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ABSTRACT  The application of the Cartesian coordinate tensor transfer (CCT) tech-
nique for simulations of the IR absorption and vibrational circular dichroism (VCD)
spectra of relatively large nucleic acid fragments is demonstrated on several case stud-
ies. The approach is based on direct ab initio calculations of atomic tensors, determin-
ing molecular properties, for relatively small fragments, and subsequent transfer of
these tensors to the larger systems in Cartesian coordinates. This procedure enables
precise computations of vibrational spectra for large biomolecular systems, currently
with up to several thousands of atoms. The versatile ability of the CCT methods is
emphasized on the examples of VCD and IR absorption spectra calculations for B- and
Z-forms of DNA, single-, double-, and triple-stranded RNA helices and DNA structures
with different base content and sequences. The development and recent improvements
of the methodology are followed, including utilization of the constrained normal mode
optimization (NMO) strategy and combined quantum mechanics and molecular dynam-
ics simulations. Advantages, drawbacks, and recommendations for future improvements
of the CCT method as applied to nucleic acid spectra calculations are discussed. Chiral-
ity 22:E96-E114, 2010. © 2010 Wiley-Liss, Inc.
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INTRODUCTION

Optical methods are convenient and versatile tools for
molecular structural studies. For example, the electronic
circular dichroism (ECD) has been a major chiroptical
technique for more than a half of the century.! In the
last several decades, its analog in the infrared region of
spectrum, vibrational circular dichroism (VCD), has
emerged and developed into a potent molecular structure
determination tool.>'® VCD is also a chiral spectroscopic
technique, which monitors differential absorption of left
and right circularly polarized infrared light. Because
VCD is derived from infrared absorption (IR), it pos-
sesses several advantages over the conventional ECD
spectroscopy, originating from ultraviolet absorption
(UV). ECD spectrum usually provides relatively limited
information on the structure of molecules, contained in a
few broad and less resolved bands, which arise from
electronic transitions. On the contrary, VCD signal, as
the parental IR, arises from normal mode vibrations, of-
ten localized on one or several chemical bonds of same
type. The resulting spectrum has a large number of rela-
tively well separated bands arising from different molecu-
© 2010 Wiley-Liss, Inc.

lar groups (wavenumber and spatial resolution) com-
pared to UV or ECD, which are much easier to analyze
and characterize. Thus it provides more specific and rich
details of the molecular structure.

Electronic and VCD signal in nucleic acids mostly origi-
nates not from an intrinsic chirality of their components
(only sugar residues in the backbone are chiral) but from
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a through-space dipolar coupling of electronic or vibra-
tional transitions. The coupled dipole-dipole contribution,
dominating the spectrum, can be well described by the
exciton theory.!” A typical VCD spectral feature is called
“couplet” and contains positive and negative components
(bands). Conventionally, a VCD couplet is regarded as pos-
itive or negative, depending whether the lower wavenum-
ber component is positive or negative, respectively.” The
VCD phenomenon is characterized by locality, i.e., the
strongest through-space interaction occurs between
the neighboring chromophores and decreases sharply with
the distance.'®2° The signal also depends strongly on the
mutual orientation of the chromophores.'®1° For some sys-
tems, including nucleic acids, the VCD intensity increases
rapidly with the number of dipoles participating in the cou-
pling.’®?! In such cases, the VCD signal is determined at
the local level by neighboring dipoles as well as by long-
range exciton modes.?! Such an exciton propagation is
enhanced when the chromophores are arranged in a regu-
lar order, which is enabled by an ordered helical structure
of nucleic acid molecules.!” Distortions of the ordered
structure lead to decrease of VCD intensity.%141821-23
Such a high sensitivity to minor local and long range varia-
tions in a structural arrangement is not observed in conven-
tional IR spectra.

The VCD spectroscopy has thus been extensively
employed for studies of nucleic acids starting from 1987.%
First applications of the technique were mostly aimed at
understanding the nature of nucleic acid VCD and estab-
lishing characteristic VCD signatures of different nucleic
acid conformations, and were performed mainly by the
groups of Keiderling in Chicago®?*?® and Diem in New
York. 1418193032 The group of Wieser in Calgary in 1995
expanded the use of VCD in nucleic acid field systemati-
cally investigating the effect of the base sequence variation
on VCD spectra,®® studying DNA and RNA interactions
with metal ions>*3438 and drugs,***® and exploring atypi-
cal nucleic acid structures.** The pioneering work has been
performed on home-built VCD instruments.***” Nowadays,
based on the extensive background acquired by the earlier
studies, fast and highly sensitive commercial VCD instru-
ments are also available, such as those from Biotools (USA),
Bruker (Germany), and Jasco (Japan). The commercializa-
tion stimulated further expansion of VCD spectroscopy appli-
cations in the nucleic acid field by many research groups,
e.g., Nafie and coworkers in Syracuse,*® Polavarapu in Nash-
ville***® and Urbanova and coworkers in Prague.”*™?

Despite the progress in instrumentation, the interpreta-
tion of the VCD spectra remains a challenging and often a
tedious task, especially for such complex molecules as
nucleic acids. Even though an extensive information is
gathered up to date about the IR absorption band assign-
ments, some of them are ambiguous or missing due to nat-
ural broadening of the spectral lines, band overlap, cou-
pling and mixing of the vibrations of different functional
groups.’*% Even less information is available about the
assignments of VCD bands due to relatively recent emer-
gence of this technique.>® This is disappointing, because a
complete understanding of the optical response and estab-
lishing exact relationship between spectra and molecular
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structure provides insight not only into the structure, but
also into other molecular properties such as conforma-
tional behavior, interaction with the solvent and other mol-
ecules, or even biological activity.’”*® These tasks can be
significantly simplified and sometimes completely solved
by performing theoretical simulations of the spectra and
their comparison with the experimental data.

Initially, empirical and semiempirical models, such as
the coupled oscillator (CO) model, were used for the VCD
simulations, 1928393259 1 ater, various extension of the
CO model were developed and successfully used, such as
the DeVoe polarizability theory.®%3> While these models
could provide a basis for understanding of some VCD fea-
tures, particularly those observed in the C=0 stretching
region, they are not applicable generally. Neither the CO
models should be used when the chromophores are close
in space, which is the case for stacked nucleic acid
bases.®*% Today, it is the quantum mechanical approach
that appears most viable for the spectral modeling.

Possibility and advantages of the ab initio calculations of
VCD spectra were first recognized and pioneered by Ste-
phens and coworkers® and Polavarapu®” about two deca-
des ago, after the theory of VCD computations has been
developed.®® In principal, assignments of the vibrational
transitions can be done with the help of the calculations,
overlapped bands can be resolved, and the extent of the
vibrational coupling can be determined. The first principle
computations enable prediction of spectra for unknown
structures, allow to obtain insight into the nature of inter-
actions with other molecules and solvent, and to select en-
ergetically favorable conformations.

Due to the advances in computer technologies and
ab initio methodology, simulations of VCD spectra within
the harmonic approximation for small rigid molecules are
relatively straightforward, as implemented in a number of
quantum chemistry programs, including the most utilized
Gaussian software package.? The Gaussian implementa-
tion is based on the magnetic field perturbation theory
(MFP) of Stephens®® combined with density functional
theory (DFT) and field-dependent (gauche invariant)
atomic orbitals (GIAO).” Applications of such simulations
to small molecules were very successful; in combination
with experimental VCD spectra absolute configurations
could be determined without the need for much more ex-
pensive and time-consuming techniques (e.g., X-ray dif-
fraction), 10:12.16.71.72

However, the size and conformational flexibility of the
biopolymers complicates the direct ab initio modeling of
VCD spectra. In some cases, suitably chosen fragments of
large biopolymers can provide enough information on a
local structure and main spectral features of the molecule
due to locality of the VCD phenomenon.'®*”" In general,
more universal methods are needed to reliably model
spectra for the whole biopolymer without loosing the ac-
curacy of the ab initio approach. The Cartesian coordinate
tensor transfer (CCT) technique discussed below was
developed for this purpose,” as it allows transfer of the
most common molecular property tensors (force field,
dipole derivatives, atomic axial tensors) from smaller frag-
ments to larger biomolecules. The transfer in Cartesian

Chirality DOI 10.1002/chir
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Fig. 1. Schematics of the Cartesian coordinate tensor transfer (CCT) technique as applied to a DNA octanucleotide. Separate fragments used for
ab initio calculations are shown as colored blocks. (a) atomic tensors describing some of the inter-base interactions are transferred to the stacked
base pairs dimers (orange blocks); (b) missing inter-base pair interactions (white areas between orange blocks in figure “a”) are added by transfer-
ring tensors for three more base pair dimers (shaded green blocks), covering all inter-base pair interactions; (¢) atomic tensors are transferred to
the sugar-phosphate dimers (blue blocks); (d) missing sugar-phosphate interactions are added by transferring six more sugar-phosphate dimers
(shaded violet blocks). Only interactions between the bases and the sugar-phosphate backbone remain uncovered (white areas in figure “d”) since
they are not crucial for the particular case, but they may also be included at will by a set of additional ab initio computations of whole nucleotide

fragments.

coordinates (including translations and rotations) is com-
putationally easier and requires less human input than
with nonlinear internal coordinates. This technique allows
to expand relatively accurate ab initio spectral simulations
to large molecules, with several thousands of atoms. It
has been earlier successfully applied for simulations of
VCD spectra of polypeptides.”®”” In the present mini-
review we will demonstrate how the CCT method can be
used to model VCD spectra of nucleic acids, show the
main results for different structural forms of DNA and
RNA, and discuss the recent advances and developments
of the method.

METHODOLOGICAL CONSIDERATIONS

The general procedure in the CCT transfer technique
consists of splitting a large molecule into fragments, ab ini-
tio calculation of atomic tensors for all fragments, and a fol-
lowing transfer of the tensors back to the original large
molecule, as an alternative to a direct ab initio spectra sim-
ulation for the whole large molecule (which may not be
feasible at the present state of the computational technolo-
gies). It has been shown that if the fragments are properly
chosen, the CCT method provides IR absorption and VCD
spectra virtually indistinguishable from the fully ab initio
results.”® The method explores the locality of the VCD
phenomenon,'® but it also allows to include some long-
range interactions. Additionally, the technique enables par-
allelization of the computational tasks, which further
speeds up the modeling.

The typical steps used in CCT technique are shown in
Figure 1 on the example of an octanucleotide. The original
structure of the octamer (or any other oligomer) is either
an X-ray or NMR structure, usually obtained from Protein
Data Bank (PDB).” If such a structure is not available and
it represents a canonical A- or B-form nucleic acid confor-
Chirality DOI 10.1002/chir

mation, the starting geometry can be generated by molec-
ular modeling packages, e.g., Insight II (formerly Biosym,;
now part of Discovery Studio),®® Tinker,® AMBER®? etc.
The octamer structure is split into fragments (colored
blocks in Fig. 1), large enough to preserve the important
for VCD shortrange interactions, but still manageable for
direct ab initio computations at sufficiently high level of
theory. The VCD signal in nucleic acids mainly arises
from the dipolar interaction between two stacked base
pairs and analogous interactions of the phosphate and
sugar residues of the backbone.!®® Therefore, the basic
“optical” unit in a nucleic acid, determining the basic VCD
pattern, is typically composed of two stacked base pairs
and two sugar-phosphate pairs. Considering this, the frag-
ments would contain one or more of such basic units.

Further, the fragments are optimized at ab initio level
using available quantum chemistry packages, e.g., Gaus-
sian® or Turbomole.®® The optimization is required to
relax the initial geometry and bring it close to an energy
minimum. Note that frequency calculations within the har-
monic approximation are meaningful only for such mini-
mum (equilibrium) geometries.*” However, to preserve
the initial conformation found in the X-ray, NMR, or canon-
ical structure, larger geometrical changes of the fragments
during the optimization must be prevented, e.g., by con-
straining torsion angles, or by using the constrained nor-
mal mode optimization (NMO) method,®* described in
more detail later. In most cases freezing of the torsion
angles affects low frequency modes outside the experi-
mentally accessible range of interest. Bond lengths and
angles most significant for the higher-frequency mid-IR
modes are allowed to relax. Typically, DFT electronic
methods are used for the quantum chemical computations,
combined with a sufficiently large basis set including
polarization and, if possible, diffuse functions.
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Fig. 2. Canonical B- (a) and Z- (b) forms of (dG-dC), octamer used as
target templates for atomic tensor transfer; ab initio optimized geometries
of dimer fragments (GC)*(CG) (c¢), (CG)*(GC) (d), sugar-phosphate
dimer (e), and hydrated monomer fragments G...C with 5 water mole-
cules (f) and sugar-phosphate with 6 water molecules (g).

For the optimized fragments harmonic force field is cal-
culated at the same level of theory as that used for the
optimization. For the intensity tensors, computations at dif-
ferent levels are possible, although this usually does not
bring a particular advantage. All tensors in Cartesian coor-
dinates from each fragment are then transferred to the
original octamer (target structure), atom by atom accord-
ing to the published procedure”™ (Fig. 1), using standard
translation and rotation transformations. For VCD, the fol-
lowing tensors have to be calculated to obtain the frequen-
cies and intensities:®®

(). force constants (Hessian, second derivatives of

energy):

O’E

_— 1
07,078 (1)

Jia jp =

(ii). atomic polar tensor (dipole derivatives):

_ g
POls B = 37’1‘;3 (2)
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(iii). atomic axial tensor (magnetic dipole derivatives):

omy,
Auip = b (3)

The force constants f are related to two atoms (i, j),
while the tensors A and P can be thought of as properties
of individual atoms 7 with positions 7; and momenta p;. The
transfer (rotation and translation) is defined by minimizing
a root-mean square overlap of chemically similar atoms in
the fragments and in the target molecule.” We use the
Fortran-based code “cctn” for the tensor manipulations.®
Original transfers have been done for periodic repetitive
nucleic acid structures. The current version of the pro-
gram allows for structural irregularities, such as deforma-
tions upon drug binding.5®

Based on the transferred molecular properties, the IR
absorption and VCD spectra are computed for the whole
target structure. Usually the spectra are simulated by the
convolution of calculated intensities with Lorentzian bands
ranging from 5 to 10 cm ! in width. To mimic the experi-
mental conditions (most of the experimental VCD spectra
of nucleic acids are measured in D,0), spectra of deuter-
ated species are simulated, which is computationally a triv-
ial task.

In the following sections we will show how this method-
ology can be applied to various nucleic acid structures,
what results it can provide, underline its strengths and lim-
itations and follow its development over the recent years.
Specific computational details for each case will be also
provided.

ILLUSTRATIVE EXAMPLES
DNA B-Z Transition

The natural conformation of DNA is a right-handed B-
form double helix (Fig. 2a).8” However, addition of high
amounts of metal ions or ethanol to oligomers or polymers
consisting of alternating (dG-dC), sequences [e.g., (dG-
dC)sg or poly(dG-dC)] can facilitate a B to Z conforma-
tional transition, upon which the handedness of the DNA
changes from a right-handed to a lefthanded double helix
(Fig. 2b).891 The left-handed sequences have been found
in natural DNA and are believed to play a major role in
many fundamental life processes, including gene regula-
tion and DNA replication.?*3

One of the first spectroscopic techniques used for inves-
tigations of DNA B-Z transition was ECD. Due to opposite
handedness of the DNA double helix in B and Z forms, it
could be deduced that ECD signal should have an oppo-
site sign for the two forms, which was confirmed experi-
mentally.®% Similarly, the VCD signal was also shown
to change the sign upon the conformational transi-
tion.?"83934 Thys, the B-form structure produces a major
positive VCD couplet (i.e., with a positive component at
the lower wavenumber) arising from the C=0 stretching
vibrations at around 1680 cm ™!, while the Z-form structure
produces a negative couplet originating from the same
vibrations.>® Due to relative simplicity of the systems with
alternating d(GpC) sequences (where “p” denotes a phos-

Chirality DOI 10.1002/chir
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Fig. 3. Schematic representation of a two-step tensor transfer: (a) initial atomic tensors of the target octamer have zero values; (b) step 1: ab initio
computed atomic tensors for the (GC)*(CG), (CG)*(GC) and sugar-phosphate dimers are transferred to the target octamer and replace the zero values
in the octamer tensors (orange/yellow areas); (c) step 2: ab initio computed atomic tensors for the smaller fragments G...C with 5 water molecules and
sugar-phosphate monomer with 6 water molecules (pink areas) are transferred to the target octamer and overwrite the corresponding tensor values
transferred in the previous step, thus improving them by accounting for interactions with water molecules. The inter-base pair, sugar-sugar and phos-
phate-phosphate interactions (orange/yellow areas) are however preserved from the previous step. Some of the less important interactions (between the
bases and the sugar-phosphate backbone) in the target octamer tensors are missing (white areas) and thus neglected.

phodiester linkage between the bases in one strand), the
experimental flip of the VCD signal was predicted theoreti-
cally fairly satisfactory with the CO model.*° Therefore, in
our first attempt of applying the CCT method to nucleic
acids we opted for computing VCD spectra of B- and Z-
forms of (dG-dC), octamer duplex,”® which could be
directly compared with the experimentally measured ear-
lier VCD spectra of (dG-dC)40.>* We have chosen the octa-
mer structure as it was more convenient for the fragment
selection and the CCT procedure than longer sequences
and because the experimental VCD spectra of (dG-dC),,
dG-dC)sy, and poly(dG-dC) were essentially the
same.?*3*** The main aim of this work was to verify if the
CCT technique could reproduce the experimentally
observed sign change of the VCD couplets for the two
DNA helices with opposite handedness.

The canonical B- and Zform geometries of the double-
stranded octamer (dG-dC), were generated with the aid of
Insight II software,®® as shown in Figures 2a and 2b.
Because the octamers represent regular d(GpC) sequen-
ces with identical geometrical parameters, it was enough
to compute the atomic tensors only for a few unique frag-
ments and transfer them to all the other identical frag-
ments in the target octamers. Thus the unique fragments
chosen for B-form conformation consisted of stacked
(GO)*(CG) and (CG)*(GC) base pairs (Figs. 2c and 2d)
and a sugar-phosphate dimer (Fig. 2e). It was necessary
to select the two sequences of base pairs because they
had different base overlap and, respectively, different
base-base interaction in the stack, resulting in different
VCD spectra.'® The same unique fragments were selected
for ZHform; however two different configurations of the
sugar-phosphate dimer, Z; and Zj;, had to be used.”® In an
attempt to account for the influence of solvent, two
smaller fragments were created, a single G...C base pair
and a sugar-phosphate monomer, both with explicit water
molecules, as shown in Figures 2f and 2g. The positions
of the water molecules were preoptimized so that oxygen,
nitrogen, and acidic hydrogen atoms in the DNA frag-
ments exposed to the solvent could form hydrogen bonds
Chirality DOI 10.1002/chir

and were in agreement with other ab initio calculations.®*
The 124 water molecules in approximately the same posi-
tions with respect to the bases and the sugar-phosphate
as in the optimized monomers were also placed around
the target octamers with the aid of MCM software.” All
the fragments were partially optimized in vacuum with tor-
sion angles constrained to those in the octamer. In the
stacked base pair fragments the distances and the mutual
orientation of the base pairs were also constrained to
maintain their realistic values in the absence of the sugar-
phosphate linkage. Fragment optimization and calculation
of the harmonic force fields, dipole derivatives and atomic
axial tensors were done with Gaussian 98 program pack-
age” at BPW919%/6-31G** DTF level. The BPW91
GGA functional was chosen over the more common
hybrid DFT functional Becke3LYP due to better agree-
ment of the computed in vacuum frequencies in the C=0
stretching region with the experiment.”® Using this func-
tional does not require any frequency scaling of the com-
puted spectra and they can be directly compared with the
experiment.

The transfer of the atomic tensors was performed in two
steps. First, the tensors computed for the stacked base
pair dimers and the sugar-phosphate dimer were trans-
ferred to the target octamers. As a result, the initial zero
octamer tensors (Fig. 3a) were replaced with the tensors
from the dimers (Fig. 3b, orange/yellow areas). In the sec-
ond step, the tensors computed for the monomers with
explicit water molecules, were transferred to the octamer,
overwriting the already transferred from the dimers inter-
actions within a base pair and within a sugar-phosphate
monomer, and thus improving them by accounting for the
influence of the water molecules on the Watson-Crick
hydrogen bonding and the C=0, NH, and PO, group
vibrations (Fig. 3c, pink areas). However, the inter-base
pair, sugar-sugar, and phosphate-phosphate interactions
transferred from the dimers were preserved (Fig. 3c,
orange/yellow areas).

The resulting computed VCD spectra of B- and Z-forms
of (dG-dC), are compared with the experimental VCD
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(bottom) compared with the corresponding experimental spectra of (dG-
dC)»0** (top). Adapted with permission from Andrushchenko V, Wieser
H, Bour P. B-Z conformational transition of DNA monitored by vibrational
cirular dichroism. Ab initio interpretation of the experiment. J] Phys Chem
B 2002;106:12623-12634. © 2002 American Chemical Society.

spectra of (dG-dC)»,>* in Figure 4. The main VCD feature
of the B-form experimental spectrum is a strong positive
couplet at 1691(-)/1678(+) cm™ ", arising from the C=0
stretching vibrations of guanine bases.** Upon DNA transi-
tion to Zform this couplet changes its sign to negative
with peaks at 1671(+)/1656() cm™!. The sign change is
accompanied by ~20 cm ™! low-wavenumber shift of the
whole couplet, which follows the corresponding shift of
the main nitrogen base absorption bands (not shown).
Similarly to the experiment, the calculated spectrum of
the B-form octamer is also dominated by a strong positive
VCD couplet at 1710()/1695(+) cm™!, assigned to the
same vibrations based on the analysis of the computed dis-
placements.?’ In the calculated Z-form spectrum the main
couplet flips the sign to negative at 1707(+)/1693() cm ™.
Therefore, the main experimental VCD manifestation of
the B-Z transition is correctly reproduced by the computa-
tions. The right-handed DNA helix is thus intrinsically
characterized by a positive carbonyl VCD couplet, while
the left-handed helix is characterized by a negative couplet.
Despite this success, some finer spectral features were
modeled not correctly or at a full extent. In particular, the
large 20 cm ! low-wavenumber shift of the main VCD cou-
plet and the corresponding absorption band (not shown)
observed experimentally was calculated to be only 3 cm ™.
Experimental VCD features in the sugar-phosphate vibra-
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tional region between 1100 and 900 cm ™, although noisier
than the carbonyl features but still well distinguishable, are
also not reproduced well computationally. These discrepan-
cies were connected to several points. First, precise model-
ing of the sugar-phosphate spectroscopic response is
intrinsically more challenging than modeling of the
stacked nitrogen bases due to larger flexibility of the back-
bone and its strong influence by the environment (solvent,
ions). Second, the explicit hydration scheme was very ap-
proximate. Considering significant solvent effect on the
DNA spectral response, more refined schemes must be
employed. Third, the torsion angle constrains prevented
full @b initio optimization of the fragments. Such constrains
could have prevented a sufficient relaxation of some sugar-
phosphate vibrational motions occurring in the relatively
low frequency range (below 1300 cm !). Anharmonic
interactions of the sugar-phosphate modes that are not
completely relaxed might have affected the harmonic fre-
quency calculations and the resulting spectra. Finally, the
employed medium-range basis set might be too small for
exact reproduction of the experimental spectra.

Despite the failure of the computations to adequately
reproduce the minor experimental spectral features, the
most prominent spectral modification accompanying the
B-Z transition of DNA was modeled correctly. Thus, this
work expanded applicability of the CCT method from pep-
tides onto nucleic acids, and brought up some specific
tasks for future improvements of the technique, which
were implemented in the follow-up studies.

Single-Stranded Poly(rA) Helix: Introducing
the NMO Method

Depending on experimental conditions (temperature,
polymer concentration, ion content), poly(rA) and pol-
y(rU) polymers can form a wide range of single, double,
and triple helices as well as coils.?2%6:190-192 The pext
three sections will be devoted to these RNA forms and
their computed VCD spectra. They will be discussed in
the order of increasing complexity both from the struc-
tural and from the computational points of view.

Due to strong adenine base stacking, single-stranded
poly(rA) is capable of forming a relatively stable helical
structure in solution in the presence of metal ions, neutral-
izing the phosphate negative charges.'® The presence of
a helical structure in poly(rA) was undoubtedly confirmed
experimentally by a strong conservative VCD signal.?226:49
Owing to simplicity and relatively small size of a single-
stranded chain as well as its ability to form a stable helix,
poly (rA) was an ideal model to further test the CCT method
for computations of VCD spectra of nucleic acids.’®*

Similarly to the B-Z transition spectra modeling, an octa-
mer was used as a target molecule for the CCT technique,
in this case (rA)s. The canonical single-stranded geometry
of (rA)s was generated with the aid of Insight II software®®
(Fig. 5a). Because the target octamer represents a regular
sequence, the fragments selected for the ab initio atomic
tensor calculations were: two stacked adenine bases (Fig.
5b) and a sugar-phosphate dimer (Fig. 5¢). The fragments
were optimized and the tensors calculated with Gaussian
98 program package?® at BPW91/6-31G** level of DFT.

Chirality DOI 10.1002/chir
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(Tsankov, 2001, unpublished results) (d). Adapted with permission from Andrushchenko V, Wieser H, Bour P. RNA structural forms studied by vibra-
tional cirular dichroism: ab initio interpretation of the spectra. ] Phys Chem B 2004;108:3899-3911. © 2004 American Chemical Society.

To preserve the realistic canonical secondary structure
geometry of the fragments during the ab initio optimiza-
tion, a constrained NMO method has been utilized, allow-
ing optimization of molecular geometry in vibrational nor-
mal coordinates.®* This procedure replaced the constrain-
ing of the torsion angles, as such constrains often may not
allow for a complete relaxation of the higher-energy small-
amplitude movements. In structures partially optimized
with internal coordinates some higher-frequency modes
may be far from local minima and thus introduce large
errors in the modeled spectra. With the NMO method,
only the normal modes with lowest frequencies [typically
o € (=300, 300 cm ™) where imaginary frequencies are
considered as negative] are frozen. These modes are
mostly connected with rotational and translational move-
ments of large groups of atoms and usually do not contrib-
ute to measurable spectral range. At the same time, the
higher frequency vibrational motions observable in experi-
mental spectra are relaxed completely, unlike for the tor-
sion constraining. In such implementation the NMO pro-
cedure typically causes only a minimal change of the frag-
ment geometry. An additional advantage of the NMO
method is a much faster and more stable convergence for
optimization of noncovalently bound systems, such as,
e.g., nitrogen bases in DNA.**1% The range of the fixed
normal modes can be chosen arbitrarily or, alternatively, a
complete relaxation of the geometry can be performed to
exploit the increased speed and stability of the technique
for optimization of weakly interacting molecules. Program
QGRAD'% is used for the NMO technique, while the ab
initio part of the computations can be done with Gaus-
sian,® Dalton,'*” Turbomole® or similar software.
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Because all the atomic tensors of the fragments were
calculated at the same level of theory, the transfer of the
tensors to the target octamer was performed in one step.

The computed IR absorption and VCD spectra of (rA)g
are compared with the experimental spectra of poly(rA)
(Tsankov 2001, unpublished data) in Figure 5d. The
main VCD feature in the experimental spectrum arising
from the adenine ring vibrations?*3¢1981% is a positive
couplet at 1633()/1623(+) cm™!, corresponding to the
absorption at 1627 cm ™! The calculated positive VCD
couplet appears at 1620()/1612(+) cm™! with the corre-
sponding absorption band at 1617 cm ! and is also
assigned to the adenine ring stretching vibrations.!®* A
weak negative VCD feature measured at 1572() cm ™},
also originating from the adenine ring vibrations with
absorption band at 1572 cm ™%, appears in the calculations
at a very close wavenumber of 1574() cm L. Almost per-
fect agreement between the computed and the experi-
mental spectra in the nitrogen base vibrational region in
terms of sign, relative intensity and the peak positions
was explained by hydrophobicity of the adenine base
and, as a result, insignificant effect of the solvent (which
was not accounted for in this simulation) on the adenine
ring vibrations. Additionally, strong stacking interaction
between adenine bases reduces their flexibility. Thus, it
can be expected that the real solution structure of a sin-
gle-stranded poly(rA) helix has geometrical arrangement
of the bases very close to the canonical structure
reported by X-ray crystallography and used by Insight II
software. However, agreement between the experimental
and computed spectra is considerably worse in the
sugar-phosphate vibrational region. Flexibility of the sin-
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Fig. 6. Canonical geometry of the target (rA)g*(rU)g octamer (a); ab initio optimized geometries of the fragments: stacked base pair dimer
(AA)*(UU) (b) and a sugar-phosphate dimer (c); optimized at PM3 level (ApAp)*(UpUp) dimer (d); calculated IR absorption and VCD spectra of
(rA)s* U)s compared to the corresponding experimental spectra of poly (rA) *poly rU)*® (e). Adapted with permission from Andrushchenko V, Wieser
H, Bouri P. RNA structural forms studied by vibrational cirular dichroism: ab initio interpretation of the spectra. J Phys Chem B 2004;108:3899-3911.

© 2004 American Chemical Society.

gle-stranded backbone and its large dynamical fluctua-
tions may result in substantial deviations of the solution
structure from the canonical geometry used for the calcu-
lations. The inaccuracies arising from such geometrical
differences may overshadow the improvements provided
by the NMO method in this spectral region. Negligence
of the solvent and ion effects can further hamper the
modeling of the backbone spectra, which are very sensi-
tive to such interactions.

Double-Stranded Poly(rA) *Poly(rU) Helix

When mixed together in a solution at standard condi-
tions (room temperature, pH7, 0.1 M NaCl), poly (rA) and
poly (rU) molecules form a double-stranded helical struc-
ture with the bases paired via Watson-Crick hydrogen
bonding (Fig. 6a).1% The secondary structure of the dou-
ble-helix is of A-form, as usual for RNA. After the success-
ful modeling of the VCD spectra for a single-stranded
(rA)s helix, we moved to this computationally more chal-
lenging case. Because of the double-stranded structure,
the smallest fragments suitable for the calculations of the
atomic tensors are much larger and must include two
stacked base pairs. The uracil base contains two C=0
groups, one of which is involved in Watson-Crick hydro-
gen bonding and less interacting with a solvent, while the
other one is situated in the RNA groove and is fully acces-
sible to a solvent hydrogen bonding, which again makes
the system more challenging for modeling.

The canonical double-stranded geometry of (rA)s* (rU)g
was generated with the aid of Insight II software® (Fig.
6a). Two fragments were selected for the ab initio atomic
tensor calculations: a stacked base pairs dimer (AA)*(UU)

(Fig. 6b) and a sugar-phosphate dimer (Fig. 6¢). The opti-
mization and the atomic tensor calculation for the frag-
ments were done with Gaussian 98 software®® at the
BPW91/6-31G** level of DFT. To preserve the fragment
geometry corresponding to the canonical structure, the
NMO method® was used.

To account for the longer-range coupling, at least in the
first approximation, larger fragment was selected, repre-
senting a complete dimer (ApAp)*(UpUp) with two
stacked A...U base pairs and two sugar-phosphate units
(Fig. 6d). Geometry optimization and the atomic tensor
calculations for this fragment were performed at semiem-
pirical PM3 level, as application of DTF methods to such
large fragments was not feasible at that time because of
computer hardware restrictions.

The atomic tensors were transferred to the target octa-
mer in two steps. First, the tensors for the larger (ApA-
p)*(UpUp) dimer calculated at lower level of theory were
transferred. Then, the tensors for the smaller fragments
calculated at better DTF level were transferred. They over-
wrote the previously transferred short-range interactions,
most important for VCD, while preserving the longer-
range interactions and thus improving the resulting target
octamer tensors.

The computed IR absorption and VCD spectra of
rA)s*(U)g are compared to the corresponding experi-
mental spectra of poly(rA)*poly (rU)*® in Figure 6e. As in
the case of a single-stranded (rA)s helix, the best agree-
ment between the computed and experimental spectra is
seen for the adenine ring absorption band at 1631 cm ™!
with the corresponding positive VCD couplet at 1635()/
1623(+) cm™}, which appear in the calculated spectra at

Chirality DOI 10.1002/chir
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Fig. 7. Xray based geometry of the target (rU)g* (rA)s* (rU)g octamer (a); ab initio optimized geometries of the fragments: base trio U...A...U (b), a
sugar-phosphate dimer of one of the strands (c) and stacked dimer of base trios (U...A...U)s (d); calculated IR absorption and VCD spectra of
@U)g* rA)g* rU)s compared to the corresponding experimental spectra of poly tU)*poly (rA)*poly U) triplex + poly(rA) single helix*® (e). Adapted
with permission from Andrushchenko V, Wieser H, Bour P. RNA structural forms studied by vibrational cirular dichroism: ab initio interpretation of the
spectra. ] Phys Chem B 2004;108:3899-3911. © 2004 American Chemical Society.

1633 cm ! and 1636()/1628(+) cm ™, respectively, and
are also assigned mostly to the adenine ring vibrations
with some admixture of the uracil ring modes.'** The
peak position and sign for these features were reproduced
very well, while the relative VCD intensity was somehow
overestimated by the computations. Such a good agree-
ment was attributed to the same reasons as for the (rA)g
single-stranded helix, i.e., mainly to the hydrophobicity of
the adenine base and minor influence of the solvent on its
vibrational modes. Overestimation of the VCD intensity
might stem from the admixture of the uracil ring vibra-
tions computed for this mode. Another positive VCD cou-
plet, computed at 1697(—)/1690(+) cm™! and arising
from the absorption band at 1696 cm ™! is attributed to the
C=04 vibrations of uracil. It clearly corresponds to the ex-
perimental positive VCD couplet at 1677(-)/1665(+) cm !
with its absorption at 1669 cm ™.

While the sign and relative intensity of these features
were simulated very closely to the experiment, the peak
position was shifted to the higher wavenumbers by about 25
cm L. This relatively large shift was ascribed to the persist-
ing difficulties in modeling of stretching frequencies for
highly polar groups, such as C=0, due to substantial influ-
ence of solvent, even if the carbonyl is involved in the hydro-
gen bonding with another base. This is illustrated even bet-
ter on the C=02 carbonyl, which is fully accessible to the
solvent hydrogen bonding. The IR C=02 vibration band
occurs experimentally at 1689 cm ™! with a weak negative
VCD band at 1705 cm ™!, but it is computed as high as 1740
cm™ ! with the corresponding VCD band of opposite sign.
Indeed, test computations on a single A. ..U base pair with
even simplest accounting for the explicit solvent resulted in
downshift of the C=02 band as much as 25 cm ™ 1.1%
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Surprisingly, the computed absorption and even VCD
features in the sugar-phosphate vibrational region repro-
duced the experimental spectra fairly well, in contrast to
the calculations performed for B- and Z-form octamers and
single-stranded poly(rA) in this spectral region. Such an
improvement was partially connected to the implementa-
tion of the NMO method, relaxing the vibrations in this
spectral range much better than the torsion angle con-
straining approach. Compared to a single-stranded pol-
y(rA), the backbone in the double-stranded poly(rA)*po-
ly (rU) is apparently more rigid and its real solution struc-
ture could be closer to the canonical geometry, explaining
better agreement with the experiment.

Triple-Stranded Poly(rU) *Poly(rA) *Poly(rU) Helix

At the conditions of increased salt concentrations or at
the simultaneous action of salt and temperature the dou-
ble-stranded poly (rA) *poly (rU) helix can disproportionate
into a triple-stranded poly (rU)*poly (rA) *poly (rU) helix
(Fig. 7a) and a single strand of poly(rA).2%36:100.101,103,110
While triple-stranded structures of nucleic acids are some-
how intriguing and might be thought of as untypical, they
have been shown to play an important biological role as
regulators of eukaryotic gene expression.''! A site-specific
nucleic acid recognition by specially designed oligonucleo-
tides, which can bind to a host DNA molecule forming
triple-helical structures (antigene strategy), can be used
as a new class of pharmacologically active com-
pounds, 110112113

There are several possibilities for arranging the individ-
ual strands in the triple-helical structure.!%1° It is gener-
ally accepted that the second poly (rU) strand fits into the
major groove of the poly(rA)*poly (rU) double helix with a
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formation of the Hoogsteen-type base pairs with the poly
(rA) strand.'®®199110 However, an alternative model, for-
mation of a reverse Hoogsteen-type base pairing, better
fits many IR and VCD profiles and their interpretation by
the coupled-oscillator model.?%-36:101

The triple-helical RNA was the most computationally
challenging due to the large size and uncertainty about its
solution geometry. Because this structure was not a canon-
ical one, it could not be easily constructed by available mo-
lecular modeling software. Therefore we used an experi-
mental X-ray geometry with the Hoogsteen base pair-
ing.!* Unfortunately, no credible model has been found
for the reversed Hoogsteen pairing, hence the spectral
simulation for this structure could not be tested.

An octamer (rU)g* (rA)g* (rU)g (Fig. 7a) was constructed
based on the Xray geometry of a single base trio
U...A...U"* The octamer was generated by propagation
of the base trio eight times, translating it by 3.05 A and
rotating by 32.7° in each propagation step, according to
the X-ray data.!' Five fragments have been chosen for the
ab initio atomic tensor calculations: a smaller single base
trio U...A...U (Fig. 7b), three sugar-phosphate dimers
(one for each strand, due to nonequivalent geometries of
the sugar-phosphate backbone) (Fig. 7c) and a larger
stacked dimer of base trios (U...A...U), (Fig. 7d).

The optimization and the atomic tensor calculation for
the fragments were done with Gaussian 98 software.”® The
BPW91/6-31G** level of DFT was used for the smaller
single base trio and sugar-phosphate dimers, while only
HF/3-21G level of theory could be used for the larger
dimer of base trios. To preserve the fragment geometry
corresponding to the X-ray structure, the NMO method®
was used. Because of the size restrictions, no larger frag-
ments were feasible to compute even at semiempirical
PM3 level, and thus all longer-range interactions had to be
neglected.

The atomic tensors were transferred to the target octa-
mer in two steps. First, the tensors for the stacked dimer
of base trios (U...A...U), calculated at a lower level of
theory were transferred. Then, the tensors for the smaller
single base trio U...A...U and the sugar-phosphate
dimers calculated at better DTF level were transferred.
The single base trio tensors overwrote the previously
transferred base-base interactions within the trio, while
preserving the inter-base trio interactions computed at
lower HF level.

The computed IR absorption and VCD spectra of
@U)g*(rA)g* (rU)g are compared to the corresponding ex-
perimental spectra of poly(rU)*poly(rA)*poly(rU) triplex
+ poly(rA) single helix*® in Figure 7e. Although a gener-
ally good agreement is observed between the experimen-
tal and computed spectra in both nitrogen base and sugar-
phosphate vibrational regions, it is worse than for the
(rA)g* (rU)g duplex. The adenine ring band with some ura-
cil contributions at 1627 cm ™! is calculated at 1646 cm ™},
thus relatively significantly shifted compared to the single-
and double-stranded molecules in Figures 5 and 6. The
weak VCD couplet, though also shifted to the higher wave-
numbers, is computed with correct sign and relative inten-
sity. The calculated uracil C=0 absorption bands are even
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more high-frequency shifted, appearing at 1702, 1732, and
1750 cm ™Y, but can be clearly assigned to the experimen-
tal bands at 1658, 1673, and 1696 cm™'. The former band
was assigned to the stretching vibrations of the C=04 car-
bonyls of both uracil bases, the middle band - to the
C=02 stretch of Watson-Crick-paired uracil coupled with
the C=04 stretch of the Hoogsteen-paired uracil, and the
latter band - to the C=02 stretch of the Hoogsteen-paired
uracil.'® The computed VCD couplets corresponding to
all of these carbonyl vibrations are shifted to higher wave-
numbers in concert with their parental absorptions, but
correctly reproduce the VCD sign (all are positive cou-
plets). The relative intensity of the first two lower-fre-
quency couplets is reproduced faithfully, while the highest
frequency couplet has significantly underestimated inten-
sity in the calculations. The absorption profile of the
sugar-phosphate backbone is generally reproduced by the
computations, but the VCD intensity is considerably
underestimated by the simulations.

Somehow worse agreement between the computed and
experimental spectra for the triplex structure compared to
the duplex was attributed to two major reasons. Firstly, ac-
curacy of the HF/3-21G computations, used of the
stacked base trios, is lower than that of the BPW91/6—
31G** DFT level used for the calculations of the corre-
sponding duplex fragments. Secondly, only the Hoogs-
teen-paired model could be tested, although a reversed
Hoogsteen model could produce different, possibly more
realistic results. Some clues in this direction have been al-
ready provided by simpler CO model calculations.?® Test
computations of the both types of Hoogsteen base pairing
were performed on a single base trio, but strong coupling
of the C=04 and C=02 vibrations and limited accuracy
of the computations prevented reliable discrimination
between these models at the utilized level of theory.'**

Accounting for Explicit Solvent and Dynamical Averaging

All the previously described spectra simulations have
been performed based either on the canonical nucleic acid
geometry (ultimately derived from average crystallo-
graphic structures) or directly on a single X-ray geometry
(like the triplex structure). However, experimental VCD
spectra are usually measured in a solution. The nucleic
acid structure in a solution might deviate from a corre-
sponding crystallographic geometry due to dynamical fluc-
tuations, solvent influence, absence of packing forces
sometimes influencing the X-ray geometry, and so on. Con-
sidering an extremely high VCD sensitivity to even minor
structural fluctuations, such deviations might result in dif-
ferent spectra from those predicted for a crystal structure.
Consequently, our next attempt in improving the methodol-
ogy for computing VCD spectra was to account for such dy-
namical fluctuations. This can be conveniently done by
employing molecular dynamics (MD) apparatus to produce
more realistic solution structure of a target nucleic acid
molecule, used for the transfer of the atomic tensors. MD
simulations can also account for the solvent influence on
the DNA or RNA structure, and allow to obtain more or
less realistic (compared to the ad hoc geometry used for
the B-Z transition calculations described above) positions

Chirality DOI 10.1002/chir
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of water molecules around the nucleic acid in the first
hydration shell. These clusters of water molecules can
then be included in the ab initio computations.

To test this idea, spectra simulations for a series of
seven octanucleotides with different base content and base
sequence have been performed.!'’® The most interesting
outcome is described in the next two sections. The com-
puted spectra will be compared to the experimental results
for the same set of octanucleotides measured earlier.>* To
highlight the effects of dynamical fluctuations and solvent
influence, we restrain here to only two octamers with the
largest difference in the base content, (CGCGCG
CG)*(GCGCGCGC) octamer, abbreviated as CG, and
(CGAATTCG)*(GCTTAAGC), abbreviated as CGAT.

Two structures of the octamers have been generated,
one representing an ideal canonical geometry (denoted
hereafter as the “regular structure”) and the other one
obtained as an average structure of 5 ns of MD simula-
tions (denoted as the “MD structure”).

The regular structure was generated by the Tinker pro-
gram package®! with geometrical parameters correspond-
ing to the standard B-DNA double helix. The AMBER
force field'!® was used as implemented in Tinker. The gen-
erated octamer was solvated by a water shell 8 A thick.
The water shell was subjected to a minimization and dy-
namics with the DNA coordinates fixed to obtain an esti-
mate of the distribution of the water molecules around the
octamer helix. The details of the procedure can be found
elsewhere.!'® For the fragment selection and following ab
initio computations only water molecules closer than 3.6 A
(the first hydration shell) and hydrogen-bound to DNA
were retained.

The MD starting structure was generated within
AMBER 4.1 package,''” using Arnott’s geometry parame-
ters''® and the AMBER force field.!*® The phosphate
charges were neutralized by Na™ cations and the whole
structure was contained in a water box extending by 10 A
from the solute molecules. Standard MD procedure was
applied for the system minimization, equilibration and 5 ns
production run, details of which can be found else-
where.!® An average octamer structure was obtained after
the MD simulations. The averaging, however, led to a few
artifacts in the geometry, which were removed by relaxing
the molecule by an additional short minimization. How-
ever, before such a minimization, the averaged structure
had to be hydrated again and the whole procedure for the
hydration shell equilibration had to be repeated.!* As for
the regular structures, only hydrogen-bound water mole-
cules of the first hydration shell within a distance of 3.6 A
from the solute were retained for the subsequent ab initio
computations. The resulting structure for the CG octamer
with the first hydration shell is shown in Figure 8a.

Unlike for the octamers with repeating base sequences
and regular geometry described until now, for the simula-
tions of irregular DNA geometries, such as MD struc-
tures, fragments could not be simply propagated. In this
case for each base pair or sugar-phosphate combination a
unique fragment must be chosen and subjected to ab initio
computations. Considering included water molecules from
the first hydration shell, such a fragment selection and
Chirality DOI 10.1002/chir
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their subsequent matching back to the target octamer af-
ter the ab initio calculations can be quite troublesome and
time consuming. To simplify this task, a possibility for
semi-automatic and automatic fragment selection has been
added to the MCM software®1!¥ In the latter case the
software automatically splits the large molecule into frag-
ments of specified size in such a way that bonds within
functional groups and smaller molecules (e.g., solvent mol-
ecules) are not broken.

Octamers with both regular and the MD geometries
including their first hydration shell were divided into 24
fragments of approximately equal size: 8 fragments for the
hydrated base pairs (Fig. 8b) and 16 fragments for the
hydrated sugar-phosphate dimers (Fig. 8c). Additionally,
seven larger hydrated dinucleotide fragments (Fig. 8d)
were chosen to account for longer-range interactions at a
lower level of theory.

The fragments were optimized and their atomic tensors
were calculated with Gaussian 03 software.” For the
smaller fragments (hydrated base pairs and sugar-phos-
phate dimers) the BPW91/6-31** DFT level was used,
while for the larger hydrated dinucleotide fragments only
a semiempirical PM3 method could be applied. The NMO
method® was used to preserve the original conformational
geometry of the fragments.

The transfer of the atomic tensors was performed in two
steps. First, the tensors for the dinucleotides, computed at
the lower level of theory, were transferred to the target
octamers. Then the tensors for the base pairs and the
sugar-phosphate dimers calculated at the higher DFT level
were transferred, improving the short-range interactions of
the target octamers.

The effect of the first hydration shell on the computed
IR absorption spectra is shown in Figure 9, where the cal-
culated results for the hydrated and vacuum regular DNA
models are compared with the experimental spectra of the
CGAT octamer. Inclusion of the realistically distributed
explicit solvent molecules, obtained from the MD simula-
tions, significantly improves the overall absorption band-
shape of the sugar-phosphate vibrations within 1200-800
cm L. For the first time the experimental symmetric PO5
band at 1085 cm ! and the structurally sensitive sugar
mode at 1056 cm ™! were clearly reproduced by the calcu-
lations at close wavenumbers of 1073 cm ! and 1051
em™ Y respectively, albeit the relative intensities for these
bands were predicted incorrectly. Most of other bands in
this region were also computed at close to the experiment
wavenumbers. However, there was no real improvement
over the vacuum spectrum in the C=O vibrational range
between 1700 and 1600 cm ™!, except for the slight shift of
the most of bands to the lower frequency, closer to the ex-
perimental values. Thus, the correct modeling of the car-
bonyl vibrations still remained problematic. These vibra-
tions are anharmonic, highly susceptible to formation of
strong hydrogen bonds with the solvent and other parts of
the molecule, and the polar C=0 groups strongly polarize
the environment.2>-122 All these factors apparently compli-
cate the accurate reproduction of the experimental results.
Indeed, it was shown that accounting for the anharmonic
nature of the carbonyl vibration can downshift it by as
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Fig. 8. Examples of the MD averaged octamer and fragment structures used for the atomic tensor transfer: (CGCGCGCG)*(GCGCGCGC) target
octamer with the first hydration shell (a); ab initio optimized hydrated C...G base pair (b) and hydrated sugar-phosphate dimer (c); PM3 optimized
hydrated stacked dimer (CG)*(GC) (d). Adapted with permission from Bour P, Andrushchenko V, Kabela¢c M, Maharaj V, Wieser H. Simulations of
structure and vibrational spectra of deoxyoctanucleotides. ] Phys Chem B 2005;109:20579-20587. © 2005 American Chemical Society.

much as 15-20 cm™ 11?2123 In contrast to the sugar-phos-
phate and nitrogen base C=0 spectral features, the base
ring modes occurring between 1600 and 1500 cm ™! were
negatively influenced by the explicit hydration model. The
wavenumber and the band shape of the guanine ring
absorption computed in vacuum at 1577 cm ™! almost per-
fectly corresponds to the experimental one at 1575 cm ™ L.
Close agreement is also seen for other guanine and cyto-
sine ring vibrations in this region. These results imply that
using explicit solvent models in ab initio calculations of
the nitrogen base ring modes might overestimate the
effect of water molecules on the ring vibrations. Similar
results were obtained earlier for other explicit base pair
models, e.g., in the B-Z transition modeling.?’ Indeed, the
base rings are fairly hydrophobic and on average many of
them might not be tightly bound to water molecules, thus
better approaching the vacuum results. Such an assump-
tion is confirmed by the perfect agreement of the vacuum
computations with the experiment for the poly(rA) with
highly hydrophobic adenine bases, described in the above
section.’® Perhaps, more extensive MD averaging of the
water distribution around the bases might improve the
understanding of this phenomenon.

The effect of the dynamical averaging on the calculated
absorption and VCD spectra of the CG octamer are shown
in Figure 10. The top part of the figure compares the com-
puted IR absorption spectra for the regular and MD struc-
tures of the octamer (both including the MD averaged
first hydration shell) with the experimental results. There
is an obvious improvement of the overall spectral band-
shape and the band positions for the MD averaged struc-
ture compared to the idealized canonical geometry in both
the base and the sugar-phosphate regions. Hence, most of
the calculated absorption bands can be clearly assigned

to the experimental spectrum. However, the fine interac-
tions between the bases, reflected in the VCD spectra, pro-
vide a different picture. As seen from the bottom left part
of Figure 10, the main carbonyl VCD couplet between
1700 and 1650 cm ! is predicted completely wrong for the
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Fig. 9. Experimental (bottom) and calculated in vacuum (top) and with
the first hydration shell (middle) IR absorption spectra of the octamer
(CGAATTCG)*(GCTTAAGC) along with the band assignments. The
“regular structure” of the octamer (see text) was used in the calculations.
Individual transitions are shown for the middle spectrum as red lines.
Adapted with permission from Boui P, Andrushchenko V, Kabela¢ M,
Mabharaj V, Wieser H. Simulations of structure and vibrational spectra of
deoxyoctanucleotides. J Phys Chem B 2005;109:20579-20587. © 2005
American Chemical Society.
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Fig. 10. Experimental and calculated IR absorption (top) and VCD (bottom) spectra of the octamer (CGCGCGCG)*(GCGCGCGC). The calculated
absorption spectra are shown for the regular canonic geometry (DFT/reg) and for the MD averaged geometry (DFT/MD), both with the MD-averaged
first hydration shell. The calculated VCD spectra (bottom) are shown for the MD averaged geometry (a), the regular canonical structure with the MD-
averaged first hydration shell (b) and the regular canonical structure in vacuum (c). The VCD spectra for the base (left) and sugar-phosphate (right)
vibration regions are shown separately. Adapted with permission from Bour P, Andrushchenko V, Kabela¢ M, Maharaj V, Wieser H. Simulations of
structure and vibrational spectra of deoxyoctanucleotides. J] Phys Chem B 2005;109:20579-20587. © 2005 American Chemical Society.

MD structure, having even an opposite sign compared to
the experiment. While the regular hydrated structure pro-
vides a correct sign, the best correlation with the experi-
ment is obtained for the regular structure in vacuum.
Once again, this shows that complete explicit hydration of
the bases might overestimate the water influence even on
the carbonyl base vibrations, considerably distorting very
sensitive to such interactions VCD spectra. Furthermore,
it seems that the geometrical distortions of the bases in
the MD averaged structure almost completely destroy the
correct VCD signal in this spectral range. A possible rea-
son could be that the octamer structure obtained by aver-
aging the MD trajectory might be rather unrealistic and
even further away from the real structure than the canoni-
cal geometry. Also, a deficiency and inaccuracy of the
available empirical force fields might be partially responsi-
ble for producing structures with somewhat large (for
VCD sensitivity) deviations from the experiment. Alterna-
tively, not the geometrical distortions of the bases, but
rather relatively low accuracy of PM3 method used for cal-
culations of highly important for VCD modeling inter-base
Chirality DOI 10.1002/chir

pair interactions might result in such unrealistic VCD
spectra. In contrast to the nitrogen base region, the calcu-
lated sugar-phosphate VCD spectra (bottom right part of
Fig. 10) for the MD structure agree well with the experi-
ment. In fact, the band shape of the main VCD couplet at
1062(-)/1042-1022(+) cm ' matches the experimental
couplet at 1089(-)/1072-1089(+) cm ™! the best out of all
the compared models. These results demonstrate that
while the realistically distributed explicit solvent mole-
cules might be sufficient for the faithful representation of
the main IR absorption features in the sugar-phosphate
region (cf. Fig. 9), the explicit solvent alone might not be
enough for the correct modeling of the more structure-
sensitive VCD spectra. Flexibility of the backbone and var-
iations in its configurations, provided by the MD simula-
tions, seem to contribute more to the correct description
of the coupling, from which the VCD signal arises.
Besides, the NMO method was proven again to be indis-
pensable for the spectra modeling of the non-covalently
interacting species, especially in the lower-wavenumber
region of the sugar-phosphate vibrations.
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Fig. 11. Experimental (left) and calculated (right) IR absorption spectra for seven octanucleotides with different base sequence (one strand
sequence is given): CGCGCGCG (1); CCTGGTCC (2); CGTATACG (3); CGCATGCG (4); CGCTAGCG (5); CGATATCG (6); CGAATTCG (7). Only
stacked base-pairs were used in the calculations. The example model structure is shown at the right-hand side. Adapted with permission from Bour P,
Andrushchenko V, Kabela¢c M, Maharaj V, Wieser H. Simulations of structure and vibrational spectra of deoxyoctanucleotides. J Phys Chem B

2005;109:20579-20587. © 2005 American Chemical Society.

Variations of DNA Sequence: Employing the
Continuum Solvent Model

It was interesting to test if the spectra modeling method-
ology could satisfactory distinguish between nucleic acids
with different sequences. For this purpose the computa-
tions for a series of seven octanucleotides with different
base content and base sequence was performed and the
calculated results were compared to the experimental
spectra measured earlier.*® Initially the calculations for all
seven octamers have been done similarly to the CG and
CGAT octamers, briefly described in the previous section.
Unfortunately, it was difficult to model relatively minor
spectral differences arising from the variation of the base
sequence using the described MD-based approach. These
differences were obscured by the errors introduced from
the geometry variations, position of the solvent, incom-
plete MD averaging, low level of theory for description of
the inter-base pair interactions and others. To eliminate
some of these factors, a simplified system was created. All
seven octamers were generated in a canonical B-DNA ge-
ometry with the Tinker software.®! Considering that the
backbone absorption and VCD signal virtually does not
depend on the base sequence,***>!1° the sugar-phosphate
backbone was removed and only eight methylated base
pairs preserving the original B-DNA arrangement were
retained for each octamer (an example structure is shown
in Fig. 11, right-hand side). From these simplified struc-
tures the stacked base pair dimers were selected as frag-
ments for the ab initio atomic tensor calculations. Remov-
ing the backbone and explicit water molecules allowed to

apply the DTF BPW91/6-31G** level directly to the
stacked base pair dimers, which supposedly provided an
accurate description of the short-range inter-base pair
interactions. The fragments were optimized and their
atomic tensors were calculated with the Gaussian 03 soft-
ware.%® To preserve the original B-DNA geometry for the
fragments, the optimization was done utilizing the NMO
method.?* Considering significant improvements in devel-
opment of the continuum solvent models (CPCM), the
COSMO 2412 conductor-like continuum model imple-
mented in Gaussian 03 was used instead of the explicit
hydration shell. Although the continuum model was not
found completely adequate for description of the direc-
tional hydrogen bonds,'?” its usage eliminates the prob-
lems with the solvent position averaging and overestima-
tion of the explicit solvent effects, essential for the nitro-
gen base spectra modeling, as was shown above. The
transfer of the atomic tensors was performed in a single
step from all fragments to the target octamers.

The employed procedure resulted in much better
agreement with the experiment than the MD-based
approach as it was implemented above. The calculated
and experimental spectra are compared for all the
octamers in Figure 11. For most of the sequences, band
assignment can be easily done. Relative intensities for
the peaks also agree reasonably well with the experi-
ment, especially considering that experimental spectra
consist of many overlapping unresolved bands, which
are well separated in the computations. Many experi-
mentally observed spectral changes due to variations in

Chirality DOI 10.1002/chir
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American Chemical Society.

the base sequence can also be seen in the computed
spectra. For example, experimental increase in the ring
absorption intensity at 1623 cm ™! for octamers 3 and 6
is reproduced correctly by the calculated band at 1631
cm ' Very similar experimental bandshape for the
octamers 4 and 5 is reflected in the similar calculated
spectral profiles for these octanucleotides. Only slight
dependence on the sequence was observed for the lower
wavenumber region between 1600 and 1400 cm ™! in
both the experiment and computations. It should be
pointed out that the whole envelope of the calculated
C=0 absorptions for all octamers was slightly shifted to
the lower wavenumbers (by up to 15 cm™*) compared to
the experimental spectra. Similar trend was noticed in
other calculations where the BPW91 functional was used
in combination with the COSMO solvent model.'?® This
shift might be contributed to slight overestimation of the
implicit solvent effect on the polar groups by BPW91.
We have recently found that the popular for biomolecu-
lar calculations hybrid B3LYP®® functional when used
with COSMO, results in a very similar bandshape as
Chirality DOI 10.1002/chir
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BPW91, but produces slightly up-shifted frequencies
compared to the latter, thus providing closer match with
the experimental values.®*'?® At the same time, BPW91
functional produces frequencies closer to the experiment

when used for vacuum or explicit solvent model calcula-
tions, 36:104.115,128

Refinement of a Molecular Secondary Structure Based
on the CCT Method

As was mentioned in Introduction, a combination of the
experimental VCD spectroscopy with the ab initio compu-
tations was very successful for determination of the abso-
lute configuration of small molecules, and often eliminated
the need of more expensive structural methods, such as
X-ray crystallography. While such a precision in the struc-
tural determination is not possible for large biomolecules
at the present state of the computational technologies, the
CCT method allows to get insight into many structural fea-
tures of large molecules. For example, a dependence of
the VCD signal pattern on the helical twist angle of simpli-
fied (CGC)*(GCG) base pair trimer (Fig. 12, top) was
studied.™® The starting geometry of the trimer was gener-
ated by Tinker software®! in a canonical B-form conforma-
tion. Only the strongest VCD signal arising from the DNA
nitrogen bases (1700...1500 cm™') was considered and
therefore the target system was comprised of three
stacked base pairs, while the sugar-phosphate backbone
was removed. Such a reduced system also allowed to
apply higher level of theory for the ab initio calculations.
The deviations ranging from —5° to +20° from the canoni-
cal B-form helical twist angle 1, (Fig. 12, top), were intro-
duced to the trimer using the MCM software,” thus pro-
ducing a set of trimers with different helical twists. To
account for both the CG and GC interactions®® present in
the CGC trimer and in the experimentally studied
(CGCGCGCR)*(GCGCGCGC) octamer, both (CG)*(GC)
and (GC)*(CG) fragments were selected from the target
trimers. All the fragments were optimized and their atomic
tensors were calculated with the Gaussian 03 package®® at
the DTF BPW91/6-31G** level with the COSMO implicit
solvent model. To preserve the starting geometry, the
NMO method® was again utilized. The atomic tensors
were transferred from the fragments to the target trimers
in a single step.

The resulting IR absorption and VCD spectra computed
for different helical twist angles are compared with the ex-
perimental spectra of the (CGCGCGCG)*(GCGCGCGC)
octamer in Figure 12. It is seen that deviations as large as
+15%..+20° from the canonical twist angle result in
the best agreement of the simulated spectra with
the experiment out of all tested angles. This gives a
hint that the actual solution geometry of the
(CGCGCGCR)*(GCGCGCGC) octamer, for which the ex-
perimental VCD spectra were obtained, might deviate
from the crystallographycally derived canonical B-DNA
structure, with its central part more twisted than in the
crystal structure. Although precision of such simulations
is limited and the conclusions might be somewhat specula-
tive, this example clearly shows how the CCT method
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combined with VCD spectroscopy may be applied to refine
the geometry of large biopolymers.

GENERAL REMARKS AND CONCLUSIONS

At the present time the direct ab initio description of IR
absorption and VCD spectra of biomolecules consisting of
hundreds and thousands of atoms is not feasible. How-
ever, we have shown that it is possible to overcome this li-
mitation by some complementary approaches, exploring
physical properties of the systems under study. One of
such methods, the CCT transfer technique, was success-
fully tested multiple times for computing VCD and IR
absorption response of large biomolecular systems. Based
on the locality of the VCD phenomenon, but also allowing
for a long-range propagation of the exciton states, this
method can enable spectra modeling for such large sys-
tems, almost with the ab initio precision. The method
opened up possibility to qualitatively and often quantita-
tively reproduce experimental spectra of the large nucleic
acid systems with a wide variety of structures and arbi-
trary base content and sequence. Furthermore, in some
cases it might be possible to refine the starting canonical
geometry of macromolecules so that the refined structure
results in better agreement with the experimental spectra.
It is especially appealing that the technique can be system-
atically improved in line with the developments in compu-
tational technologies and ab initio methodology. That is,
larger fragments can be subjected for direct ab initio com-
puting, more precise ab initio levels and continuum sol-
vent models can be used, dynamical and explicit solvent
effects can be included, solvent-solute interactions and
anharmonic contributions can be accounted for, etc.

However, the application of the CCT method is not triv-
ial and requires a certain amount of testing for each partic-
ular system. Thus, due to specificity of the nucleic acid
structure and building blocks, the direct transfer of the
technique as it was implemented for the peptide modeling
did not provide optimal results. Furthermore, even within
nucleic acids, different approaches might be necessary for
proper treating of the interactions within the nitrogen
bases and sugar-phosphate backbone. Inclusion of the
MD-averaged explicit solvent and dynamical effects gener-
ally improved the computed results. Yet, while the com-
plete explicit hydration shell was shown to be important
for the sugar-phosphate computations, the nitrogen base
calculations might benefit from only partial inclusion of
the hydration or, alternatively, from employing implicit
continuum solvent models such as COSMO. Dynamical
averaging was clearly important for the proper description
of the sugar-phosphate backbone flexibility, but it might
overestimate the flexibility of the bases and therefore
should be used with care, especially with the older and
less accurate empirical force fields. A proper selection of
the fragments subjected for ab initio computations is cru-
cial. Careful analysis of the short-range interactions impor-
tant for the VCD signal must be done for this. Another cor-
nerstone is the selection of a proper and sufficiently pre-
cise computational method and a basis set. As a rule, at
least DTF methods should be used, combined minimally
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with 6-31G** basis set, for the precise enough calcula-
tions of short-range interactions and faithful reproduction
of VCD features. It is known, however, that the DFT meth-
ods do not correctly reproduce the van der Waals disper-
sion interactions. Although the direct effect of the disper-
sion on VCD may be minor, its influence on the optimized
geometry might be substantial and therefore this aspect
needs to be addressed in future VCD simulations. While
the HF method and smaller basis sets might still provide
reasonable results, they are generally not advisable for the
treating of the short-range interactions due to possible arti-
facts in the computed spectra. Semiempirical methods,
such as PM3, according to our experience, should be
avoided at this stage, and might be used only for rough
estimation of weak longer-range electrostatic interactions,
extending beyond 4-5 A.?° Proper approach to constrain-
ing the original nucleic acid conformation in the fragments
during the ab initio optimization was also essential. In this
respect, the NMO method was indispensable, particularly
for the calculations of the sugar-phosphate spectra, and
proved to be generally faster and more stable for computa-
tions of non-covalently bound and weakly-interacting frag-
ments or molecules.

Despite the unarguable advantages of the CCT transfer
technique, such as high precision of the spectra modeling
and universality of the method, in some cases the empiri-
cal approaches, such as the CO model, can still provide
useful answers in a much shorter time; they are also rec-
ommended for complementary and conceptual reasons.
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