 and Phe-
147) are observed partially intercalated between the DNA
bases at the two ends of the TATA box, and making large
van der Waals contacts. Most of the charged Arg and Lys
residues, which formed strong hydrogen bonds with the back-
bone phosphates atoms, are also near these intercalated Phe
residues. RMSF fluctuations of all these charged residues are
also comparatively lower (Fig. S2). It is possible that, along
with hydrogen bonding interactions, these Phe residues also
play some role in stabilizing the kinks formed at the two ends
of the TATA box.

Extent of intercalation of Phe side chain

To study the stability of the inserted Phe residues, we calcu-
lated the variation in distance between the center of mass of
partially intercalated Phe residues and the corresponding base
pair step centers (Ijne,) from the simulation trajectory of the

TBP-DNA complex. The average value of 1y, for Phe-39 and
the CT/AG step is 4.24(0.7) A, the Phe-56 and CT/AG step is
7.11(0.4) A, the Phe-130 and TA/TA step is 4.67(0.4) A, Phe-
147 and that of the TA/TA step is 7.43(0.3) A (Fig. 2). We also
evaluated the values of rj,, for the corresponding Phe resi-
dues and intercalated steps from the 22 available crystal
structures of TBP-DNA complexes. The values of 1, for
Phe-39, Phe-56, Phe-130 and Phe-147 are 5.07(0.7) A,
7.36(0.3) A, 4.74(0.2) A and 7.50(0.2) A, respectively, in
the crystal structure. This indicates that, of the four Phe
residues, Phe-130 and Phe-39 are intercalated deeply
(Fig. 3). The values of rjy; for Phe-39 and Phe-130 are
6.1 A and 4.8 A, respectively, in the initial crystal structure
of our system (1CDW). However, during simulation Phe-39
intercalated more deeply although it is slightly more dynamic
than Phe-130 (Fig. 4). The dependence of intercalation on the
parallel positioning of the ring structure was also analyzed by
measuring the angles between each base pair axis and phenyl
ring axis. For this, we defined the phenyl ring axis system with
respect to the center of mass of the phenyl ring, where the z-
axis is defined as normal to the plane of the phenyl ring, and
the x-axis is along the line connecting the ring carbon atoms
CY and C° (Fig. 5). Therefore, the angle between the base pair
normal, i.e., base pair z-axis and z-axis of the phenyl ring (0),
can be an estimation of their parallel orientation. The base pair
and phenyl ring will be parallel if this angle (0) becomes zero;
this stacked geometry plays an important role in stacking
interactions. The variations in these angles () during simula-
tion for Phe-39 (CT/AG) and Phe-130 (TA/TA) are shown in
Fig. 4. The mean values of 0 for Phe-39 (CT/AG) and Phe-

Fig. 3 Intercalation of Phe in the crystal structure. a Phe130 and Phe147
intercalated in TA/TA step, b Phe39 and Phe56 intercalated in CT/AG
step

@ Springer



2499, Page 6 of 11

J Mol Model (2014) 20:2499

(a)10
Phe39-CT/AG step
9 —Phe130-TA/TA step
E s
@
27
<<
f =4
| .
2 l | \
H“‘ \‘] il \‘, " | dl
a ok [ | I It ]
s, rr‘ ‘vnnw i g [ \"Juuﬂ\ AT
1 | ‘
3
[o} 10 20 30 40 50 60 70 80 90 100
Time in ns
(b)120 :
110 —Respect to A:T Basepair
— Respect to G:C Basepair
o 90
e 1
= 80
o 70} {
= | i
s soltit! L. ‘ LI Rk
<= 50 i i | ‘
=

30l ‘

20 |

10

0 10 20 30 40 50 60 70 80 90 100
Time in ns

(©)120
110
100
90
80 “ | " ‘
70

h il HMM I} W l"} MW I Ww Mt. ﬂ‘» hm)lu

Respect to T:A Basepair
—Respect to A:T Basepair

Theta in Degree

30 ‘

20/ ]

10

o} 10 20 30 40 50 60 70 80 90 100
Time in ns

Fig. 4 Variation in a the distance between the base pair center and Phe
residues (Tjne,) With time, b the angle between the z-axis of the Phe-39
ring and base pairs z-axes of the AG/CT step (0), ¢ the angle between the
z-axis of the Phe-130 ring and base pairs z-axes of the TA/TA step (0)

130 (TA/TA) were 42.08° (7.98), 51.17° (11.9) and 58.95°
(9.14), 34.33° (6.55), respectively, indicating that, for both
steps, the intercalation is not parallel. In the case of the CT/AG

Fig. 5 Axis system of the Phe ring. Atom names are given according to
IUPAC notation
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step, Phe-39 intercalated nearly parallel to the second A:T
basepair, and for the TA/TA step, Phe-130 intercalated
parallely to first T:A basepair. A similar feature of intercala-
tion was also observed in the simulation using the recent
AMBER {f14SB force field (Fig. S3). In the crystal structures,
the values of 8 for Phe-39 and corresponding intercalated step
were 44.76° (7.7) and 63.22° (10.4). Similarly, for Phe-130
and corresponding intercalated step, the values were 57.94°
(5.2) and 37.40° (5.8). For the other Phe residues, the values of
0 are comparatively higher. These observations as a whole
indicate that the Phe side chains (Phe-130, Phe-39) are inter-
calated more deeply as well as stacked nearly parallel with the
base pairs during the simulation time scale as compared to the
initial crystal observation.

Interaction of intercalated phenylalanine with bases
Classical calculation

The distorted conformation of Phe intercalated with the TA/
TA and CT/AG base pair dinucleotide steps may not be able to
accommodate itself within a double helix structure. These
distorted conformations may gain stability due to interaction
of the Phe ring within basepair steps. Thus, the interaction
energies between the Phe ring and the corresponding basepair
steps including the sugar-phosphate backbone were first eval-
uated by classical forcefields where we considered electrostat-
ic, van der Waals and total interaction energies seperately as
shown in Fig. 6. For both TA/TA and CT/AG steps, van der
Waals interaction energies were found to contribute more
towards the total interaction energies independently. This is
due to the hydrophobic character of the Phe residue without
any dipole moment. Additionally, more fluctuations in van der
Waals and total interaction energies were observed in the case
of the CT/AG step (Fig. 6b) as compared to total interaction
energy in the TA/TA step (Fig. 6a). From the simulation using
ff14SB force field also we observed a similar kind of interac-
tions (Fig. S4). Calculations of the extent of intercalation also
indiacte that Phe-39 is more dynamic within the CT/AG step.
Correlation between the extent of intercalation (tj,,) of the
Phe-39 side chain and the van der Waals component of the
interaction energy was also reflected in this step (Figs. 4, 6b).
In order to estimate normal stacking energy in TA/TA and
CT/AG steps, we generated B-DNA models of these sequences
from X-ray fiber diffraction data [66]. Stacking energy between
these base pairs were calculated using the wB97X-D/6-
31G(2d,2p) method and found to be —18.46 and
—19.71 keal mol ™! for the TA/TA and CT/AG step, respective-
ly. This indicates that the base pair stacking energies are of a
magnitude similar to those between the bases of a base pair and
Phe residues. However, classical calculations are probably not
sufficiently accurate to estimate the intercalation or stacking
interactions involving C—H:- -7t and 7t -7t types [20, 34, 67].



Page 7 of 11, 2499

J Mol Model (2014) 20:2499

€6€°TE— o#8'9¢ 00'9¢ o0€°CC 0S9°S¢ [4 %4 87'C T waskg
8IS Y- oL6'ST o0'6¢ o 1€7CE oLE'8E 09¢C LTT [ woIskg
9SLTI— - ol6'6€ o0'8% ol6°0% o029 LL'S L0°9  2amgonns [ejsA1) 6¢ 9Ud -DV/LD
I8ST€~  o0'L91 0’191 Y 0€°Y 0°€ o160 0CS'ST oI8¢ 09°'LS 6C°¢ 89°¢ T waskg
YSY'ST— 9791 1'€91 Y 0€ Y 0°€ PSP 98T o£9PP 0I'¢P 9L'T ere [ woysAg
0069T— 6091 6991 Y TO€ Y 0°€ 0C9YE 0£6'8¢ 0 09°08 oIS°6S 0ge 9Lty omyonns [eIskr)y 0¢I °4d -VI/VL
(ON"""H-+0) dougysip  uoneziundo uoneziumdo uoneziundo  uonezrumndo uoneziumndo uonezrundo
s[suy (ON—+0) LYV 910Jedq LYV S10jedq LYV 910Jedq
Anowoad poziundo (p) Tewou Suur (p) reuutou Sunt Y ur () Suw
(;_Jour [eay) ayy ur 1ojowered puoq [Auayd pue jeuriou qred [Auayd pue jeuttou ;red  [Auoyd Jo Ssew JO 1JUD pue IAUD INpISaI AYJ Poje[edIoul
AS19u2 uonoRINU] ua3oipAy ared aseq 1ojuy aseq pug ueamiaq 9[3uy 9seq IS u2aMm)aq JSuy doys ared aseq ueamiaq douelsIq ImONng pue dos ned oseg

(@-1L4Q) A100y) TRUOnOUN] AYISUSP PAJOALIOI-UOISIdASIP (im uoneziundo Ioyje pue 910Joq SWISAS d) JOJ UOHR[EIIAUI JO JUAIXF € IqRL

< g Q N =
. = =~ O =
N 8 g8 £E3 8 z £ = 5z O
o <3 s & s = =
= 9 < =) = = g ot oY
E=] _— = = =) = O =
{o s =} 23 2 = = s 9 = = s 2
& : s 2 m k) .ldnﬁ.wn.o = nﬁwn
o = = =23gL =202 5 =388 =88
= < IS Z " 2E S ) E = 8°E
2% = == 8983 2z 588
18 r & - 3 3 S S0 3 5°3 O 5833 593
d 2 = & =2E 289E 5 =28 238
< | = 3 S E g<s.8 8 S92 E g .8
s Rk | g Eg 8,2 08258 58.,2 08047
o t = = o) 0
& D . g| & 2 ESEERP e ERR GO R
= (=} . . =} :
0 w 85 g5 2< 2855 8<5 20 285 8UE
g ¢ =) ER- — 2 EF 83=%T onmhaA g% o &<°
© 8 EGC 8| A w A = wn A =
= § 235 £
] 87 T -5 2 o ©
0] O 35 52 S =1 &
25 g g
w2 m Q 3]
19. .53 =m0 . g =
= H 225 g e @ — o~ % — I
<
=E 3 5| 2 s § 5 ER- g
18 I 8 T3 5| 3 2 2 2 g2 g %
o 3 &l E = > > = > >
5 < = | » ®) 2] 2] O ] 2]
1| 1" 5a4g g
‘ =38 (12, | s
=1 2 22z pmv mm A Q
‘ ity 2l sE |3 i
g2 7| 7y |2 £
1 = -~ o o = o S - 3 Ay
—_ < D= U
W PecNEEegR = o % g B 5 § _H° S| ESe ] 2 <
fgmn ~ ] - 0 = O <
s UH UonoeId = . g & 3 S| 8837 | < =
o a - wn
&8  AS81oug uonoeIdul A319U4 UuonOLINUL 2er S 228 | & 5

pringer

As



2499, Page 8 of 11

J Mol Model (2014) 20:2499

Optimized geometry and DFT calculation

As exact estimation of stacking interaction between DNA
heterocyclic base pairs and the phenyl rings is difficult, they
were characterized by ab initio quantum chemical methods.
We calculated the interaction energy between the correspond-
ing base pair steps and intercalated Phe ring of optimized
model structures as mentioned in Table 2 using DFT-D. The
geometric parameters of the systems before and after optimi-
zation are given in Table 3. The results indicated that, in all
systems, the distance between the center of the base pair step
and the center of mass of the phenyl ring (Ije;) decreases in
the DFT-D optimized geometries. The angles between the Phe
ring and the base pairs (0) also reduced in most cases for the
optimized geometries. However, the variations in these angles
differed for the two steps. In the case of CT/AG, both angles
were reduced significantly (Table 3). Such a reduction was not
observed in case of TA/TA, where the angles change after
optimization but neither reduce (Table 3). The optimized
geometries for all these structures are shown in Fig. 7. The
general trend in interaction energy (AE) shows that higher
penetration, i.e., smaller rj,,, favors the interaction, which
directly indicates favorable intercalation of the phenyl ring
(Table 3). As indicated earlier, the Phe residues did not pen-
etrate deep into the stacked base pair of the crystal structure for
the CT/AG and TA/TA step, hence the order of interaction
energies is: -12.76 kcal mol " and -26.9 kcal mol ' respec-
tively. In the case of system 1 and system 2 for the CT/AG
step, the interaction energy increased significantly (Table 3)
and this may be favored by the higher intercalation by the
reduced distances of rj,.. The interaction energy of system 2
for the CT/AG step (-32.39 kcal mol ') is higher than that of
system 1 (-24.52 kcal mol ). We found that, in system 2, the
phenyl ring stacked parallely and the angles (8) were less than
those in system 1 (Table 3). Thus, interaction energy also
correlates with the geometry of intercalation. In the case of
TA/TA, the interaction energy in the crystal structure is almost
comparable to the AE values of system 1. This can be

Fig. 7 Optimized geometrics of
TA/TA-Phe 130. a Crystal
structure [3.0 A, 166.9°% 3.02 A,
160.9°]. b System 1 [3.0 A,
163.1°;3.0 A, 162.6°]. ¢ System 2
[3.0A,161.0%3.0 A, 167.0°] and
CT/AG-Phe 39. d Crystal
structure. e System 1. f System 2.
Dotted lines Intermolecular
hydrogen bonds

@ Springer

attributed to the fact that, in crystal as well as in simulation,
Tinter attains an almost constant value at 4.5 A for the TA/TA
step. However, for system 2 the interaction energy is higher.
This indicates that, after optimization, interaction of Phe with
bases become more favorable in this case.

Optimized geometry for the TA/TA step, in the presence of
Phe, shows that deformed base pair steps having high positive
roll values can gain stability by forming inter-base pair hydro-
gen bonds between thymine and adenine of both strands
(Fig. 7), as predicted earlier [24]. The O4 atom of thymine
formed hydrogen bonds with the N6 donor atom of adenine
along the strand. We also analyzed the hydrogen bond dis-
tances (O4-N6 distance) and angles (O4---H-N6 angle) cor-
responding to optimized geometries as well as simulation
trajectories of the TBP-DNA complex. In the optimized ge-
ometries, the hydrogen bond distances and angles indicate
their extremely high strength (Table 3). In the simulation,
these inter-base pair hydrogen bonds along the strand persist
very frequently (89%). Thus, the efficiency of the inter-base
hydrogen bond network of the TA/TA basepair step helps
stabilize the deformed geometry. Furthermore, we found that
co-planarity plays a crucial role alongside distance.

Electronic charge distribution of the phenyl ring due
to intercalation

There is no possibility of hydrogen bond formation or polar
interaction between Phe and the heterocyclic bases. However,
due to the adjacent interaction, the Phe residue may acquire
some charge redistribution to allow it to interact favorably
with the base pairs. Hence, we analyzed these effects through
NBO charge analysis. In the case of the Phe residue, we have
compared the total natural bond orbital (NBO) charges of the
phenyl ring atoms (excluding the ethyl group) in the
intercalated-state and free-state for all systems (Table S4).
This indicated that the total NBO charge of the Phe ring
became more negative. For the TA/TA step, this effect is more
pronounced compared to the CT/AG step. However, in the
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case of the crystal geometry of the CT/AG step, the total NBO
charge of the phenyl ring is almost equal to the free-state
phenyl ring charge. This could be related to the fact that, in
the CT/AG crystal structure, the Phe residue did not interca-
late deeply (larger rj;). The change in total charge of the
phenyl ring may indicate that some redistribution of charge is
taking place in the intercalated Phe ring. This could facilitate
intercalation, as evident from the interaction parameters
shown in Table 3.

Conclusions

This study indicates that deformation of DNA due to binding
of TBP is associated with the interactions of charged side
chains of Lys and Arg amino acids of TBP with the backbone
phosphates atoms of DNA. In addition to formation of these
strong hydrogen bonds, side chains of two Phe residues be-
come involved in stacking interactions with the DNA bases.
Two such intercalations occur at a TA/TA step and a CT/AG
step. The stacking geometry of these bases appears to depend
on the sequence of base pairs at the intercalation site—better
stacking is observed at the CT/AG step with larger interaction
energy. On the other hand, the TA/TA step becomes stabilized
by additional cross-strand hydrogen bonds between bases of
the two pairs. The geometry optimized structures obtained by
DFT-D methods also indicate that stacking of the ethylben-
zene between two nearly planar aromatic base pairs does not
favor high 7t—7t overlap between the phenyl ring and any of the
bases or base pairs, while a kink appears mandatory. Thus, it is
expected that the Phe residue of the TBP protein also would
give a similar effect. The energetic study signifies that the
insertion or intercalation of Phe rings between these basepair
steps, at the 5" and 3’ ends of the TATA box may play an
important role in producing and stabilizing the kinks at the
two ends of the TATA box, which is very important for the
entire biological kingdom. Mutational studies, by perturbing
the Phe residues of the TBP, might confirm the importance of
such induced kinks during TATA box—TBP interaction and
hence their importance to transcriptional activity.
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