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Abstract: Correlated ab initio as well
as semiempirical quantum chemical
calculations and molecular dynamics
simulations were used to study the in-
tercalation of cationic ethidium, cation-
ic  5-ethyl-6-phenylphenanthridinium
and uncharged 3,8-diamino-6-phenyl-
phenanthridine to DNA. The stabiliza-
tion energy of the cationic intercalators

the electrostatic and charge-transfer
terms are also important. The AG of
ethidium intercalation to DNA was es-
timated at —4.5kcalmol™' and this
value agrees well with the experimental
result. Of six contributions to the final
free energy, the interaction energy
value is crucial. The intercalation pro-
cess is governed by the non-covalent

stacking (including charge-transfer) in-
teraction while the hydrogen bonding
between the ethidium amino groups
and the DNA backbone is less impor-
tant. This is confirmed by the evalua-
tion of the interaction energy as well as
by the calculation of the free energy
change. The intercalation affects the
macroscopic properties of DNA in

is considerably larger than that of the
uncharged one. The dominant energy
contribution with all intercalators is
represented by dispersion energy. In
the case of the cationic intercalators,

Introduction

Small organic molecules can bind to DNA by means of a
non-specific (mainly electrostatic) binding along the DNA
exterior, a specific groove binding and intercalation. Interca-
lators are drugs that may be inserted between adjacent
base-pair steps of a nucleic-acid double helix, forming stable
sandwich-like structures. It is especially the intercalators
which are the point of interest for their mutagenic, terato-
genic and carcinogenic effects and, conversely, antitumor
and antiviral pharmacologic activity.["

The knowledge of the intercalation energetics gives
deeper insight into the intercalation process.”) An intercala-
tor binds to the DNA double helix via the non-covalent
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terms of its flexibility. This explains the
easier entry of another intercalator
molecule in the vicinity of an existing
intercalation site.

molecular

stacking interaction with the DNA base pairs, and with hy-
drogen bonding between its polar groups and the DNA’s
sugar-phosphate backbone. The relative importance of these
contributions was not clear and it was merely presumed that
hydrogen bonding was more important. Only recently has it
been shown that stacking interaction plays a more important
role than expected and the strength of the stacked com-
plexes is comparable with that of hydrogen-bonded ones.*”!
There are also intercalators that additionally form a cova-
lent bond to DNA using their side chains providing their se-
quence specificity.

The intercalation is believed to be at least a two-step re-
action:* " a relatively weak “outer complex” is formed at
the diffusion controlled rate in the first step and the ligand
is inserted in the second step. As a result, an additional
base-pair separation by ca. 3.4 A and a considerable un-
winding of the DNA double helix are observed. Intercala-
tion reactions have been studied by many research
groups®'*?l but their conclusions sometimes differ.

Being a simple polycyclic aromatic molecule with only
short side chains, ethidium represents a typical intercalator
without any sequence specificity;? 2 it is generally consid-
ered to be an ideal model compound for this type of binding
to DNA.P*%I Ethidium possesses all structural features im-
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portant in its class—a positive charge (almost ideally delo-
calized throughout the aromatic system), high polarizability,
high electron affinity (ethidium as well as other cationic in-
tercalators are good electron acceptors) and highly polar
amino groups. These features a priori predicate ethidium to
be involved in both stacking (including charge transfer) and
hydrogen-bonding interactions. As a result of these features
ethidium has been widely used as a common fluorescence
stain and a lot of experimental data on ethidium have been
collected over the last three decades.?'2-%

It has been shown experimentally!'? that the intercalation
rate of ethidium to DNA is controlled by the insertion of an
aromatic ring into the DNA structure. (Earlier, it was sug-
gested that the process was controlled by the diffusion of
ethidium toward the DNA.) Recent experimental data!'” in-
dicate the existence of a groove binding intermediate
formed by a fast relaxation process, which probably contains
about 40% of the total ethidium bound to the double helix,
although such an intermediate has not been identified. UV
spectroscopic experiments have identified two strong com-
plexes (intercalation) and a weak complex (only at lower
temperatures). The crystal structures published® ?*3¥ indi-
cate the insertion of ethidium’s condensed aromatic rings in
between two successive base pairs and the localization of
the phenyl residue into the minor groove.

The understanding of the intercalation process requires a
detailed knowledge of the energetics, thermodynamics and
dynamics of this process and such evidence can be consis-
tently generated by theoretical calculations. It has been
proven by QSAR studies® that the strength of the intercala-
tor binding correlates with its biological effect. Despite the
importance of the interaction energy, the change of free
energy (AG) upon intercalation is the decisive factor and
must be taken into consideration. Experimentally, AG is ac-
cessible by careful analysis of the DNA binding isotherms¥
(equilibrium studies, titrations), while AH may be directly
measured by using calorimetric techniques!™ (ICT or DSC).
The total binding free energy can be divided into enthalpic
and entropic parts. The enthalpic term®™' is mainly a combi-
nation of the dispersion, electrostatic, induction and charge-
transfer contributions (which are attractive) and the ex-
change-repulsion; the entropic term consists mainly of the
repulsive formation entropy (discussed also later).

To correctly theoretically describe the DNA--ethidium
complex it is absolutely necessary to adopt the correlated ab
initio quantum-chemical (QC) approach. This is mainly due
to the stacking interaction, which requires high-level ab
initio treatment. Let us recall that low-level QC methods
such as Hartree-Fock (HF) and the density-functional
theory (DFT) fail to describe stacking complexes and are
thus insufficient for the study of the intercalation process.
The size of the DNA--intercalator complexes usually elimi-
nates the use of ab initio QC methods from consideration
and leads to the application of empirical molecular mechan-
ics (MM). These methods do not contain the induction and
charge-transfer terms explicitly, therefore they tend to un-
derestimate the stabilization energy. From this point of view,

Chem. Eur. J. 2006, 12, 280-290

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

it is clear that the quality of the empirical potential is at
least of the same importance as the quality of the statistical
methods used in thermodynamic calculations and in fact, it
determines the reliability of the theoretical prediction.

In our previous study™! we carefully analyzed the interac-
tion of various intercalators (including ethidium) with the
adenine--thymine and the guanine--cytosine base pairs. We
evaluated the stabilization energy of these complexes using
a correlated ab initio QM method and compared it with
values yielded by the empirical force field by Cornell et al.,
which is widely used for the study of the intercalation pro-
cess. It was clearly shown that the MM approach underesti-
mates the stabilization energy and we suggested that this is
due to the neglect of the induction (charge-transfer) term.
Since the Cornell et al. force-field (as well as other empirical
potentials in common use) does not contain this energy
term, we compensated for it by increasing the attractive van
der Waals (vdW) term. The modified potential accurately
reproduced the results of the correlated QC calculations
and this potential was also used in the MM part of this
study.

Many recent experimental studies™!1*33 suggest that
entropy also plays an important role. The release of water
molecules and a monovalent cation from the DNA hydra-
tion shell upon the ethidium intercalation is a stabilizing
effect and the hydrophobic effect associated with the ethid-
ium transfer from bulk water to the hydrophobic core of
DNA adds another significant contribution. On the other
hand, the final complex is more rigid and both the DNA
and the intercalator lose their translational and rotational
degrees of freedom resulting in entropic destabilization.

Both theoretical and experimental attempts were made to
evaluate all of these contributions for ethidium.['!%1%3]
Here, we summarize the main (sometimes very controver-
sial) results:

e the stacking interaction between the intercalator and the
neighboring base pairs is considerably stronger than the
stacking between two base pairs, and the respective stabi-
lization energy is large

o cthidium is slightly TA-specific

o the unwinding of the helix helps to bind another ethid-

ium molecule cooperatively, up to one ethidium per two

base pairs

hydration plays a major role in determining ethidium’s

binding affinity and specificity

there is no net release or uptake of water molecules

the free energy change is dominated by the entropic term

the hydrophobic term plays a major role

the individual components are only estimates or perhaps

upper limits rather than absolute values.

From the findings mentioned above, it is evident that the
nature of the intercalation process is still not fully under-
stood and further studies (both theoretical and experimen-
tal) are needed for its elucidation. One of the most severe
problems, typical not only for intercalation, concerns the rel-
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ative importance of the enthalpy and entropy contributions.
At this point, let us mention our recent studies which em-
phasized the role of enthalpy in the formation of the hydro-
phobic core of a protein®™ or in the stabilization of the
DNA pseudo-base pairs.*”! A similar conclusion was made
by Barratt et al.l*!! on the basis of studies of 2-methoxy-3-
isobutylpyrazine binding to the mouse major urinary pro-
tein.

The aims of this work are the following: First, to elucidate
the role of enthalpy and entro-
py in the ethidium intercalation
process. For the first time, the
interaction energy of ethidium
with the whole DNA structure
(i.e., not only the base pairs)
will be determined on the basis
of highly reliable correlated ab
initio calculations. Then, we
will examine whether a differ-
ence between poly(AT) and
poly(GC) DNA  sequences
could result in a preferred inter-
calation of ethidium into one of
these sequences. We will con-
sider not only the interaction
between the ethidium molecule
and the DNA but the hydration
and dehydration processes will
also be taken into account. Fur-
thermore, we will make an at-
tempt to evaluate the binding
free energy change upon the
modification of the ethidium
molecule concerning its amino groups. Finally, we will ex-
plore the macroscopic properties of the DNA double strand
and especially their changes upon intercalation. Specifically,
we will show whether these changes could possibly facilitate
the intercalation of another ethidium molecule.

Our study is based on both ab initio and semiempirical
QC calculations combined with MM simulations performed
using the modified Cornell et al. empirical force field.*”! The
role of the solvent will be estimated on the basis of the con-
tinuum as well as explicit models.

Methods

Systems studied: We investigated several intercalating
agents derived from phenanthridine. The following interca-
lators were considered: ethidium (3,8-diamino-5-ethyl-6-
phenylphenanthridinium, ETD), 5-ethyl-6-phenylphenan-
thridinium (EPP), and 3,8-diamino-6-phenylphenanthridine
(DPP; Figure 1). Both ETD and EPP carry a positive
charge of +1 while DPP is uncharged.

In the MM simulations, we used B-DNA decamers (GCA-
TATATGC), and (GCGCGCGCGC), as model DNA spe-
cies. The intercalation site is located between the 4th and
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Figure 1. Ethidium and its derivatives.
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Figure 2. B-DNA decamer (GCATATATGC),: bare (left) and with an ethidium molecule intercalated (right).

5th base pair, that is, in a pyrimidine—purine base-pair step.
Figure 2 shows the structure of the former decamer, both
bare and with an ethidium molecule intercalated.

For higher-level determination of the interaction energy
and the free energy evaluation, we used a “minimal model”
consisting of an intercalator molecule and a B-DNA double-
helical dimer (2TA or 2CG), that is, four nucleosides and
two phosphate residues (Figure 3). In selected calculations,
both phosphate residues in the minimal model were proton-
ated in order to mimic the proximity of a sodium cation and
reduced electrostatic charge of the phosphate.

The starting structure of the minimal model was adapted
from RNA system NDB ID DRBB12"* and the structure of
the bare B-DNA dinucleotide was created by the AMBER
NUCGEN module (see below).

Ab initio QC calculations: The structures of ETD, EPP and
DPP were optimized at the HF/6-31G* level. The atomic
charges were determined using two methods: the restrained
electrostatic potential (RESP) fitting procedure! and natu-
ral-bond-orbital (NBO) analysis; both types of calculations
were based on the DFT wavefunction obtained at the
B3LYP/cc-pVTZ level. The same wavefunction was used for
the molecular isotropic polarizability calculations. The fron-
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Figure 3. Minimal model of an intercalation site.

tier orbital energy was obtained at the HF/6-31G** level.
The amount of charge transfer in the complex of an interca-
lator molecule and two base pairs was estimated by using
the RESP and the NBO charges determined at the DFT/
B3LYP/6-31G** level. The hydration free energy was ob-
tained using a polarizable continuum model (C-PCM)* at
the HF/6-31G* level. The program package GAUSSIAN
03! was used for these ab initio calculations.

The minimal model interaction energy was determined as
the energy difference of the molecular cluster and its com-
ponents (DNA and the intercalator). The geometry of the
complex and the subsystems was determined by the semiem-
pirical SCC-DFTB-D method (see below). To cover all the
interaction energy contributions and to obtain the bench-
mark data, the energy was also determined at the correlated
MP2 level using the resolution-of-identity (RI)“! approxi-
mation and the SVP(0.25, 0.15) basis set.*”? This basis set
differs from the standard SVP in the values of the exponents
of the d and p polarization functions: instead of the values
1.2 (oxygen), 1.0 (nitrogen) and 0.8 (carbon and hydrogen),
more diffuse exponents of 0.25 and 0.15 were used on heavy
atoms and hydrogen atoms, respectively. Consequently, a
better description of the dispersion energy was achieved.
The RI-MP2/SVP(0.25, 0.15) stabilization energy of hydro-
gen-bonded and stacked DNA base pairs was found to
agree well with the stabilization energy yielded by the much
larger aug-cc-pVDZ basis set.!”) The basis set superposition
error (BSSE) was eliminated using the function counter-
poise procedure by Boys and Bernardi.*! Furthermore, sev-
eral popular density functionals were used to compute the
interaction energy, namely B3LYP, BLYP, PBE and TPSS.
The TZVP basis set was used in all DFT calculations. The
program package TURBOMOLE (version 5.7)"! was used
for these calculations.

Semiempirical QC calculations: These calculations were per-

formed by using the approximative self-consistent-charge
density-functional tight-binding method augmented by an
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empirical term accounting for
the correct description of dis-
persion energy (SCC-DFTB-
D).’ The structure of the
model complex was optimized
by using the SCC-DFTB-D
method; the DNA base non-hy-
drogen atoms were excluded
form the optimization process
for the complex to maintain the
geometry as in a larger DNA
fragment. The energy minimiza-
tion was performed with the al-
gorithm implemented in the
TURBOMOLE package (script
JOBEX).

The SCC-DFTB-D calcula-
tions were used to determine
the structure and the stabiliza-
tion energy of the minimal model of the intercalator--DNA
complex. The respective stabilization energy value was not
corrected for the BSSE since the introduction of a tight-
binding scheme leads to negligible BSSE values.

Molecular dynamics simulations: The molecular dynamics
(MD) simulations were performed by using the AMBER
package (version 7, modules NUCGEN, LEAP, SANDER
and CARNAL)P! with the Cornell et al. force field.*!
While the standard parameter set was used for all DNA
atoms, a modified set was used to describe ethidium in
order to account for the missing charge-transfer term.” The
NUCGEN module was used to generate the geometry of
the unperturbed B-DNA decamers (GCATATATGC), and
(GCGCGCGCGCQ),. To obtain the initial geometry of the
ethidium molecule intercalated into the poly(AT) decamer,
we modified the structure of the ethidium-+-RNA complex
NDB ID DRBO018. The initial geometry of the ethidium--
poly(GC)-decamer complex was generated by substituting
guanine and cytosine for adenine and thymine, respectively.
In this way, a 1:1 complex with the intercalator molecule be-
tween 4th and Sth base pair for both decamers was pre-
pared.

We ran the simulations for data collection for 9 ns (for
the details see Supporting Information). The coordinates
and energy information were recorded every 1 ps.

For the analysis, the time-averaged structure of every spe-
cies was calculated using CARNAL. To calculate the quanti-
ties concerning DNA flexibility, the method developed by
Lankas et al.”® was applied on the set of helical parameters
provided by the 3DNA package!™ for every frame recorded.

Binding free energy: The use of a variety of computational
methods was required to evaluate the free (Gibbs) energy
of intercalation of ethidium into the DNA. Our model of
this reaction consisted of an ethidium molecule being bound
to the DNA dimer (2TA, the minimal model introduced ear-
lier) with two sodium cations near the phosphate residues.
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The formation of the complex was followed by the release
of a sodium cation. The entire process took place in an
aqueous environment:

2TA -Na, (aq) + ETD" (aq) —

1

2TA -Na-ETD (aq) + Na' (aq) @

The overall free energy corresponding to the ethidium
binding consisted of the following contributions:

1) The free energy of the dehydration of reactants and the
hydration of products. Both contributions were deter-
mined by using the C-PCM method. The geometry of
both complexes containing sodium cations had already
been obtained by the partial energy minimization of the
minimal model described above. These minimizations
were performed at the HF/STO-3G level and only the
sodium cations and the closest oxygen atoms were re-
laxed.

2) The interaction energy of the ethidium-DNA complex.
This term was calculated using the SCC-DFTB-D
method. These data correspond to the formation of an
intermediate complex 2TA-Na,ETD*. The energy re-
quired to separate a sodium cation was calculated by
using the AMBER package (version 6, module SAND-
ER_CLASSIC) equipped with the Cornell etal. force
field.

3) The difference of both entropy and zero point vibrational
energy between the reactants and the products. Both con-
tributions were determined by vibrational analysis per-
formed using the AMBER package (version 8, module
NMODE). Prior to every calculation of vibrational fre-
quency values, the respective system was energy-mini-
mized using the Newton-Raphson algorithm implement-
ed in NMODE.

Free energy difference calculations on the ethidium--DNA
decamer complex: The free energy changes accompanying
the binding of two different intercalators to DNA were de-
termined by molecular dynamics-thermodynamic integra-
tion (MD-TT) calculations.

We used the GROMACS 3.1.4 molecular simulation pack-
ageP! with the Cornell et al. force field. To avoid unstable
simulations and incorrect free energy accumulation arising
from singularities in the van der Waals and Coulomb poten-
tial energy terms, soft core potential energy scaling®® was
used systematically.

The configuration space was sampled according to various
simulation protocols. The simulations were divided into so-
called windows with fixed values of the coupling parameter
A. First, there was a group of simulations in which the
amount of sampling in every window was fixed and divided
into an equilibrium phase and a data-collection stage (for
the details see Supporting Information). Then the reverse
cumulative averaging (RCA) procedure”® was adopted and
implemented in GROMACS. When using RCA, the data-
collection stage commenced when the system was equilibrat-
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ed at the 85% confidence level and it was terminated when
the uncertainty of the free energy derivative went under
1.5 kcalmol ™', This procedure ensured control of the uncer-
tainty of the free energy estimate and represents the most
reliable simulation protocol used. Its disadvantage lies in
the a priori unknown length of the simulation.

The free energy difference was determined for complexes
of ETD and EPP with a common DNA decamer (GCATA-
TATGC),. In order to obtain these characteristics, the fol-
lowing thermodynamic cycle was adopted (Scheme 1).

DNA | ETD —Rl—» DNA..ETD

c 11 czl
R2
DNA | EPP ————» DNA..EPP

Scheme 1. Thermodynamic cycle. “DNA | X”: DNA and X separated in
bulk water; “DNA--X": complex of DNA and X in bulk water.

The direct calculation of the formation free energy of a
complex (processes R1 and R2 in Scheme 1) is quite diffi-
cult and large uncertainty is introduced. On the other hand,
the calculation of the free energy difference for the “al-
chemical” change of one intercalator into another (no
matter whether intercalated or not; processes C1 and C2 in
Scheme 1) should be both easier and accurate enough pro-
vided there is little chemical difference between both inter-
calators. Since free energy is a state function, the following
equation holds:

AAG = AG(R2) — AG(R1) = AG(C2)—AG(C1)  (2)

Thus, we performed the MD-TI calculations for the “al-
chemical” change of the ETD molecule to EPP twice: first,
for the intercalator bound to the DNA decamer and second,
for the free intercalator dissolved in water. Then, the free
energy difference of the intercalation of EPP and ETD was
obtained as the difference of the two AG values calculated.

Results and Discussion
Ethidium and its derivatives

The ethidium molecule is a planar aromatic system and only
the phenyl and ethyl groups deviate from the molecular
plane. The positive charge of the cationic molecule is signifi-
cantly delocalized; it is worth emphasizing that the charge
delocalization was confirmed by two entirely different meth-
ods (RESP fitting and NBO methodology) providing this
important finding with firm support. This result sharply con-
trasts with the recent assumption of charge localization on
the amino groups made by Luedtke et al.’”! (For the opti-
mum structure and the atomic charge values of ethidium
molecule see Supporting Information.)

The isotropic molecular polarizability values of ETD,
EPP and DPP determined at the HF/6-31G** level amount
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to 35.8, 32.5 and 33.1 A, respectively. These values differ
only slightly and thus the dispersion energy contribution to
the interaction energy in complexes with a common partner
can be expected similar.

The electron donor—acceptor capabilities of ethidium and
its derivatives can be estimated from the energy of their
frontier orbitals. The DNA bases are good electron donors
while the cationic intercalator molecule is expected to be an
electron acceptor. The energy of the lowest unoccupied mo-
lecular orbital (LUMO) was determined for ETD, EPP and
DPP from the HF/6-31G* wavefunction and amounts to
—2.10, —2.40 and +2.09 eV, respectively. Consequently,
both cationic intercalators ETD and EPP exhibit good elec-
tron-acceptor properties (due to their low LUMO energy
values) while the neutral DPP can hardly act as an electron
acceptor.

The DNA decamer

The averaged structure of both double-helical B-DNA deca-
mers (GCATATATGC), and (GCGCGCGCGC), generated
by MD simulations with the Cornel et al. force field are pre-
sented in Figure 2.

The interaction energy of the DNA.---ethidium complex—
The minimal model

Figure 3 shows the optimal structure of the minimal model
consisting of the thymine--adenine base-pair step and an
ethidium molecule. In other words, a non-covalently bound
intercalator molecule interacts with four base residues, four
sugar molecules and two phosphate units, which have been
protonated to neutralize the negative charge of the phos-
phate and thus to mimic the proximity of a positively charg-
ed counterion.

The interaction energy values of the complex intercalator
(ETD, EPP and DPP)--DNA step (both TA- and CG-) de-
termined by the SCC-DFTB-D method are presented in
Table 1. The overall stabilization energy is expressed as a
sum of the net stabilization energy and the deformation
energy, which represents the energy required for DNA to
adapt from its optimal structure (without an intercalator).

Table 1. Interaction energy and its components (AE, kcalmol™) of the complexes of the intercalators ETD,

DPP and EPP with DNA steps TA and CG.""!

FULL PAPER

The first and most important result is the finding that the
net stabilization and total stabilization energy values are
large, much larger than might have been expected. Compar-
ing the different base-pair steps, we find rather surprisingly
that the total interaction energy as well as its component
differs only slightly. The systematically smaller values of the
total stabilization energy for the GC-step go to the account
of the larger value of the deformation energy. Following this
expectation, the positively charged intercalator molecules
bind to DNA much more strongly than the neutral intercala-
tor. From the data presented in Table 1 it further follows
that the dispersion energy contribution to the interaction
energy is decisive and of comparable magnitude in all cases
while the difference in the interaction energy comes from
the non-dispersive term. This finding is not surprising since
the values of polarizability are similar for all intercalator
molecules (see above). On the other hand, the charge and
the electron affinity of these systems differ considerably (cf.
previous section) leading to a large difference in the electro-
static and donor—acceptor contributions to the interaction
energy.

Reliable decomposition of the interaction energy can only
be carried out using the symmetry-adapted perturbation
theory approach.®! However, the size of our minimal model
prevents us from using such a computationally extensive
procedure. So, our aim must be simpler—just to identify the
critical component of interaction energy and to connect it
with the properties of interacting subsystems. This “decom-
position” applies only to the interaction energy and does
not concern free energies (see next chapter) at all.

The electrostatic and charge-transfer energy contributions
can be determined only indirectly. The electrostatic term
will be discussed first. On the basis of the atomic charge
analysis (RESP and NBO), we can estimate the charge—
charge electrostatic contribution to the interaction energy of
the intercalator--dinucleotide complex. The electrostatic
energy values based on the RESP and NBO charges are
very similar and amount to —49.7 and —51.0 kcalmol ™! for
ETD--DNA and to -63 and -7.6kcalmol! for
DPP--DNA. Evidently, the large difference in the binding
of ETD and DPP to DNA stems from the different electro-
static contribution, which comes from the different total
charge and charge distribution of ETD and DPP.

To quantify the charge-trans-
fer energy, we evaluated the
amount of charge transfer be-

tween the electron donor (pre-

Complex TA--ETD TA--DPP TA--EPP blv the b . d
total dispers. total dispers. total dispers,  SUMa y the base-pair step) an
AENT 719 476 199 453 661 Y the acceptor (presumably the
AEDEF 218 157 206 158 207 159  intercalator). ESP analysis was
AE™T -50.0 -31.8 —29.4 -295 —45.4 -268  performed and provided us
Complex CG--ETD CG--DPP CG--EPP with atomic charge values for
total dispers. total dispers. total dispers. the complex. Based on these
AEN 76 485 510 459 665 _43.6 values, we obtained the follow-
AEPEF 242 16.8 221 16.9 22.8 17.0 ing charge transfer amount:
AE™T —48.4 317 -29.0 -29.0 437 266 DNA—ETD 022e,

[a] AE™T: net interaction energy, AEP®F: deformation energy, AE™: total interaction.
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ence between the intercalators
ETD and DPP seems substan-

Table 2. Stabilization energy [kcalmol™'] of the intercalator--DNA complex obtained by using the following
methods: SCC-DFTB-D, correlated MP2, HF and DFT with various functionals.

tial. However, a question arises Method SCC-DFTB-D MP2 HF B3LYP BLYP PBE TPSS

concerning the quality and suit- Basis set N/A SVP(0.25, 0.15) TZVP

ability of the ESP fitting proce- ETD--DNA -71.9 —69.3 +5.7 +31.4 +7.0 —15.1 —4.0
DPP--DNA —49.9 —47.1 +252 +15.5 +24.8 +3.6 +14.4

dure for the intercalator--DNA

complex where the intercalator
molecule is located (“buried”) in the cavity formed by the
DNA and so the charge on its atoms may easily become in-
correctly defined. As opposed to this, the NBO methodolo-
gy does not suffer from this problem. The charge-transfer
values based on the NBO charges differ considerably from
the ESP values and now the intercalator is always the elec-
tron acceptor. In the case of ETD--DNA and DPP--DNA,
0.09 and 0.02 electron was transferred, respectively. These
data show that the charge transfer is larger in the
ETD--DNA complex but the difference is not as significant
as indicated by the results of the ESP analysis. The charge-
transfer contribution to the interaction energy can be esti-
mated by calculating the E2 perturbation energy from the
NBO analysis. The total E2 energy obtained at the B3LYP/
6-31G** level for ETD —DNA bases is 43.5 kcalmol ' while
that for DPP—DNA bases is 40.3 kcalmol . Putting all
these data together, we may conclude that the charge-trans-
fer is similar for the complexes of charged and uncharged
intercalators with DNA. The significant difference in the re-
spective stabilization energy values should thus be assigned
to the different magnitudes of the electrostatic contribution.

We can conclude that the strong non-covalent binding of
cationic intercalators derived from phenanthridine to DNA
is due to dispersion and electrostatic contributions; the
charge-transfer term contributes to the overall stabilization
as well but its role is incidental. The binding of a neutral in-
tercalator to DNA occurs exclusively due to the dispersion
contribution to stabilization energy. So, the dispersion
energy thus represents the dominant stabilization energy
contribution in the intercalation process. Consequently, any
theoretical procedure unable to cover the dispersion energy
correctly is not suitable for the intercalation description.

The total interaction energy of complexes containing cat-
ionic intercalators is, in all cases, very large and represents
about half the value typical for covalent bonds. However,
the net stabilization energy is even larger and reaches
70 kcalmol ! if the intercalator carries a positive charge. To
demonstrate the reliability of the values calculated by the
SCC-DFTB-D procedure, we determined the net interaction
energy of the ETD--DNA and DPP--DNA complexes using
the correlated ab initio method, RI-MP2/SVP(0.25, 0.15) as
well. The resulting values of the interaction energy (Table 2)
fully confirm the excellent performance of the SCC-DFTB-
D method. Table2 also contains the stabilization energy
values yielded by several popular density functionals for
complexes of ETD and DPP with the TA dinucleotide.

It is evident that all functionals fail completely similar to
the HF method; the best performance was shown by the
PBE functional. This conclusion is by no means surprising
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and merely confirms that DFT cannot be used to describe
processes governed by dispersion energy.

It is worth mentioning the value of deformation energy
(Table 1), which represents the energy required to separate
two base pairs from their relaxed distance of 3.4 A to the
geometry suitable for the intercalation, where the distance
is increased to about 6.5 A. This energy is similar for both
the TA- and GC-steps and unexpectedly modest in magni-
tude, therefore confirming the flexibility of the DNA double
helix.

Until now, the role of hydrogen bonding in the stabiliza-
tion of an intercalator in DNA was undetermined and no
common perspective had been established thus far. The data
presented in Table 1 provide clear evidence that the hydro-
gen bonds existing between the amino groups of ethidium
and the DNA backbone contribute to the interaction energy
only marginally. The absolute value of the interaction
energy of the complex containing the deamino derivative of
ethidium (EPP) is only 5.8 kcalmol™' less than that of the
complex containing ethidium itself, that is, two hydrogen
bonds contribute less than 10% to the overall stabilization.

Free energy of the ethidium intercalation into DNA

DNA dinucleotide: The intercalation process is very com-
plex and may consist of six distinct partial steps depicted
below (2TA: dinucleotide, ETD*: ethidium, Na*: sodium
cation, (aq): hydrated species).

1) 2TA -Na,(aq) — 2TA -Na, (DNA hydration)

2) ETD*(aq) — ETD" (ETD* hydration)

3) 2TA -Na, - ETD"

— 2TA -Na, - ETD" (ETD™ binding)

4) 2TA -Na, - ETD" — 2TA -Na-ETD + Na* (Na' release)

S) 2TA -Na-ETD — 2TA -Na-ETD(aq) (complex hydration)

6) Na- — Na'(aq) (Na* hydration)

The resulting values for the six steps mentioned are sum-
marized in Table 3. (Principally, free energy cannot be split
into different contributions like dispersive and electrostatic
energy. Thus, only the total interaction energy is taken into
account for the process No. 3.)

Having investigated various individual processes we found
that the hydration of Na* (no. 6) and the dehydration of
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Table 3. Free energy change [kcalmol™'] of the ethidium intercalation to
DNA.

Process Quantity Value Method

1 2TA-Na, dehydration AG +750 C-PCM
ETD* dehydration AG +499 C-PCM

3 ETD™ binding to AE —50.0 SCC-DFTB-D
2TA-Na,

4 Na' release from AE +19.9  force-field
2TANa,ETD™*

34+4  whole reaction in vacuo —TAS +15.6  force-field

344  whole reaction in vacuo AE?Y +72  force-field

5 2TA-Na-ETD hydration AG -245 C-PCM

6 Na* hydration AG -97.6 C-PCM
total AG —4.5

2TA:Na, (no. 1) exhibit the largest AG values. However, by
summing up the AG values of all four hydration and dehy-
dration processes (5, 6, 1, 2) we obtain a rather small value
of +2.8 kcalmol™'. How accurate is this value? Since we
used the same procedure to calculate the AG values for hy-
dration and dehydration, we believe that errors occurring on
both sides of the equilibrium compensate for each other and
the resulting AG difference is rather robust (i.e., independ-
ent of the computational procedure). We believe that the
same statement is true regarding the change of entropy and
ZPVE ascribed to processes 3 and 4 in vacuo. Both values
are repulsive and do not depend much on the nature of the
complexation process. Studying the formation of various
DNA base pairs in vacuo by ab initio QC calculations,”” we
found that AE differed considerably while —TAS and AE*FY
exhibited almost constant values for various base pairs. The
critical values determining the final AG are thus the stabili-
zation energy of the ethidium--DNA complex and the
energy needed to release a sodium cation from the interca-
lation site.

In our previous study,® we showed that the SCC-DFTB-
D value of the interaction energy of the complex of ethid-
ium and a TA base pair agrees well with the MP2 value. To
verify the performance of SCC-DFTB-D procedure, we de-
termined the stabilization energy of process 3 using the cor-
related RI-MP2 method with the SVP(0.25,0.15) basis set.
The SCC-DFTB-D stabilization energy value of —71.9 kcal-
mol™! is in excellent agreement with the RI-MP2 value of
—69.3 kcalmol™'. Also, Table 2 shows that the SCC-DFTB-
D value of the interaction energy of the DPP--DNA com-
plex agrees fairly well with the MP2 value and for both com-
plexes, the stabilization energy is only slightly overestimated
(by 2.6 and 2.8 kcalmol™" for ETD--DNA and DPP--DNA,
respectively). Thus, the SCC-DFTB-D procedure is consid-
ered reliable for the study of the intercalation process in
general.

The release of Nat from the 2TA-Na,,ETD* complex
was described by using the Cornell et al. force field. This
process is dominated by the electrostatic interaction and the
use of the empirical potential is fully justified.

Summing all values together, we obtain the total AG
value of —4.5 kcalmol™!, that is, the ethidium intercalation
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to DNA is an exergonic process. This result compares well
with the experimental values around —7 kcalmol™ (e.g.
—6.9 kcalmol™! by Garbett et al.*)) and this agreement veri-
fies the AE and AG values of distinct partial processes
shown in Table 3. It is possible to conclude that among vari-
ous individual terms the interaction energy of the ethidium
binding to DNA represents the crucial contribution to the
total AG.

We are aware that to a certain extent, the final agreement
with experimental value might be due to a fortuitous cancel-
lation of errors. In previous paragraphs, we discussed the ac-
curacy of our calculations and we rely on the fact that the
same method is used for the calculation of every quantity of
both reactants and products. Generally, the accuracy of in-
teraction energy is much larger than that of solvation free
energy.

DNA Decamer: The binding free energy difference of ETD
and EPP was determined by using the thermodynamic cycle
(Scheme 1) and MD-TI simulations of the mutation of ETD
to EPP both inside DNA and in pure water. Various simula-
tion protocols differing in the number of A windows and the
amount of sampling in every window (see Supporting Infor-
mation) were applied.

Originally, we intended to determine the AG of the inter-
calation process directly, that is, to “mutate” the ethidium
molecule to a “ghost” system. After many fruitless attempts
we realized that such a procedure is impractical and only a
much smaller mutation can be performed. Finally, we decid-
ed to investigate the role of ethidium’s amino groups in the
binding process since it was known that these are responsi-
ble for the hydrogen bonding of the intercalator to the
sugar—phosphate backbone of DNA which may affect the
overall strength of the interaction of the intercalator and
DNA. To achieve that, the amino groups were substituted
by hydrogen atoms to form an EPP molecule (Figure 1).

The results for various simulation protocols are presented
in Table 4.

From the first five rows in Table 4 we can see that the
simulations with a fixed window width (i.e., a fixed amount
of both equilibration and data sampling for every value of
the coupling parameter 1) did not lead to converged results.
Moreover, the error of these results cannot be estimated re-
liably. On the other hand, the simulations with the RCA
setup (the last row in Table 4) both yield data of controlled

Table 4. Calculated values of the free energy [kcalmol '] associated with
the mutation ETD to EPP for various simulation protocols used.

Simulation protocol®®! AG in DNA AG free AAG
4 93.7 89.8 3.9
7 89.0 92.7 -3.7
14 91.0 88.0 3.0
21 90.6 92.0 -1.4
16 872 80.2 7.0
RCAP 70.4(0.8) 68.0(1.1) 2.4(1.9)

[a] For the definition of protocols see Supporting Information. [b] The
uncertainty is given in parentheses for RCA calculations.
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uncertainty and utilize the computational time efficiently;
the total sampling time in this case was 4.9 ns in the simula-
tion of the DNA--intercalator complex and 3.7 ns in the
simulation of the free intercalator. The uncertainty carried
by the value of the binding free energy difference is consid-
erable. However, it can be reduced by setting the target
error of the free energy lower than 1.5 kcalmol™! at the ex-
pense of increased sampling time. Regardless, the resulting
value of +2.441.9 kcalmol ' agrees qualitatively with the
experimental value of 4 1.6 kcalmol™' reported by Garbett
et al.”® This fact encourages us to use the MD-TI methodol-
ogy with RCA analysis in further studies of the interactions
of DNA-~intercalator, protein--ligand and others.

Rather than giving evidence of the absolute value of the
intercalation AG, the results obtained provide us with a rela-
tively accurate image of a AG change (i.e., AAG) upon the
amino groups’ disappearance. The resulting value of +2.4+
1.9 kcalmol ™" should be compared with the AAE value of
+5.8 kcalmol™" determined earlier. It must be concluded
that the interaction energy difference is reduced significant-
ly if entropy is considered.

Conformational and flexibility changes of DNA upon the in-
tercalation of ethidium

Intercalation affects the macroscopic properties of DNA
and these changes might provide feedback on further action
of the intercalator. In this section we compare the confor-
mation and deformability of the bare DNA decamer and
the 1:1 complex of this decamer and ethidium. We focused
our attention on the properties of base-pair steps, namely
various helical parameters® for the description of confor-
mation, and also the “rise” harmonic force constants™ as
the characteristics of stretching deformability.

Neither in the case of the poly(AT) nor the poly(GC) dec-
amer was any significant change of base-pair step helical pa-
rameters upon ethidium intercalation revealed (Table 5).
Note that both decamers are symmetric and so in non-inter-
calated decamers, the 4th and the 6th base-pair steps are
identical.

Ethidium intercalation strongly distorts the base-pair step
forming the intercalation site. As expected, this step exhibits
an increased rise (i.e., vertical distance between base-pair

Table 5. Helical parameters of selected base-pair steps in two DNA decamers, both bare and with an interca-

lated ethidium molecule.

planes) and lowered twist (expressing the DNA molecule
being unwound). But, it is clearly seen (Table 5, columns
headed “step 4”) that the intercalation of an ethidium mole-
cule does not affect the conformation of the second-next
base-pair step.

The entry of an intercalator molecule into a DNA duplex
may be made easier or harder not only by a conformational
change, but also by a change in deformability. Therefore, we
also evaluated the characteristics of the DNA base-pair step
related to the force necessary to remove its base pairs one
from the other. The respective force constants for both dec-
amers (with and without the intercalator) are listed in
Table 6.

Table 6. Harmonic (Hooke’s law) force constants [kcalmol ' A~?] for the
vertical displacement (rise) of the nonterminal base-pair steps in two
DNA decamers, both bare and with an ethidium molecule intercalated.

Base-pair step Poly(AT) Poly(GC)
Bare Intercalated Bare Intercalated
2-3 4.8 59 54 6.1
3-4 10.2 10.7 9.1 9.3
4-5 52 2.8t 5.6 6.1
5-6 11.1 11.0 9.7 8.9
6-7 5.0 29 6.1 6.0
7-8 10.1 10.3 9.4 9.5
8-9 4.9 5.0 42 4.9

[a] With an ethidium molecule intercalated here.

The force constants of the purine-pyrimidine steps (34,
5-6, 7-8) are roughly twice as large as those of the pyrimi-
dine-purine steps (2-3, 4-5, 6-7, 8-9). Consequently, the
purine—pyrimidine steps are much stiffer than the pyrimi-
dine—purine ones. This conclusion is in perfect agreement
with previous findings by Lankas et al.®?

Furthermore, poly(AT) and poly(GC) decamers exhibit a
difference in rigidity of the base-pair steps near the interca-
lated one. While the deformability characteristics of
poly(GC) remain unchanged upon intercalation, in the case
of poly(AT), the rise force constant of the second-next step
(6-7) to the intercalated one (4-5) is nearly halved. Conse-
quently, the entry of another ethidium molecule into the
poly(AT) DNA duplex that already contains will be facilitat-
ed due to an easier loosening of the second-neighboring thy-
mine--~adenine step. This fea-
ture of poly(AT) duplexes may
lead to a stronger cooperativity
of the intercalation of ethidium

Helical parameter Poly(AT) Poly(GC) into these DNA structures.
Bare Intercalated Bare Intercalated

Step 4 Step 6 Step 41 Step 6 Step 4 Step 6 Step 41! Step 6
shift [A] 0.0 0.1 -0.5 0.1 -0.1 0.0 0.7 —-0.1 Conclusion
slide [A] -1.1 -1.1 -0.5 -1.1 —-04 —-04 0.1 —-0.4
rise [A] 34 34 6.6 35 3.1 32 6.5 32 i) The stabilization energy of
it ] 0 0 1 0 0 1 4 0 cationic intercalators with
roll [] 12 12 13 8 9 8 8 DNA is considerably larger
twist [°] 29 30 2 31 22 29 2 28 than that of uncharged in-

[a] With an ethidium molecule intercalated here.
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cases, the dispersion energy represents the dominant
energy contribution. While it is similar for all intercala-
tors, the charge-transfer and mainly electrostatic contri-
butions are considerably larger for the charged interca-
lators. The stabilization energy of ethidium with the TA
and GC DNA dinucleotide is comparable and amounts
to 70 kcalmol .

ii) The free energy change upon intercalation determined
as the sum of the free energy changes of six distinct in-
dividual processes amounts to —4.5 kcalmol™' and the
process is thus exergonic. The theoretical value agrees
well with the experimental value of —7 kcalmol™'. The
largest free energy changes accompanied the hydration/
dehydration processes and these contributions practical-
ly cancel each other. The key contribution represents
the stabilization energy of the ethidium--DNA complex.

iii) Hydrogen bonding of ethidium to DNA contributes less
than 10% to the overall stabilization energy and the
main contribution originates from the stacking interac-
tion of the ethidium molecule with the base pairs.

iv) Upon mutation of ETD to DPP (the amino groups are
converted to hydrogen atoms), the calculated energy
difference agrees well with the experimental value. The
contribution of hydrogen bonding to the overall free
energy is more significant than its contribution to the
stabilization energy.

v) Intercalation affects the macroscopic properties of a
DNA double strand and the largest change is its stretch-
ing flexibility. The base-pair step second-next to the in-
tercalation site exhibits significantly higher deformabili-
ty. Such a change may facilitate the introduction of an-
other intercalator molecule into this base-pair step.

vi) The stabilization energy values of the intercalators-
DNA complex yielded by the SCC-DFTB-D method
agree very well with the results of the correlated ab
initio method. On the other hand, DFT calculations per-
formed with various functionals failed completely and
standard DFT calculations are not suitable for the de-
scription of the intercalation process.
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