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To Jenda

,» What do you get if you multiply six by nine?"
"Six by nine. Forty two."
"That's it. That's all there is."

"I always thought something was fundamentally wrong with the universe"

(Answer to Life, the Universe, and Everything,
The Hitchhiker's Guide to the Galaxy)
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Preface

Nucleic acids (NAs) are molecules which play key role in many essential biochemical
processes in living organisms. Although the number of basic building units in
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) molecules is limited only to four
different nucleosides, the structural variation of their three-dimensional shapes found so far in
nature is astonishing." Structure and molecular flexibility of these biomolecules is usually
closely related to their specific functions. Knowledge of the structural properties which can be
nowadays acquired for the biomolecules with suitable experimental techniques and modern
tools of the theoretical modeling is indispensable for detail understanding of many elementary
biological processes; for example, the replication and transcription of the NAs or specific
recognition of these molecules and their complexes by novel drugs in the living cells.

The famous DNA double helical structure was firstly resolved by James Watson and
Francis Crick in 1953.? This essential discovery was soon followed by the structural studies of
many different NAs which significantly contributed to the understanding of their structural
variability.** The detailed and accurate structural studies of these biopolymers are, however,
still in the forefront of the contemporary science documenting thus large complexity of the
task.

While the DNA structures are rather conservative since majority of the patterns
observed in the nature include only three structural classes (A-, B- or Z-DNA), the RNA
molecules possess in this respect truly extreme structural variations. This basic structural
difference corresponds to the specific functionality of the DNA and RNA molecules. While
storage and replication of the genetic information is domain of the DNA, translation and
expression of the genetic information involves the RNA molecules. For a quite long time, the
role of the RNA was underestimated and scientific research was massively focused mainly on
the DNA. However, during the last three decades was the importance of the RNA molecules
in regulation of gene expression recognized and current RNA research is rapidly expanding.
Let us mention for example the research concerning RNA catalytic properties.” Other recent
studies unveiled many new and important aspects of RNA molecules supporting thus idea of

the RNA critical role in regulation of the life processes usually called “the RNA world”.®®
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The annually increasing number of experimentally resolved NAs structures’ ' reflects
progress of the X-ray crystallography and nuclear magnetic resonance (NMR), the two major
experimental techniques which are widely used for the molecular structure determination.
Each of the methods has some advantages and disadvantages, but the final atomic model of a
molecule established with both methods depends on the structural interpretation of measured
experimental data. This thesis is focused on the interpretation of NMR spectroscopy
parameters.

One of the significant advantages of the NMR spectroscopy is that it can be used for
probing the molecular structure in solution what, contrary to the X-ray, may correspond better

1214 The molecular structure determined with the

to the native environment of biomolecules.
NMR may utilize different spectroscopy parameters, for example: the nuclear Overhauser
effect (NOE), the chemical shift including its anisotropy, the indirect spin-spin coupling
constant (J-coupling) and the cross-correlation relaxation rates.'>'>'® The NMR parameters
generally possess different dependence on local molecular geometry, although all can provide
valuable information about the molecular conformation. For example, the chemical shifts of
'H, *C, PN, and *'P nuclei are particularly sensitive to the chemical bonding of a probed
atom. The structural information deduced from the chemical shifts is therefore pretty much
local. On the other hand, the J-couplings can be considered in this respect as a source of the
long-distance structural information since they are determined along a chain of atoms which
can be bound either covalently'? or non-covalently, i.e. across the hydrogen bond'*'*2!.
Especially the lastly mentioned type of the intermolecular interactions is fundamental for the
folding properties of NAs and their detection with the NMR can significantly improve the
quality of structural model.

The NMR spectroscopy is still limited with respect to the size of probed molecules
despite recent technical advances. The preparation of a molecular sample therefore may
include the site specific labeling with relevant nuclei in order to overcome this problem, but
the cost of such labeled sample can increase dramatically. The structural interpretation of
measured NMR parameters may become problematic when the effects of local dynamics or
specific interactions of molecular sample with solvent complicate the structural assignment.
Another complication could be the multidimensional dependence of the NMR parameters, i.e.
when the dependence of the NMR parameter on the assigned geometry coordinate is not
stable with respect to a variation of some other coordinate(s) of the conformational space.zz’23

It is therefore not surprising that the dependence of the NMR parameters on the molecular

structure of the NAs has been so far parameterized mostly empirically (i.e. on the basis of
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measured data for a priory known molecular structure) and only for rather limited number of
the spectroscopic parameters.'” The calculations with methods of computational chemistry
can therefore reliably complement the rules for the structural interpretation of the NMR
parameters which are measurable in the NAs.*** Further, the theoretical modeling of the
NMR parameters carried out for properly selected part of measured macromolecule was
shown to be well suited methodology since the obtained rules can be often applied generally
for larger systems due to the local character of the magnetic interactions.

The methods of computational chemistry used in this doctoral work, i.e. the quantum
mechanics (QM) and the molecular dynamics (MD), have nowadays become standard
techniques which often complement detail analysis of the experimental data.

This doctoral thesis is focused on the theoretical calculation of the NMR parameters,
in particular on the structural interpretation of NMR spectra measured in NAs and also on the
prediction of new parameterizations and structural dependences for some selected NMR
parameters with the goal to improve the currently used interpretation schemes.

Chapter 1 contains briefly survey of the used methodology concerning the quantum
chemistry methods and principals of molecular dynamic simulations including the basics of
theoretical NMR spectroscopy focused on selected NMR parameters.

Chapter 2 and 3 include presentation of the essential results, and conclusions obtained
during my doctoral studies.

The articles which were published during the doctoral study are explicitly attached in

the section Attached Publications.
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1. Computational Methods

1.1 Basic Principles of Quantum Chemistry

The Non-Relativistic Time-Independent Schriodinger’s equation

26-28

The main aim of quantum chemistry is solution of the non-relativistic time-

independent Schrédinger's equation

HY =EY, (1.1)

which means determination of both the wave function ¥ describing state of a molecular

system and its total energy E. The operator H is the Hamilton operator which includes in the

non-relativistic limit sum of the five terms

A

H=T +T,+V, 4V, +V, (1.2)

corresponding to the kinetic energy operator of nuclei (f’n ) and electrons (fe ), the potential
energy between electrons and nuclei (I}en) and the potential energy of electron-electron (1766)

and nuclei-nuclei (V) repulsion. These terms can be written as

Mo p2 ) #2 V N N2
T =— —V —
ZZMA - © Som “ ;;r 4rg,’
N M ZAe M M Z €
V. o= 48 1.3
;; r, 47[6‘0 ;; R, 47[50 (1.3)

where 7, j and 4, B are indices of N electrons and M nuclei, respectively. Mx and Zx are the
mass and atomic number of nucleus X, ryy is the distance between electrons x and y, Rxy is the

distance between nuclei X and Y and rx is the distance between electrons x and nucleus X.



COMPUTATIONAL METHODS 13

Born-Oppenheimer Approximation

The Born-Oppenheimer approximation is an almost universally assumed
approximation in quantum chemistry which basically utilizes the fact of different mass of
electron and nuclei. The total wave function depending on the coordinates of both electrons
and nuclei can be under such prerequisite approximated as product of an electronic and

nuclear component, i.e. the motion of electrons and nuclei were in fact separated.

Y o=0,  ® (1.4)

total — 7 elec nucl

The Born-Oppenheimer approximation can be also deduced from the respective kinetic
energy operators (Equations 1.3) by considering the mentioned mass effect. The electronic

Schrodinger equation yielding the @, wave function can be thus within the Born-

Oppenheimer approximation solved separately and the nuclear coordinates are treated as
parameters. The nuclear coordinates corresponding to the minimum of total energy E called
the optimal geometry can be found using some numerical algorithm on the potential energy

surface which is calculated as dependence of the total energy E on nuclear coordinates.

Hartree-Fock Method

The Hartree-Fock (HF) method is the most widespread ab-initio method for the
solving the Schrodinger equation (1.1). It assumes the representation of the electronic wave
function V¥ for the N-particle fermionic system in a form of single Slater determinant fulfilling
thus the anti-symmetry requirements put on the electronic wave function. The HF equations
actually form the set of N equations, each depending only on coordinates of a single electron.
The HF method can be therefore characterized as a one-electron approximation for solving the
general Schrodinger equation since each electron is subjected to the mean field created by all
other electrons. The HF equations are solved iteratively using self consistent field approach.
Computationally convenient approximation of true electron-electron interactions by the mean
field introduced for one electron in the HF equations, however, results in incomplete
description of the electron correlation effects. This deficiency can be more or less cured with
the so called post-HF computational methods which include the electron correlation, but their

applicability can be in some cases limited only to relatively small systems.
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Density Functional Theory

The density functional theory (DFT) represents theoretical approach which is similar
to the HF method, but the DFT method includes the electron correlation. In the DFT the N-
electron system is described by an electronic density p(r), instead of the wave function V.
Hohenberg and Kohn proofed that the ground state energy is uniquely determined by the
electron density p(r).”” Replacement of the wave function by the electronic density is
computationally very convenient, but the mathematical form of the electron density which is
called the exact DFT functional is not yet known. However, the functional of total energy, i.e.
the mathematical form which for given density p(r) gives the total energy E, can be always

written in this form

E[p]:J-p(r)v(r)dr+T[p]+Vee[p], (1.5)

where the first term describes the interaction of the electronic density with an external
potential v(r), the second term is the kinetic energy and the third term is the functional
describing the electron-electron Coulomb repulsion.

Major task of the DFT developers is to find accurate approximation to the exact
functional. This problem was addressed by Kohn and Sham who actually suggested
introducing HF-like wave functions to equation (1.5), used Hohenberg-Kohn theorem® and
rewrote it as a set of N one-electron equations in full correspondence with the HF method.
Kohn-Sham’s equations then contains only one term which was unknown — the exchange-
correlation potential Vxc, which cover exchange and correlation effects and which is not
included in other terms. Exact V’xc is not known, therefore approximation are used.

Because the number of currently available DFT functionals is nowadays truly large we
would like to mention here only the three following classes. The local DFT functionals
depend only on the electron density (LDA — local density approximation) while the non-local
DFT functionals depend also on derivatives of the density (GGA - generalized gradient
approximation, e.g. BLYP or PBE functional). Actual overall performance of the pure DFT
functional suggested so far was usually not satisfactory. Further improvement of the two
mentioned DFT functionals was achieved by mixing the pure DFT approach with the HF
theory which led to the so called hybrid functionals (e.g. B3LYP).
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In this doctoral thesis the DFT approach was extensively used namely for obtaining
the optimal molecular geometries and NMR parameters which were calculated mostly with
the B3LYP functional The geometry optimization was mostly done with the 6-31G** basis
set while the calculations of the NMR parameters were done with the atomic basis Iglo II and
Iglo III which were specially designed for NMR properties calculation. The DFT calculations

were done with the Gaussian 03 program package.”

1.2 Classical Molecular Modeling

The methods of classical molecular modeling (MM) are based on time propagation of
particles in space on the basis of the Newton’s laws. The MM methods represent a powerful
tool for simulating the structural properties of large molecular systems with full biochemical
relevance that can be otherwise hardly calculated with the first principle QM methods. Total
energy of a simulated system in each step of the MM calculation depends critically on the
force field (FF) parameters. The FF generally models different kinds of forces acting on
particles involved in specific type of bonding in a molecule. The FF parameters therefore
particularly correspond to the stretching of bonds including variation of bond and torsion
angles as will be discussed below. This approximation concerning the basic structural
behavior of molecules considerably reduces the computational requirements for calculating
the dynamical properties of many-particle systems which can be even embedded in the
explicit solvent. On the other hand the quality of the FF is probably the most critical point as

regards the accuracy and reliability of the simulated behavior of molecules.

Molecular Mechanics

Molecular mechanics is the method for calculating energy of a system for given
configuration of particles interacting via FF. It can be used for obtaining the optimal
molecular geometry and for calculating energy and its derivatives in every time step of MM
simulation. The total energy V of a system is calculated as a sum of contributions describing
the potential energy of bond stretching, angle bending, bond rotation, and other terms

corresponding to the Van der Waals and Coulombic interactions.
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V: Z Estretch+ Z Ebend+ Z Ewmion-l-ZEZ?W-l-ZEfj-i-,” (21)

Bonds Angles Torsions i<j i<j
o

Vo
BONDED NONBONDED

Individual terms of the potential energy V corresponding to the bonding and non-bonding

interactions can be approximated by the following simple analytical functions.

Analvtical functions describing the bonding terms of the potential energy V

1

Ei -y

.

stretch _ k ; (

en Ii 2.2)
Eib = 5(®i _®i,0 )2

Eitorsion — %(] + COoS |:n (G)i —w, ):|)

Magnitude of the force constants ki and /; reflects stiffness of bond and angle bending,
respectively. V; is the barrier of the torsion rotational potential with periodicity ». rio, ®;o and
wi o are the equilibrium values of bond length, angle and torsion angle, respectively. All these
FF parameters are either fitted to some experimental data or calculated with some QM
method. The 7, ®; and ®; variables of the potential energy corresponding to the bond length,
valence angle and dihedral angle. These basis FF parameters are often complemented by other
parameters describing for example the deviations of one atom from the plane defined by other

three atoms called the improper torsion angle.

Analvtical functions describing the non-bonding terms of the potential energy V'

g _ 44,
ij
ATEq T 22)
12 6
B —ag|| 2| | 2
"/ r r
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The Coulomb term describes the interaction between two particles with charges g; and g;
where g is the permittivity of vacuum. The Van der Waals interaction is usually describe by
Lennard-Jones potential where ¢ is the depth of the potential, o;; is the distance between atoms

i and j (at which the interatomic potential is zero), r;; is the distance between atoms i and ;.

Molecular Dynamics

The method of molecular dynamics (MD) is used for calculation of dynamical
behavior of molecules in time including calculation of the thermodynamic properties like
pressure, temperature and volume of particles in modeled system. The evolution of particles

in time is described with the MD equations which are based on the classical Newton’s
equations of motion. A force 13, acting on a particle i can be computed directly from the

derivative of the potential energy V with respect to the coordinates r;

dZIj,; B ﬁ;(fi);’;,...,?N) __La_V
o - e 23)

1

where m; is mass of a particle and 7; is its position. The equations (2.3) are solved with some
numerically algorithm. All numerical algorithms are based on Taylor expansion of
coordinates, velocities and forces in time. The initial velocities and accelerations in the first
step of MD simulations are set randomly according to the Maxwell-Boltzmann statistics for
given temperature. The coordinates, velocities and accelerations in each step are calculated
from their magnitudes in the previous step. The set of coordinates and velocities obtained
during computation is called a trajectory.

The statistical ensembles used for the MD description of many-particle system may
differ depending on which of the state variables is kept fixed during computation. Among the
most commonly used are the NPT (constant number of atoms/ions, pressure and temperature),
NVT (constant number of atoms/ions, volume and temperature) and NVE (constant number of
atoms/ions, volume and energy) ensemble. Particular choice of the statistical ensemble
depends on character of the problem. For example, in projects including in this doctoral thesis
we used the NPT statistical ensemble in MD simulations for the dynamical properties of RNA
dinucleoside monophosphates (DMP) at room temperature. The structure of the RNA

molecules was relaxed and equilibrated in the solvent modeled with explicit water molecules
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prior the 50 ns MD simulations carried our with the Amber Molecular Dynamics Package,

version 8,”' using the AMBER parm99°” FF.

1.3 Nuclear Magnetic Resonance

The nuclear magnetic resonance spectroscopy (NMR) is the experimental
spectroscopy technique which probes the relaxation properties of atomic nuclei having the
non-zero nuclear spin by applying the external magnetic field. Since the local magnetic field
experienced by the nuclear magnetic moments reflects specifically the chemical bonding and
structural arrangement of atoms in molecules the NMR spectroscopy can be used for
determining the molecular structure. NMR spectroscopy is probably the only spectroscopy
which currently allows real atomistic resolution of molecules in liquid phase what is

indispensable for the biomolecular research.

The Nuclear Spin

Relaxation properties of the nuclear spin are in a forefront of experimental NMR
spectroscopy. Various well elaborated NMR pulse sequences must be applied in order to
measure different NMR parameters. The physical model of NMR measurement basically
corresponds to the probing of nuclear spin quantum states with the external magnetic field.
Since the scope of this doctoral thesis is limited to the calculations of NMR parameters we
would like to mention only some of the important aspects of experimental NMR which are
anyway related to the topic because our calculations were done also in joint collaboration with
experiment.

The nuclear spin of different atoms and their isotopes can be either integer or half
integer positive number. The nuclei with spin 2 are of major importance in the experimental
NMR spectroscopy because their spectral pattern is the simplest pattern which can be
achieved. The NMR assignment of such spectra is relatively easy since other nuclei with the
larger spins can make interpretation of NMR spectra less straightforward due to the
complicated multiplet patterns which usually overlap. Biomolecules consist mostly of the
hydrogen, carbon, nitrogen, oxygen and phosphorus atoms. Natural abundance of the 'H and
3P isotopes is 100%, but in the case of °C and "N isotopes it is only 1.1% and 0.4%,
respectively. The difficulties with sensitivity of molecular sample can be overcome by its

labeling with relevant isotopes, but actual price of the labeled molecules increases.
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Let us finally mention that the QM computations of NMR parameters are not based on
any theoretical model manipulating with the nuclear spin as actually happens in the NMR
experiment by irradiating molecular sample with the external magnetic field. The magnetic
field produced by electrons which can be modeled in a framework of QM methodology and
the nuclear magnetic moment or the external homogenous magnetic field are treated as
perturbation parameters are however in full correspondence with the physical basic of the

NMR.

Chemical Shift

Total magnetic field at the site of the nuclear spin including the external homogenous
magnetic field, the magnetic field created by circulating electrons and the field produced by
other neighboring nuclear spins basically affect the relaxation properties of the nuclear spin.
Different kind of the chemical bonding or geometry changes resulting in different local
magnetic field created by variation of the electronic structure makes the shift in frequency of
the nuclear spin resonance. We say in such case that the nuclear spin is shielded differently in
the different local magnetic fields. The chemical shift is calculated as difference between the
shielding of the reference and actually probed nucleus.

The chemical shielding & is the tensor property since it couples the two vectors of the
homogenous magnetic field BO and the nuclear magnetic moment / to the energy

contribution. The components of the chemical shielding tensor can be calculated with the QM

methods as the second partial derivative of the total energy including the magnetic

interactions described by the magnetic Hamiltonian H , with respect to the B,and I .
o <‘P a1, ‘P>
ol 0B,

G=—

3. 1)

The trace of shielding tensor is invariant to any translation or rotation of the coordinate

system. The isotropic chemical shielding is defined as a one third of this invariant

o, = %(O'xx to, + O'ZZ) (3.2)
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where oj; are the diagonal elements of the shielding tensor, corresponds to the value averaged
over the isotropic motion of a molecule. The calculated isotropic value of chemical shift can
be directly compared with the value measured in liquid phase, however, the individual

components of the shielding tensor can be also measured in the solid state NMR experiment.

Indirect Spin-spin Interaction

Interaction of two nuclear spins mediated by the electronic system of the molecule is
called the indirect spin-spin coupling or the J-coupling. In NMR experiment such interaction
causes the line splitting into doublets, triplets or even higher multiplets in dependence of

multiplicity of the two-spin system.
The J-coupling is also tensor property since it couples the I ; and I + Spins and can be

calculated as the second partial derivative of the total energy including the magnetic

interactions.

A

o <‘P 28

ol 01,

¥)

¢

jk =7 (3.3)
Similarly as the isotropic NMR shifts the isotropic value of the J-couplings (calculated
in the same way) can be directly compared with the J-couplings measured in liquid phase.
Magnitude of the J-couplings can provide useful information about the molecular structure
along the spin-spin coupling pathway. This is often utilized in studies dealing with the
molecular conformations. The three-bond J-coupling (*J) assigned to the respective torsion is
frequently used determining the angle magnitude. The dependence of *J-couplings on torsion
angle was firstly analyzed by Martin Karplus in 1963 on the basis of series of the Fourier

coefficients truncated after the third term.™

*J(X -Y,0)=Acos’ (0—¢@)+Bcos(6—¢)+C (3.4)

Such parameterization of the *J-couplings between atoms X and Y depending on torsion angle
0, where 4, B and C are the amplitudes and ¢ is the phase shift is called the Karplus equation.
For the J-couplings between atoms separated by » bonds is used the "J(X-Y) notation,

while for the spin-spin interaction of atoms linked by a non-covalent contacts is usually used

the "J(X-Y) notation.
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The NMR spectroscopy parameters in this doctoral work were calculated using the
coupled perturbed DFT (CP-DFT) method””** with the B3LYP DFT functional. This
method was found previously to posses the best overall performance among the other
commonly used DFT functionals. The two atomic basis sets Iglo II and Iglo III*® designed
specially for calculating the NMR properties were used. Water solvent effects on NMR
parameters were modeled with the polarized continuum model (PCM).”” The calculations
were carried out with the mention methods as they are implemented in the Gaussian 03

program package.”
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2 Results

Main topic of this doctoral thesis concerns the calculation of NMR parameters in RNA
molecules carried out for the individual NA bases, dinucleoside fragments of RNA molecules
and also for the nucleobases interacting via hydrogen bonds with nucleosides. Other
subprojects treated during the doctoral studies are shortly listed at the end of this paragraph.

The RNA molecules are similar to the DNA ones as regards the composition of basic
unit — the nucleoside. Both molecules actually contain the same backbone part linking the
sugar units of the two neighboring nucleosides which is shown in Figure 1. The two structural
differences between the RNA and DNA molecules are: 1) the 2°-hydroxyl group of the ribose
sugar in RNA while DNA has the deoxy-ribose sugar, 2) different set of nucleobases in RNA
(adenine, guanine, cytosine and uracil) and DNA (adenine, guanine, cytosine, thymin).
Schematic sketch of all RNA bases is shown in Figure 1 including the numbering of atoms
and definition of the torsion angles. The mentioned differences in composition of RNA and
DNA molecules induce large conformational variability of RNA molecules in comparison

with DNA molecules.

The results of this doctoral thesis are presented in separate chapters as follows.

The first part contains the results of QM calculations of J-couplings in the sugar-
phosphate backbone of RNA and DNA dinucleosides carried out for a wide variety of the NA
backbone conformations which were found in crystals of ribosomal RNA.* Five different
ribosomal structural classes of backbone were further used as the starting patterns for MD
calculations of the ApA, ApC, CpA and CpC RNA dinucleosides in order to model their
specific dynamic behavior.*® The dynamical structural information obtained for the backbone
and glycosidic torsion angles were used for calculating of the dynamical averages magnitude
of J-coupling including the molecular flexibility.

In the second part we present the results of QM calculations focused on correlation of
the °J and 'J-couplings with geometry parameters of the glycosidic torsion angle in
guanosine.” New parameterizations of Karplus equations included several structural and

solvent effects.
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The third part of the Results presents trans-hydrogen bond J-couplings calculated in
the complexes of RNA nucleobases and nucleosides belonging to the cis and trans-Watson-

Crick/Sugar Edge base pair family.*'

Other subprojects of the doctoral studies were also focused on calculations of the
molecular properties; in particular, the calculations of the °C and "N magnetic shielding
anisotropy in DNA nucleosides™ spectral properties of the selected pigments in various
photosystems*' and dependence of NMR parameters in the L-alanyl-L-alanine peptide®*. The

corresponding publications are also attached to this thesis.

Guanine

Cytosine

O  Uracil

Figure 1: Chemical diagram of the RNA molecule with the indicated 5°—3’ direction of the
backbone and numbering of atoms in the sugar-phosphate backbone (red) and nitrogenous
bases (blue). The torsion angles are defined in the standard way (green Greek letters): a =
03’-P-05°-C5’, p = P-O5-C5-C4’, y = 05°-C5°-C4°-C3’, 6= C5’- C4°-C3°-03", & =C4 -
C3’-03’-P, { = C3°-03°-P-05’, y = 04°-C1’-NI-C2 for the pyrimidine base (cytosine and
uracil) and y = O4’-C1°-N9-C4 for the purine base (adenine and guanine).
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2.1 Dependence of Nuclear Magnetic Properties on
Structure of Nucleic Acid Backbone

The 3°-5’-dinucleoside monophosphate (DMP, N-p-N, where N is nitrogenous base, p
is phosphate link, Figure 2) was chosen as a reliable model compound for this theoretical
study of conformational dependence of NMR parameters in the NA backbone. From the
structural point of view, the DMP represents the smallest fragment of RNA that has still the
key chemical and structural features of the NAs. The repetitive DFT calculations of NMR
parameters for this quite large molecular fragment can be done still in reasonable time.
Structure parameters of the DMP molecule (Figure 2) include all torsion angles used for

description of NA backbone (Figure 1).

Figure 2: The RNA ApU dinucleoside monophosphate. The 5’-end and
3 ’-ends of the DMP were terminated by hydroxyl group at carbon C5’
and carbon 3°, respectively (numbering of atoms are shown in Figure 1).
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2.1.1 Quantum Chemical Calculations of J-couplings

The J-couplings were calculated between the *'P, °C and 'H nuclei with DFT method
(B3LYP, IgloIIl, PCM implicit solvent model, for the details see Ref* '°) in 16 representative
conformers of the RNA backbone and the J-couplings were assigned to respective backbone
torsion angles. Interestingly, the conformations of backbone in ribosomal RNA has been

shown to cluster only in relatively small number of classes, ***

so the systematic scanning of
the conformational space of backbone torsion angles was not necessary.. The backbone of the
DMP is described by seven torsion angles (Figure 1 and 2): a, B, v, €,  and 0 torsion angle of
the two ribose units. The selected RNA conformational classes (Table 1 in Ref*’) cover all
important backbone topologies with high populations found in the tracked ribosomal
subunit.*? The selected RNA classes used for the calculation of NMR parameters cover also
different mutual topologies of nucleobases including the bases in stack geometry, parallel
bases, perpendicular bases, bases lying in platform, and the completely open structure without
any overlap of nucleobases. The twenty different J-couplings calculated cover majority of the
J-couplings which can be measured in the NA backbone. Assignment of the modeled J-
couplings includes all backbone torsion angles (Table 1). This theoretical study showed that
the backbone J-couplings can be accurately and reliably interpreted since the theoretical data
basically agree with number of measured J-couplings available in the literature. Further, the
set of relevant J-couplings determined along the NA backbone can be used for discriminating
among different conformational classes, i.e. each individual RNA backbone conformation
posses its specific “NMR fingerprint”.

Geometry of the structural models taken from X-ray database was firstly relaxed using
the optimization procedure with the Amber program package with fixed backbone torsion
angles in order to keep the overall conformation of the NAs classes. The J-couplings were
calculated using the CP-DFT method with the B3LYP functional and with atomic basis set
Iglo II and Iglo III.
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Table 1: The NA’s backbone torsion angles and the J-couplings with which were
correlated (for atom numbers and labeling of torsion angles see Figure 1).
Numerical index of the J-couplings indicates a number of the bonds between the

coupled nuclei.

NAs torsion angle J-coupling

a, 03°-P-05°-C5’ *J(P-C5)

B, P-05-C5°-C4’ 3J(P-C4%), *J(P-H5%), *J(P-H5"")

v, 05’-C5’-C4’-C3’ 3J(H4’-H5"), *J(H4’-H5""), *J(C5’-H3"), 2J(C5°-H4"),
2J(C4’-H5), 2J(C4’-H5""), *J(C5°-H3"), *J(P-H4"),
4J(P-C3”)

8, C5°- C4’-C3°-03’ 3J(H3’-H4%), *J(H2’-H3"),

g, C4’-C3°-03’-P SJ(P-C4%), *J(P-C2”), *J(P-H3")

¢, C3’-03°-P-05° 2J(P-C3)

2, O4-CI’-N1/9-C2/4  J(C6/8-H1"), *J(C4/2-HI")

At first, according to our results, the classification of the torsion angles were done.
The distribution functions calculated with MD for backbone torsion angles correspond well to
the distributions resolved with X-ray in ribosomal RNA.* Hence, the backbone torsion angles
in the DMP can be divided according to the shape of their distributions into two groups: a)
torsion angles with bi- and trimodal narrow distributions (“sharp” torsion angles; a., v, d), and
b) torsion angles with wide distributions (“soft” torsion angles; B3, €, £). This classification of
the torsion angles with notation “soft” and “sharp” also used in our publication® reflects the
width of rotational potential and stiffness of torsion angle rotation.

The different shape of the distributions calculated for backbone torsion angles showed
to have an effect on magnitude of the calculated J-coupling. It was mostly exhibit in splitting
of the calculated magnitudes of the J-couplings (Figure 3). For one magnitude of torsion angle
J-coupling differs about 1 Hz in some regions. Dependence of the J-couplings on the structure
can be then describing by more Karplus curves. This multidimensional dependence on the
given torsion angle which was calculated for several J-couplings: v, € and B (see Figure 2 in
Ref.?). For example, the calculated J-couplings differ by 1-1.5 Hz for the *J(P-C3’) and
3J(C5°-H3") couplings and 2.3 Hz for the *J(P-H5") coupling (Figure 2 in Ref.”, Figure 3),
assigned to the torsions y and B. Their dependence on the assigned torsion angle is
systematically perturbed by the variation of neighboring torsion angles — the torsion angle 3
was affected by the torsion angle o, and the torsion angle y was affected by the torsion angle 6

which had strong correlation with sugar pucker conformation.
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144

Figure 3: Modulation of the calculated J(P-H5’) coupling [Hz]
assigned to the torsion angle [ [°]due to variation of the
neighboring torsion angle «. Calculated for the three amplitudes
of a torsion angle: black (= 70°), red (a = 160°), and blue (a =
300°) stars including the empirical Karplus curves: solid (Ref"),
dashed (Ref*), and dotted (Ref") line.

Generally, each of the “sharp” torsion angles embodies non-negligible affecting to the
neighboring “softer” torsion angle. The variation of the “sharp” torsion angle affected the
magnitudes of the J-couplings and modulates the Karplus curve assigned to the “soft” torsion
angle (Figure 2 in Ref.”’, Figure 3). According to this mutual torsional affection, a protocol
for a step-by-step assignment of the torsion angles in the NA backbone from the J-coupling
measurements was proposed (schematically in Scheme 1). The “soft” torsion angles are
labeled by letter w as they have wide torsional distribution, and the “sharp” torsion angles are
termed by a number which describes how many peaks occurring in their structural
distributions (2: bimodal, 3: trimodal). Arrows in the scheme indicate the direction of the
neighboring affecting. According to the aforementioned protocol the “sharper* torsion angles

should be assigned first.

Scheme 1:
3 W 3 2

2 W W
o> & - ¢ - a > B -y < 0
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In addition, this influence of the “sharp” torsion angle is stepped. Although torsion angle y is
also from the “sharp” group, it is modulated by the torsion angle 6, whose distribution is

narrower then y distribution. The effect of the torsion angle B is shown here for the *J(P-C3”)

coupling (Figure 4).
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Figure 4: The calculated *J(P-C3’) couplings [Hz] assigned to
the torsion angle y[]. The clustering of calculated J-
couplings correlates with two different magnitudes of the
neighboring torsion angle & which corresponds to the sugar

pucker, empty stars (C3 -endo) and filled stars (C2 ‘-endo).

For each torsion angle, at least one J-coupling was calculated however several J-
couplings were mostly calculated for one torsion angle. For some of them, our calculations
showed other possibility how to determine the torsion angle region. For example, the three
main intervals of y torsion can be determined only on from the sign of relevant J-couplings:
see the Table 6 including the signs of the *J(C4’-H5"), 2J(C4’-H5""), *J(C5°-H4"), *J(P-C3’)
and *J(P-H4") couplings in Ref™.

The theoretical data obtained for the *J-couplings assigned here to the torsion angles a.
and ( showed the possibility for the determination of their magnitudes since the o and
€ torsion angles cannot be otherwise determined due to the lack of nuclei relevant for NMR
measurement (Figure 1). The calculated *J(P-C5’) and *J(P-C3’) couplings were correlated

with the a and C torsion angles. All possible combinations of the three conformational regions
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available for each torsion angle were explored. The calculation showed that the *J(P-C5”) and
2J(P-C3’) couplings can be used for discriminating between the gauche (+/- 60°) and trans
(180°) conformers due to the change of the “J-couplings ranging 2-3 Hz. Together with the
commonly accepted constrain excluding simultaneous occurrence of the o and { torsion angle
in the trans region the calculated data showed the possibility for better detection of the
backbone conformations in the vicinity of the phosphate group.

The calculated J-couplings correlate well with available experimental data from the

. 45-
literature. +>°

The effect of solvent on calculated NMR parameters was calculated with several
models of aqueous solvents in the B-DNA DMP molecule. This backbone pattern possess
well characterized first hydration shell in the solid state which was used for modeling the
explicit hydration shell of the phosphate group which consisted of six water molecules. The
performance of the explicit hydration was fully comparable with the PCM one (the calculated
differences of all J-couplings were smaller than 2.2 Hz). This fact validates good overall
performance of the PCM hydration model which was actually used calculations of the J-
coupling in RNA backbone patterns.

Although the NMR properties are generally considered to possess local nature we
performed the test calculations in order to estimate the effect of nitrogenous bases on the
calculated backbone J-couplings. The calculated backbone J-couplings without and including
nitrogenous bases differed less than 0.5 Hz what validates replacement of nitrogenous bases
by methyl groups in actual calculations.

The effect of size of the atomic basis set on the J-couplings was estimated for the
method including PCM hydration and the structural model with nitrogenous bases substituted
by methyl groups. The difference between the J-couplings calculated with Iglo II and Iglo III
basis were smaller than 0.6 Hz, so the effect of atomic basis is comparable with the error due
to the substitution of the nitrogenous bases by the methyl groups and both effects on J-

coupling magnitudes are smaller than the hydration effect.

2.1.2 Molecular Dynamic Simulations of the DMP Molecules

To understand the function of the RNA molecules and determine the RNA folding, the
dynamical information is needed. By including the molecular dynamic in description of the

NA backbone the interpretation of measured J-couplings also brings this important aspect of
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molecular flexibility. The dynamical information concerning the RNA backbone was captured
using the classical MD calculation method.

The MD calculations were performed for ApA, ApC, CpA, and CpC RNA molecules.
We note that the 3’- and 5’-end of the DMP molecules are not equivalent (Figures 1 and 2).
The four RNA dinucleosides are therefore structural models which are relevant for the study
of relations between various backbone topologies and base stacking due to the complete
sequential permutations of the purine (adenine (A)) and pyrimidine (cytosine (C))
nucleobases. The combinations of the A and C nucleobases were selected on purpose because
their different ability for the base stacking can be expected.

For each DMP molecule we selected five different structures as starting structures in
subsequent MD calculations in order to sample better the conformation space, two A-RNA
classes and three unstacked DMP conformers. The starting structures in MD simulations
cover variation of all important structural features including the backbone angles, base-
stacking arrangement and sugar pucker conformation. All twenty initial models (5 different
conformers combined with four different sequences) were hydrated in the box of explicit
water molecules modeled with TIP3P model of water, equilibrated using the standard
procedures with Amber program package. The MD calculations were carried out with the
periodic boundary conditions, temperature of 300K and cut off 10 A (For more details see
Ref™). Simulation time was 50ns for each of the five patterns of the four DMP molecules.

The backbone torsion angles in MD simulations posses exchange among their typical
amplitudes occurring on time scales which are specific for each torsion and motions of some
torsion angles are coupled. The typical time scales can be related to character of torsion
angles in Scheme 1, oscillations of the torsion angles o, y and C occurs on a scale of tens ns
(“10” in Scheme 2) while for the angle o it was roughly 1 ns (“1” in Scheme 2). The motion
of the two ribose units in the DMA molecules is not the same since the 3°- and 5’-end are not
structurally equivalent. The faster oscillations were calculated for the 5’-end (f in Scheme 2).
The oscillations of torsion angle [ can be classified as well confined around its trans

orientation and the corresponding distribution function is unimodal.

Scheme 2:
1 1 10 10 konst. 10 I
S —¢ - ¢ —a - B -y -
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The motion of a, y and  torsion angles is strongly correlated since the concerted flips
between their typical values were actually calculated. Each of the three torsion angles has, in
principle, a trimodal distribution, but only certain combinations of their amplitudes were
calculated. Only two of these combinations were populated massively in the MD simulation,
the a-y-C triad with magnitudes 300°-60°-300° and 60°-180°-60° were populated during the
52% and 19% of simulation time (Table 2), respectively, where the first corresponds to the
canonical A-RNA. The first triad corresponds to the canonical A-RNA backbone pattern.
Other triads had a fast oscillatory character, and their overall residence time was practically
negligible (Table 2).

The base stacking interaction contributes to the stability of NA molecules. The base
stacking geometry was classified by the complex geometry criteria for mutual orientation of
adjacent nitrogenous bases (for more details see Ref*™). Then the base-stacking ration was
evaluated as the number of snapshots having a geometry corresponding to the stacked bases

relative to the total number of snapshots accumulated along a given trajectory (Table 2).

Table 2: The observed conformations of the o-y-¢ structural segment, their
calculated population in MD time [%] and relevance of this triad to the
stacking [%] calculated from time component.

c o Y Population  Relevance to stack
300° 300° 60° 52 72
60° 60° 180° 19 68
60° osc. 60°...180° 60° 11 3
60° 300° 60° 8 55
60° 60° 60° 6 18
300° 300° 180° 2 -
300° 60° 180° 1 -
300° 60° 60° <1 -
300° osc. 60°...180° 180° <1 -
180° 300° 60° <1 -
180° 60° 60° <l -

The a-y-C segment is very important part of the RNA backbone since the magnitudes
of the torsion angles are strongly coupled and the corresponding motions are therefore
concerted. A correlation between geometry of the a-y-C segment and the base stacking in the

DMP RNA molecules calculated using the MD simulations showed strong coupling of the
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300°-60°-300° and 60°-180°-60° segment pattern with high ratio of the base stacking geometry
which was 72% and 68%, respectively. Others geometries of the a-y-C segment which were
also calculated do not showed such high correlation with bases in stack geometry (Table 2).

The calculated ratio of base stacking was correlated with the sequence of bases in the
four DMP molecules and effect of five initial conformations on overall behavior during the
individual 50 ns MD simulations was also evaluated. The calculated base-stacking ratios
actually depended on both aspects. However, the effect of sequence on stacking of
nucleobases in the four RNA molecules calculated in this study was large. The calculated base
stacking ratios were 64-75%, 2-67%, 65-77%, and 24-75% for the ApA, ApC, CpA, and CpC
RNA molecule, respectively. The ranges correspond to the effect of initial structure on
calculated base stacking ratio. According to the MD calculations the adenosine at the 3’ end of
the DMP molecule stabilizes the stacking geometry regardless the kind of nucleobase at the 5’
end. This conclusion is agreement with the MD study by Norberg and Nillson.®® Each of the
five MD simulations for one DMP molecules starting with different structural pattern had
effect on overall behavior calculated during the 50 ns trajectory. Especially for the a-y-
€ segment where the torsion angles exchanged their magnitudes on the time scale of tens ns
the overall populations of the torsion angles depended on starting

The J-couplings assigned to the backbone and glycosidic torsion angles (Table 1) were
calculated as dynamical averages using the distribution functions calculated from the MD
trajectories for the torsion angles and the respective Karplus equations.'>'>***%! In some
cases when more parameterizations of the Karplus equation for one J-coupling are known we
used the averaged Karplus equations. The dynamically averaged J-couplings correlated with
the measured values are in good overall agreement. For purpose of description of the
deviation of the calculated values from the experiment can be grouped according to a J-
coupling type. The absolute average deviation of the calculated J-coupling from the
experiment value was 0.4, 0.6, 1.6, 1.0, and 1.1 Hz for the “J(P-C), *J(P-C), *J(P-H), *J(H-H),
and *J(C-H) couplings, respectively. The theoretical calculations of the J-couplings indicated
that obtaining the complete structural and dynamical information for backbone and glycosidic

torsion angles for highly flexible RNA molecules is possible.

" The DMP molecules were synthesized and NMR measurements were performed at Institute of Organic
Chemistry and Biochemistry, v.v.i., Academy of Science of the Czech Republic
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2.2 J-couplings Around the Glycosidic Torsion Angle in
Guanosine

Magnitude of the glycosidic torsion angle y (Figure 1) reflects the orientation of
nucleobases with respected to sugar. This structural information is very important for
determination of the global topologies of the NA. Dependence of the *J(C8-H1") and *J(C4-
HI’) couplings on the glycosidic torsion angle was calculated in the guanosine (rG) and
deoxy-guanosine (dG) molecules taking into account other structural effects like sugar pucker
conformation including the effect of solvent. The 'J-couplings 'J(C1>-H1’), 'J(C2’-H2"),
'J(C2°-H2°2), and 'J(C8-H8) were also calculated in order to analyze their dependence on the
glycosidic torsion.

The computational study of the six J-couplings was focused on the following
dependencies and effects which may influence magnitude of the J-couplings: 1) dependence
on the glycosidic torsion angle, 2) effect of B- and Z-DNA backbone conformation, 3) effect
of the ribose/deoxy-ribose, 4) effect of the sugar pucker, 5) effect of solvent and 6) effect of
the base pairing in non-WC RNA base pairs (the non-WC base pairs are discussed in the
following section).

The *J(C8-H1’) and *J(C4-H1’) couplings possess dominant dependence on the
glycosidic torsion angle since the spin-spin coupling pathway mostly coincides with the
torsion. This dominant dependence can be however, modulated by other structural parameters
like the parameters mentioned above. Firstly we fitted the Karplus equations (Equation (3.4))
for the two J-couplings with the calculated data which covered the full rotational freedom of
the torsion angle y. The phase shift ¢ (Equation (3.4)) which is usually constrained'” was also
included in the fitting procedure as free parameter. In agreement with Munzarova et al.*', who
firstly used the flexible phase shift for this assignment, was obtained the ¢ shift larger by ~10°
(Tables 3 and 4) what significantly differs from its commonly accepted value of 60°."?

The parameterizations were done for new structural assignments of the *J(C8-H1”) and
3J(C4-H1") coupling. The *J(C8-H1") coupling was assigned to the x* torsion (H1’-C1’-N9-
C8) which actually corresponds to the spin-spin coupling pathway.” The torsion angle x*

corresponds exactly to the torsion angle y only providing the exact planarity of the nucleobase

" We calculated the Karplus equation for the *J(C8-H1°) coupling assigned to the torsion angle ¥ which includes
the correction term for the deviations from planarity of the nitrogen N9 of nucleobase (The work is specified as
“in preparation” in the list of publications.).
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at nitrogen N9 (Figure 1). The 3J(C4-H1) coupling was assigned to the y torsion. The same

assignments were actually used previously by Munzarova et al.%!

Table 3: The calculated A, B, C parameters [Hz] and the phase ¢ [degree] of the

Karplus equation for the *J(C4-H1’) coupling.

Nucleoside A B C 0]

B-DNA, C2’-endo, gas phase 3.68 1.87 049 70.44
B-DNA, C3’-endo, gas phase 3.66 1.84 041 71.11
B-DNA, C2’-endo, implicit water 382 199 0.60 69.71
B-DNA, C3’-endo, implicit water 3.82 195 0.53 70.56
Z-DNA, C2’-endo, gas phase 3.82 1.85 042 70.62
Z-DNA, C3’-endo, gas phase 3.61 1.78 0.45 68.26
A-RNA, C2’-endo, gas phase 3.50 1.73 0.51 70.09
A-RNA, C3’-endo, gas phase 3.86 1.83 041 71.68

Table 4: The calculated A, B, C parameters [Hz] and the phase ¢ [degree] of the

Karplus equation for the *J(C8-H1’) coupling.

Nucleoside A B C 0]

B-DNA, C2’-endo, gas phase 444 -0.60 0.29 68.89
B-DNA, C3’-endo, gas phase 475 -1.09 0.18 69.90
B-DNA, C2’-endo, implicit water 457 -0.77 0.39 68.92
B-DNA, C3’-endo, implicit water 496 -1.30 0.29 6931
Z-DNA, C2’-endo, gas phase 434 -0.71 031 67.58
Z-DNA, C3’-endo, gas phase 4.57 -1.07 037 67.40
A-RNA, C2’-endo, gas phase 434 -0.66 027 69.71
A-RNA, C3’-endo, gas phase 512 -1.22 0.14 73.06

The effect of sugar pucker on calculated dependence of the *J(C8-H1’) coupling was

larger than that obtained for the *J(C4-H1’) couplings. The variations in magnitudes due to

different sugar pucker were smaller than 0.4 and 0.8 Hz for the *J(C4-H1") and *J(C8-H1")

coupling, respectively. The sugar pucker effect was dominant in both syn and anti region

while it was practically negligible for the glycosidic torsions between the two regions. The

same trend as was calculated for the B-DNA nucleoside was actually obtained for the Z-DNA

nucleoside and remained the same even when the PCM model of water solvent was applied

(see Figures 4 in Ref").

The application of the PCM solvent model led to the increase of both *J(C8-H1") and
3J(C4-H1") couplings ranging from 0.1 to 0.4 Hz, respectively. The effect of solvent led to

the increase of the A and B coefficients in the new parameterizations of both Karplus curves

(Tables 3 and 4).
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The base pairing interactions were modeled with the WC/SE RNA base pairs. The
WC/SE base pairs consist of nitrogenous base interacting non-covalently with other
nucleoside in the close vicinity of its glycosidic bond, 1.e via so called “Sugar Edge” (e.g. as
in Figure 6). For the accurate structural interpretation of the J-couplings in the RNA
molecules such effect may be important. However, the calculations indicated only negligible
effect of the WC/SE base pairing on magnitude of the J-couplings which actually nicely fit the
Karplus equations.

The calculated impact of the backbone geometry on the *J-couplings was negligible, as
well as the effect of the base pairing.

The mentioned structural and solvent effects were calculated also for the 'J-couplings
and the sugar pucker effect was found dominant for the 'J(C2’-H2’) and 'J(C2’-H2’2)
couplings while the 'J(C1°-H1’) and 'J(C8-H8) couplings depended dominantly on the
glycosidic torsion angle. The dependences calculated for the 'J-couplings generally brought
only additional information with regard to determination of the y torsion angle. In this respect
the *J(C8-H1’) and *J(C4-H1’) couplings represent the best assignment. However, the 'J-
couplings represent another although less significant NMR structural descriptors for

determining the glycosidic torsion.

2.3 Trans-hydrogen J-couplings in Watson-Crick/Sugar
Edge base pairing

The Watson-Crick/Sugar Edge (WC/SE) base pairs represent important family of the
non-covalent contacts in RNA since majority of the base pairs was actually observed in the
solid state. The RNA base pairs were generally systemized into the twelve families of well-
defined binding patterns by Leontis et al.** The classification utilizes combinations of the
three interaction edges in RNA nucleosides (Figure 5): the Watson-Crick edge (WC), the
sugar edge (SE), and the Hoogsteen or CH edge defined for the purine or pyrimidine
nucleoside, respectively. The RNA nucleosides can interact via any of the three edges and the
interaction patterns can be either cis or trans. Example of such WC/SE base pair is shown in
Figure 6.

The well known type of base pairing which is dominant in DNA is the WC/WC base

pairing. However, in RNA molecules the non-Watson-Crick type of base paring dominates.
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The spectroscopic detection of such non-covalent intermolecular contacts would have large

impact on the accuracy of structures determined with the NMR spectroscopy.

Hoogsteen (pu\’) or

CH,

Sugar Edge

OH OH

Figure 5: The interactions sides of RNA nucleoside.

Figure 6: The cis A.rA RNA WC/SE base pair.

The study was carried out for all four RNA bases (Figure 1) where we used the

following notation, X.rY (X, Y is A - adenine, C - cytosine, G - guanine, and U — uracil). X
denotes the base and rY denotes the nucleoside interacting via their WC and SE edge,

respectively.



RESULTS 37

The bases in the WC/SE base pairs interact via hydrogen bonds (H-bonds) and we
therefore used in such case the "J symbol for the trans-H-bond J-couplings. The non-covalent
contacts in the WC/SE base pairs occur also between bases and sugar. All contacts were
classified into different local bonding patterns including the four base-to-base and five sugar-
to-base patterns.”' The calculated J-couplings were assigned to relevant geometry coordinates
of these patterns.

The base-to-base WC/SE base pairs should be detectable with the "J-couplings across
the N-H--*N and N-H--O=C links where the N-H group may belong both to the amino or
imino group. The calculated “"J(N-N), ""J(N-H), *"J(C-N), and *J(C-H) couplings generally
decay with the separation of RNA bases and with the declination of link atoms from their
collinear arrangement.

The *"J(N-N) coupling depends on the nitrogen-nitrogen distance exponentially
(Figure 1 in Ref’!). Although similar trend was calculated for the hJ(N-H) coupling the
relatively large dispersion of its values in the WC/SE complexes diminishes its reliable
correlation with any geometric parameter (Figure 2 in Ref’'). Large dispersion of the
calculated "J couplings in WC/SE base pairs is caused by the deviations from planar
arrangement of the bases. Both 2hJ(N-N) and ”’J(N-H) couplings seemed to be almost
independent of the kind of RNA base involved in the pairing.

The mutual correlation of the *"J(C-N) and *"J(C-H) couplings calculated across the N-
H--O=C bond show the linear dependence, but the slope of the calculated dependencies
differs for the contacts involving the amino and imino group. The linear fit calculated for the
correlation of the amino and imino contacts was *"J = 2.070 - *"J + 0.420 [Hz] and My =
1.186 - "7+ 0.113 [Hz] (Figure 7), respectively. This linear fit for imino contacts agrees with
the experimental data measured for such imino contacts in proteins®*®* (Figure 4 in Ref*)).
Although the calculated different slope of the dependences can be hardly used for
distinguishing between the amino and imino contacts, it indicates that the slope of the
3hy (CN)/ 2hJ(C,H) correlation calculated across the C=0O---H-N link is most probably rather
conservative in the both RNA and proteins.

Several interactions may occur between the sugar hydroxyl group and atoms of the
WC edge of RNA base and consequently many different types of the J-couplings can be
correlated with particular bonding patterns. Calculated magnitudes of all "J-couplings for the
atoms separated by three and more bonds were smaller then 0.2 Hz. Only the " J(H-N)
coupling between the hydrogen of sugar hydroxyl and nitrogen of RNA base had non-
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negligible values. In comparison with the couplings calculated across the N-H:--N link the

" J(H-N) couplings across the sugar-to base contacts were smaller.

0.5

0.0

-0.5

" J(C-N)

-1.0

A5 : :
0.9 0.6 0.3 0.0

*J(C-H)

Figure 7: The calculated mutual correlation of the *"J(C-N)
and *"J(C-H) couplings [Hz] across the N-H-O=C link
involving amino (w ) or imino ( A ) group of the RNA base in
the WC/SE RNA base pairs. — is the linear fit for amino, --- is
the linear fit for imino contacts.

Intramolecular 'J(N-H) couplings in the amino and imino group involved in the base-
to-base and sugar-to-base contacts possess large variation and structurally significant splitting
for different bonding patterns. Their values ranges from -98 to - 81 Hz. The variation of the
'J(N-H) coupling in the amino group was larger in comparison with the couplings calculated
in the imino group what correspond to the larger flexibility of the amino group. The
calculated 'J(N-H) couplings indicate further the possibility for detection of the deflection
from pyramidalization of the NH, group. The more pyramidal amino group with shorter N-H
bond length have larger magnitude of the 'J(N-H) coupling.

Water molecule can penetrate inside the RNA base pairs influencing their structure
and stability. For example, the cis-G.rG and trans-U.rG requires one water molecule between
the bases for their better stability. The NMR calculations showed that insertion of water
molecule inside the base pair damps the intercomplex hy -couplings to zero.

The correlation of the calculated J-couplings with the molecular structure of WC/SE

RNA base pairs as well as their good agreement with available NMR experiments indicate
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large potential for their use in RNA structure validation. Structural variability of the WC/SE
base pairs and frequent deviations of their geometries from ideal planar patterns result in
effective damping and large dispersion of the calculated J-couplings which must be taken in

the account in their accurate structural interpretation.



CONCLUSIONS 40

3 Conclusions

The first part of this thesis was focused on the theoretical modeling of the J-couplings
in sugar-phosphate backbone in NA using the methods of quantum chemistry. Twenty
different J-couplings between the *'P, '°C, and 'H atoms were calculated including the solvent
effect modeled with the implicit water solvent. The effect of specific explicit water molecules
on NMR parameters was also studied. Different conformations of NA backbone were
considered and the calculated J-couplings were assigned to the backbone torsion angles. For
some backbone structural classes a unique combination of different J-couplings can provide
the “fingerprint” which characterizes a particular sugar-phosphate conformation. The
multidimensional character was calculated for some Karplus equations assigned to the
backbone torsion angles which should improve their accuracy. The o and C torsion angles
were newly assigned to “J-couplings allowing the discrimination between the gauche+/- and
trans conformation of the o and ¢ torsion angles. Good agreement of the calculated NMR
parameters with available experiments was obtained.

The second part of the thesis concerns the dynamic behavior of the ApA, ApC, CpA
and CpC RNA dinucleoside monophosphates studied using the MD simulations. The
dynamical behavior of the RNA molecules was considered in the calculation of averaged J-
couplings assigned to the backbone and glycosidic torsion angles. The theoretical results were
compared with experimental J-couplings and the achieved overall good agreement thus
validates different dynamical behavior of the four RNA molecules. The calculated dynamical
behavior is different in different parts of the RNA molecules. Some torsion angles exhibit
concerted motions like the a—C—y triad and its 300°-60°-300° and 60°-180°-60° conformers
belonging to the A-RNA class of RNA strongly correlate with maximal base stacking
calculated with MD.

The third part of the thesis was focused on theoretical modeling of the J-couplings in
close vicinity of the glycosidic torsion in guanosine. Two *J-couplings and four 'J-couplings
were calculated in dependence on the glycosidic torsion angle variation considering also other
structural effects such as sugar pucker, backbone conformation, kind of sugar, including the

solvent effect. New parameterization of the Karplus curves for both *J-couplings was done
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including all mentioned structural effects. Sugar pucker have strong influence on the
parameters of the Karplus equations. The two of the 'J-couplings depend dominantly on sugar
type (deoxy-ribose and ribose) and its pucker wile the second two depend dominantly on the
glycosidic torsion angle.

Last part of the thesis was focused on detection of the non-WC interactions in RNA,
especially on the calculation of J-couplings across the H-bonds in cis and trans-WC/SE RNA
base pairs. Several different bonding patterns were classified in the WC/SE base pairs and the
J-couplings were assigned to the local bonding geometry parameters. Although the calculated
data were not possible to assign only to the distance of RNA bases due to the dispersion
caused by deviations from ideal planar arrangement of the bases in WC/SE base pairs, the
calculated J-couplings show potential for detection of the inter-molecular non-covalent

contacts in RNA with the NMR spectroscopy.
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Used Instrumentation

Research was carried out in the computer facilities of the Department of Molecular
Spectroscopy and Center for Biomolecules and Complex Molecular Systems at the Institute of
Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic. They

consist of

AMD Opteron Cluster, 2.6 GHz, 46 processors, LinuxOS, memory up to 4 GB
AMD Opteron Cluster, 2.6 GHz, 16 processors, LinuxOS, memory up to 2 GB
AMD Athlon XP, 1.8 GHz, 36 processors, LinuxOS, memory up to 1 GB
AMD Athlon XP, 3.2 GHz, 107 processors, LinuxOS, memory up to 1 GB
Intel Xeon Cluster, 2.4 GHz, 128 processors, LinuxOS, memory up to 4 GB
Intel Pentium 4, 2.8 GHz, 123 processors, LinuxOS, memory up to 1 GB
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Calculation of Structural Behavior of Indirect NMR Spin —Spin Couplings in the Backbone
of Nucleic Acids

Vladimir Sychrovsky,* '+ Zuzana Vokatova,™ Jifi Sponer,* Nad’a Spatkova,* and
Bohdan Schneider*’

Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic, Fleming Square
2, CZ-16610 Prague, Czech Republic, and Institute of Biophysics, Academy of Sciences of the Czech Republic,
Kralovopolskal35, 612 65 Brno, Czech Republic

Receied: August 3, 2006

Calculated indirect NMR spinspin coupling constants (J-couplings) betwé#n 13C, andH nuclei were

related to the backbone torsion angles of nucleic acids (NAs), and it was shown that J-couplings can facilitate
accurate and reliable structural interpretation of NMR measurements and help to discriminate between their
distinct conformational classes. A proposed stepwise procedure suggests assignment of the J-couplings to
torsion angles from the sugar part to the phosphodiester link. Some J-couplings show multidimensional
dependence on torsion angles, the most prominent of which is the effect of the sugar pucker. J-couplings
were calculated in 16 distinct nucleic acid conformations, two principal double-helical DNAs, B- and A-, the
main RNA form, A-RNA, as well as in 13 other RNA conformations. High-level quantum mechanics
calculations used a baseless dinucleoside phosphate as a molecular model, and the effect of solvent was
included. The predicted J-couplings correlate reliably with available experimental data from the literature.

Introduction couplings”, provides independent, and often quite specific,

. ) . . ) information about the conformations between the coupled
Functional diversity of nucleic acids (NAs) makes their study  ,cjei10.11

crucial for deeper understanding of biological processes.
Structural studies of NAs have contributed to this understanding m
significantly since their advent in the 19703he number of

Despite these advanced NMR techniques, the number of
easured NMR parameters and derived geometric constraints

three-di onal struct f nuclei ids determined by b thavailable for a structure analysis is still rather limited. What
ree-gimensiona structures ot ucleic acids determined by bo might also hamper our ability to determine high-resolution NA

major methods, X-ray crystallography and solution nuclear structures is a lack of rules and tools to interpret already

tmhagnet|c resonzfant;:eth(Nl\?lRtL, grows z#] a dstead;astthpace qluiltomeasured parameters. These interpretation rules must respect
€ progress ob both of these methods, an € avarable,q complicated nature of NA conformational space. In this
structure3 make it more and more evident that functional work, we take advantage of a priori knowledge of populated

variabilit_y of NAs is reflected by their §tructura| diverstty. NA conformations for structural interpretation of J-couplings
A variety of advanced NMR technigues can be used for betweer?!P, 13C, andH nuclei of the NA backbone.

determination of structures of NAs. These methods make use ~giculations by modern quantum mechanics methods can
of diverse physical effects, including the nuclear Overhauser

. ) . : complement structural interpretation of measured NMR param-
effect (NOE), the NMR shift, the direct as well as indirect spin P P P

eterst?13|n this work, J-couplings were calculated by the state-

spin coupling, and the cross-correlation relaxation r&t&ll ¢ yhe_art quantum mechanics methods for 16 representative
of these types of experiments can provide valuable information ., t5rmations of an NA fragment, dinucleoside phosphate (n

about the conformation of NAs. Information solely from the P—n). Selection of conformations of the calculate¢tPn

internuclear distance restraints derived from NOEs does nOtfragments was the key initial step of the analysis: first and

seem to be sufficient to determine DNA or RNA structures at ¢, e most. biologically important and well-characterized double-
high resolution because of the low density of proton nuclei with | 4jical forms. B-DNA. A-DNA. and A-RNA. were calculated

ameasurable signal along the backbbhreerpretation of NMR a5 representation of structurally extremely variable non-
shifts in terms of the local molecular structure is also not usually 5_pNA was a more challenging task. The RNA backbone has
straightforward even when recent applications correlating the oo shown to be classifiable into a relatively small number of

crqss-correlation relaxation rates between the chemical _Shiftclasseé,‘"ﬁand these classes were represented by 13 examples
anisotropy (CSA) and the relevant bond vector are promising. in our calculations

orientation between the CSA and the bond vector and therefore, e_&Na/sis of the calculations presented i this work
suggests that the J-couplings can contribute to determination

ngssfemhglnﬂfg:‘ tlrrl]e ?:;Irueagt'osn .:finthceodoﬁﬁl gggg;;ré' ‘Ehe of the NA backbone. On the basis of our calculations, we suggest
P8P ping ’ that the J-couplings can define conformational regions of most
- backbone torsion angles and thus facilitate structural interpreta-
* To whom the correspondence should be addressed. E-mail: sychrovskytiOn of NMR measurements. In some cases, a unique combina-
@uochb.cas.cz (V.S.); bohdan@uochb.cas.cz (B.S.). . . . . . e o
T Institute of Organic Chemistry and Biochemistry. tion of a few spin-spin couplings provides a “fingerprint” that
* Institute of Biophysics. characterizes a particulariP—n conformation.
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TABLE 1: Values of Torsion Angles (deg) along the
Backbone in n—P—n Dinucleoside Monophosphates Used for
the NMR Calculations

|. conformatioft o €  al p1 y1 o1

(o]
o
I

Cs
Y 04'\\ BI-DNA 130 184 271 303 180 39 139
Cy A-DNA 84 212 285 294 179 59 87
5 A-RNA (“canonical”,20) 84 212 285 294 179 59 87
£ A-RNA (clone 22) 150 266 294 295 191 62 87
0 O,H @ A-RNA (clone 19) 82 196 289 157 196 181 86
¢ | al B1 1 79 203 56 164 152 50 144
0—P—05—C;s 2 83 198 286 162 163 54 83
H 1] 04 3 85 235 205 296 153 52 87
Ca — \\-51- 4 148 270 81 70 188 176 80
o 6 144 212 163 293 167 49 144
81 7 144 192 156 289 149 49 87
O3H O,H 9 148 234 83 74 172 57 144
. . . ) ) 12 79 214 165 289 166 51 88
_Flgure 1. _Dlnucle03|de monophosphate{ﬁ—n). The first nycleosude 15 82 221 210 69 195 48 85
is shown in red, the second in blue. In the test calculations, BO was 16 83 224 208 66 196 47 143
adenine, and B1 was uracil base-{—n is adenosyl-35'-uridinine 18 85 256 260 63 179 301 145
phosphate); in the calculations, both BO and B1 were replaced by methyl ) ) o
groups. Both 5 and 3-ends are terminated by hydroxyl groups. In a2 RNA conformations are numbered according to the numbering in

text and tables, all corresponding atoms and torsions are labeled whileTable 3 of ref 15.
extension “1” was used to mark the second nucleoside (blue). In the
figure, the key atoms are labeled, and the backbone torsion angles aregroup and both the’&nd 3 ends were terminated by hydroxyl
defined in the standard way: = O5—-C5—C4—C3, 6 = C5-C4— groups (Figure 1).
C3-03,e=C4-C3-03-P,=C3-03-P-051,a1=03~— The coupled perturbed DFT metHdde19with the B3LYP
P-051-C51, 51 = P-051-C51-C41. DFT functional was used for calculation of the indirect NMR
Methods spin—spin cqupling cgnste_mts _by including all four .coupling
terms: the diamagnetic spitorbit (DSO), paramagnetic spin
Selection of Model CompoundsDinucleoside 35'-mono- orbit (PSO), Fermi-contact (FC), and spindipolar (SD). The
phosphate, #P—n, shown in Figure 1, represents the smallest J-couplings were calculated for isotopks, 13C, and3!P; the
molecule that has the key chemical and structural features ofindex referring to the isotope identity is skipped in the following
nucleic acids yet is accessible by quantum mechanics calcula-text for clarity. The atomic basis, usually called Iglo Il and Iglo
tions. A chemically and conformationally key phosphodiester IIl,2° was used in the NMR calculations. All calculations were
link is in the center of the AP—n molecule and connects the done with the Gaussian 03 program packége.
phosphorus nuclei to the other atoms of the backbone. Because Solvent Effect on Calculated J-Couplings.The solvent is

the nature of NMR properties is local, the-R—n molecule is inherently present during the NMR spectra measurement and

a relevant molecular model for theoretical investigation of its role in theoretical calculations of NMR parameters thus needs

J-couplings in the vicinity of the phosphate group. to be analyzed?2* To validate the use of the polarized
Selection of Dinucleoside Monophosphate AP—n) Con- continuum solvent (PCM) mod&lin actual NMR calculations,

formations. The backbone of AP—n is described by seven we tested the performance of several solvent models: (a) in
torsion angles:d, ¢, &, al, f1, y1, anddl; their actual values  vacuo, (b) the PCM, (c) explicit hydration of the phosphate,
for the studied rP—n conformational classes are shown in and (d) the explicit hydration as in (c) plus the PCM solvent.
Table 1. The B-DNA form has a well-characterized first hydration
n—P—n conformations were selected that represent the mostshell and was therefore used to test the effect of hydration on
important conformational classes of nucleic acids: the most calculated J-couplings. An empirical stdélizas shown that each
important DNA conformations, A and Bl forms, the canonical phosphate is hydrated by six water molecules and the positions
A-RNA, and 13 other RNA conformations, including two minor  of oxygen atoms of these water molecules are knétwig
A-RNA and 11 non-A conformations. Conformationally less determine plausible hydrogen coordinates, the complex was
usual conformations (families 22, 19, 1, 2, 3, 4, 6, 7, 9, 12, 15, gradient optimized at the B3LYP level with the 6-31G** atomic
16, and 18 in Table 1) were selected in order to cover populatedbasis while keeping the backbone torsion angles as well as the
regions of the backbone torsion angles and their combinationsangular orientation of the water molecules fixed. The J-couplings
most typical outside of the A and B classes; these distinct shown in Table 2 were calculated for the-R—n with
conformations were taken from a previous stt¥dgnd are nitrogenous bases substituted by methyl groups. Valence
labeled hereafter by numbers used in Table 3 of this reference.geometry of the #P—n has a notable effect on bofi(P,C)
Calculation Methods. Initial models of dinucleoside phos-  couplings shown in Table 2, and the in vacuo and PCM
phates were constructed as reported previously for RNA J-couplings obtained for geometries optimized by AMBER and
fragment$® and for the most prevalent DNA conformations, B3LYP generally differ by less than 1.6 Hz. The trend caused
Bl and A6 These “experimental” geometries were relaxed using by PCM hydration is the same in both hydration models of
the optimization procedure with the molecular mechanics B-DNA and the shift in J values caused by hydration was for
program Ambef’ Torsion angles of the backbone were all calculated J-couplings smaller than 2.2 Hz. The performance
restrained in order to keep the overall conformation of the of explicit hydration is fully comparable with the PCM one for
studied classes close to their original values; the values beforeall calculated J-couplings except the casedJ@P,C4) and3J-
and after the relaxation procedure differ by less thah T@e (P,C41) coupling when the effect of explicit hydration increases
largest deviations were observed mostly foandy torsions, twice. This fact validates good overall performance of the PCM
but the deviations tend to cancel each other. After geometry hydration model used for actual calculations of J-couplings.
relaxation, the nitrogenous bases were substituted by the methylFurther hydration by PCM of the B-DNA complex with
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TABLE 2: Spin —Spin Coupling Constant$ [Hz] Calculated in B-DNA with Different Models of Hydration

hydration model

J-coupling in vacub in vacu® PCM in vacué in vacué PCM explicit hydratiof explicit hydratiod PCM
2J(P,C3 -7.7 -6.8 -9.2 -8.0 -8.1 -8.0
2J(P,C51) -8.3 -8.1 -9.5 -9.0 -8.8 -9.1
2J(C81,C31) 0.8 0.8 0.1 0.1 0.1 0.1
2J(CB1,H41) 43 5.7 55 6.6 7.4 7.4
2J(C41,1H381) —-4.5 —4.7 —4.4 —4.6 —4.6 —-4.6
2J(C41,2H51) 4.1 2.8 4.6 3.0 3.0 25
3J(P,C41) 10.0 11.2 10.5 11.9 13.5 13.5
3J(P,CH 11.0 12.3 121 13.9 15.8 16.0
3J(P,C2) 0.5 0.4 0.6 0.4 0.3 0.3
3J(P,HY) 2.4 25 2.3 25 2.9 2.9
3J(P,1H51) 2.7 2.7 35 3.4 33 3.2
3J(P,2H51) 1.8 2.0 1.1 1.1 1.2 1.2
3J(C81,H31) 2.7 3.0 2.9 3.1 3.1 3.2
3J(1HB1,H41) 0.9 0.9 1.4 1.4 1.4 1.4
3J(2HB1,H41) 4.1 4.0 2.8 2.6 2.7 2.6
3J(HZ,H3) 6.8 6.8 5.8 5.7 5.7 5.6
3J(2HZ,H3) 0.6 0.5 0.4 0.3 0.4 0.4
3J(H4,H3) 16 1.5 1.3 1.2 1.2 1.2
3J(H41,H31) 0.6 0.6 1.1 1.2 1.2 1.2
4J(P,C31) -0.9 -0.8 —0.6 -0.4 -0.4 -0.4
4J(P,H41) 2.0 35 2.9 5.1 5.9 6.8

aThe basis set for NMR calculation was Iglo "INA geometry optimization with AMBER (parm99 force field) method was done without
explicit hydration.c NA geometry optimization with DFT B3LYP method was done including explicit hydration. The pattern of explicit waters was
taken from a study of phosphate hydration in double-helical BAlfdy coordinates, see the Supporting Information.

. : . TABLE 3: Effect of Substitution of Nitrogenous Bases in
explicitly hydrated phosphate brings only small change in Adenosyl-S-S’-uridining PhI(;Js;ohate b;l/ M%thyluGroups 0:1 the

magnitude of calculated J-couplings, mostly smaller than 0.5 j_couplings [Hz] Calculated in the Canonical A-RNA®
Hz, with the limit value of 0.9 Hz obtained for tHg(P,H41)

PCM PCM PCM invacuo invacuo

coupling. iglolll Igloll  Igloll  Igloll Iglo Il
The PCM hydration accounts for the dominant part of the _ J-coupling (~CHs). A Ubases (—CHz). A, U bases (~CHy).
change in calculated J-couplings between in vacuo and theJ(P,C3) —5.7 —6.2 —6.0 —7.2 —6.4
hydrated models. In addition, magnitudes of J-couplings cal- -3(P.C51) —69 -7l -3 19 —7.3
culated with the PCM model and by explicit water molecules zj§ggiﬁi]i)) ;2'6 g%j _7918 _59,'57 _g'f
are different, but their deviations follow the same trend, in 2j(c41,1H81) —4.4 5.0 —49 —47 41
agreement with our previous findifgand this trend is almost ~ 2J(C41,2H51) 3.4 3.4 3.0 4.3 4.5
independent of the local molecular geometry. Further hydration zJ(P,€41) §1é3 é%z 3%35 10.1 18-4
of the explicitly hydrated phosphate group by PCM brings about 3312302 02 02 02 (7):1 8:1
a small change of the calculated J-couplings. The PCM method 3j(p Hz3) 8.8 8.8 8.9 8.1 8.0
thus represents the optimal compromise between the tested?J(P,1H51) 2.0 2.3 2.3 2.4 2.1
hydration models. Limits of the PCM model are, however, 23(P12H51) 15 18 L7 16 13
obvious, and the model should be used with care, and predictionsgjgﬁé’lHHg i)l) gj g:g g:g ‘21:(7) g:z
for J-couplings should be cross-validated in the context of the 33(2H51:H4'1) 11 1.4 1.4 1.4 1.2
local geometry. 3J(HZ,H3) 4.7 5.0 4.9 5.1 4.7
Effect of Substitution of Nitrogenous Bases and the Effect 2%:1‘1"'3'%1) g'g g'?l’ g'i 3'% 2‘2
of Atomic Basis Set.Although all NMR properties are local  4p ca1) ~05 —06 05 0.7 06

by nature, we performed a number of test calculations to “J(P,H41) 3.7 3.2 3.4 2.0 2.3
estimate the influence of nitrogenous bases on backbone
J-couplings and to validate their replacement by methyl groups.
The test was done for adenosyt3-uridinine phosphate in the
canonical A-RNA conformation. The J-couplings shown in
Table 3 were calculated for+P—n with and without bases in
the PCM solvent and in vacuo using basis sets Iglo Il and Iglo
Ill. Substituting the A, U bases to methyl groups changes the
calculated couplings by less than 0.5 Hz so that their effect is
smaller than the effect of hydration.

a Geometry optimized with Amber.

Results

Calculated indirect coupling constants are grouped according
to the type of nuclei involved in spifspin interaction; the
J-couplings involving a phosphorus atdd(P,X), where X=
C, H are shown in Table 4, while the couplings involving carbon

. . . . and hydrogen?J(X,Y) (X,Y = C, H), are shown in Table 5.
The effect of size of the atomic basis set on J-couplings was i ) )
estimated for the model with PCM hydration and®—n with The calculated J-couplings are presented in the following text
nitrogenous bases substituted by methyl groups; the differencedn context with backbone torsion angle(s) with which they are
between Iglo Il and Iglo Il calculations are smaller than 0.6 Primarily correlated. Selected data for torsion angles along the
Hz for all couplings, and the effect is comparable with backbone in r-P—n dinucleosides are shown in Figure 2,
substituting nitrogenous bases by methyl groups and is smallertogether with the experimental J-couplings and Karplus curves
than the effect of hydration, as shown in Table 3 (last two from the literature. The experimental couplings in Figure 2 were
columns, in vacuo calculations). correlated with the information about torsion angles; this
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TABLE 4: Calculated Indirect Spin —Spin Coupling Constants [Hz] Involving Phosphorus Atom"J(P, X), X Is C or H

2)(P,C) 3J(P,C) 3J(P,H) 4JP,C)  4(PH)

C3 C51 C41 c4 (074 H3 1H51 2H51 C31 H4'1

conformatiod e alb pLe € e e p1° p1Le y1P y1P
B-DNA —6.4 —-7.7 11.1 12.3 0.4 2.4 25 1.7 —-0.8 3.8
A-DNA —-5.9 —7.0 11.1 9.3 0.2 8.7 2.0 1.5 -05 3.7
A-RNA, canon 5.7 —-6.9 11.3 8.8 0.2 8.8 2.0 1.5 —0.5 3.7
A-RNA, 22 —5.4 —-7.1 11.2 -0.2 7.5 8.1 0.3 4.0 -05 3.5
A-RNA, 19 —6.1 51 10.7 12.3 -0.1 53 —-0.4 4.3 1.1 —1.0
1 —6.5 —53 7.8 10.7 -0.1 7.6 6.5 -0.2 -1.0 4.3
2 —6.1 —4.4 9.6 11.9 -0.2 5.9 4.3 —-05 —-05 3.8
3 —-34 7.2 8.9 3.9 2.8 10.1 8.2 0.2 -0.3 3.8
4 —6.6 7.1 11.3 0.0 7.7 6.3 0.7 3.2 0.9 -11
6 —-35 -7.5 10.4 8.7 -0.1 8.3 4.8 0.0 -0.8 4.6
7 —3.8 —6.1 8.6 11.0 0.3 4.4 9.3 0.7 -0.2 3.8
9 —6.3 -7.3 10.7 3.4 2.7 11.5 3.3 0.8 -0.9 3.9
12 —3.0 —-7.3 10.7 8.7 0.3 8.6 49 -0.1 -0.2 4.0
15 —3.0 -7.0 11.2 7.0 1.2 9.6 -0.2 6.1 —-0.4 3.5
16 —-31 -7.3 10.9 6.3 1.5 10.0 -0.2 6.7 -0.7 3.8
18 —-5.5 7.1 13.6 0.7 6.1 9.6 1.5 2.3 —-0.7 —-1.2

aTorsion angles are listed in Table 2iThe J-couplings are discussed primarily in relation to the indicated torsion angles.

TABLE 5: Calculated Indirect Spin —Spin Coupling Constant$ in Hz Involving Carbon and Hydrogen Atoms "J(C,C), "J(C,H)

and "J(H,H)
2J(C,C) 2J(C,H) 3J(C,H) 3J(H,H)

C51 C51 C41 C41 C51 H4'1 H4'1 H2' H3' H3'1

C31 H4'1 1H51 2H51 H31 1H51 2H51 H3' H4' H4'1
conformatiod y1° y1b y1° y1b y1P y1P y1° o° o° 01°
B-DNA 0.9 6.3 —4.4 3.2 2.8 0.7 35 6.5 1.4 0.5
A-DNA -0.7 7.9 —4.4 3.5 4.0 2.3 1.1 7.1 8.4 8.1
A-RNA, 20 —-0.6 7.7 —4.4 34 4.3 2.4 1.1 4.7 8.8 8.6
A-RNA, 22 —0.6 7.5 —4.0 2.7 4.3 2.6 1.1 5.2 0.1 9.1
A-RNA, 19 4.9 —2.7 3.6 —5.0 55 2.1 9.5 4.9 9.2 8.9
1 1.3 7.8 —4.1 3.9 2.4 1.8 1.5 4.3 9.3 0.2
2 -1.0 8.8 —4.5 3.7 4.2 1.9 1.4 4.8 9.2 9.0
3 —-0.8 7.4 —4.7 4.5 3.9 1.8 1.4 49 9.1 8.5
4 3.9 —-1.5 3.2 —-4.5 5.4 2.4 9.5 54 0.2 9.5
6 0.9 7.6 —4.2 3.4 2.6 1.6 1.8 51 0.2 0.2
7 -0.9 7.6 —4.8 4.5 4.1 1.5 1.7 4.7 0.3 8.6
9 1.4 7.2 —-3.8 3.1 2.6 2.6 1.1 51 0.1 0.1
12 —-0.8 7.8 —4.6 4.0 4.2 1.6 1.2 4.5 9.2 8.6
15 -0.9 7.7 —-3.9 2.6 4.1 11 2.3 4.5 9.4 8.7
16 1.0 6.4 —-0.3 2.1 2.6 1.1 2.3 4.5 9.4 0.2
18 1.7 —-2.9 —3.8 —-3.2 2.0 10.7 6.3 4.9 8.9 0.2

aTorsion angles are listed in Table 4The J-couplings are discussed primarily in relation to the indicated torsion angles.

structural information was taken either from the original work indicate the ¢ conformations in a ¢t mixture. The3J(H41,-

or extracted from the structures as deposited in the RDB.
Torsion y. Torsiony has a trimodal distribution in crystal

1H51) coupling of roughly 2 Hz was calculated for all
investigated conformations in thetgorientation ofy, while

structures; the dominant peak for double-helical B and A forms the conformation 18 in g region had the value of 10.7 Hz.

has its maximum near 80 corresponding to “gauch¢e
conformation (¢). Rarely occurring distributions, trans (t) near
180 and gauche (g—) near 300, are represented by the

Such a high value of this coupling may result from a planar
arrangement of H4—C4'1-C51—-1H51 atoms and &P—
O5—-C5—-C4—04 atoms, unigue for conformation 18.

conformational classes 4, 19, and 18, respectively, Table 1. As Torsion 6, neighboring withy, modulates behavior of
can be seen in Tables 4 and 5 and Figure 2, J-couplings varyJ-couplings determined primarily by Because of the fact that
significantly, up to several Hz, with changing values of the ¢ correlates with the sugar pucker (see also paragrapdy),on

torsion. This fact facilitates unequivocal determinationyof

this modulation can be conceptualized in terms of the sugar

Some J constants undergo specific sign change when switchingpucker. As shown in Figure 2A and B, coupling®P,C31)

between the three main conformational regions, g g—, as
shown in Table 6. The regionstgt, and g- of y can therefore

and3J(CB1,H31) are larger by +£1.5 Hz in conformations with
the C2-endo sugar pucker compared to conformations with the

be determined only from the sign of the corresponding C3-endo pucker. A significant effect is also observed ddr

couplings.

(C51,C31) coupling; its magnitude near 1 Hz ifgconforma-

A combination of couplings shown in Table 6 is an example tions changes sign when going from one to the other sugar
of the set that discriminates between all three regions. The pucker mode (Table 5).

couplings 4J(P,C31) and 2J(C41, 1H31) can be used for
discrimination between$ and t conformers. Positive values
of 4J(P,H41), 2J(CB81,H41), and 2J(C41,2H51) couplings

Five of eight couplings calculated for torsiop were
compared to the experimental data. For couplidg€31,H31)
and2J(C51,H41) shown in Figure 2B and C, respectively, we
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Figure 2. Correlation of J-couplings [Hz] with the backbone torsion angles [degrees]. Stars indicate calculated couplings; in parts A and B, J sugar
pucker is indicated by empty stars (@hdo) and filled stars (C2Zndo); in parts E and F, torsion classes indicate empty stans¥ 160°), filled

stars (t ~ 70°), and half-filled star ¢ ~ 30C°); in part K, green stars indicate calculation in dinucleosides 2, 3, 8, and model 1 in NDB structure
1INEV;? in part L, green stars indicate calculation in dinucleosides 1, 2, 7, 9, and model 1 in structure with NDB codé’ IN&Ngles indicate
experimental data from the literature: (B) gré@iiC) green?® (D) green?® magenta? cyan?! violet;®? (E) green?® magenta? cyan?! (F) greens®

magent&? cyan?! (G) green3* magenta&C cyan?! violet %2 orange® gray 8 (H) green3* magenta® cyans! violet,3? orange’” gray ¥ olive 2 yellow;®

(I) magenta® cyan3! violet,32 orange?® (J) greer?* magenta? cyan?3® violet;®2 (K) green3* magent&? gray interval (unknown structuréy;(L)

green3* magent&? gray interval (unsolved structuré) Karplus curves from the literature: (B! (D) green® purple® red/? (E) greerf purple®

red?? (F) greerf purpleg red?? (G) greerf, purple® red?? (H) greenS purpleg red?? (1) green® purple red?? (J) greerf, purpleg red/? light gray*®
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TABLE 6: Sign of the Coupling Constants for the Three
Main Regions of Torsiony

conformational region

coupling gauche trans gauche
2)(C41,1H51)9) - + -
2J(C41,2H81)?) + - -
2J(CB1,H41)) + - -
4J(P,C31)) - + -
4J(P,H41)) + - -

aRef 44 and this work? This work.

observed a good qualitative agreement between the calculate
values and experimental values measured in an RNA hairpin
molecul&® and the empirical Karplus curtfcited in the review

by Marino® Calculated couplings also correlate well with the
experimental couplinggJ(C41,nH31), n = 1,228 2J(CB1,-
H4'1)2 and3J(H41,nH51), n = 1,245

The magnitude of the calculatetd(P,H41) coupling is
comparable with the findings by Altona and co-workéthat
report a value ok 3 Hz and Reid and co-workef$jn the latter
case, the authors did not include this coupling in their analysis
“due to an ambiguity in its relationship with angle”. The
calculated dependence of th§P,H41) coupling ony torsion
acquire its negative value of1 Hz with g— and t regions of
v, while the gt region corresponds to a positive value between
3.5 and 4.6 Hz. The J-couplings of the gegion further cluster
with ¢ torsion, their larger magnitudes in classes 1, 6, and 9
corresponding to the G&ndo sugar pucker, see the following
paragraph.

Torsions 6. Torsion ¢ is defined by atoms that formally
belong both to the backbone and the (deoxy)ribose sugar ring;
it thus links conformations of these two nucleic acid constituents.
Torsion 0 has two main populations, near 8@nd 140,
reflecting a strong preference of (deoxy)ribose ring to either of
the two pucker modes, G&ndo and C2endo, respectively.
The model compound -AP—n contains two nonequivalent
torsionsd, labeleddé andd1 in Figure 1.

While no®!P coupling can be directly correlated with torsion
0 (Table 4), several, especially those that are primarily correlated
with € andy, are modulated by. The 3J(H3,H4') coupling
shown in Figure 2J correlates with the sugar pucker mode. Its
values obtained for the G&ndo and C2endo sugar fall in the
range 8.0-9.5 Hz and 0.10.3 Hz, respectively. This well-
resolved clustering agrees with a number of experiméis}’
and experimental values of tR&H3,H4') coupling that differ
by 5 Hz or more are usually assigned to different sugar
puckers?* Both theory and experiment correlate well with the
Karplus curves also shown in Figure #%243The negative
slope of the Karplus curve fa¥y values between 8Gand 150
agrees well with the calculated and experimental value§-of
(H3',H4).

Another J-coupling3J(H2,H3'), calculated only in the's
end (deoxy)ribose of the-fP—n model, is on average only
slightly smaller for the C3endo pucker than for the G2ndo
one; in addition, the values measured for thé-&&do pucker
possess a large dispersi®nThis coupling therefore does not
seem to be suitable for determination of torsidf* The 2J-
(H2',H3) values are larger in DNA than in RNA, likely a
consequence of different sugar rings in these molecules.

Torsion . Experimental distribution of the torsion angle
is unimodal with one wide, approximately symmetric peak with
a maximum near 18Qwide shoulders reach 6@nd 300. The

J. Phys. Chem. B, Vol. 110, No. 45, 20082899

The3J(P,C41) and3J(P,nH51), n = 1,2, coupling constants
shown in Figure 2B-F are indicative of values of torsion angle
B1. The calculated values are in good qualitative agreement with
the experiment®3! The three couplings measured in oligo-
nucleotided! follow the curvature of the dependencies. In
contrast, the agreement is worse for the couplings measured in
a RNA hairpin®® torsion 5 was assigned to be in the trans
orientation in the original work and uncertainty of the couplings
was large. Three empirical Karplus curves fit the model
calculation®842The calculated coupling)(P,C41) grows from
7.8 to 11.6 Hz in the selected RNA classes, except for the

c,:onformational class 18, where the value is 13.6 Hz. Such a

high value of this coupling may result from a unique conforma-
tion class 18, as mentioned under torsjon

Dispersion of calculated dependencies for bGP, nH51),

n = 1,2, couplings shown in Figure 2E and F is notable; the
J-couplings obtained for the classes with close valgslaéind
different values ofx1 suggest that torsioml modulates these
couplings. For example, tid(P,1H51) coupling calculated in
three classes witfi1 ~ 150° can be grouped by torsioml:
classes 3 and 7 hawel in the g- region and coupling has
values 8.2 and 9.3 Hz, respectively, while class 1 within

the t region has a lower value of coupling, 6.5 Hz. The values
of 8J(P,1H51) coupling correlated with torsiofl whenal is

at g— thus appear above the Karplus curé®® while the
opposite holds for conformations withal in the trans region.
The split of J-coupling by torsionl shown in Figure 2E and

F is noticeable when values @flL happen to be in a region
with sharp slope of the Karplus curve. This described interplay
between the neighboring torsion angfesnd . demonstrates

a need for multidimensional fitting of Karplus curves.

Torsion €. The distribution of torsion angle in crystal
structures is unimodal, starts by a sharp edge nedt d8@ to
the sugar ring closure, and ends below 30the selected
conformations having values el between 18%and 270.

Calculated dependencies for the couplifgé,C4), 3J(P,-
H3'), and3J(P,C2) on torsione shown in Figures 2G, H and L,
respectively, correlate well with a number of experiments
referenced in Figure 2. Relatively smooth dependencies calcu-
lated for the couplings also agree well with the Karplus
parametrizatiorf$42and allow distinguishing between gauehe
and trans conformations of torsiendepending on whether the
three couplings are smaller or larger than 5%4z.

The sugar pucker mode can affect the value’P,C4)
coupling; the values linked to Géndo sugar, 12.3, 11.9, and
10.7 Hz, were calculated in classes 19, 2, and 1, respectively,
and the value of 11.0 Hz was calculated in class 7 with the
C2-endo sugar (left part of Figure 2G). A reverse effect, the
decrease of the coupling by 1.4 Hz for the'@8do sugar, was
calculated forJ(P,H3) coupling in conformations 9 and 3. This
again signals that reliable empirical parametrization of these
couplings should consider the sugar pucker. In contrast, torsion
¢ affects3J(P,C4) coupling to a smaller extent; conformations
19, 2, and 1 with different values d@f, 196°, 284, and 586,
respectively, have similar values of the coupling.

The3J(P,H3) coupling in both DNA and RNA is almost the
same. The magnitude of four-bond coupliffdéP,H2) and“J-
(P,H4) was calculated as smaller than 1 Hz in all classes.

Torsion o.. Backbone torsion angke has, similarly tgy, three
distinct peaks centered nearrg08C, and 300; a large majority
of conformations around 30@orresponds to the major double-
helical conformations B and A. Lack of NMR relevant nuclei

selected backbone conformations sample the lower part of thein the vicinity of the phosphate group reduces the possibility

distribution with 51 in the range from 149to 196'.

for observation of classical three-bond couplings for torsion
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angleso. and¢. Because also other NMR parameters cannot be 5.8 Hz; the measurement of the cyclic deoxydinucleotide
straightforwardly related to torsions around the phosphodiester (pApA)3? reports a comparable value of 4.9 Hz (Figure 2L).

link,® o and ¢, any extension of our knowledge about the
relationship between their conformational behavior and J-
couplings is desirable.

The calculated couplingd(P,C51), shown in Figure 2K, can
discriminate between thetgand t conformational regions of
due to its sizable split of approximately 2 Hz. The dispersion
of the coupling within each conformational region is, however,
large, probably indicating a complicated nature of correlations

On the other side, this coupling measured in DNA oligonucle-
otide** ranges from 0.8 to 1.7 Hz.

When we calculated th&(P,C3) coupling using the experi-
mental geometry of nucleotidé$3*we obtained J values that
are virtually identical with our calculation for-+P—n in the
gauche conformation (Figure 2L). This apparent change of J
values from experimental to calculated values has the same trend
as for the?J(P,C51) coupling and torsio as described in the

with the neighboring torsions and, at the same time, complicatespreceding paragraph.

its “clear structural interpretatiorf®

Empirical distributions of two consecutive torsion angles

As can be seen in Figure 2K, the dispersion of the measuredand al show that their simultaneous occurrence in the trans

values of the?J(P,C51) coupling in a DNA oligonucleoticé

region is almost impossible in both RNA and DNA. This fact

is also about 2 Hz; the three measured values are 5.5, 5.5, and@rovides an additional independent condition for gauging the

3.5 Hz, and their estimated errors are 0.2, 0.3, and 1 Hz,

respectively. The calculated values of the J-coupling-fPran

internal consistency of experimental values of the J-couplings
and conformations a and al. If the split of about 23 Hz

are likely to be reliable because the experimental errors and between values of th(P,C3) and?J(P,C8) couplings between
the effect of hydration estimated by our calculations (see Tablesgauche: and trans regions is genuine, then eitheror {

2, 3) are of comparable magnitude. The corresponding struc-

ture?” (NDB code 1NEV) deposited later has been, however,
solved without considering J-couplings, and all torsiartsave
been tightly restrained to-g (300° + 30°). The a values for
which the three experimental J-couplings are available aré 292
for residue G2, 302for C3, and 300 for C827 The measured
value of2J(P,C51), 3.5 Hz, and the assigned structural model
at the residue C& = 300°, seem to contradict each other, and
the J value would better corresponddan the trans region.

Our calculations for these three nucleotides in their experimental

geometries (taken from INEY) confirm this apparent discrep-
ancy; the calculated values &¥(P,C51) for nucleotides G2,
C3, and C8 are-8.5,—7.7, and—7.8 Hz, respectively. Another
experiment measured a fragment Bf coli 23S ribosomal

RNA.0 Its structure has not yet been solved; the measured

values of2J(P,C51) are between 3.5 and 5.1 Hz, in line with
the measurement of the cyclic deoxydinucleotide (pAf).6
Hz.

Systematically larger magnitude of the calculated coupling
2J(P,C51) compared to its experimental values is not at this
moment explained, but it could either reflect the limits of our

assigned to the trans region implies the other torsion in gatiche
conformation. In terms of the coupling values, a low magnitude
of one coupling implies a large magnitude of the other coupling.
This hypothesis is supported by measurement of G739, U744,
A749, A750, A752, A753, C758, C759 nucleotides from a
fragment of 23S rRNA? but the measurement of nucleotide
G757 contradicts the hypothesis.

Discussion

Conformational space of nucleic acids is multidimensional
and very complex. Even for a small fragment of dinucleoside
phosphate, a systematic mapping of torsion angles along its
backbone is impractical, if not impossible. Complications of a
“brute force” approach arise from a high dimensionality of the
conformational space but even more from the complexity of
the relationships between its conformational parameters, mainly
torsion angles. To overcome this obstacle, we limited our
calculations of J-couplings to representative conformations
known to exist in experimental structures. Such conformations
are now well described for double-helical DNA and RNA forms
and, with a limited accuracy, also for “irregular” RNA1SWe

molecular model of the nucleic acid or it may be a consequence yseq a representative subset of these conformational classes

of different scaling of different experimeftg®and calculations.

(Table 1) for the NMR calculations with the goal to characterize

A good agreement between experimental and calculated values,ackpone conformations of nucleic acids with a set of specific
of the other couplings leads us to believe that the predicted split j_coyplings. Such a “fingerprint” of a few spitspin couplings

of about 2 Hz between the gauchand trans regions is real;

could uniquely mark individual types of nucleic acid backbone

a similar split between gauche and trans regions was alsOanq should help to solve structures of nucleic acids by NMR

observed foJ(P,C31), see the following paragraph.

Calculated couplingJ(C3,C51) that could potentially cor-
relate with conformations at torsiom had calculated values
smaller than 0.2 Hz for all considered classes.

Torsion . Torsion angle¢ has the most complicated
distribution of all backbone torsions. A wide distribution is
populated between 8@&nd 330, the most populated peak near
300 corresponds td values in the double-helical B and A

methods.

When comparing the experimentally determined and calcu-
lated values of J-couplings (structure 2, Supporting Information)
one should bear in mind that, in many cases, experimental
J-couplings were not used for structure determination and
corresponding torsion angles were assigned after the fact. This
is the case, for instance, for experiments plotted in Figure 2D,
E, F. However, even in cases when the accurate correlation

forms. The selected conformational classes (Table 1) cover thebetween couplings and torsion angles is not known, the

whole interval, with¢ values between 60and 290.

The 2J(P,C3) coupling can be correlated with torsion angle
¢, the dependence is similar to that between 1@°,C51)
coupling and torsiona; the calculated differences between
values of theeJ(P,C3) coupling in the gauche and trans regions
of ¢ are even slightly larger, approximately 3 Hz. This larger
split calculated foPJ(P,C3) coupling is in agreement with the
measurement of a fragment of the 23S ribosomal RRWMhere
the lower limit for the coupling was 2.4 Hz and the upper limit

measured J-couplings, their magnitudes, and relative values
provide valuable information about conformational regions.
According to the nature of their distributions, the backbone
torsion angles can be divided into two groups. The first group,
formed byd, y, a, has bi- or trimodal distributions that are
relatively narrow, “sharp”, in each torsional region; ed@has
two populated regions, one corresponding to thé-&®io
(deoxy)ribose pucker near 85he other corresponding to the
C2-endo pucker near 140The second group includes torsion
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angles with wide, “soft”, distributions; e.g., torsion has of J-couplings that can be used for determination of larger

asymmetric distribution between 18&nd 300, 5 very wide, fragments of NAs when a representative set of J-couplings is
almost symmetric distribution centered at 18Buch a division available. For instance, double-helical forms A and B structurally
of torsion angles into groups of “softé¢(3) and “sharp” §, y, differ primarily by torsionsd ande (and by torsiony around
partially o) is useful for interpretation of the calculated NMR  the glycosidic bond, not considered in this work); the difference
J-couplings. in value of torsiort, about 30, can initially be neglected. These

A well-known correlation between J-couplings and the value two fundamental forms can therefore be differentiated by
of a torsion angle was originally derived for tRa-couplings  distinguishing by coupling®)(P,X), X= C4, H3, and®J(H2,-
in carbohydrates by Karpl4& Despite chemically and structur-  H3), 2J(H3,H4). A more subtle difference is between two
ally very different nature of NAs, Karplus equations have also A-RNA conformations, canonical and conformational class 22
been parametrized for various spispin interactions in these ~ (Table 1); they differ in torsions, ¢, and to a lesser extent, in
molecules, as shown in Figure 2. A complicated nature of torsion ; the couplings relevant for their distinction at#(H3,H4),
angle populations in NAs and their mutual interplay is noticeable *J(P,X), X= C2,C4, and3J(P,nH51), n = 1,2, respectively.
as a splitting of otherwise smooth dependencies for J-couplingsMore challenging cases include conformational classes with
(Figure 2A, B, E, and F) and may in some cases limit d|fference_s at the phosphodiester link as discussed above_, e.g.,
applicability of the classical one-dimensional Karplus equations. conformations 1, 2, and 7. These non-A RNA conformations
Although J-couplings depend primarily on one torsion, they OCCur in structurally important region;: class 1 in_purine-rich
often show modulation by conformations around other torsion double-helical stems in non-Watse@rick base pairs or un-
angle(s). The couplings that correlate with a soft torsion can be Paired, class 2 in short, mostly tetra-, loops of sequence NRNR
conceptualized using an usual Karplus-like dependértbat (N is any, R purine nucleotide), class 7 is the “platform”
is modulated by the neighboring torsions. However, when such conformatiore! These individual structural patterns differ
a multidimensional behavior occurs for two sharp torsions, their Substantially from the canonical as well as minor A-RNA forms
interplay results in a split into separate clusters of J-values @nd can be recognized only by a set of J-couplings, including
(Figure 2B). Couplings correlated with a “sharp” torsion should those that can determine values of torsidranda, 2J(P,C3)
therefore be parametrized with explicit consideration of other @nd*J(P,C51). A rarec in the trans region (classes 1, 2) should
torsion(s), either in a form of a multidimensional Karplus curve help determing as gauche, the definitive assignment @fto
or a curve parametrized for the constant value(s) of the €ither g region (class 1) org (class 2) may be problematic,
neighboring torsion(s). Analogical multidimensional character @nd discrimination between these two classes may rely on a
of Karplus dependencies has recently been calculated for NMR combination of sugar puckers: class 2 has both if+é&ilo,
parameters in-alanyl+-alaniné® and DNA nucleoside® _class lhasa C—3C2’-(_eno_lo mixture. Also different values pf

The number of distinct well-resolved J-couplings correspond- n cla_sse's 1_and 2 W.'” likely modulate values of ﬁh}gp,c:g)_
ing to individual torsion angles decreases when going from the couphng, reliable estimates @fhow_e_ver need more extensive
(deoxy)ribose to the phosphorus atom. The sharp torsiamsi calculations and experiments specifically targeted on these more

v can be determined reliably from a number of well-resolved exotic but essential conformations. Class 7 has a similarly low
J-couplings based on naturally occurring hydrogen atdths, value off as class 1, but the phosphodiester torsion in the trans

3 son Sy s O v o 00 =0 ey e et
cases, only the sign of these J-couplings is sufficient for 2)(P CS?L) but as inpthe previous case. more work is needed
determination of the conformational region. The soft torsions, f ’ ! | and reli Ft))l ; ’t f al torsi

B ande, can be correlated with well-resolved couplings that 0" Unequivocaiand refiable assignment ot alttorsions.
have a smooth dependence on the torsion, but the resolution of ©ON the basis of the previous discussion of the J-couplings

these dependencies can be improved if the effect of the split by P&tween P, C, and H nuclei, we propose the following protocol
the neighboring sharp torsiodsandy is considered. for assignment of torsion angles in the NA backbone. Torsions

The conformational complexity of NAS is most pronounced o andy should be assigned first, perhaps also from experimental
at the phosphodiester link, described by torsiamdZ. These evidence other than J-couplings. Their knowledge should then

torsions cannot be unequivocally determined from correlations sharpen conformational regions of soft torsigisand e. A
with the 3J couplings a?]d the cguplinéS(P CB1) and2J(P combination of all of these four torsions should finally help
C3) can discriminate only between their gaughand trans determine the two most difficult torsione, and.
conformations by a split of 23 Hz. This prediction needs to
be validated, although it seems to be supported by two

independent experimental observati6h® A more detailed Calculated indirect spinspin coupling constants betwedp,
conformational assignment based on th&beouplings is not  13c, and!H nuclei can be used for qualitative determination of
straightforward because of their large dispersion. This dispersiongistinct structural patterns of the nucleic acids backbone. The
is likely related to complicated relations betweganda and calculation protocol, including the effect of water solvent used
the neighboring torsions, mainkyand/3, and can be explained  in this study, shows a good performance that results in overall
only after we better understand the multidimensional nature of good correlation with a number of experiments from the
the NA conformational space. It should be mentioned that |iterature. Theoretical predictions of the J-couplings of the NA
reliability of conformational determination of torsionsand¢ backbone are generally valid in both RNA and DNA molecules
can, to a limited extent, be enhanced by the fact that one can ague to the local nature of NMR parameters. Extensive calcula-
priori exclude the trans/trans arrangement at the phosphodiestefions of the J-couplings unveiled in some cases their dependence
link and eithero. or C aSSigned to the trans region thus facilitates on several torsion ang]es; such J_Coup|ings cannot be exp|ained
assignment of the other torsion. by one-dimensional Karplus equations. The most prominent is
Assignment of individual torsion angles is an important task the effect of the sugar pucker, measured here by tosidine
for structure determination of short as well as longer sequencescalculated values of J-couplings and their relationships to the
of NAs. Tables 4 and 5 can suggest characteristic combinationsbackbone torsion angles can facilitate a more accurate and

Conclusions
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reliable structural interpretation of measured J-couplings; a Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,

proposed stepwise procedure suggests assignment of
couplings from the sugar part to the phosphodiester link,
torsiond to y to 5 to € to a and tog. A representative set

JXi Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,

the
from
of

J_Coup“ngsy the “f|ngerpr|nt“ a|0ng the NA backbone, can be S.; Daniels, A. D, Strain, M. C.; Farkas, O, MalICk, D. K, Rabuck, A.

interpreted in terms of the overall nucleotide conformation.
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The structure and function of RNA molecules are substantially affected by non-Wetsmk base pairs
actively utilizing the 2-hydroxyl group of ribose. Here we correlate scalar coupling constants across the
noncovalent contacts calculated for ttis- andtransWC/SE (Watsor-Crick/sugar edge) RNA base pairs

with the geometry of base to base and sugar to base hydrogen bond(s). 23 RNA base pairs from the 32
investigated were found in RNA crystal structures, and the calculated scalar couplings are therefore
experimentally relevant with regard to the binding patterns occurring in this class of RNA base pairs. The
intermolecular scalar coupling8J(N,H), 2"J(N,N), 2"J(C,H), and®"J(C,N) were calculated for the \NH---N

and N-H---O=C base to base contacts and various noncovalent links between the sugar hydroxyl and RNA
base. Also, the intramolecul&#(N,H) and?J(C,H) couplings were calculated for the amino or imino group

of RNA base and the ribose-Bydroxyl group involved in the noncovalent interactions. The calculated scalar
couplings have implications for validation of local geometry, show specificity for the amino and imino groups
of RNA base involved in the linkage, and can be used for discrimination betweeisttendtrans WC/SE

base pairs. The RNA base pairs within an isosteric subclass of the WC/SE binding patterns can be further
sorted according to the scalar couplings calculated across different local noncovalent contacts. The effect of
explicit water inserted in the RNA base pairs on the magnitude of the scalar couplings was calculated, and
the data for discrimination between the water-inserted and direct RNA base pairs are presented. The calculated
NMR data are significant for structural interpretation of the scalar couplings in the noncanonical RNA base
pairs.

Introduction Hydrogen bonding (H-bonding) is known to stabilize the tertiary

Nucleic acids (NAs) play a central role in biology. While structure.of NAs, and its detectiqn via NMR spectroscppy would
storage and replication of the genetic information occurs via Substantially improve the quality of predicted solution NMR
the structurally rather uniform DNA molecules, RNA molecules Structures that are typically rather poorly resolved due to the
are involved in an astonishing range of key biological and lack of relevant structural constraints. The classical (Watson
biochemical functions, including translation and regulation of Crick, WC) base pairing dominating in B-DNA is in RNA
gene expression. It appears plausible that a long time ago theextended by a highly variable set of non-Wats@rick (non-
world of replicating molecules was dominated by medium-sized WC) interactions that are of the utmost importance for RNA
RNAs? capable of simultaneously storing and replicating genetic folding and function. For example, about 40% of nucleobases
information and performing catalysis. in the ribosome are involved in non-WC pairing and form highly

The RNA molecules were later joined by proteins that have Specific and conserved tertiary interactions and recurrent non-
more versatile enzymatic capabilities and DNA which acquired WC RNA building blocks®~1°
the role of storing the genetic information. RNA research has  The role of non-WC base pairs in RNA is clearly fundamental
accelerated during the past decade with major achievements suclor folding and stabilization of the tertiary structure.

as the discovery of RNA interferercgand advance of atomic RNA base pairs were recently systemized into 12 basic
resolution X-ray studies of large RNA assemblies such as the jgosteric familied! In cis- andtransWC/SE (WatsorCrick/
ribosome and its subunits! sugar edge) RNA base pair families the noncovalent linkage

Versatility of RNA molecules in biochemical processes stems i glves one of the relevant functional groups of NA base: the
from their structural variability, and functions of RNA macro- | ato amino. or imino group, and the-Bydroxyl group of
molecules are determined by interactions that are by naturesse. Direct detection of specific non-WC base pairs would
nogcovaler)t_. bel h . ‘ in NA substantially improve the quality of RNA NMR structures. Many

ase pairing belongs to the most important forces in NAs, types of RNA interactions were recently investigated by
and its principles are quite different in RNA and DNA. quantum chemical and simulation studi&ss

* To whom correspondence should be addressed. E-mail: sychrovsky@  Solution structures of NAs can be experimentally determined

uochb.cas.cz. indi i -
T Institute of Organic Chemistry and Biochemistry, Academy of Sciences only indirectly, mostly with thﬁ msthOdShOf mOIGbcmar I;speF: d
of the Czech Republic. troscopy. NMR spectroscopy has been shown to be well-suite

*Institute of Biophysics, Academy of Sciences of the Czech Republic. for providing reliable structural information of NA&3 Although
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the scalar spirrspin coupling constant between two atoms is SCHEME 1: Classification of the Interaction Edges for

mostly associated with the respective covalent bond, it can be RNA Nucleoside rY by Leontist 2

also measured across the H-bond (tlaes-H-bond couplings). ) Edge NH,

The dependence of theans-H-bond couplings on molecular Hoogsteeﬂipﬂﬂfrf% J?.“? <y_1£&N </N,_| )J\NH

structure was recently addressed by Grze&iglgd a number — 5 L

of studies of NA3°-32 and protein®-36 show its applicability ¥ S
§

for modeling the molecular structure with the help of NMR CHs -
parameters. The scalar coupling constants can be accurately NH j’\

modeled using advanced theoretical methd$® Theoretical E‘*N S

studies show that thieans-H-bondJ-couplings can be used as Sugar Edge NH'J% ‘w’go

a fingerprint of specific H-bondirf§ and correlate strongly with ] el Cytosine Uraci

the local geometry of the H-borf8 The scalar coupling constant aY is purine (adenine, guanine) or pyrimidine (cytosine, uracil) base.

across an H-bond can be thus utilized for reliable validation of ) ) ]
intermolecular interactions in NA base pairs and for accurate SCHEME 2: Schematic Representation of thecis- and

probing of their structures. transWC/SE RNA Base Pairs

This study is focused on the dependence ofitaes-H-bond Al 5
NMR scalar couplings on molecular structurece# andtrans: Y ’&’;_, > (\,-E' /k
WC/SE RNA base pairs- Since the calculations were per- CHa L IR
formed for a variety of representative NA base pairs, the detailed bo Cis orientation £
analysis of scalar couplings has also statistical significance for i , P
the NMR structural studies of NAs. We examined 32 members "‘S f\*‘; a J\A \<
of the WC/SE base pair families, 16 for cis and trans subclasses. g4 0OH > {""“\ { ]

Thirteen members of theissWC/SE class and 10 members of :

thetransWC/SE class have been already found EXpenmema"y anteraction between base X and nucleoside rY involves their WC

by X-ray crystallpgraphy. This ranks thg WC/SE base pairs gng SE edge, respectively.

among the most important RNA base pair families. We further

considered alternative “water mediated” arrangements of se-  Aj| calculations were done with the Gaussian 03 program

lected base pairs, and formation of “amino-acceptor” interactions packages

where the nucleobase amino group nitrogen is pyramidalized

and fur_ther actsas a V\_/eak H-bond acceptitle dem_onst_rate Result and Discussion

how different interactions of RNA bases occurring in the _ ) )

conventional, amino-acceptor, and water mediated base pairs The RNA nucleoside (Scheme 1) possesses three interaction

affect the magnitudes of the scalar couplings. Theoretical edges: the WatserCrick edge (WC), the sugar edge (SE), and

modeling of these local effects can improve the accuracy of the Hoogsteen or CH edge defined for purines or pyrimidines,

the modeled NMR parameters and thus the reliability of their respectively:*>*The sugar edge involves thetaydroxyl group

structural interpretation. of ribose that is absent in DNA. The RNA nucleoside can
The present study was carried out for the complete ensembleinteract with another one involving any of the three edges. This

of molecular complexes belonging to the representative classinteraction can be either cis or trans (Scheme 2); i.e., the sugars

of RNA base pairs. The actual number of RNA base pairs was aré on the same side or opposite sides of the line linking the

42. Therefore, some more general conclusions about thelnteracting nucleotide Edges. RNA base pairs were classified

applicability of scalar couplings for distinguishing among Using 12 distinct families of well-defined binding patterns by

4

Trans orientation

individual binding patterns can be made. Leontis et alt1:>*The isostericity principle suggests that a given
) base pair can be replaced by another one having a similar
Calculation Method (isosteric) shape without a loss of RNA folding and funcfidbt
Calculation of the scalar NMR spirspin coupling con- The isostericity is approximately reflected by the isostericity

stant4”48 was performed using the coupled perturbed density index>* The isostericity principle appears to be quite robust,
functional theory (CP-DFT) methd¥° with the B3LYP although one should not expect that it is the only constraint
functional and atomic basis usually called Igléfibhy including determining the covariation patterns in RNAs and significant
all four terms: diamagnetic spirorbit (DSO), paramagnetic ~ exceptions certainly exist. In addition, many of the RNA base
spin—orbit (PSO), Fermi contact (FC), and spin dipolar (SD). pairs defined by Leontis et &:5*can adopt distinct substates
The scalar coupling constahi(X,Y) was calculated between  while there also exist base pairs that cannot be catalogued based
atoms X and Y, where is the number of covalent bonds on this classification.
separating the linked atoms. For the atoms linked by a The present study was carried out for the NA bases: adenine
noncovalent interaction, the additional index “h” was used, (A), cytosine (C), guanine (G), and uracil (U). Typical WC/SE
nJ(X,Y). The calculations of scalar couplings were performed binding patterns (Scheme 2) cluster into the four isosteric
for the 1H, 13C, and'®N isotopes. subfamilies, 1, I, I3, and k.11 The notation X.rY denotes base
The molecular geometry of the RNA base pairs was optimized X and nucleoside rY interacting via their WC edge and SE edge,
previously” 8 with the B3LYP functional and 6-31G** basis  respectively. Thecis- and transA.rY base pairs (rY is any
set. The structural dependence of scalar couplings was calculatechucleoside), i.e., those base pairs with adenine interacting via
in some cases by local variation of the selected geometric its WC edge, form the subclass having the isosterigifif &ble
parameter, keeping the remaining geometric parameters fixed3 in ref 11). Similarly, the C.rY base pairs are classified by the
(the one-dimensional scan). When stated, the polarized con-isostericity indexesyland h for thecis- andtrans WC/SE base
tinuum solvent (PCM) methdd was utilized as a model for  pairs, respectively. The A.rY and C.rY base pairs form isosteric
inclusion of implicit solvation effects. In all cases the gas phase subclasses for their cis and trans isomers. The behavior of the
optimized geometries of RNA base pairs were utilized. scalar couplings calculated for the base pairs within isosteric
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SCHEME 3: Bonding Patterns of the Base to Base linked N—H atoms of the amino or imino group involved in
Contacts between Ring Nitrogen or Oxygen of Keto the base to base interactions will be discussed in a separate
Group Involving Amino or Imino Group, the N +-*H—N section together with th&)(H,N) couplings calculated in sugar
Link, and C=0---H—N Link, Respectively to base H-bond patterns.

\\ The2"J(N,N) couplings calculated in the WC/SE RNA base

NI H pairs range from 2.6 to 7.6 Hz (Table 1), in agreement with the
N interval from 2 to 11 Hz measured in NA%%¢The dependence
/ H/ ‘< of the21J(N,N) couplings on the nitrogemitrogen distance in

the WC/SE base pairs (Figure 1) is essentially the same as
/ reported for a number of other systeffid€35758 The trend
H—N calculated here for th#J(N,N) couplings agrees well with the
\ calculations for various N-H—H bonding partners by Del Bene
(Figure 1)3¥ The average value of the calculat@el(N,N)
couplings involving an amino group is larger by 1.3 Hz
SCHEME 4: Sugar to Base Bonding Patterns between Co.”?pared to the average fqr Imino contacts (Table_l). The
the O2—H2' Hydroxyl Group and Nitrogen of the Amino minimal and maX|ma! magnitudes of t#&I(N,N) couplings
Group (O—H-+-N(H2)), Ring Nitrogen (O—H-++N), and pa!culated for the amino contacts are larger than those for the
Oxygen of Keto Group (O—H+--O=C) imino ones, and both intervals partially overlap. TA&N,N)
couplings measured across the imino contacts incte&\VC/
"\ WC DNA base pairs fall into the interval from 5.0 to 8.0
H/4‘< Hz 29:3159.60The 2hJ(N,N) coupling of 5.5 Hz was measured
i Z across the imino contact in thes-Hoogsteen/WC RNA base
/ pair 3061
N
\ Somewhat larger?"J(N,N) couplings in WC/WC DNA
:< patterns probably correspond to more favorable geometry as
(o]

regards the spinspin coupling pathway. The more collinear
are the link atoms at a given interatomic distance, the larger

. magnitude of thetransH-bond scalar coupling was de-
SCHEME 5: Sugar to Base Bonding Patterns between tected?845:6263on-WC RNA base pairs are complex H-bonded

;r\le_OZ O>I<ygen gf Hydrc():xxlc()BLcl)uRgrldNHydrogen of systems, and not all of their individual H-bonds can be
mino or Imino Group ( (H) ) simultaneously fully optimized’-18 Statistics in WC/SE base

o " pairs shows a large declination from the collinear arrangement
i Z >N~< of the link atoms (Table 1). The average magnitude of the
o H 2hJ(N,N) coupling across the amino and imino contacts was 5.5
\ / and 4.2 Hz, respectively. For comparison, the coupling 5.5 Hz
H ”‘N\ was calculated in the WC/WC canonical GC base pair having
the d(N---H) distance of 2.95 A and tha(N---H—N) angle of
177.5.

classe§ will be also addressed in the fo!lowing. We note that Notably small 21J(N,N) couplings close to 2.4 Hz were
the majority of the WC/SE RNA base pairs have been already measured in the mismatched Hoogsteen/Hoogsteen AA DNA
identified by X-ray crystallography (see the summary in refs pase pair across the two amino contacts (Figure 1), although
11 and 54). the nitrogen-nitrogen interatomic distance in the structure
The calculated scalar couplings were grouped according to refined with NMR spectroscopy (1B3P) extracted from the PDB
the local H-bond patterns. The base to base patterns, i.e., thejatabase was 2.844 and 2.779%AThe 2"J(N,N) couplings
interaction between ring nitrogen or oxygen of the keto group calculated in the AA base pair when employing raw NMR
and the amino or imino group, are shown in Scheme 3. The geometry from the database were 9.1 and 10.8 Hz, and after
sugar to base contacts cover a variety of different noncovalentthe geometric optimization, when the nitrogemitrogen distance
interactions between the G2H2' hydroxyl group at the sugar  relaxed to 3.057 and 3.026 A, the couplings dropped to 5.3 and
and the relevant site of RNA base; see Schemes 4 and 5. 6.0 Hz, respectively. The impact of local geometry on the
Since we investigated 42 WC/SE RNA base pairs, all the magnitude of calculate®#J(N,N) couplings is clearly seen, and
data are presented in a compact manner as an overall statisticshe remaining deviation of the calculated couplings from
Dependence of the calculated scalar couplings on geometry isexperiment can be most probably attributed to the dynamic
shown in the figures including experimental data extracted from motion of the mismatched AA pair. Similar damping of the
the databases and the literature. All individual calculated scalarscalar coupling as expected in this case was measured for the
couplings can nevertheless be found in the Supporting Informa-3"J(H2,H3) coupling in the AU base pairs of RNA hairpin
tion, while base pair geometries are available in the Supporting molecule with different flexibilitie$® Specifically, the
Information of the preceding papéerste 3hJ(H2,H3) coupling ranged from 1.6 to 1.8 Hz or from 0.1 to
Scalar Coupling Constants across the N-H—N Link. The 1.0 Hz depending on whether it was measured in regular well-
base to base interactions between the ring nitrogen and hydrogerstacked AU base pairs or in more dynamic regions of RNA
of the amino or imino group are shown in Scheme 3. The hairpin, respectivel§>
intermolecular?"J(N,N) and *"J(N,H) scalar couplings across The 1hJ(N,H) couplings calculated in the WC/SE base pairs
the Ne-*H—H bond occurring in the WC/SE RNA base pairs range from 2.1 to 3.1 Hz (Table 1), and only little larger average
can be found also in the classical WC/WC base pairs. The magnitudes were obtained for the contacts mediated by the
intramoleculartfJ(H,N) couplings calculated for the covalently amino group compared with the imino ones. The more tight
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TABLE 1: Statistics for Calculated Scalar Couplings and Geometric Parameters of the N-H—N Bond Involving Amino or
Imino Group of the Base to Base Contacts in WC/SE RNA Base Paits

2hJ(N,N) ThJ(N,H) d(N---H) a(N---H—N) d(N,N)
amind
average 55 2.8 2.003 169.0 3.006
MDA 0.5 0.2 0.045 8.6 0.028
max 7.6 3.1 2.127 179.0 3.049
min 4.6 2.4 1.860 149.0 2.894
imina®
average 4.2 2.5 2.020 168.7 3.037
MDA 0.9 0.3 0.047 2.3 0.039
max 5.7 2.9 2.117 173.2 3.131
min 2.6 2.1 1.958 163.5 2.987

a Average, mean deviation from average (MDA), and maximal (max) and minimal (min) values &f¢NeN) and*"J(N,H) intermolecular
couplings [Hz], thed(N-+-H) hydrogen bond length [A], thd(N,N) interatomic distance [A], and bond angiéN---H—N) [deg] were calculated
for the patterns shown in Scheme®3tatistics for 16 amino and 6 imino contacts.
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Nitrogen - nitrogen distance [A]
Figure 1. Dependence oi"'J(N,N) scalar couplings on the nitrogen
nitrogen distance calculated across the:N—N link involving amino
(m) or imino (a) group of RNA base in the WC/SE base pairs. Green
squares and green triangles stand for experiments involving &6
or iminc?®565° group, respectively;-O— is the scan calculation for
the cis-A.rA base pair,— is the exponential fit for the WC/SE base
pairs, and the red solid line is the exponential fit of the data in various
complexes by Del Ben€.

packing of RNA bases results in the increase of ¥l3¢N,H)
coupling as shown for the stepwise change of the nitregen
nitrogen distance (Figure 2). The relatively large dispersion
obtained here for this coupling diminishes its smooth correlation
with any geometric parameter. A similar decrease of the
1hJ(N,H) coupling with a longer H-bond as was calculated in

MJ(N,H) [Hz]

20 22

Nitrogen - hydrogen distance [A]
Figure 2. Dependence of"J(N,H) scalar coupling on the NH
hydrogen bond length calculated across the NN link involving
amino @) or imino (a) group of RNA base in the WC/SE base pairs.
Green triangles stand for experiments involving imino contacts in DNA
by Pervushift and in mRNA by Hennig® —O— is the scan calculation
for thecis-A.rA base pair, and- is the linear fit for the imino contacts
in the WC/SE base pairs.

agreement of both exponential fits indicates that the WC/SE
base pair patterns belong to the broad family of the NN
intermolecular contacts used for the fitting by Del Béhe.

The scan calculation of th&J(N,H) coupling (Figure 2)
shows its almost linear dependence on the-ll nitrogen—
hydrogen distance in the interval from 1.9 to 2.1 A with the

the WC/SE base pairs was nevertheless reported in thesmall bend for shorter N-H distances. This agrees with the

literature38 The 1J(N,H) couplings measured in the WC/WC
DNA base pairs range from 1.8 to 4.1 Bf£059.60The 1hJ(N,H)

previous theoretical calculation of the same coupling in NAs
correlated with the nitrogennitrogen distance of the NNH---

couplings measured in the mRNA pseudoknots across the WC/N bond (see Figure 5-C in ref 42). The linear dependence

WC contacts range from 1.6 to 2.4 Ffz.
The decay of botlrans-H-bond couplings calculated for the
stepwise separation of bases in theA.rA base pair (Figures

1hJ(N,H) = —4.075@(N-:-H)) + 10.969 [Hz] (Figure 2) fitted
here thus corresponds to the trend calculated previously for the
confined interval of the nitrogennitrogen distances corre-

1 and 2) should correspond to some more general trend. Notesponding to geometries of the WC/SE base pairs.
that the calculated dependencies are ideally smooth since only Bothtrans-H-bond couplingghJ(N,N) and*"J(N,H) seem to
one geometric parameter was varied. Although dispersion of be less dependent on the specificity of RNA bases involved in

the calculatec®J(N,N) couplings in the WC/SE base pairs

the pairing. The leading factor that correlates well with the

clearly does not exhibit a priori the exponential shape (Figure coupling magnitude is the distance of bases in the WC/SE RNA
1), we used the exponential model for fitting this dependence pairs.

on the basis of previous theoretical model#g’ The expo-
nential dependenc®J(N,N) = 795579 expf-3.9868¢(N,N))]

We also calculated the effect of possible amino group
pyramidalization, in the alternative amino-acceptor arrangement.

[Hz] fitted here with the data obtained in the WC/SE base pairs Interestingly, even a relatively large structural perturbation

is actually very close to the dependerfé&N,N) = 715763
exp[—3.9378¢(N,N))] [Hz] by Del Bené’ (Figure 1). Close

affecting the amino group (Scheme 6) affects the magnitude of
the 2"J(N,N) and"J(N,H) couplings less than 0.5 Hz.



Noncovalent Contacts in RNA Base Pairs J. Phys. Chem. B, Vol. 111, No. 36, 2000817

SCHEME 6: Overlay of the Conventional (Green) and the amino-nitrogen contacts), the ring nitrogen-@—H---N,

Amino-Acceptor (Red) trans-A.rA WC/SE Base Pairs'8 the ring-nitrogen contacts), or the oxygen of the keto group (C
O—H---0O=C) (Scheme 4). Alternatively, the O2xygen can
act as an acceptor of a hydrogen atom of an amino or imino
group (C-O(H):--H—N) (Scheme 5). Calculated magnitudes
of all trans-H-bond couplings separated by three and more bonds
were smaller than 0.2 Hz (Supporting Information). This likely
rules out utilization of the"J(C,C) coupling and alf"J(C,N)
couplings in NMR structural studies of the sugar to base
contacts.

The magnitude of théhJ(H,N) coupling calculated across
the G-O—H---N link ranges from 1.2 to 3.6 Hz (Table 3), in
agreement with the range from 1.7 to 3.5 Hz measured in RNA
by Giedroc et af® The dependence of th8J(H,N) coupling
on the length of H-bond calculated here differs for amino and
ring-nitrogen contacts (Figure 5). The decay for thiH,N)
couplings involving the amino group (grid point calculations)
is linear with the same slope fais- and transWC/SE base
pairs. The smallest'J(H,N) coupling (1.2 Hz) was calculated
between the H3hydrogen of sugar hydroxyl and the amino

Scalar Couplings across the &0--*H—N Link. Magni- group of guanine only in thecisG.rG base pair having
tudes of the¥J(C,N) and2"J(C,H) couplings calculated in the  exceptionally longd(H3'--*N3) bond length (Figure 5). The
WC/SE base pairs range from1.2 to 0.1 Hz (Table 2), in interaction involving the C3hydroxyl should be nevertheless
agreement with the experiments in proteifis6.41.66.67 Qur considered an artifact of the model since in RNA the'-C3
calculated data fit the linear correlatio®® = 2.0708J) + hydroxyl is replaced by the phosphate group. Other investigated
0.420 [Hz] and®J = 1.186€"J) + 0.113 [Hz] (Figure 4) for sugar to base contacts involve solely the-@pdroxyl.
the amino and imino contacts, respectively. The respective Closer packing of link atoms along the-©—H---N bond
standard deviations were 0.15 and 0.08 Hz. The larger standardnvolving ring nitrogen corresponds to relatively larger mag-
deviation obtained for the amino contacts corresponds to thenjtudes calculated for th&J(H,N) couplings (Figure 5). The
larger variation of local geometry (Table 2). 1h3(H,N) couplings involving ring nitrogen show only modest

Magnitudes of théhJ(C,N) couplings (Table 2) correspond dependence on the length of H-bond as indicated also by the
to the range measured in the DNA guanosine quartets, fromgrid point calculations. The maximal magnitude of th#H,N)
—0.18 to—0.26 Hz32 The3hJ(C,N) couplings calculated in the  coupling was calculated for the intramolecular sugar to base
WC/SE base pairs show significant correlation with the length contacts between the N3 ring nitrogen of purine base and the
of the H-bond and further with tha(C=0---H) bond angle 02 —H2' hydroxyl group of one nucleoside. The couplings 3.6,
(Figure 3); a decrease in absolute magnitude for a longer H-bond3.2, and 2.8 Hz were calculated in thrans-C.rA, transU.rA,
is amplified by a less collinear arrangement of the@--H andcis-G.rG base pairs, respectively. The rest of ¥gH,N)
link atoms. A similar strong angular dependence offtiéC,N) couplings calculated across the intermolecular sugar to base
coupling was also calculated in the methylacetamide dither, contacts involving ring nitrogen range from 2.3 to 3.1 Hz. Even
and the trend calculated for tA&(C,N) couplings was measured  such a confined interval of th&J(H,N) couplings can be
in proteins®435 decomposed according to the bonding partners. Hh(@l,N)

The slope of thé"J(C,N)2"J(C,H) correlation in WC/SE base  couplings involving nitrogen N3 of cytosine (2.3, 2.3, 2.3, and
pairs differs for amino and imino contacts. The linear fit of the 2.7 Hz) and nitrogen N1 of adenine (2.3, 2.3, 2.5, and 2.9 Hz)
dependence for the imino contacts calculated here basically(X.rY, X.rC, X.rA, X.rG, X = C and A, respectively) show the
coincides with the data measured for the imino contacts in gradual increase in the coupling magnitude for the contacts
proteins (Figure 4§336 This indicates that the slope of the involving purine nucleoside. Further, tH8(H,N) couplings can
3hJ(C,N)2nJ(C,H) correlation calculated here across the@ involve different ring-nitrogen atoms. Rather specific inter-
--H—N link is probably rather conservative in both RNA base change of the ring-nitrogen atoms can occur for the sugar to
pairs and proteins. A different slope of the linear correlation base contacts due to the cis/trans flip of one base in any WC/
for amino and imino contacts (Figure 4) can be hardly used for SE base pair. For example, the cis or trans coordination of
their distinguishing since (a) the maximal splitting between the adenine in the A.rX, X= U, C base pairs involves either the
dependencies is approximately 0.5 Hz for rather extreme N1 or N3 ring nitrogen of adenine. This cis/trans flip of adenine
geometries, which may roughly correspond to a typical experi- results in marked increase of tH8(H,N) coupling from 2.3 to
mental error for this coupling, (b) deviations of the calculated 3.1 Hz.
data points from the fit are relatively large, and (c) the area of ~ The intramolecular?2J(C,H) couplings calculated for the
experimental data points in proteins (Figure 4) coincides with hydroxyl group are similar for amino and ring-nitrogen contacts
the crossing point of both dependencies, which may further (Table 3). Closer contacts between sugar hydroxyl and ring
diminish the amino/imino resolution for typical<€---H—N nitrogen correspond on average to somewhat larger magnitude
patterns. of the 2J(C,H) coupling. The maximal absolute magnitudes of

Scalar Coupling Constants across the Contacts between  the2J(C,H) coupling (2.5 Hz) were calculated for the contacts
Sugar and RNA Base Several interactions may occur between between the Czhydroxyl and the N3 nitrogen of purine base
the O2—H2' hydroxyl group of ribose and atoms of the WC within one nucleoside (i.e., rG or rA) in thes-G.rG, trans
edge of RNA base. From the RNA base side the interactions C.rA, andtransU.rA base pairs. Note that the geometry of
can involve the nitrogen of the amino group{O—H---N(H), the rG nucleoside in theis-G.rG base pair is extreme: the
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TABLE 2: Statistics for Calculated Scalar Coupling Constants across the &0O---H—N Bond Involving Amino or Imino Group

and Geometric Parameters of WC/SE Base to Base Contaéts

3hJ(C,N) 2hJ(C,H) d(O---H) a(O---H—N) a(C=0---H)

amind®

average —0.6 -04 1.952 156.9 139.0

MDA 0.3 0.2 0.096 12.4 10.6

max 0.1 -0.1 2.193 177.2 168.2

min -1.2 -0.8 1.797 123.5 116.0
iminao®

average —-0.4 -05 1.959 155.2 133.1

MDA 0.3 0.2 0.165 7.6 7.5

max 0.0 -0.2 2.274 1725 145.2

min -0.9 -0.8 1.700 146.6 117.2

a Average, mean deviation from average (MDA), and maximal (max) and minimal (min) values #8¢(GeN) and2"J(C,H) intermolecular
couplings [Hz], the hydrogen bond lengtO-+H) [A], and the bond anglea(O-:-H—N) anda(C=0-+-H) [deg] were calculated for the binding
pattern shown in Scheme BStatistics for 18 amino and 10 imino contacts.
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Figure 3. Dependence of"J(C,N) scalar coupling on the ©H
hydrogen bond length of the=€0---H—N link involving amino @)
or imino (a) group of RNA base in the WC/SE RNA base pairs:C
O---H angle 118—-122 (black), 122—141° (red), and 141-169
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Figure 4. Correlation of 3J(C,N) and 2"J(C,H) scalar couplings
calculated across the=€D---H—N bond involving aminoM) or imino

(a) group of RNA base in the WC/SE RNA base pairs. Green triangles
stand for experiments for imino contacts in proteihs; is the linear

(blue). Green triangles stand for experiment for the imino contacts in fit for amino contacts, and --- is the linear fit for imino contacts.

DNA with C=0-+-H angle in the range 103-123 by Dingley?3? blue
—0O-— is the scan calculation in thas-C.rU base pair (E0-:-H angle
was 150), and red—a— is the scan calculation in theans-C.rU base
pair (C=0-+-H angle was 1393.

d(02—H2) andd(N3:--H2') lengths were 1.004 and 1.702 A.

Close contact of sugar hydroxyl with the ring nitrogen ac-

companied by relative elongation of the-® bond is thus one
of the prerequisites for amplification of t#8(C,H) coupling.
The2"J(H,C) couplings calculated across the-Q—H--0=

pucker than on the geometry of a particular sugar to base contact.
A small variation of the?J(C,H) coupling also corresponds to
the weakness of the noncovalent linkage; thé I3&iroxyl is
unperturbed by the sugar to base contact andi{@® —H2')
bond length remains the same (0.973 A) in all WC/SE base
pairs.

nhJ(H,H) Couplings across the H-Bond.Scalar spir-spin
couplings between the hydrogen atoms taking part in H-bonding

C link between the sugar hydroxyl group and keto group of Offér another constraint for the structural studies in NAs. The

base range from-0.9 Hz to 0 (Scheme 4, Table 4). Larger

3hJ(H2,H3) coupling constants (for numbering of the hydrogen

magnitudes of the couplings were calculated for a more linear atoms, see Figure 2 in ref 65) measured across the base to base

arrangement of the link atoms. TR#C,H) couplings calculated
for the C-O—H---O=C contacts ranged from2.3 to —1.5

contact in AU WC/WC RNA base pairs range from 0.1 to
1.6 Hz% The authors reported a strong dependence of the

Hz. A similar trend was calculated for the sugar hydroxyl group >"J(H2,H3) coupling on the length of H-bond (FPT approach,

involved in C-O—H---N linkage.

All 2J(C,H) and3"J(C,N) couplings calculated across the

C—O(H)-+*H—N link involving the amino group (Scheme 5)

only the FC term), and th&J(H2,H3) coupling calculated in
the AU base pair{0.1 Hz) was smaller than the experimental
couplings measured in the regular part of the RNA hairpin

are smaller than 0.2 Hz, while for the only imino contact that molegule§5 Our approach that covers all four spigpin
has more a favorable geometry (Table 5) the couplings were coupling mechanisms (see Calculation Method) gives a larger

—0.4 and—0.2 Hz, respectively.

The 2J(C,H) couplings for sugar hydroxyl involved in the
C—O(H):-*H—N linkage vary little, from—1.3 to —1.8 Hz.
ExceptionalJ(C,H) coupling of—2.5 Hz was calculated in the
trans-C.rA base pair having sugar pucker'&hdo. Since the
sugar pucker in rest of the nucleosides was-&8®lo, the

magnitude for the3"J(H2,H3) coupling (0.37 Hz) in the
canonical AU WC/WC RNA base pair. The DSO, PSO, FC,
and SD coupling contributions were 2.352.14, 0.13, and 0.03
Hz, respectively. The complete calculation including all four
terms thus brings the magnitude of t#g(H2,H3) coupling in
AU base pair closer to the experiméhtand at the same time

coupling magnitude seems to be more dependent on the sugait points out the necessity of inclusion of all four coupling terms.
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TABLE 3: Statistics for Calculated Scalar Coupling Constants and Geometric Parameters of the €0—H---N Bond between
Sugar Hydroxyl Group and Nitrogen of Amino Group or Ring Nitrogen in WC/SE RNA Base Pairs?

1h3(H,N) 2J(C,H) d(H-+*N) a(O—H-+-N) a(H-*N—C)

amino nitrogeh

average 2.0 -1.9 2.012 157.6 117.3

MDA 0.3 0.1 0.074 8.8 11.1

max 2.5 -1.6 2.292 171.8 138.7

min 1.2 2.2 1.917 134.1 102.0
ring nitrogert

average 2.7 —2.2 1.804 164.0

MDA 0.3 0.3 0.045 6.5

max 3.6 -15 2.031 178.5

min 2.3 —-2.8 1.702 152.4

a Average, mean deviation from average (MDA), and maximal (max) and minimal (min) values were calculated"faiHé) intercomplex
and2J(C,H) intracomplex couplings [Hz]; thé(N-:-H) hydrogen bond length [A] and tr&O—H-+-N) anda(H---N—C) bond angles [deg] were
calculated for the sugar to base H-bond pattern shown in Schebtdtistics was calculated for 10 amino-nitrogen and 13 ring-nitrogen sugar

to base contacts.

v

"J(H,N) [Hz]

\&\

18
Hydrogen - nitrogen distance [A]

20

Figure 5. Dependence of intermoleculdtJ(H,N) coupling on the
hydrogenr-nitrogen interatomic distance of the—©-—H---N link
between sugar hydroxyl group and amino grom ¢r ring-nitrogen
atom (¥) in cis- (black) andtrans (red) WC/SE RNA base pairs. The
scan calculations—v— for the ring-nitrogen contact in thes-A.rx
(X=G> X=U> X =C),—0O— for amino contact in theis-G.rA,
and red—0O— for amino contact in théransC.rC base pair.

(The H3--N3 bond length in AU base pair used as a geometric
descriptor in ref 65 was in our calculation 1.846 A)).
The astonishing variability of structural patterns in non-

couplings calculated in the conventiortedns-C.rC base pair
were only 0.01 and-0.07 Hz.

We can say that reliable theoretical modeling of ti¢H,H)
couplings requires accurate treatment of all four ssEpin
coupling terms due to their strong mutual compensation.

Intramolecular *J(N,H) Coupling. The 1J(N,H) couplings
were calculated for the nitrogen and hydrogen atoms of the
amino or imino group. Various noncovalent bonding partners
of the amino and imino groups may change local properties of
the covalently bound NH atoms, subsequently affecting
magnitudes of théJ(N,H) coupling. All noncovalent contacts
involving the N—H group in the WC/SE base pairs are shown
in Schemes 35.

The 1J(N,H) couplings calculated in the WC/SE base pairs
show a large variation and structurally significant splitting for
different bonding patterns of amino and imino groups ranging
from —97.5 to —81.5 Hz (Figure 6, Table 6). This sizable
variation corresponds to the variation of local geometry from
1.700 to 2.288 A for thel(H::-X) length (X= N, O) and from
1.008 to 1.039 A for thel(N—H) length. The variation of the
1J(N,H) couplings calculated for the amino group is larger (16
Hz) compared to the couplings for the imino group (4 Hz).
ExperimentalJ(N,H) couplings measured for the imino group
linked to the ring nitrogen range from87.5 to—84.7 Hz for
RNA and from—88.1 to—85.6 Hz for DNAS?

Pyramidalization of the Amino Groupn order to separate
the effect of noncovalent bonding on the magnitude of the
1J(N,H) coupling from the intrinsic properties of individual

canonical RNA base pairs offers many different pathways for bases, we performed also the calculations in the isolated bases
the hydroger-hydrogen scalar couplings across the noncovalent (Table 7). For the amino group of guanine were obtained
contacts. Theé"J(H,H), n = 1, ..., 5, couplings calculated in relatively large absolute magnitudes of #N,H) couplings

the WC/SE base pairs are smaller than 0.3 Hz and the majoritycompared to the couplings in adenine or cytosine. The amino
of the values are close to 0.1 Hz (Supporting Information). The group of isolated guanine is known to deviate significantly from
couplings calculated across the base to base contacts, i.e., thosiée planar arrangemefit’* Pyramidalization of the amino group
between the hydrogen atoms of imino, amino, areHIyroups, can be quantified by deviation of the sum of the three
are positive and smaller than 0.1 Hz (Supporting Information). corresponding valence angles from 36énd with our particular
The couplings across the sugar to base contacts, i.e., thoseuantum mechanical method the values ar€ 3387, and 358
between the hydrogen atoms of an amino or imino group and for G, A, and C, respectively. More pyramidal amino group
sugar hydroxyl, have a little larger magnitudeQ(1 Hz). The and shord(N—H) bond length (Table 7) thus are accompanied
maximal coupling (0.27 Hz) was th@J(H,H) one calculated by the increase of absolute magnitude of ¥#@,H) coupling.

in the transC.rC amino-acceptor base pair across the contact Significant deviation of the amino group from planarity found
between the amino group and sugar hydroxyl. Decomposition in isolated guanine is suppressed to a large extent in the WC/
of both 2\J(H,H) couplings calculated for the hydrogen atoms SE base pairs. The amino groups of adenine (from 34.1

of the amino group (0.27 and0.21 Hz) in the amino-acceptor  359.9), cytosine (from 345.4to 360.0), and guanine (from
trans-C.rC base pair shows again the complicated nature of this 351.6 to 357.6) thus become almost equivalent, and so do
spin—spin interaction: the DSO, PSO, FC, and SD contributions the calculatedJ(N,H) couplings in adenine (from-81.5 to
were 1.21,—1.11, 0.09, and 0.07 Hz and 4.154.00,—0.38, —97.5 Hz), cytosine (from-81.8 to—96.7 Hz), and guanine
and 0.03 Hz, respectively. Interestingly, the safi#H,H) (from —89.5 to—94.1 Hz). Note that the amino groups of bases
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TABLE 4: Statistics for Calculated Scalar Coupling Constants and Geometric Parameters of the €0—H---O=C Bond
between Sugar Hydroxyl Group and Oxygen of Keto Group in WC/SE RNA Base Pairs

2hJ(H,C) 2)(C,H) d(H++-0) a(0O—H-+-0) a(H+-N—C)
average -0.5 -1.9 1.9 164.0 127.5
MDA 0.2 0.2 0.3 11.2 9.5
max 0.0 —-1.5 34 177.5 146.6
min -0.9 —-2.3 1.7 122.9 107.9

a Average, mean deviation from average (MDA), and maximal (max) and minimal (min) values were calculatec?fd{/@®) intercomplex
and 2J(C,H) intracomplex couplings [Hz]; the(H---O) hydrogen bond length [A] and(O—H:-:-O) anda(H:-*N—C) bond angles [deg] were
calculated for the sugar to base H-bond pattern shown in Scheftdtistics was calculated for 12 sugar to base contacts.

TABLE 5: Statistics for Calculated Scalar Coupling and Geometric Parameters of the GO(H)--+H—N Bond between Sugar
Hydroxyl Group and Amino or Imino Group of RNA Base in WC/SE Base Pairs?

2J(C,H) 2hJ(C,H) 3hJ(C,N) d(O---H) a(0O—H---N) a(C—0—H)

amind

average —-1.8 0.0 0.1 2.2 145.6 105.6

MDA 0.2 0.0 0.1 0.1 11.0 0.2

max -1.3 0.1 0.2 2.3 164.0 106.0

min —-25 0.0 -0.1 21 131.8 105.3
iminao®

cG.rG —2.8 —-0.4 -0.2 18 155.5 1314

a Average, mean deviation from average (MDA), and maximal (max) and minimal (min) values were calculated?8¢C tH¢ intracomplex
and 2J(C,H), 3\J(C,H) intercomplex couplings [Hz]; thd(O-+-H) hydrogen bond length [A] and th&(O—H-+-N) and a(C—O—H) bond angles
[deg] were calculated for the sugar to base H-bond pattern shown in SchérBeafistics was calculated for 7 amino and 1 imino sugar to base
contacts.

-804 calculated trends thus indicate that depending on the bonding
L P partner (the geometric effect plus the specific polarization of
- the N—=H group), both effects may amplify or compensate the
-84+ - shift of theJ(N,H) coupling due to specificity of the environ-
- ment. For thecis- andtransA.rX and C.rX (X= A, C, G, U)
WC/SE base pairs embedded in the implicit solvent1iid,H)
couplings decrease from 0.1 to 1.4 Hz and from 1.2 to 2.8 Hz
for the A.rX and C.rX base pairs, respectively. The larger shift
calculated for cytosine most probably corresponds to stronger
= polarization by solvent in the case of the pyrimidine base. Note
ny = 4 that when both N-H bonds of the amino group were completely
= saturated by two explicit H-bonds, additional implicit hydration
96 - " of the WC/SE base pair changed the magnitude of.dt,H)
- 2 coupling less than 1.2 HzransA.rX (X = A, G), transC.rX
T T T 1 (X =A, C, G, U) base pairs). The calculateN,H) couplings
8 '8 o 20 22 24 are thus predominantly modulated by local geometry in the WC/
Interatomic distance X--H [A], X=N,0 SE base pairs mostly affected by specific interaction of bonding
Figure 6. Dependence ofJ(H,N) coupling on the length of H-bond  partners. The effect of solvent most probably leads to the
calculated in the WC/SE RNA base pairs for the@(H)--*H—N sugar decrease of calculated scalar couplings and should be less

to base contacts (green), and the-N—N (red) and G=O---H—N pronounced for the base pairs with well explicitly saturated
(blue) base to base contacts involving amil) ¢r imino (a) group. bonding contacts

The regions confine the data points with the same bonding pattern: ; . )
amino acceptor (1), amino (2), imino (3), and sugar to base (4). Corventional versus Amino-Acceptor Type of Linkagéde
aminoXJ(N,H) couplings calculated for the conventional base
are usually planarized in NAs but there are occasional interac- to base (region 2, Figure 6) and sugar to base (region 4, Figure
tions that actively utilize and even promote amino group 6) WC/SE base pairs are well separated from the couplings
pyramidalizatior-see ref 21 and references therein. obtained for those base pairs where the role of donor and
Effect of HydrationAll the above calculations were carried ~acceptor is interchanged and the amino-acceptor interaction is
out assuming gas phase conditions since the noncovalentthus formed (region 1, Figure 6).
contacts occur inside the base pairs. In order to compare the The topology of the amino-acceptor motif (Scheme 6)
effect of hydration with the effect of specific contact(s) involving assumes the simultaneous occurrence of the base to base linkage
the N—H group, we executed further test calculations by involving one N-H bond of the amino group (INH—N or
including the solvent effects using the polarized continuum O---H—N) and the interaction between hydroxyl hydrogen and
solvent method (see Calculation Method). Polarization of nitrogen of the amino group. Bases in the conventional WC/
isolated bases by water solvent results on average in the decreas8E base pairs are roughly coplanar, while the bases in the amino-
of 1J(N,H) coupling, at most by 3.6 Hz (Table 7). A similar acceptor WC/SE base pairs are not, to maximize the interaction
decrease or increase was calculated whend{ih\e-H) bond between sugar and base. When the amino group undergoes the
length of the amino or imino group in isolated base shortens or structural change from the conventional WC/SE base pair to
lengthens by 0.02 A, respectively (data not shown). Variation the amino-acceptor one, th&(N,H) coupling calculated for the
of the bond length by 0.02 A corresponds roughly to its change N—H bond involved in the base to base contact increasass
upon differing bonding in WC/SE base pairs (Table 6). The A.rA (—93.1— —81.5 Hz),transA.rG (—92.1— —85.1 Hz),
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TABLE 6: Statistics for Calculated 1J(N,H) Coupling Constants and Geometric Parameters of the NH+-N and N—H---O Base
to Base Bonding Patterns, and the N-H---O Sugar to Base Bonding Pattern in WC/SE Base Paifs

bonding pattern

base to base base to base sugar to base
N—H---N N—H---O N—H---O
group 1J(H,N) d(N---H) d(H—N) 1J(H,N) d(O---H) d(H—N) 1J(H,N) d(O---H) d(H—N)
amino average —89.9 2.003 1.027 —93.1 1.952 1.019 —-92.3 2.151 1.011
MDA 3.6 0.045 0.004 2.8 0.096 0.004 0.7 0.072 0.001
max —-81.5 2.127 1.035 —84.5 2.193 1.030 -90.8 2.288 1.013
min —95.0 1.860 1.020 —-97.5 1.797 1.010 —93.7 2.073 1.008
imino average —89.4 2.020 1.031 —90.1 1.959 1.026 —88.8 1.847 1.024
MDA 0.7 0.047 0.004 1.1 0.165 0.006
max —88.4 2117 1.039 —88.1 2.274 1.036
min —90.5 1.958 1.025 —-92.1 1.700 1.019

a Average, mean deviation from average (MDA), and maximal (max) and minimal (min) values were calculatedJ@d tH¢ couplings [Hz];
the d(N-++H), d(O-+-H) hydrogen bond lengths [A] were calculated for the base to base and sugar to base H-bond patterns shown in Schemes 3 and
5.9 The statistics was calculated for 16 amino and 7 imino base to base coffHutsstatistics was calculated for 18 amino and 10 imino base
to base contact$.The statistics was calculated for 7 amino and 1 imino sugar to base contacts.

TABLE 7: 1J(N,H) Coupling Constants [Hz] Calculated in Amino-Nitrogen and Imino-Nitrogen Groups of Isolated RNA Bases

base group R(N—H) TJ(N,H) LJ(N,H)?
adenine amino 1.0074 —91.9 —92.7
amino 1.0067 —-92.3 —93.4
guanine amino 1.0104 —80.1 —83.7
amino 1.0107 —81.8 —82.5
imino 1.0128 —87.6 —90.9
cytosine amino 1.0064 —88.7 —92.0
amino 1.0089 —89.4 —88.8
uracil imino 1.0132 —89.8 —89.9
aNMR calculation including PCM hydration.
SCHEME 7: cis‘A.rA (Left) and trans-A.rA (Right) WC/ of adenine and of cytosine (Figure 7). ThEN,H) couplings
SE Base Pairs calculated in theransWC/SE base pairs are consistently larger
. than those calculated in the cis ones, although the length of the
g( H-bond shrinks (N-H---O) or lengthens (N-H---N) when going
va —\ from trans- to cisWC/SE base pairs. Different bonding patterns
F—& )= (Figure 7) are thus more responsible for a larger variation of
Y“ the aminoJ(N,H) couplings compared to the effect of local
Je VR geometric variation.
] 4 i % H\\______{{g The cis- andtransA.rX (X = A, G, C, U) base pairs are
‘L &\)& isosteric, having the isostericity index (the classification by

Leontis, Table 3 in ref 11). Similarly, theis-C.rX andtrans
C.rX base pairs are classified by the isostericity indexesd

transC.rA (—91.5— —81.8 Hz),trans-C.rC (—94.5— —84.5

Hz), andtransC.rG (—91.7— —83.1 Hz). 91 4
Analysis of Local Effects in Different Nonadent Contacts.

The 1J(N,H) couplings calculated for the conventional amino 92

WC/SE contacts span the largest interval, and their structural

correlation shown in Figure 6 offers only an ambiguous 93

interpretation due to the accumulation of many effects. In the
following we discuss these individual effects in connection with E’ -84+
the coupling magnitude. First, the amino groups of different =
bases are inherently not equivalent as was shown in the examplez %1
of calculation for isolated bases. Analysis of th&N,H) =
couplings in WC/SE base pairs therefore should be restricted +96
for certain RNA bases. Second, different local bonding partners
result in a specific shift of théJ(N,H) coupling. For example,

a smaller average value of th#N,H) coupling was calculated
for the N—H---O motif compared to the average for the s s 20 o ) o
N—H---N one (Table 6). This trend goes with the relative - _
shortening of both the H-bond arifN—H) in the N—H---O _ Interatomic distance X--H [A_]’ X=N,0
motif. Third, the local topology of the amino group in one WC/ E‘%‘gﬁ d7c-a|23r£2g?£i°: ;:fj(t';'é’:ézcgia;n%o“g"rg(gsx‘)_r‘ ;heclecr;g:t} of
SE base _p_ai_r haying either cis or ”ar.‘s orienta_tion (Scheme 7)WC/SE RNA base pairs for the amiﬁo group o'f aéienin)ec,(r c;/to’siné

has specific implications for the coupling magnitude. Extended (g jnyolved in the N-H-+-N (red) and N-H-+-O (blue) linkage. The
calculation in this work allows statistical analysis of this effect calculated data points belonging ¢&s and transWC/SE base pairs

in the subgroups of WC/SE base pairs involving the amino group containing the same nucleic acid bases are connected for better clarity.

-97 4

98l v T . ;
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SCHEME 8: Topology of the Direct and Water endo pucker could be an artifact of the initial starting structure
Mediated cis-G.rG Base Pairs”’ taken from a given X-ray base pair or can be related to the gas
phase model. On the other side, '@hdo puckers are not
uncommon in noncanonical RNA segments.) TH¢N,H)
coupling for the amino group linked in both complexes to the
keto oxygen increases upon hydration frerm®4.1 to —89.0
Hz, while the 2"J(C,H) and 3MJ(C,N) couplings remain un-
changed, being-0.4 and—0.3 Hz, respectively. The increase
due to the hydration calculated for th&(N,H) coupling
corresponds to the decrease of planarity of the amino group at
guanosine. The sum of the three valence angles calculated for
SCHEME 9: Overlay of trans-U.rG Base Pairg8 with the amino group of guanine was 354#&nd 347.9 in the cis-
Differently Coordinated Water Molecules G.rG and cis-G.rG" base pairs, respectively. Other scalar
couplings that also respond to the hydration of tieG.rG
base pair are the following: the coupling between theé H2
hydrogen of sugar hydroxyl and nitrogen of guanine amino
group increases from-0.4 to 1.0 Hz; the coupling between
carbon C2and imino hydrogen drops from0.4 Hz to 0.
Both hydratedransU.rG base pairs have similar topology.
The scalar couplings between the ring nitrogen N3 of guanosine
and the hydrogen or nitrogen of the uracil imino group are
) smaller than 0.1 Hz, reflecting thus a long distance between

the ring nitrogen and imino hydrogen in bdtians-U.rG base
pairs (3.9, 3.4 A). The magnitudes of th&(H,C) couplings
(—0.4,—-0.3 Hz) calculated across the-¥i---O=C bond are
similar to the magnitudes of this coupling calculated in the
water-free WC/SE base pairs.

The 1J(N,H) couplings calculated for the imino group
interacting with water molecule in theis-G.rG" base pair
(—87.1 Hz) and in thdransU.rG base pairs{89.8, —85.9
Hz) indicate the increase of this coupling due to the water
I, respectively. The isosteric WC/SE base pairs are consideredinsertion. Nonzero'J(N,H) couplings were also calculated
to be structurally and energetically equivalent. THEN,H) between the ring nitrogen and directly coordinated hydrogen
couplings calculated for the amino group in the isosteric WC/ of the inserted water molecule in tlés-G.rG" base pair (3.1
SE base pairs show, however, further clustering for cis and transHz) and thetrans-U.rG base pairs (1.8, 3.6 Hz).
base pairs and according to the local bonding pattern. Summary of the Calculated Scalar CouplingsThe2MJ(N,N),
The length of the H-bond in sugar to base contacts involving 1h(N,H), 30J(C,N), and2hJ(C,H) trans-(hydrogen)-bond cou-
an amino group (region 4, Figure 6) is relatively long, and the pjings calculated across the--+*N and N-H---O=C base
amino group is thus relativel_y unperturbed by the interaction. {4 pase contacts in the WC/SE base pairs decay with the
The calculatedJ(N,H) couplings are therefore close to the genaration of RNA bases and with declination of the link atoms
couplings obtained in isolated bases and generally fall into a fm collinear arrangement. In this sense the correlation of the

relatively confined interval (Table 6). , trans-H-bond scalar couplings in the WC/SE base pairs agrees
Only modest variation of théJ(N,H) couplings was calcu- \yith theoretical data from the literat@eé®4 and available
lated for the imino WC/SE contacts (region 3, Figure 6) with experimentg-36.59-61,64,67.75

similar average magnitudes for both amino and imino contacts. . . .

NMR Paragmeterg for the Water Mediated RNA Base TheA(N,N) scalar cqupllngs in the WC/SE base pairs have
Pairs. Water molecules can penetrate inside RNA base pairs, smallgr average magn_ltudes (from 2.6 to 5.7 Hz) th_an the
having an impact on their structure and stabi}2022.25.26.7274 couplings in the canonical WC/\NC. G-.C.: DNA base pair (5.5
In the following we briefly comment on the effect of such an Hz) due to the large structural_ va_1r|abll|ty and less f_avorable
inserted water molecule (or molecules) on the calculated scalar9€OMetry of the WC/SE RNA binding patterns. The nitrogen
couplings in water mediated RNA base pairs. Tr&G.rG pair nitrogen distance is 2.95 A and between 2.98 and 3.13 A in the
and two variants of theransU.rG pair are shown in Schemes canonlc_al G-C base pair _ano! in the WC/SE base pairs,
8 and 9. While both hydratedig-G.rG") and water-freedis- respectively (the same optimization method used).2Th(&,N)

G.IG) cisG.rG base pairs can exist, formation of ttrans coupling_s involving the amino group calculated in the \_NC/S!E
U.rG base pairs requires one water molecule inside the baseP@S€ pairs are on average larger by 1.3 Hz than those involving
pair. the imino group, while thé"J(N,H), 3hJ(C,N), and2hJ(C,H)

The water molecule inside thes-G.rG" base pair (Scheme ~ couplings differ by less than 0.3 Hz.
8) hinders the direct contact between the imino group of guanine  The2"J(N,N) couplings in the WC/SE base pairs depend on
and sugar hydroxyl. By losing this direct intermolecular linkage, the nitroger-nitrogen distance exponentially in accord with the
the 1hJ(N3,H2) coupling of 2.8 Hz in thecis-G.rG pair drops benchmark calculation for various bonding partners by Del
to 0 in the hydrated base pair. At the same time?l{€2 ,H2') Bene?” The scan calculations of tH8J(N,H) coupling show
coupling increases from2.8 to—1.2 Hz as a consequence of its linear dependence for the representative geometries in the
the change of sugar pucker from the'@ado to the C3endo. WC/SE base pairs. Mutual correlation of tR&J(C,N) and
(Note that the C3endo is natural for RNA, so the initial G2 2hJ(C,H) couplings calculated across the-N---O=C link is
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linear, and the slope differs for the contacts involving the amino planar patterns contrasting the canonical (WC/WC) base pairs

and imino groups. result in effective damping and large dispersion of the calculated
The sugar to base contacts involving the hydroxyl group at scalar couplings.

sugar can be correlated with tH(N,H) and2"J(H,C) couplings Validation of the contacts between the sugar hydroxyl and

across the €0—H--N and C-O—H---O=C links, respec- RNA base can provide further critical structural constraints for

tively. Othertrans-hydrogen-bond couplings across three and resolution of the noncanonical RNA base pairs. Fri¢H,N)
more bonds between sugar and base in the WC/SE base pairsouplings between the hydrogen of sugar hydroxyl and nitrogen

are smaller than 0.2 Hz. of RNA base in the WC/SE base pairs are a little smaller than
The 2J(C,H) couplings in the sugar hydroxyl are almost the couplings calculated across the-N-++N link of the WC/
unaffected by sugar to base contacts ranging frali8 to—2.8 SE base to base contacts. Sugar pucker may affect the magnitude

Hz. Amplification of the2J(C,H) coupling was calculated only  of the 1"\J(H,N) coupling across the sugar to base contacts.
for the C2-endo sugar pucker stabilized by the intramolecular  IntramoleculartJ(N,H) couplings calculated for the amino
contact between sugar hydroxyl and purine base within one group involved in base to base contacts of¢cieeWC/SE base

nucleoside. pairs are smaller compared to the couplings intta@asWC/

The 1J(N,H) couplings calculated for the amino and imino SE base pairs. Th&(N,H) couplings are further specific with
groups involved in the base to base and sugar to base contactsegard to the conventional and amino-acceptor geometries of
of the WC/SE base pairs range fror97.5 to —81.5 Hz. A the WC/SE base pair. The calculated data indicate the possibility
shift by 10 Hz calculated for théJ(N,H) coupling due to for the detection of the degree of pyramidalization of the,NH
significant nonplanarity of the amino group in isolated guanine group in nucleic acid bases that was already predicted in many
is suppressed in the WC/SE base pairs since the amino groupsystemg!46.76-79
of adenine, cytosine, and guanine involved in the linkages are Insertion of water inside the WC/SE base pair can be of
basically planarized. Simultaneous involvement of one amino critical importance for thérans-hydrogen-bond scalar couplings.
group in the base to base {M++-N or N—H---O) and sugar to Water inside the WC/SE base pairs may saturate essential
base (G-O—H-+*N(H,)) linkage (the amino-acceptor interaction) intermolecular contacts and consequently damps the intercom-
leads to increase of thg(N,H) coupling involved in the base  plex spin-spin couplings to 0. It was shown that also some
to base link by~10 Hz compared to the same couplings other intramolecular couplings can respond to the insertion of
calculated in the conventional WC/SE base pairs with the water.

C—O(H)--*H—N(H) sugar to base linkage. The base pairs within one isosteric subclass of the WC/SE

The 1J(N,H) couplings calculated for thieansWC/SE base binding patterns were shown to be further separable according
pairs involving the amino group of adenine and of cytosine are to the scalar couplings that specifically respond to local binding.
consistently larger than those calculated indl®eWC/SE base

pairs. ThetJ(N,H) couplings within thecis- andtrans-A.rX (X Acknowledgment. This work was supported by the Grant
= A, G, C, U) groups of isosteric WC/SE base pairs thus show Agency of the Czech Republic 203/05/0388 and 203/06/0420,
also this specific splitting. and the Grant Agency of the Czech Academy of Sciences,

Specific insertion of water molecule(s) inside ttis-G.rG IAA400550701. This study was further supported by Grants
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Structure and Dynamics of the ApA, ApC, CpA, and CpC RNA Dinucleoside
Monophosphates Resolved with NMR Scalar Spin—Spin Couplings

Introduction

Nucleic acids (DNA and RNA) are among the most important
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The measured NMR scalar coupling constants (J-couplings) in the XpY, (X,Y = adenine (A) or cytosine
(C)) RNA dinucleoside monophosphates (DMPs) were assigned to the backbone (a, 3, y, 0, €, ) and glycosidic
() torsion angles in order to resolve the global structure of the DMP molecules. The experimental J-couplings
were correlated with the theoretical J-couplings obtained as the dynamical averages of the Karplus equations
relevant to the torsion angles. The dynamical information was captured using the molecular dynamics (MD)
calculation method. The individual conformational flexibility of the four DMP molecules was thus consistently
probed with the NMR J-couplings. The calculated structure and flexibility of the DMP molecules depend on
the sequence considered with respect to the 5” and 3” end of the DMP molecules (5’-XpY-3"). The dynamical
characteristics of the two nucleosides are not equivalent even for the ApA and CpC homologues. An
enhancement of the sampling in the MD calculations was achieved using five different starting structural
motives classified previously for the RNA backbone in the solid phase (Richardson et al. RNA 2008, 14,
465—481). The initial structures were selected on the basis of a database search for RNA oligonucleotides.
Frequent interconversions between the conformers during the MD calculations were actually observed. The
structural interpretation of the NMR spectroscopic data based on the MD simulations combined with the
Karplus equations indicates that the dominant conformation of the DMP molecules in solution corresponds
to the A-RNA form. For ~52% of the total simulation time (~1000 ns), the &(g—)—o(g—)-y(g+) backbone
topology corresponding to the canonical A-RNA form was observed, with roughly equally populated C2’-
and C3’-endo sugar puckers interconverting on the nanosecond time scale. However, other noncanonical patterns
were also found and thus indicate their relatively high potential to be populated in the dynamical regime. For
~72% of the time portion when the A-RNA of the {—o.—y combination occurred, the nucleobases were
classified as being mutually stacked. The geometries of the nucleobases classified in this work as stacked
were significantly more populated for the DMP molecules with adenosine at the 3’ end (ApA and CpA DMPs)
than the ApC or CpC RNA molecules with C at the 3’ end.

functions. RNA thus functions as an information carrier, catalyst,
and regulatory element, most likely reflecting its importance in
the earliest stages of evolution (The RNA World).2

classes of biomolecules. DNA is responsible for the storage and
coding of genetic information. For quite a long time, the role
of RNA was underestimated. However, the astonishing discov-
ery of RNA enzymes (ribozymes) less than 30 years ago!
signaled a much wider than expected range of RNA’s functional
capabilities. After the revelation of the RNA catalytic function,
major discoveries of new RNA roles and functional capabilities
came one after another. These findings revolutionalized the
biosciences, ultimately identifying the central role of RNA in
biology and evolution. We now know that RNA is intimately
involved in literally every aspect of cellular life. RNA molecules
are integral components of the cellular machinery for protein
synthesis and transport, RNA editing and splicing, and chromo-
some replication and regulation and possess many other
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of the Czech Republic.

* Institute of Biophysics, Academy of Sciences of the Czech Republic.

S Institute of Biotechnology AS CR.
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Among the recent major advances, we should mention the
discovery of the RNA interference® and the solution of near-
atomic resolution X-ray structures of several ribosomal subunits
and ribosomes.*"!! These structures have provided astonishing
insights into the complexity of the architectures of large
functional RNAs, the principles of RNA base pairing (strikingly
different from DNA), the modularity of functional RNAs, and
so forth. X-ray crystallography has been complemented by
cryoelectromicroscopy (CryoEM) studies. CryoEM does not
achieve atomic resolution but is very versatile and can capture
many more conformational substates of this fascinating molec-
ular machine.!>”™* Notably, the two structural experimental
methods above provide basically static averaged pictures of the
RNAs and RNA-based molecular machines. However, in order
to understand RNA functions and folding fully, dynamical
information is needed." It is of primary importance to under-
stand the dynamics and fluctuations of RNAs as molecular
machines like ribosomes are stochastic machines working in

© 2009 American Chemical Society
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the regime of high viscosity and thermal fluctuations. Biomo-
lecular machines convert the energy of thermal fluctuations into
functional movements.'® Many of the functional capabilities of
RNA are based on its chemical properties.

At first glance, these properties may appear rather limited
due to the monotony of RNA chemical building blocks,
comprising only four nucleotides; nevertheless, RNA typically
folds into complex three-dimensional (tertiary) structures. The
subtle placement of the functional groups and their structural
dynamics determine the RNA’s functions. RNA’s conforma-
tional variability is astonishing and larger than that observed in
DNA molecules. RNAs are organized via hierarchical principles.
The 2D structure and thermodynamic stability are basically
determined by canonical Watson—Crick base pairing of the
A-RNA segments.!”!3 Further, RNA molecules utilize a wide
range of noncanonical recurrent structural motifs, building
blocks, and tertiary interaction patterns, often characterized by
salient sequence, 2D and 3D signatures, which means that they
fold into highly specific three-dimensional architectures strongly
related to their biological functions.'*%*

Vital information on the RNA structure and dynamics can
be obtained with NMR spectroscopy,” 3! which has become
one of the leading techniques in that field. Theoretical MD
simulations often complement the experimental insights by a
detailed analysis of the stochastic fluctuations and flexibility of
RNA molecules on the ~1—1000 ns time scale.’>"%

The structural parameters of the nucleic acids resolved with
the NMR spectroscopy technique may utilize different NMR
parameters.’’~* The proton—proton distances can typically be
obtained by measuring the nuclear Overhauser enhancement
(NOE). The applicability of NOE in nucleic acids is, however,
rather limited due to the scarcity of the relevant protons.’” The
'H, 3C, and 3'P shifts can provide structural information that
is unfortunately confined to a close proximity of the probed
nucleus. Accurate interpretation of the NMR shifts in terms of
long-distance structural restraints may thus become difficult. For
example, the *'P shifts of the phosphate group vary by only a
few ppm despite the large structural variation in the nucleic
acid backbone.*® One of the long-distance structural restraints
in nucleic acids can be obtained with the scalar J-couplings
measured along a chain of covalently bound atoms*! or across
the noncovalent contacts.*>** The three-bond J-couplings (the
3J-couplings) correlated with the magnitude of the corresponding
torsion angels*** are thus well suited for structural (confor-
mational) studies of nucleic acids.*' The specificity of the set
of J-couplings assigned to individual torsion angles along the
RNA backbone with respect to its conformational patterns had
been shown also theoretically.*® Another long-distance structural
restraint can be obtained with the cross-correlated relaxation
rates recently utilized in NMR studies of nucleic acids.*’*3

This work was motivated by the scarcity of detailed structural
information available for short RNA oligonucleotides, which
were recognized as increasingly important in the RNA regulatory
processes of gene expression briefly mentioned above. The
structural characteristics of RNA molecules such as the depen-
dence of flexibility on the sequence (the role of the base-stacking
phenomena in the stabilization of short single-strand RNA
molecules), and other conditions like various solvent composi-
tions, are essential for understanding the biological function of
the molecules. The present joint experimental and theoretical
study was therefore particularly focused on (a) the determination
of the local structure in terms of torsion angles resolved solely
on the basis of measured J-couplings (with a consistent set of
NMR parameters), (b) a complementary MD study providing
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the dynamical interpretation of the measured J-couplings in
terms of the distribution functions modeled for the torsion
angles, (c) the assembly of the local structural information
captured for the individual torsions aiming at the global
resolution of the RNA conformational patterns (this point can
also be classified as a backward validation of the MD calcula-
tions method including the force field used), and (d) a detailed
analysis of the global RNA topologies resolved with the NMR
data for the ApA, ApC, CpA, and CpC RNA dinucleoside
monophosphates, addressing particularly the relation between
the various topologies of the RNA backbone and base stacking
via the sequential permutations of the A (purine) and C
(pyrimidine) nucleobases (the A and C nucleobases in the
synthesized model compounds were selected on purpose because
of their different proposed abilities for base stacking®).

Methods Section

The 3’,5’-Linked DMP Molecules. These molecules were
synthesized in the solid phase on a 30 umol scale by a standard
phosphoramidite procedure using commercially available amid-
ites and CPG solid supports. After deprotection, the dimers were
purified by RP HPLC on a Luna C18 (2) column (5 um, 10 x
250 mm; Phenomenex, U.S.A.) in an aqueous 0.1 M triethy-
lammoniumbicarbonate buffer. The obtained compounds were
transformed into sodium salts on Dowex 50 (Na') and finally
adjusted by lyophilization from water.

NMR Spectra. The NMR spectra of dinucleoside mono-
phosphates ApA, ApC, CpA, and CpC were measured on a
Bruker AVANCE-II instrument (‘H at 600.13 MHz and '’C at
150.9 MHz) using a 5 mm TXI cryoprobe in D,O at a
temperature of 280 K (320 K for the CpC DMP molecule).
Chemical shifts were obtained from the 1D-'H and 3C NMR
spectra, referenced to internal dioxane (1 drop added to D,O
solution) and recalculated to the d-scale using oy = 3.75 and
Oc = 69.3 for dioxane. The homonuclear 2D-H,H-COSY and
2D-H,H-ROESY spectra were used for the structural assignment
of hydrogen signals and heteronuclear correlated 2D-H,C-HSQC
and 2D-H,C-HMBC spectra for the assignment of the carbon
signals. The J-coupling constants J(H,H) and J(H,P) were
obtained from 1D resolution-enhanced 'H spectra, J(C,P) from
proton-decoupled '3C NMR spectra, and vicinal J(C,H) between
H-1" and the corresponding carbon atom of adenine or cytosine
from nondecoupled '*C NMR spectra.

Molecular Dynamics. MD simulations were carried out with
the AMBER program, version 8, using the AMBER parm99°>!
force field. The RNA molecules were embedded in explicit water
(abox of 31 A x 31 A x 30 A with roughly 800 TIP3P water
molecules). Prior to the MD simulations (50 ns, periodic
boundary conditions, a temperature of 300 K, a cutoff at 10
A), a four-step equilibration was carried out: (1) a solvent
relaxation with a rigid geometry of the RNA molecules (500
steps of the steepest descent algorithm followed by 1000 steps
of the conjugate gradient minimization), (2) a steepest descent
(1000 steps) followed by a conjugate gradient minimization of
the RNA backbone (1500 steps), (3) a heating/equilibration
simulation at constant volume and a restrained RNA backbone
with a temperature increase from 0 to 300 K (20 ps, with the
force constant for the backbone torsions being 80
keal+mol™'+A~2 a 2 fs time step, SHAKE algorithm, with the
constrained bonds involving hydrogen), and (4) a final equili-
bration (100 ps, constant pressure, no restraints, SHAKE
algorithm). The total simulation time for one DMP molecule
was 250 ns (five initial structural patterns with production runs
of 50 ns for each starting geometry). For the CpC RNA
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molecule, the calculation was performed at a higher temperature
of 340 K using the same protocol.

Distribution Functions. The distribution functions for the
torsion angles were calculated from their evolution during the
MD calculations. The interval of 0—360° for each torsion angle
was divided into 36 subintervals of equal size. The number of
geometries (snap shots) with the values of the given torsion
angle in each subinterval was accumulated along the trajectory
(N;, i = 1,..., 36). The normalized distributions (n; = N/(2. N;))
were used for the numerical integration of the Karplus-like
equations. It should be mentioned that the calculated values of
the averaged J-couplings changed by less than 0.01 Hz when
the finer grid (72 subintervals of equal size) was used in the
same numerical integration procedure.

Dynamically Averaged J-Couplings. The dynamically aver-
aged J-couplings were calculated using the Karplus equations*%
for nucleic acids.*>7> The three-bond 3J-couplings were
mostly assigned to the corresponding torsion angles. Since
several variants of the Karplus equations are available for the
individual torsion angles (three for 5 and &, five for y and o)
and there is no consensus on which of them is to be preferred,
we used their average as reported in the Supporting Information
instead. For the two-bond couplings 2J(C3’1,P) and 2J(P,C5"2)
assigned to the {1 and a2 torsionss, respectively, we used the
theoretical model based on our previous calculations*® (the
model correlates three intervals of 0—120°, 120—240°, and
240—360° for the {1 and o2 torsions with the values of —7.1,
—4.9, —7.1 Hz and —6.1, —3.3, —6.1 Hz, respectively). The
glycosidic torsion y was determined with the Karplus equation
parametrized theoretically for the 3J(H1’,C) couplings by
Munzarovd and Sklen4r™ and Wijmenga.*' The dynamically
averaged J-couplings were calculated as numerically integrated
Karplus equations with a distribution function of the respective
value of the Karplus equation in the ith subinterval and n; is
the value of the normalized distribution for torsion 7).

Results and Discussion

Selection of the Initial Structures for the MD Calculation.
Short RNA Molecules in the Solid State. RNA molecules
containing cytosine and/or adenine (labeled jointly as “C/A”
here in this section) were queried in the Nucleic Acid Database
(NDB?*%) and compared to the consensus RNA conformers as
defined by Richardson et al.’” Of the six such C/A dinucleotide
structures available in the NDB (ApA: urb003, drb002, ApC:
urb001, CpA: drb005, drd004, CpC: udbs38; see Figure 1), two
are structures of uncomplexed ribonucleotides (urb003, urb001),
but only urb003 has a standard 3’—5" phosphodiester link; the
backbone in urb001 contains a 2’—5" link. Three of the
dinucleotide structures are C/A complexes with the intercalating
drug proflavin (drb002, drb005, drd004), and one contains
chemically modified deoxyribose and forms a parallel mini-
helix. Also, trinucleotide RNA structures are rare in the NDB;
in fact, only one uncomplexed trinucleotide ApApA (urc002)
has been deposited, and no C/A RNA tetranucleotide was found.

All of the above-mentioned structures are well-resolved
crystal structures providing reliable information about their
molecular conformations, but the number of these structures is
rather limited and does not allow for a statistical analysis of
the observed features. We, therefore, decided to search for short
RNA fragments cocrystallized with other RNA and/or proteins
in protein/RNA complexes. Approximately 10 such structures
were found, including, for instance, the complex between
ribonuclease PARN and trinucleotide AAA (pr0068), C; and
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Figure 1. A chemical diagram of the B;pB, DMP molecule (ApA,
CpA, ApC, CpC). By, B, is an adenine or cytosine base of the 5’-
BipB,-3 DMP molecule. Ryy is the distance between the nitrogen atoms
of the bases involved in the glycosidic bond (N1 of C, N9 of A). Indexes
“1” and “2” refer to the geometry parameters of the 5’- and 3'-
nucleoside; y1=05"1—C51-C4'1—C3'1,01 =C5'1—-C4'1—-C3'1-03'1,
el = C41-C3'1-03'1-P, {1 = C3'1-031-P-052, a2 =
03'1-P—052—C52, 2 = P—052—-C52-C42, y2 = 052—
C5"2—C42—C3"2, 62 = C52—C4'2—C3"2—032, y = 04 —Cl'—
N1—C2 (cytosine), y = 04’—C1’—N9—C4 (adenosine).

TABLE 1: The Values of the Torsion Angles in Degrees
Averaged for the RNA Structural Classes Populated in the
Ribosomal RNA% Selected As the Initial Structures in the
MD Calculations®

class’ class® y1 o1 el &1 o2 B2 y2 82 y1 32

la 20 54 81 211 291 296 175 54 84 198 202
Ic 19 53 81 194 292 156 194 180 83 203 298
3d 15 53 81 225 211 60 201 49 81 198 196
#a 7 156 149 195 150 292 147 46 84 257 185
6d 9 294 148 237 83 68 175 58 149 56 240

“These structures were taken as the starting geometries in the
MD simulations. » New notation used in this work by Richardson et
al.”’ ¢Old notation used in our previous work,** numbering
according to Table 3 in ref. 3

Ce oligonucleotides in a complex with a transcription termination
factor RHO (pr0008), and several complexes between ribosomal
particles and short RNA, such as A; mimicking mRNA in a
small ribosomal subunit (rrf0096) or CCA as an analogue of
the 3" end of the deacylated tRNA in a large ribosomal subunit
(rr0049). These RNA fragments extended the analysis, but the
quality of this data is limited by low resolution while their
number (less than 30 C/A steps altogether) would still not allow
a rigorous statistical analysis of the conformational behavior
of the C/A step in RNA single-stranded stretches of two to four
nucleotides.

Despite the relative lack of data, we can draw a qualitative
conclusion that the analyzed short single-stranded RNAs
containing C and A nucleotides exhibit a high conformational
variability. These molecules can acquire conformations from
the canonical A-RNA form as the first AA step in urc002, but
a variety of other conformers are also populated. Some can be
characterized as a deformed A-form, as in the “crankshaft”
conformation All, which is labeled also as consensus conformer
1c (Table 1, Figure 2); other conformations have one sugar
pucker C2’-endo rather than the usual C3’-endo, leading to a
relatively mildly deformed A-form as in the CA step of drb005
(consensus class 1b). There are also more deformed conforma-
tions of the second AA step of urc002 which are close to the
consensus class 5z locally resembling a Z-DNA form. Two ApA
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Figure 2. A stereoview overlay of the ApA dinucleoside monophos-
phate (NDB entry urb003) (black) and the structural class 6d (gray).

dinucleosides, the “naked” urb0O03 and the proflavine complex
drb002, have open and unstacked conformations, while AA in
urb003 is close to the class 6d. The conformations of the AA
steps found in the complexes with proteins are mostly close to
a helical conformation (pr0166, rr0096, pr0068); also, the CCA
sequence in the structures of the rRNA subunit (e.g., rr0049)
has an almost helical conformation. On the other hand, the
CAUC sequence (the NMR structure of the 2i2y fusion protein/
RNA complex) is nonstacked with an almost zero rise of bases
(“platform” conformers such as #a).

An Ensemble of the Initial Structures for the MD Calcula-
tions. The large flexibility of short single-strand RNAs, their
open conformations with nonstacked bases, and dissimilarity
to the canonical A-RNA form suggest that the conformational
space of these molecules should be sampled more comprehen-
sibly. The initial structures for the MD calculations should thus
include, besides the canonical A-form, at least some of the
noncanonical conformers. Therefore, for each sequence, we
considered five different starting structures, corresponding to
RNA families 1a, lc, 3d, #a, and 6d (Table 1). The geometries
of these conformers were taken from a previous study.>® Families
la and lc represent the major and minor A-RNA backbone
conformations, known also as AI and AIL;’° #a can be
characterized as a platform with a zero rise of bases, and
the conformer 3d has unstacked, entirely separated bases; the
conformer occurs at the beginnings and ends of the double
helices. The use of these five different conformers as the starting
structures greatly enhances the sampling of the MD simulations
since they cover a variation of all of the important structural
features of the backbone angles, base-stacking arrangements,
and sugar pucker. We are obviously far from claiming that our
five 50 ns simulations for each DMP sequence (20 simulations
in total) guarantee convergence of the results. Nevertheless, as
shown below, we suggest that our simulation time scale provides
enough sampling to achieve a qualitatively meaningful popula-
tion of the key backbone torsion angles that is sufficient for
comparison with the experimental data.

An Analysis of the Molecular Dynamic Calculation. The
analysis of trajectories makes it possible to suggest several
conclusions. The dynamics calculated for the different torsions
occur on specific time scales and possess characteristic torsion
angle amplitudes (by amplitude of torsion, we mean here the
confined interval of the torsion angle values substantially
populated for a given torsion, thus giving rise to a separate peak
of the corresponding distribution). For example, the oscillations
between the characteristic amplitudes of the torsion angles o,
y, and & occur on a scale of tens of ns, whereas in the case of
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the O torsion, the time scale of the flips is around 1 ns. The
amplitudes for the y torsion are broader than those calculated
for the o, y, and & backbone torsions, despite their flips among
their typical amplitudes occurring on a similar time scale. The
specificity of the motions calculated for the structural parameters
of the DMP molecules is large. The following discussion is thus
focused on the local dynamics of the torsion angles, including
their mutual correlations, and on the characterization of the
individual distribution functions used for correlating the calcu-
lated J-couplings with the NMR experiment. The global
structural features like the stacking of bases and their relation
to various backbone topologies are discussed separately below.

For the sake of clarity, we have named each simulation in
the following way. The simulation with the starting structure
N (as indicated in Table 1) of the XpY sequence will be further
referred to as NXpY. Thus, for example, Figure 3 shows the
full time development and distribution for the #aCpC simulation.
All of the other trajectories and distributions can be found in
the Supporting Information.

An analysis of the 0.2, 2, and 1 torsion angles unveils their
strong mutual correlation manifested as concerted flips between
their typical amplitudes. Each of the three torsion angles has,
in principle, a trimodal distribution (g+ (60°), t (180°), g—
(300°)), but only certain combinations of their amplitudes were
populated. The a2/g—, y2/g+, {1/g— triad that pertains to
A-RNA (class 1a, i.e. the canonical A-RNA, Table 1) was
populated for 52% of the total simulation time, and the second
most populated triad a2/g+, y2/t, {1/g+ was seen for ~19%
of the simulation time. Other triads had a fast oscillatory
character, and their overall residence time was shorter; they were
seen for less than 10% of the total simulation time (Figure 5).
The results are in qualitative agreement with the simulations of
A-RNA as well as folded RNAs. Specifically, A-RNA simula-
tions with the same force field show the dominance of the
canonical g+/g— for a/g and a ~10—15% population of the
short-living (0.1—20 ns) g+/t substates.®®%! The crystal structures
of the RNA oligonucleotides indicate ~5% population of g+/t
for a/y. Therefore, the o/y clearly represent an intrinsic feature
of the RNA backbone.3:60:61

The concerted flips of the amplitudes calculated for the o2,
y2, and &1 torsions either occur coherently (02/g—, y2/g+, {1/
g— — o2/g+, y2/it, C1/g+, #aApA) or may include only a
subgroup of the torsions (a2/g—, y2/t, {l/g— — o2/g—, y2/
g+, Cl/g— — o2/g+, y2/t, £1/g+; 1cApC simulation). Flips
in the 02, y2, or a2, {1 subgroup of torsions were rather
frequent, whereas the flip of the y2, {1 torsions were always
accompanied with a flip of the o2 torsion. This may imply that
concerted oscillations in the {l1—a2—y2 segment include
primarily the a2 torsion (via a2 <= y2 and/or 02 < ¢l
coupling), while isolated oscillations in the {1—y2 subsegment
are not allowed.

The a2/t and {1/t amplitudes were not populated at all, in
agreement with the X-ray data.® Whenever the 2/t amplitude
appeared in a trajectory, both £1 and a2 torsions adopted either
g+ or g— orientation. The 5’-hydroxyl undergoes a relatively
free rotation, and the y1 trajectories show faster oscillations
between the y1/g+ and y 1/t amplitudes than the trajectories of
the y2 torsion.

Allow us now to comment on the influence of the initial
structures on the sampling. Although the simulations of each
DMP were started assuming five different geometries and we
generally did see quite many transitions, the influence of the
starting structures is visible. The MD calculations with the initial
class la geometry (canonical A-RNA) retain mostly the initial
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Figure 3. The evolution of the torsion angles over 50 ns and their
probability distribution functions for the #aCpC DMP calculated for
the temperatures 300 (gray) and 340 K (shaded). The complete data
for all of the simulations are in the Supporting Information.

a2/g— and y2/g+ amplitudes as compared to the stability of
those calculated with class 1c, differing only in the o2/t and
y2/t amplitudes (Table 1, Figure 5). The y2/t amplitude was
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2).

populated significantly only in the 1cCpA calculation, a mixture
of the y2/t,g+ was found in the 1cApC trajectory, while the
1cApA and 1cCpC trajectories were dominated by the y2/g+
amplitude. This fact may indicate a preference for the canonical
A-RNA pattern. The overall tendency for convergence toward
the a2/g—, y2/g+ pattern of A-RNA was not observed because
in some calculations with different starting structures lasting
50 ns, it was not populated (Figure 5). The initial RNA backbone
patterns (Table 1) selected from their complete ensemble®’ thus
represent reliable energy minima with a high individual potential
to be populated.

The €1 torsion angle basically oscillates between the ~180
and ~260° amplitudes, except for rare and short-lived popula-
tions with an €1 of ~ 60° (6dCpA, 1aApA). The fast oscillations
of the €1 torsion (6d-ApC,CpC) are sometimes damped (1cCpA),
and if so, one of the dominant amplitudes is populated more.
The coherent oscillations of the €1 and 01 torsions calculated
for the 1cXpY, X,Y = A,C, DMP molecules may indicate their
possible coupling, and the higher population of €1 ~ 260° may
thus be correlated with the stabilization of the C2’-endo ribose
(1cCpA).

The single B2/t amplitude was calculated to be overall
dominant in all 20 simulations.

The calculated flexibility of the ribose sugar is large, and
oscillations between the C2’- and C3’-endo ribose conformers
can be related to the o torsion amplitudes of ~140 and ~80°,
respectively. The local motions of riboses at the 3" and 5" end
are not equivalent. The oscillations calculated for the 92 torsion
are harmonic, whereas the motion of ribose at the 5" end seems
to be perturbed by a rotating 5’-hydroxyl. Neither the C2’- nor
the C3’-endo conformer was thus calculated as dominant in
nucleotides at the 3’ end of the DMP molecules. On the other
hand, the calculated overall motion of ribose at the 5" end was
stabilized either in the C2’-endo (3dCpC, 1cCpA) or C3’-endo
(#aCpC, 1cCpC, 1aCpA,CpC) conformation.

The distribution functions calculated for the glycosidic ¥
torsion have two maxima at ~60 and ~240°, corresponding to
the syn and anti sugar-to-base orientations in RNA nucleosides.
The y2/anti conformer appearing in all of the initial structures
was also calculated as being overall dominant. The average value
of the y2/anti amplitude calculated in the ApA and CpA (x2 ~
280°) is larger than that calculated in the ApC and CpC (2 ~
250°) molecules. The mean value of the y2/anti distributions
thus specifically depends on the nucleobase type. The y1 torsion
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Figure 5. The correlation between the geometry of backbone segment 0.2, y2, {1 (upper stripe) and base stacking (lower stripe, with the color
black corresponding to the geometries with stacked bases) during the time evolution calculated for the la, Ic, 3d, #a, and 6d initial patterns of RNA
molecules. The values of the torsion angles 02/ y2/ ¢1 in degrees and the calculated percentage of their populations are 300/60/300 (52%, blue),
60/180/60 (19%, cyan), 60—180/60/60 (11%, orange), 60/60/60 (6%, yellow), 300/60/60 (8%, red), 300/180/300 (2%, olive), 60/180/300 (1%,
green), 60/60/300 (1%, dark yellow), 60—180/180/300 (1%, wine), 60/60/180 (1%, light gray), and 300/60/180 (1%, magenta).

undergoes frequent flips between the syn and anti orientations,
and the y1/syn orientations were calculated as being overall
dominant. Interestingly, the syn and anti regions of the y1
distributions for the ApA and ApC are smoothly jointed (via
point x1 ~ 360°), unlike the separated regions calculated for
the CpA and CpC molecules. The flexibility of the glycosidic
bond calculated for the nucleoside at the 5" end, which is specific
for adenosine and cytidine, can be again most likely attributed
to the steric interactions of the 5’-hydroxyl with the nucleobases.

An Analysis of Base Stacking. The base stacking interaction
plays an essential role in stabilizing the structure of nucleic acids.
The model RNA molecules containing permutations of purine
and pyrimidine nucleobases were synthesized to this end. They
represent the simplest but still relevant models for a sequential
study of base stacking in short single-strand RNA molecules.

The mutual geometrical arrangement of the nucleobases was
classified according to the following criteria: the distance Ry
(Figure 1) between the glycosidic nitrogen atoms of the
nucleobases (with these distances observed in the MD simula-
tions being in the range of 3.3—12.0 A), the ¢ angle between
the in-plane vectors in the adenine (N9 — C6) and cytosine
(N1 —C4) bases, and the ¢ angle between the bases’ normal
vectors. Similar geometry criteria were used for the base-
stacking analysis of the nucleic acid macromolecules.® In this
work, the mutual inclination of the planes defined by the inner-
ring atoms of nucleobases was thus measured with the two
angles (the angular geometry criteria), while their proximity was
probed with the Ryn distance. The DMP molecules with a
geometry having an Ryy < 6.4 A, ¢ < 60° and lgpl < 45°
(parallel bases) or l¢l = 135° (antiparallel bases) were classified
in this work as the DMP molecules with an arrangement of
stacked bases. An evaluation of the base stacking was thus
grounded purely on the complex geometry criteria selected to
capture roughly the maximal spatial overlap of bases in the DMP
molecules (for the time evolution of the three geometry
parameters, see the Supporting Information). The base-stacking
ratio was evaluated as the number of snapshots having a
geometry corresponding to stacked bases relative to the total
number of snapshots accumulated along a given trajectory
(Figure 4).

The calculated base-stacking ratios depended on the starting
MD structures. This ratio was for the ApC and CpC molecule
in the ranges of 2—67 and 24—75%, respectively (Figure 4).
The ApC and CpC simulations with the la and Ic initial
geometries show high stacking ratios (67, 41% and 73, 75%,
respectively). In these two molecules, the angular part of the
geometry criteria for base-stacking classification provided more
reliable measure of the stacking ratio, elsewhere frequently off
the range, while the Ryy distance simultaneously fit the criteria
for stacked bases.

The maximal base-stacking population was calculated con-
sistently (for all five initial structures) for the ApA (64—75%)
and CpA (65—77%) molecules (Figure 4). For both of these
DMPs, the distance geometry criteria Ryy turned out to be
decisive since the angular criteria appeared mostly within the
target intervals. Adenosine at the 3" end of the DMP molecules
thus stabilizes the stacked conformations, regardless of the
nucleobase at the 5" end. The same conclusion had been drawn
by Norberg and Nillson as well.*’

The Relation between the Conformation of the RNA
Backbone and Base Stacking. The motions calculated for the
backbone torsion angles in the DMP molecules can be roughly
classified as constant (the behavior of angle f3), oscillating
among well-resolved amplitudes with a frequency of tens of ns
(a, v, &, and ¢ torsions) and oscillating fast on the nanosecond
time scale between well-resolved amplitudes (0 torsion). The
analysis of the conjoint motions in the RNA backbone and
nucleobases thus primarily focused on the semirigid segment
fl—02—y2.

The simultaneous population of the dominant triad/angle
combination 02/g—, y2/g+, {1/g— (canonical A-RNA) and the
bases in stack geometry was found 72% of the time when this
triad was populated. The a2/g+, y2/t, {1/g+ triad ranked the
second most consistent with base stacking, similarly with 68%.
The populations calculated for the rest of the o2, y2, {1 triads
found in the MD trajectories decreased steeply, and their
coherence with the base stacking was therefore overall negligible
(Figure 5).

The base-stacking topology in the DMP molecules was found
not only for the canonical A-RNA backbone pattern of the
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TABLE 2: The Scalar Coupling Constants in Hertz Measured and Calculated in the ApA, ApC, CpA, and CpC Molecules and

Their Structural Assignment

J(HH) J(H,P) J(C,P) J(H,C)
34 4.5 4’5" 3P 5P 5”P 2'P 3P’ 4P 5 p* 17,2/4 17,6/8
compound unit’  01/02  yliy2  yliy2 el p2 p2 el ¢l €l/p2 o2 x1y2  ylix2
ApA exp.¢ A ~5.0 2.5 3.6 ~9.0 3.7 —5.4 53 1.9 4.2
A 55 ? ~3.8 ? ~3.8 9.4 =54 2.5 3.1
cale.” A 4.0 24 4.9 7.2 4.5 —53 4.9 34 3.1
A 2.8 2.1 32 4.2 23 9.6 —4.7 2.7 29
ApC exp.* A 6.1 24 35 8.7 33 —53 4.6 2.1 2.8
C ? ~1.7 ~2.0 ~4.0 3.4 9.5 =5.1 1.4 4.5
cale.” A 6.0 2.5 43 5.6 3.6 —5.2 6.6 3.8 2.6
C 3.8 22 4.4 2.8 39 9.6 —4.4 3.1 3.1
CpA exp.* C 6.8 2.6 4.0 8.7 34 —53 54 1.6 4.6
A 5.5 2.6 3.0 43 3.8 9.3 —53 1.8 43
cale.” C 55 2.3 5.1 6.5 4.4 —53 54 33 4.0
A 3.7 22 39 29 3.0 10.0 —4.7 2.6 35
CpC exp.* C 73 2.5 3.8 8.9 3.1 —53 6.0 1.4 4.5
C 7.2 24 2.4 43 32 9.5 —5.6 1.4 4.6
cale.” C 6.4 2.3 6.0 5.6 32 —53 7.0 43 4.1
C 4.5 2.3 34 29 3.0 10.0 —4.7 34 3.6
exp.? C 6.7 2.6 4.0 8.7 34 —53 5.5 1.7 4.6
C 6.7 ~2.5 2.7 ~4.3 39 9.1 —53 1.5 4.6
calc.d C 6.0 2.3 53 6.1 3.6 —5.2 6.3 3.7 4.0
C 4.4 2.3 43 32 35 9.6 —4.6 3.1 3.6

“The upper and lower rows show the data for the nucleoside at the 5" and 3’ end of the RNA dinucleoside, respectively. ® The negative sign
was calculated previously.* ¢ At a temperature of 300 K. ¢ At an experimental temperature of 320 K. The MD simulation at 340 K. The values
were calculated only with the distributions obtained for the 1c and #a structural classes.

{1—a2—y2 segment but also for other patterns (Figure 5). The
sequential role of purine or pyrimidine nucleobases at the 3’
end of the DMP molecule discussed in the previous chapter is
also critical (Figure 4). The calculations for the ApA and CpA
molecules with overall high stacking ratios as well as those for
the other two RNA molecules exhibited a large portion of the
antiparallel arrangement of stacked bases (see the Supporting
Information). Since the nucleosides at the 3” end fluctuate fairly
well around the anti orientation of their glycosidic bond, the
main reason for the antiparallel orientation of the stacked bases
is a rather high population of syn nucleosides at the 5" end of
the DMP molecules (see the Supporting Information). The
analysis of the J-couplings assigned to the glycosidic torsion
in adenosines (the following section) also supported the
calculated prevalent population of the anti and syn adenosine
at the 3" and 5" end, respectively.

The Structural Assignment and Calculation of the J-
Couplings. The geometry descriptors that were used for
calculating the structure of the DMP molecules are eight
backbone torsion angles (two of which are correlated with the
sugar pucker) and two glycosidic torsion angles (Figure 1). The
J-couplings across the three covalent bonds (the 3J-couplings)
were assigned to the majority of the torsion angles.*!#%3+55 The
2J-couplings near the phosphate group were assigned to the o
and ¢ torsion angles (see Methods Section).

The accuracy of the ideally smooth empirical dependencies
for the J-couplings (Karplus equations) is limited. For example,
several Karplus equations designed for one J-coupling may
differ despite their phase factor usually remaining the same.*'
Some examples of such Karplus equations were collected in
our previous work (see Figure 2 of ref 46 and the references
therein). Also, the one-dimensional character of the Karplus
equations cannot always be guaranteed, but the effect of the
neighboring geometry can be modeled.**®® The absolute ac-
curacy of the calculated J-couplings can thus be analyzed
carefully, taking into account the mentioned facts. Being

conscious of the limitations, the theoretical method applied in
this work can be used for directly probing the local geometry
with NMR spectroscopy parameters.

The 3J(P, H5'2), 3J(P, H52), and 3J(P,C4’2) couplings were
assigned to the 52 torsion.*'*¢ The three Karplus equations
possess different phases with respect to the calculated distribu-
tion functions centered near 180°. The dispersion of the values
measured for each of the three J-couplings in the DMP
molecules is smaller than 0.6 Hz, although their individual
magnitudes are different (Table 2). This fact along with the
different phase factors of the three J-couplings implies that
the 52 torsion should be similar in all four DMP molecules.
The actual distribution function should be correspondingly
single-modal, in agreement with the calculated distributions,
which are centered near 180°. The absolute difference between
the calculated couplings assigned to 52 torsion and experiment
was smaller than 1.5 Hz.

Interestingly, the dependence of the averaged J-couplings on
the curvature and exact position of the central point of the 52
distributions is large. Specifically, the center of the 52 distribu-
tion for the ApA molecule is at 172° and has a slightly wider
envelope than the distribution calculated for the ApC molecule
centered at 179° (see the Supporting Information). The
3J(P,C4’2) couplings calculated in the ApA and ApC molecules
are practically the same because the 52 distribution and Karplus
equation are “in phase”, both centered near 180° (for an example
of the Karplus equations, see Figure 2 in ref 46). On the other
hand, the 3J(P, H5’2) and 3J(P, H5”"2) couplings calculated in
the ApA and ApC molecules differ by 1.4 and 1.5 Hz,
respectively. Their Karplus equations are not centered at 180°,
and their slopes have opposite declination in that area. The
mutual phase of the Karplus equation and the corresponding
distribution may thus become a very sensitive factor in the
numerical averaging of J-couplings.

The *J(H3’,H4") coupling assigned to the ¢ torsion was used
to calculate the sugar pucker. Its extreme values roughly ranged
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from 0 (C2’-endo) to 10 Hz (C3’-endo) (see Figure 2 in ref
46). The measured values between 5.0 and 7.3 Hz suggest the
presence of a mixture of the two conformers. Thus, a more equal
population of the C2’- and C3’-endo pucker was measured in
the ApA, whereas in the CpC molecule, the C2’-endo sugar
dominated. The measured trends were also calculated, although
the calculated values of the 3J(H3’,H4’) couplings are overall
underestimated.

The 3J(H4’,H5") and 3J(H4’,H5") couplings assigned to the
y torsion with a trimodal pattern of 60,180, 300° have
approximate magnitudes of 3, 3, 10 Hz and 3, 10, 3 Hz,
respectively.*! Better overall agreement was obtained for the
3J(H4’,H5’) coupling, with an absolute deviation of the calcu-
lated couplings from experiment that was smaller than 0.5 Hz.
Systematically larger deviations from experiment (up to 2.4 Hz)
were calculated for the *J(H4’,H5”) coupling. The calculated
y1 distributions show populations of its trans conformer,
although g+ is expected to be dominant at least in the solid
phase.® Any conclusion in that regard can be drawn only with
difficulty because of the limits in accuracy as the y1 distributions
are very narrow, which causes the numerical integration method
to probe only a very confined interval of the respective Karplus
equation.

The 3J(C2’1,P), 3J(C4’1,P), and *J(H3’1,P) couplings were
assigned to the el torsion.*'*¢ The two calculated J(C,P)
couplings deviated from the experiment by less than 1 Hz
(except for the 3J(C4’1,P) coupling in the ApC molecule), while
the deviations calculated for the 3J(H3’1,P) coupling ranged from
1.8 to 3.3 Hz.

The assignment of the 2J(P, C5’2) and 2/(C3’1,P) couplings
to the a2 and {1 torsion is a challenging part of this work since
the dependence of the 2/-couplings on the torsion angles is less
straightforward than that for the 3J-couplings. On the other hand,
the {1—02 backbone segment suffers from a lack of relevant
nuclei measurable by means of NMR spectroscopy. The two
couplings therefore offer one of the limited possibilities for
probing the structure of the nucleic acids near the phosphate
group, as calculated previously.*¢ The proposed dependence of
the 2J-couplings on the {1 and 02 torsions seems to be
qualitatively correct since it does not contradict the experimental
data.

The 3J(H1",C2/4) and *J(H1’,C6/8) couplings were assigned
to the y torsion.>%* The values of the J-couplings calculated
by Munzarovd and Sklendr for the syn/anti nucleosides are 5.5/
2.5 Hz for both the 3J(H1’,C4) coupling in adenosine and the
3J(H1’,C2) coupling in cytidine, 4.0/5.0 Hz for the *J(H1’,C8)
coupling in adenosine, and 5.5/4.5 Hz for the 3J(H1’,C6)
coupling in cytidine.** The syn and anti regions of both
dependencies used for the determination of the y torsion actually
coincided with the two maxima on the Karplus curves.*!%

The 3J(H1’,C8) couplings measured in the different adenos-
ines have different values, namely, ApA (4.2, 3.1 Hz), ApC
(2.8 Hz), and CpA (4.3 Hz). A similar variation was also
measured also for the *J(H1’,C4) couplings (see Table 2). On
the contrary, both couplings assigned to the y torsion measured
in cytidines varied by less than 0.2 Hz.

The calculated y distributions are sequence-dependent. The
x1 and x2 distributions both have a similar shape, irrespective
of the nucleobases. Specifically, the x1 distributions possess a
sharp syn peak as compared to the y2 distributions, and y2
distributions have a broad anti peak; this, however, contradicts
the experimental data. The 3J(H1’,C2) and *J(H1’,C6) couplings
measured in cytidines have practically the same values, while
the calculated ones were modulated by the specificity of the
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x1, x2 distributions (Table 2). This discrepancy can be most
likely attributed to the drawbacks of the force field used.

The *J(H1’,C2) couplings measured in cytidines (~1.5 Hz)
are certainly below the proposed syn (5.5 Hz) and anti (2.5 Hz)
magnitudes.** Therefore, glycosidic motion in all cytidines
should be rather uniform and delocalized, probably correspond-
ing to the broad distribution that is dominant in the anti region.

The increase of the *J(H1’,C8) coupling and simultaneous
decrease of the 3J(H1”,C4) coupling as measured in adenosines
can be assigned to the increase of the anti population and vice
versa.’>* (The global maxima of the dependencies calculated
for the two J-couplings swap; *J(H1",C8)/syn < 3J(H1’,C8)/anti
and 3J(H1",C4)/syn > 3J(H1’,C4)/anti.) The anti population of
the 3’-adenosine in the ApA molecule should thus be higher
than the anti population of the 5’-adenosine. Similarly, the syn
population of adenosine in the ApC should be higher than the
syn population of adenosine in the CpA molecule. We note that
this site-specific assignment for the glycosidic torsion of
adenosines in the DMP molecules is in agreement with the
calculated stacking ratios (see Figure 4). The absolute deviation
of the calculated J-couplings assigned to the y torsion in
adenosines from the experiment ranged up to 1.7 Hz.

J-Couplings for the CpC Molecule at a Temperature of
340 K. The MD calculations at a temperature of 340 K were
carried out only for the CpC molecule with the 1c and #a initial
structure (see the Supporting Information). The dynamics of
the CpC molecule at the higher temperature possess more
frequent oscillations of the torsion angles accompanied with a
decrease of the base-stacking ratio from 62 to 46% for the
#aCpC calculation and from 73 to 57% for the 1cCpC
calculation. A similar drop in the base-stacking ratio had
previously been calculated in the ApA dinucleoside by Norb-
erg.% The calculated distributions are quite strongly modulated
by temperature increase (Figure 3).

The absolute shift of the measured J-couplings with the
temperature increase was smaller than 0.7 Hz as measured for
the 3J(P, H52) coupling assigned to the 32 torsion. The
decrease of the 3J(H3’,H4") coupling by 0.5 Hz measured in
both cytidines can be assigned to the more equal populations
of the C2’- and C3’-endo sugar pucker conformers when
compared to the populations at lower temperature (Table 2).
(The equilibrium can be estimated for the J-coupling magnitude
of ~5 Hz.).

The faster molecular motions calculated for the backbone
atoms related to the torsion angles modulate the shape of the
calculated distributions (Figure 3). The J-couplings calculated
at the higher temperature assigned to the backbone torsions
mostly follow the measured trends, except for the 3J(H3'1,P)
and 3J(P, H5"2) couplings (Table 2). The absolute temperature
shift of the calculated J-couplings was smaller than 0.9 Hz.
Interestingly, the temperature shift calculated for the J-couplings
assigned to the glycosidic torsion ranged from 0.3 to 1.5 Hz.
This fact again pointed to possible deficiencies in the dynamics
calculated for the glycosidic motions and to the fact that a higher
overall reliability should be attributed to the results obtained
for the backbone torsion angles.

Conclusion

The NMR scalar J-coupling constants measured in the ApA,
ApC, CpA, and CpC RNA dinucleoside monophosphates were
assigned to the o, 3, v, 9, &, and ¢ backbone torsion angles and
to the y glycosidic torsion. Assembling the local structural
information for the individual torsion angles that had been
validated with the NMR J-couplings allows for the determination
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of the individual global structural and dynamical features of
the RNA molecules.

The measured scalar J-couplings were correlated with the
J-couplings calculated using the Karplus equations averaged
with the distributions for the torsion angles obtained from the
MD simulations. The sampling of the structural patterns in the
MD calculations was enhanced by taking the initial patterns
populated in rRNA resolved in the solid state into account.’’-®
The calculation method can thus reliably and consistently probe
the dynamical multiamplitude character of the torsion angles
and their relative populations with NMR spectroscopy.

Overall, good agreement of the measured and calculated
J-couplings was obtained particularly for the backbone torsions.
The absolute average deviation from experiment was 0.4, 0.6,
1.6, 1.0, and 1.1 Hz for the 2J(P,C)/(.,8), 3J(P,C)/(e,8), *J(P,H)/
(&,8), *J(H,H)/(9,y), and *J(C,H)/(x) couplings. For the calcula-
tion of the o and ¢ torsions, the 2J(P,C) scalar couplings were
newly used. The calculated scalar J-couplings assigned to the
glycosidic torsion contradict the measured data, most likely
because of the possible drawbacks of the force field used, which
probably failed in the qualitative prediction of this large-
amplitude motion in the nucleosides of the four RNA molecules.
In that respect, a better robustness of the calculation method
should be expected for the relatively rigid geometry as calculated
for the RNA backbone. However, the “static assignment” of
the experimental J-couplings across the glycosidic torsion (i.e.,
the direct relation of the measured J-couplings to the y torsion
angles via Karplus curves without introducing the distributions
for torsion angles) implied different dynamics in cytidines
(steady motion) and adenosines (sequence-specific motion) in
the DMP molecules.

The magnitudes of the calculated J-couplings depend critically
on the distribution functions of the torsion angles. Another
critical parameter is the mutual symmetry of the distribution
and Karplus equation, as was shown for the three 3J-couplings
assigned to the [ torsion.

The set of distribution functions for the torsion angles, which
is coherent with the structural pattern of A-RNA, was overall
resolved as the most populated. Specifically, the distributions
calculated for the 02, y2, 1 torsion angles with the pattern of
A-RNA dominate overall, and such geometries enhance the
stacking of the bases in the RNA dinucleoside monophosphates.
Further, an important prerequisite for the base-stacking topolo-
gies validated in this study with the NMR data is the presence
of adenosine (the purine nucleobase) at the 3" end of the RNA
dinucleoside monophosphates. The ApA and CpA dinucleosides
thus possess a higher stacking ratio than the ApC or CpC ones.
The calculated base-stacking ratio in the CpC molecule de-
creases as the temperature increase.
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Structural Interpretation of J Coupling Constants in Guanosine and Deoxyguanosine:
Modeling the Effects of Sugar Pucker, Backbone Conformation, and Base Pairing
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The 3J(C8—H1"), 3J(C4—H1"), 'J(C8—HS), 'J(CI’'—H1"), 'J(C2'—H2"), and 'J(C2’—H2'2) indirect scalar
coupling constants were calculated with the density functional theory in the deoxyguanosine and riboguanosine
molecules. The following geometry descriptors were considered in analysis of the structural dependence of
the six J couplings: the glycosidic torsion angle y and conformation of the hydroxymethyl group at the C4’
carbon of sugar mimicking the backbone residue and the sugar pucker (C2’-, C3’-endo). The *J(C8—H1’) and
3J(C4—H1’) couplings, which are typically assigned to the y torsion, also depended on the sugar pucker,
although the calculated dependence of the latter coupling on sugar pucker was nearly negligible. New
parametrization of the Karplus equations, taking into account the stereoinversion effect at the glycosidic
nitrogen atom and solvent effects, was calculated for the *J(C8—H1") and 3J(C4—H1’") coupling assigned to
the y torsion. The calculated phase shift of y torsion angle in these new Karplus equations was larger by
~10° compared to its commonly accepted value of 60° (Wijmenga, S. S.; van Buuren, B. N. M. Prog. NMR
Spectrosc. 1998, 32, 287.). The calculated 'J(C2'—H2’) and 'J(C2’—H2’2) coupling dominantly depended on
the sugar type (deoxyribose or ribose) and its pucker, while the 'J(C1’—H1") and 'J(C8—HS8) coupling
dominantly depended on the glycosidic torsion angle, although quantitatively, all four }J couplings depended
on both geometry parameters. The dependences of j-couplings on the torsion angle y calculated in isolated
nucleosides were compared with those taking into account the effect of base pairing occurring in the WC/SE
RNA base pair family, which appeared to be minor. The calculated *J couplings agreed well with available
experimental data similarly as the 'J couplings, although lack of experimental data diminished more reliable

validation of the later couplings.

1. Introduction

Biochemical properties and biological functions of the nucleic
acids (NAs) are strongly related to their structural dynamics.
One of the relevant possibilities of how NAs can be studied in
aqueous solution is offered by NMR spectroscopy. '

The nucleoside unit is a basic building block of NAs. The
measurements of J couplings in NAs can provide local informa-
tion about the geometry parameters between coupled nuclei.
The three-bond J couplings (*J couplings) are typically used
for determining the torsion angles in both NAs and peptides.
For example, the *J(C8—H1’) and 3J(C4—H1’) couplings are
assigned to the glycosidic torsion angle in nucleosides. However,
also, other kinds of J couplings can be used for determining
the geometry of NA molecules. For example, the 2/ and *J
couplings, which were recently calculated in structural patterns
of rRNA, showed their dependences on magnitudes of the NA
backbone torsion angles.> Complex analysis of the sugar-to-
base orientation in nucleosides with NMR can provide not only
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H3T—O H22

Figure 1. Sketch of the deoxyguanosine molecule with numbering of
atoms and torsion angles; y =04’—C1’—N9—C4’, ' =H1’—C1’—N9—C38
+ 60°, g = H5T-05—-C5—C4’, y = 05—C5—-C4—C3, 6 =
C5'—C4'—C3'-03'.

important local structural information, but it can also substan-
tially help to refine the global topologies of NAs and to link
the structure with its dynamics. Both types of sugar appearing
in the deoxyguanosine (dG) and guanosine (rG), the respective
DNA and RNA nucleoside, were investigated in this work. Their
main geometry parameters (Figure 1) are the glycosidic torsion
angle y and the sugar pucker conformation (Figure 2). It is well
established that RNA with ribose prefers the C3’-endo confor-
mation as dominant, while DNA with deoxyribose mostly
populates the C2’-endo arrangements. However, in noncanonical
regions of functional RNA molecules C2’-endo is a rather
frequent minor sugar pucker conformation that is essential for

© 2009 American Chemical Society
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syn
OTIAO:
/

3'-end O 3 >

Figure 2. Schematic representation of the C2’-endo (gray) and C3’-
endo (black) sugar pucker corresponding to the South and North
conformation, respectively, and definition of the syn (50° < y < 80°)
and anti (180° < y < 280°) regions of y torsion, describing different
orientations of the nitrogenous base with respect to sugar.

5'-end

important noncanonical segments and RNA building blocks,**
while, for example, A-DNA and A to B intermediate DNA
structures are characterized by A-like C3’-endo puckers.®’” The
effect of the sugar puckering and the sugar-to-base orientation
on NMR parameters has been studied extensively both
experimentally®~!* and theoretically."!>~1°

A rather basal prerequisite for an accurate structural inter-
pretation of NMR experimental data is to describe correctly all
effects which can influence the magnitudes of measured NMR
parameters. Obviously, one needs to first know the basic
dependence on the assigned geometry parameter. However, this
primary dependence can be substantially modulated by other
structural parameters due to the natural complex flexibility of
nucleic acids.?**' Also, proper inclusion of solvent seems to be
essential for accurate calculations of the NMR parameters. !’

In this work, we address the issue of accuracy of the fitted
Karplus equations using comprehensive modeling of both the
local geometry and solvent effects. The empirical Karplus
equations derived with the experimental data commonly suffer
from an insufficient number of well-resolved points used for
their fitting. The quality of the fit depends crucially on the
number of available experimental data points (typically the *J
coupling/torsion angle). Such benchmark cases unfortunately
offer rather limited variation in the structural coordinate since
they mostly correspond to molecules with a multiply validated
geometry like the Dickerson dodecamer, in order to prevent
misinterpretation of the experimental data. Further, a priori
known torsion angles which can be used for the fitting do not
have to sufficiently characterize all important conformational
regions. Typical well-established classes of NAs with well-
defined geometries like A-, B-, or Z-DNA and A-RNA with
canonical base pairs offer only narrow ranges of y torsion within
the syn or anti region (Figure 2).'® On the other hand, especially
RNA molecules offer astonishing variability of local structures
as well as global folding topologies associated with wide ranges
of dynamical behavior where sampling of a more complex
distribution of the glycosidic torsions can be expected. Theoreti-
cal parametrizations of the Karplus curves, which take into
account all important geometry parameters in a complex way,
thus can improve their accuracy and reliability. Theory can
further model the trends in J couplings by solvation or different
solute—solvent interactions, providing thus an estimate of
robustness for the calculated dependencies of NMR parameters.

A comprehensive computational study of the six J couplings
in the dG and rG nucleosides carried out in this study was
focused on the following structural features and effects: (i)
variation of the glycosidic torsion angle y, (ii) effect of the B-
and Z-DNA backbone conformations considered for the hy-
droxymethyl group at the C4” carbon of the sugar moiety, (iii)
effect of sugar specificity in the deoxyribose (dG) and ribose
(rG) nucleosides, (iv) effect of sugar pucker (C2’-, C3’-endo),
(v) effect of solvent (gas-phase versus implicit model of water
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Figure 3. Sketch of the Watson—Crick/sugar edge (WC/SE) cytosine/
guanine base pair including putative noncovalent interactions (dotted
lines).

solvent), and (vi) effect of base pairing in non-Watson—Crick
RNA base pairs (Figure 3). The later task is motivated by the
fact that folded RNA molecules contain a wide range of
functionally important non-Watson—Crick base pairs (altogether,
six geometrical families) that directly include the ribose via its
2’-hydroxyl group in base pairing.?> The noncanonical base pairs
are of primary importance in building up key functional RNA
building blocks,® while their direct identification by NMR
techniques is not straightforward.*

2. Methods Section

All geometries were optimized with the B3LYP functional
and the 6-31G** basis set. The glycosidic torsion y was varied
stepwise as the main geometry parameter (the y scans). The
other geometry parameters were either kept fixed in each step
(backbone, see below) or relaxed (sugar pucker and all remain-
ing geometry parameters), thus giving rise to separate y scans
(Supporting Information).

The hydroxymethyl group at the C4’ carbon of sugar
modeling of the part of NA backbone was kept fixed in the
geometry corresponding to B-DNA (8 = 176°, y = 48°, Figure
1), Z-DNA (f = 183°, y = 179°), and A-RNA ( = 173°, y =
54°). Two separate y scans with the C2’- or C3’-endo sugar
pucker (Figure 2) were carried out for all dG and rG nucleosides.
We note that the sugar moiety preserved its starting conforma-
tion C2’- or C3’-endo obtained for the global minima structure
and did not interconvert when the y torsion was smoothly
varying. The geometries of the B-DNA dG nucleosides were
obtained previously? as well as the geometries of the WC/SE
base pairs.?>2

The NMR scalar spin—spin coupling constants were
computed using the coupled perturbed density functional theory
(CP-DFT) method®-** with the B3LYP functional, which was
found to possess the best overall performance among other
commonly used DFT functionals,?®3? and the IglollI basis set®!
by including all four J coupling terms (DSO, PSO, FC, SD).
The "J(X,Y) couplings in units of Hz were calculated between
atoms X and Y (actually the 'H or '*C isotopes) separated by n
bonds.

The geometries were optimized in the gas phase, and J
coupling were computed both in the gas phase and with the
polarized continuum model of water (PCM)*? added subse-
quently for the gas-phase equilibrium geometries.

The effect of atomic basis set size on the magnitude of the J
couplings was calculated for the B-DNA guanosine with C2’-
endo sugar (y = 239.1°, global energy minimum). The differ-
ence between J couplings calculated with the Iglo II and Iglo
III bases was smaller than 0.1 and 1.8 Hz for the *J and 'J
couplings, respectively. This basis set effect corresponding
roughly to the relative error of 1% is in agreement with our
previous study.’

27,28
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Figure 4. The fitted Karplus equations for the *J(C8—H1") and *J(C4—H1’) coupling constants in Hz plotted as function of the ¥’ (¥’ =
H1’—C1’=N9—C8 + 60°)!® and the y (the glycosidic torsion) angle in degrees, respectively. The C2’- and C3’-endo sugar pucker conformations
correspond to the solid and dotted lines, respectively. (A) The dG nucleosides; B-DNA without solvent (black), B-DNA including PCM sol-
vent (red), and Z-DNA without solvent (blue). (B) The rG nucleosides; B-DNA without solvent added for comparison (black), A-RNA without
solvent (red), and WC/SE base pairs without and including water solvent (blue and magenta squares, respectively). The experimental 3/ couplings
in DNA (red,'® olive,* blue,'* and brown?®® asterisk) and RNA (green asterisk'?).

All calculations were done with the Gaussian 03 program
package.®

All calculated J couplings are listed in the Supporting
Information (Tables S1—S10).

3. Results and Discussion

The three-bond couplings 3J/(C8—H1’) and >J(C4—H1’) across
the glycosidic linkage are usually assigned to the y torsion. In
this work, we analyzed the finer effects of the backbone
conformation, composition of sugar, and its pucker, base pairing,
and solvent on the primary dependence of the six J coupling
constants on the glycosidic torsion angle x in the dG and rG
nucleosides. The three-bond couplings 3J(C8—H1’) and
3J(C4—HY’) across the glycosidic linkage are typically assigned
to the y torsion. Such structural dependence of the one-bond
couplings LJ(C2'—H2"), J(C2’—H2"2), and 'J(C8—HS) in NA
nucleosides was, to our best knowledge, studied in this work
for the first time. Dependence of the two *J couplings and the
1J(C1’=H1’) coupling on the y torsion only was studied
previously in the DNA nucleosides.'® By including also the other
1J couplings in this study focused on determination of the y
torsion, we would like to expand our knowledge about their
dependence on this basic structural descriptor in NA nucleosides.

3.1. The 3J Couplings. Dependence of the /(C8—H1’) and
3J(C4—H1") couplings on the glycosidic torsion is large and
actually dominates among the dependencies on other geometry
parameters, as has been shown in the earlier studies.!!>!® This
can be expected since the spin—spin coupling pathway of the
two 3J couplings and atoms defining the y torsion mostly
coincide. Munzarovi et al.'® recently suggested new theoretical
Karplus equations for the two 3/ couplings which were specific
with regard to the kind of base in the DNA nucleosides.'® The
effect of sugar pucker on the magnitude of the 3J(C8—H1’) and
3J(C4—H1") couplings (smaller than 0.8 Hz) was reported just
for two geometries corresponding to the energy minima in the
syn and anti region.'®

Before we proceed to discussion on the calculated 3J
couplings, we comment on their individual assignment to torsion
angles. The 3J(C4—H1’) coupling was assigned to the y torsion,
although the atoms defining y torsion (04’—C1'—N9—C4) are
not the same as the spin—spin pathway of the *J(C4—H1")
coupling (Figure 1). The 3J(C8—H1’) coupling requires special
assignment to the appropriate torsion angle. We used for this
purpose the y” torsion; this torsion equals ¥ only upon exact
nucleobase planarity at nitrogen N9 (Figure 1). The same
assignment was actually used previously by Munzarova et al.'®
(See also the section 3.2.)

The calculated dependencies of the two 3J couplings on the
x- and %’ torsion angles show basically the same shape, but their
calculated dependence on the sugar pucker differs (Figure 4).
The calculated profile of the *J(C4—HI1’) coupling was less
dependent on the conformation of sugar than the 3J(C8—H1")
one, in agreement with the calculations by Munzarova.'® The
changes in magnitudes of both 3/ couplings due to different
sugar pucker were overall smaller than 0.4 and 0.8 Hz for the
3J(C4—H1") and *J(C8—HI’) coupling, respectively. Both 3J
couplings calculated within the syn region of y torsion in the
C3’-endo B-DNA nucleosides are smaller compared to the C2’-
endo ones, while the opposite trend was calculated in the anti
region, again in agreement with Munzarova’s study.'® The sugar
pucker effect on both 3/ couplings was negligible when y torsion
was in between the syn and anti regions. The same trend was
actually obtained in the Z-DNA dG nucleosides and also when
the PCM model of water solvent was applied (Figure 4).

Application of the PCM solvent led to the increase of the
two calculated 3J couplings independent of sugar pucker, which
ranged from 0.1 to 0.4 Hz. The calculated trends were the same
in both dG and rG nucleosides.

Surprisingly, the base pairing interactions in the direct and
water-mediated cis-WC/SE G/rG base pairs (selected as a
representative example of base pairs interacting via their sugar
edges) did not modify the trends calculated for isolated
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nucleosides (Figures 4B and 6). The 3J couplings calculated in
the WC/SE base pairs nicely fit the trends shown by the fitted
Karplus equations, although the sugar edge is relatively close
to the glycoside bond of the rG nucleoside.

Available experimental data'>!*!183435 agree well with the
calculated dependencies (Figure 4). Probably the best agreement
with experiment was achieved for the 3J(C8—H1’) and
3J(C4—H1") couplings measured in DNA G quartet.'®* To our
best knowledge, the only experimental value of the *J(C8—H1")
couplings measured in RNA by Hines et al.!? perfectly agrees
with the calculated coupling (Figure 4B). The *J(C8—H1") (4.4
+ 0.1 Hz) and 3J(C4—H1’) (2.8 & 0.4 Hz) couplings measured
in RNA by Schwalbe et al.’*® could not be correlated with
molecular structure since the torsion in a mononucleoside shows
conformational averaging; nevertheless, the measured ranges
basically agree with our calculations.

3.2. Parametrization of Karplus Equations for the 3]
Coulings. The mathematical form of how the *J couplings depend

on the corresponding torsion angle suggested first by Karplus*"38

J(Cn — H1") = A cos’(y — @) + Bcos(y — @) + C
(1

was also adopted here for the *J(Cn—H1’), n = 4, 8, couplings.
The amplitudes A and B and parameter C are normally fitted on
the basis of measurements (the empirical Karplus equation), while
the phase shift ¢ is usually considered constant. Alternatively, they
can be fitted for the calculated data points. The magnitude of the
@ shift corresponds here to the difference between the y torsion
and the actual torsion angle probed with J coupling, which is given
by the three bonds interconnecting the Cn—HI1’, n = 4, 8, atoms.
In this case, the y torsion (O4’'—C1’—N9—C4) differs from the
spin—spin pathway of the >J(C4—H1") and *J(C8—H1’) couplings
by about 60 and 120°, respectively.

The accuracy of the torsion angles resolved in practice with
measured 3/ couplings depends on the quality of the fitted
Karplus curve. The validity and robustness of the fit with respect
to complex geometry parameters or solute—solvent interactions
is therefore worthwhile to model since such effects may lower
the quality of the outgoing NMR structural data.

As was mentioned, the ¢ phase shift in empirical Karplus
equations is usually fixed to a certain value, which can be
expected from the steric arrangement of atoms and corresponds
to the difference between the assigned and “NMR probed”
torsion angle (Ipel,'° Wijmenga,! Trantirek;'® eqs 2—5).
However, Munzarova et al.!® pointed out that the ¢ phase shift
of the 3J(C4—H1") coupling assigned to the y torsion actually
deviates from the ideal magnitude of 60° when included in the
fitting procedure (eqs 6 and 7).

3JWijmenga(C4 — H1’) = 4.7 cos*(y — 60°) +
23 cos(y — 60°) + 0.1 (2)
viimenga(C8 — H1') = 4.5 cos’(y, — 60°) —

0.6 cos(y — 60°) + 0.1 (3)

e (C4 — H1) = 4.4 cos’(y — 60°) +
1.4 cos(y — 60°) + 0.1 (4)

Vokécova et al.
3‘]Trantirek(cg - Hl/) =41 COSZ(X — 60°) —
0.7 cos(y — 60°) + 0.1 (5)

(C4 — H1") = 3.6 cos’(y — 68.6°) +
1.8 cos(y — 68.6°) + 0.4 (6)

3

Munzarova

3‘]Munzarova(c8 - Hl,) =42 COSZ(X,_68.9O) -
0.5 cos(’—68.9°) + 0.3 (7)

We note that the ¢ phase shift of +60° (+68.9° in eq 7)
used consistently in Karplus curves for both the 3J(C4—H1")
and 3J(C8—H1") couplings (as was suggested first by Ippel'
and Wijmenga') instead of the —120° shift for the later J
coupling corresponds to the negative sign of the B coefficient
(egs 3, 5, and 7). The amplitudes and phase shifts (Tables 1
and 2) were fitted for the calculated data (Supporting Informa-
tion) with the Levenberg—Marquardt procedure combined with
the simplex iteration method using the Microcal(TM) Origin
6.0 program. The interval calculated for the y torsion (0—360°)
was expanded symmetrically by one 360° period before and
after this interval prior to the fitting. The overall quality of the
fitted parameters shown in Tables 1 and 2 was very good (R?
= 0.9881—0.9980, »> = 0.0330—0.0073). We note that the
3J(C4—H1’) coupling was assigned to the y torsion, while the
3J(C8—H1’) coupling was fitted as dependent on the ¥’ torsion.
The y and y’ torsion angles are far from being the same for
different sugar-to-base orientations, and therefore, the
3J(C8—H1’) coupling has to be assigned to the 3’ torsion, which
directly corresponds to the spin—spin coupling pathway (Figures
1 and 4).

TABLE 1: The Parameters A, B, and C in Hz and the
Phase ¢ in Degrees of Karplus Equations for the
3J(C4—HY’) Coupling Assigned to the 04'—C1'—N9—C4
Dihedral Angle (the glycosidic torsion y)

nucleoside sugar conformation solvent A B C @

B-DNA C2’-endo 3.68 1.87 049 70.44
B-DNA C3’-endo 3.66 1.84 041 71.11
B-DNA C2’-endo water 3.82 1.99 0.60 69.71
B-DNA C3’-endo water 3.82 195 0.53 70.56
Z-DNA C2’-endo 382 1.85 042 70.62
Z-DNA C3’-endo 3.61 1.78 045 68.26
A-RNA C2’-endo 350 1.73 0.51 70.09
A-RNA C3’-endo 386 1.83 041 71.68
B-DNA“ C2’-endo 36 1.8 04 689

@ Reference 16.

TABLE 2: The parameters A, B, and C in Hz and the
Phase ¢ in Degrees of Karplus Equations for the
3J(C8—HT’) Coupling Assigned to the H1’—C1'—N9—C8 +
60° Dihedral Angle

nucleoside sugar conformation solvent A B C @

B-DNA C2’-endo 444 —0.60 0.29 68.89
B-DNA C3’-endo 475 —1.09 0.18 69.90
B-DNA C2’-endo water 4.57 —0.77 039 68.92
B-DNA C3’-endo water 4.96 —1.30 0.29 69.31
Z-DNA C2’-endo 434 —0.71 0.31 67.58
Z-DNA C3’-endo 457 —1.07 037 67.40
A-RNA C2’-endo 434 —0.66 0.27 69.71
A-RNA C3’-endo 5.12 —1.22 0.14 73.06
B-DNA“ 42 —-05 03 689

¢ Reference 16.
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Figure 5. The calculated dependence for the 'J(C1’—H1"), 'J(C2'—H2"), 'J(C1’—H2’2), and 'J(C8—HS8) coupling constants in Hz plotted as function
of the y (the glycosidic torsion) angle in degrees. The C2’- and C3’-endo sugar pucker conformations correspond to the solid and dotted lines,
respectively. (A) The dG nucleosides; B-DNA without solvent (black), B-DNA including PCM solvent (red), and Z-DNA without solvent (blue).
(B) The rG nucleosides; B-DNA without solvent added for comparison (black), A-RNA without solvent (red), and WC/SE base pairs without and
including water solvent (blue and magenta squares, respectively). The experimental J couplings in DNA (orange asterisk!’) and RNA (orange'®

and violet*? asterisk).

Different sugar pucker of the dG and rG nucleosides had an
effect on the fitted amplitudes in the Karplus equations for the
3J(C8—H1’) coupling. The absolute amplitudes A and B fitted
in the C2’-endo nucleosides were consistently smaller compared
to those calculated for the C3’-endo nucleosides (Table 1). The
amplitudes obtained for the 3J(C4—H1’) coupling were more
independent of sugar pucker, except for the dG nucleoside with
the Z-DNA backbone (Table 2). The Karplus equations fitted
here for the two sugar puckers reflect the trend calculated by
Munzarov4. '

Application of the implicit water solvent led to the increase
of the 3J(C4—H1") and 3J(C8—HT1’) couplings relative to the
gas-phase values by as much as 0.16 and 1 Hz, respectively.
This increase was reflected by the increase of absolute magni-
tudes of the A and B amplitudes (Tables 1 and 2).

The fitted ¢ phase shift ranged from 67.4 to 73.1°, which is
in agreement with the values calculated by Munzarova'® (Tables
1 and 2). Also, the fitted amplitudes for the two *J couplings
are close to those which were obtained by Munzarov4.'® This
together indicated that (a) the ¢ phase shift should be included
as a “free” parameter into the fitting procedure for the 3J/y
Karplus equations and (b) the obtained Karplus equations are
sufficiently robust with respect to the geometry and solvent
effects modeled in this work.

3.3. The !J Couplings. The 'J(C1’—H1’) and 'J(C8—HS)
couplings should depend dominantly on the glycosidic torsion,
while the 'J(C2’—H2’) and 'J(C2’—H2"2) ones should depend
dominantly on the sugar pucker.!!%%

The J(C1’—H1’) couplings calculated in the dG and rG
nucleosides ranged from 154 to 170 Hz. The smaller magnitudes
were calculated in the syn-nucleosides, while the maximal
magnitudes of the J coupling were calculated near the anti region
for y A~ 180° (Figure 5). The magnitudes of the 'J(C1’—H1")
coupling measured in the anti-guanosines by Kline® or Varani
and Tinoco* and also in other nucleosides®!*3*4! were similar
to the calculated range. Specificity of the NA base should not
therefore significantly affect the 'J(C1’—H1") coupling magnitude.

Application of the implicit water solvent led to the increase
of the calculated 'J(C1’—H1’) coupling by as much as 4.4 Hz
in the syn region (Figure 5). In the anti region, near y ~ 240°,
the effect of implicit solvent was damped down. This happened
probably due to the close spatial proximity of the H1” and N3
atoms, which may hinder effective polarization of the C1’—H1’
bond by the implicit solvent cavity. Magnitudes of the
1J(C1’—HT’) couplings calculated in the C3’-endo nucleosides
were overall larger roughly by 2 Hz in comparison with those
calculated in the C2’-endo nucleosides. The larger effect of sugar
pucker was calculated in the syn region of the rG nucleosides
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Figure 6. Molecular complexes of the cis-Watson—Crick/sugar edge G/rG base and its water-mediated substate (right).?

compared to the dG ones (Figure 4A, B). The J(C1’—H1")
couplings calculated in the rG nucleoside were smaller at most
by 5 Hz than those calculated in the dG one, except for the
region with y ~ 180° where the magnitudes calculated in both
nucleosides were almost the same (Figure 5B).

Except for the parametrization by Munzarova's for the
'J(C1’=H1") coupling,'® no other parametrizations for the
Karplus equations for any of the four 'J couplings were reported.
Although the overall trend calculated for the 'J(C1’—H1’)
coupling is very similar to the trend obtained by Munzarova,
the magnitudes calculated by Munzarovd are systematically
smaller approximately by 10 Hz. Since our calculations of the
1J(C1’—H1’) coupling correspond well with the experiment,'*3642
the underestimated trend calculated previously by Munzarova
was most probably caused by some systematic error which is
difficult for us to clarify since they used a different calculation
method and software.

The calculated 'J(C8—HS8) couplings ranged from 204 to 218
Hz, which is in qualitative agreement with a few experiments
available for this 1J couplings in the literature reporting the range
from 215.7 to 222 Hz.!®!! The calculated dependence on the x
torsion had one maximum near 180° and one minimum near
0/360° (Figure 5). The two extremes of the calculated depen-
dence actually correspond to the planar arrangement of the
H8—C8—N9—C1’—04’ covalently linked atoms. The C2’/C3’-
endo sugar pucker effect on the calculated 'J(C8—HS) couplings
was opposite in the decaying part of the dependence and near
the maximum where the curves calculated in the C3’-endo
nucleosides actually dominated (at most by 3 Hz) over those
calculated in the C2’-endo ones (Figure 5A). The 'J(C8—HS)
couplings calculated for the y ~ 0° in the rG nucleoside were
smaller than those in the dG nucleoside, but near y ~ 180°,
both calculated dependencies almost coincided (Figure 5B). The
1J(C8—H8) coupling measured in the dG and rG nucleoside of
the same molecule, the circular r< pGp(dG)> dinucleoside, was
216.1 and 217.3 Hz, respectively.!® Both nucleosides in the
r<pGp(dG)> molecule had the same torsion angle of y = 187.5°
(SIWWOK in the Cambridge Database***#). Practically the same
magnitudes of the 'J(C8—HS8) coupling measured in the
r<pGp(dG)> molecule with a well-resolved value of the y torsion
correlate nicely with our calculations.

Other values of the LJ(C8—HS) coupling measured in gua-
nosines were 215.7 Hz in cyclic trinucleoside,'® 216.0 Hz in
guanosine monophosphate,'® and 214.85 Hz in the RNA
oligomer from the helix-35 of E. coli 23S rRNA.!!

The 'J(C8—HS) couplings calculated with the inclusion of
implicit water solvent were overall larger than those obtained
in the gas-phase calculations (at most by 4 Hz) and ranged from
207 to 218 Hz. This is in agreement with our previous study of
the 'J(C8—HS8) coupling in the DNA hairpin molecule.!”

Modifications of the § and y torsion angles (Figure 1) in the
dG nucleosides, which reflects their orientation in the B- or
Z-DNA backbone, had inconsiderable impact on the curvature
of the calculated dependences (Figure SA).

The calculated 1J(C2'—H2) and J(C2'—H2'2) couplings
strongly depended on the sugar type and conformation (Figure 5).

The 'J(C2’—H2’) couplings calculated in the dG nucleoside
(the gas-phase calculation) ranged from 132.4 to 137.2 Hz and
from 124.7 to 128.5 Hz for the C2’- and C3’-endo sugar puckers,
respectively. Similar separation of the dependencies with
different sugar pucker was calculated also for the 'J(C2'—H2"2)
couplings ranging from 123.7 to 135.2 Hz (C2’-endo), and from
133.0 to 140.7 Hz (C3’-endo). The calculated trends agreed with
the 'J(C2'—H2) and 'J(C2'—H2'2) couplings measured by
Ippel.'® The effect of the implicit solvent on the calculated
magnitudes of both 'J couplings was negligible in comparison
with the effects of sugar pucker and backbone torsion variation.

A different kind of sugar in the dG and rG nucleosides had
a large impact on the calculated 'J(C2’—H2) and 'J(C2'—H2"2)
couplings (Figure 5B). For the 'J(C2'—H2’) coupling in the dG
and rG nucleoside, the calculated mean values differed by 20
and 29 Hz for the C2’- and C3’-endo sugar puckers, respectively.
This trend calculated for the 'J(C2’—H2’) coupling agrees with
the 138 + 2 and 158.4 £+ 0.5 Hz couplings measured in the
r<pGp(dG)> molecule for the dG and rG nucleoside,'® respec-
tively. The 'J(C2'—H2’) coupling of 138 Hz and the 'J(C2'-
H22) one of 134 Hz, which were measured in the r<pGp(dG)>
molecule, would therefore, according to our calculations,
indicate the C2’-endo sugar pucker of the dG nucleoside rather
than C3’-endo one (Figure 5).

3.4. Impact of Base Pairing and Explicit Water Molecules
on the Magnitude of the J Constants. Base pairing belongs
to the essential interactions which stabilize the structure of the
polynucleotides in DNA and RNA molecules. Modeling the
effect of various base pairing interactions on J coupling
magnitudes would therefore confront the trends obtained in bare
nucleosides with those in realistic structural patterns occurring
in NAs.

As a structural models for such a theoretical NMR study, we
adopted the RNA Watson—Crick/sugar edge (WC/SE)* class
of base pairs (Figures 3 and 6), which was also intensively
studied previously.?**> We selected actually the 12 WC/SE base
pairs in which the rG nucleoside interacts via its SE with all
other nucleobases. This class of extended RNA base pairing
interactions is highly relevant for the purpose since (a) the
noncovalent interactions in the WC/SE base pairs occur in the
proximity of the glycosidic bond, in contrast to the canonical
WC/WC interactions, and (b) WC/SE base pairs (and other types
of SE base pairs) are common in ribosome and other functional
RNAs, as evidenced by the numerous X-ray studies. They are,
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in fact, essential for the formation of many functional RNA
building blocks and motifs. Thus, characterizing their NMR
signatures by calculations can provide an important link between
theory and experiment, which can improve the NMR structural
analysis of RNAs.

Variation of the glycosidic torsion angle in the WC/SE base
pairs (from 150 to 210°) covers the low anti region. The
calculated variation of the *J(C8—H1"), *J(C4—H1’), ./(C1'—HI"),
1J(C2’—H2’), and 'J(C8—HS) couplings in the WC/SE base pairs
was 0.2—3.1,0.3—1.2, 158.5—169.0, 143.7—158.2, and 211.9—-216.3
Hz, respectively. When the WC/SE base pairs were embedded into
the implicit water solvent, the absolute magnitudes of the coupling
increased very little (Figures 4B and 5B).

The 3J(C4—H1’) couplings calculated in the WC/SE base
pairs fit perfectly the Karplus curves (Figure 4B). The
3J(C8—H1") couplings in the WC/SE base pairs probably had
more disperse character, but they still fit the Karplus curve very
well. Interestingly, the carbon C8 seemed to be more perturbed
by the WC/SE base pair interactions than the C4 one, although
its spatial proximity to the “perturbing” base in a pair was larger.

The trends calculated for the three 'J coupings in the rG
nucleoside and in the WC/SE base pairs were not qualitatively
equivalent. The large impact of the base pairing was calculated
especially for the 'J(C1’—H1’) and 'J(C2'—H2’) couplings,
where the atoms coupled in the spin—spin interaction and the
sugar atoms exposed to the sugar edge of the WC/SE base pairs
were actually the same (Figures 4B and 5B). If any structural
information concerning the glycosidic torsion in the rG nucleo-
sides can be acquired from the three 'J couplings, it could be
easily lost due to the large effect and individual character of
the noncovalent interactions in the sugar edge.

Some WC/SE base pairs (and other base pairs involving the
sugar edges) had water-mediated contacts between the ribose
and base (Figure 6). The balance between direct and water-
mediated substates of the base pairs may be important for RNA
structural dynamics.*® The effect of such an explicit water
molecule on the J couplings can be estimated from the
calculations in the cis-G/rG base pair (Figure 6). The glycosidic
torsion calculated in the cis-G/rG complex without and with
water molecule was 151 and 181°, respectively. The calculated
absolute shift of J couplings due to the explicit water in the
cis-G+rG complex was smaller than 0.6 Hz in the case of
the two 3J coulings and the 'J(C8—HS) coupling, while for the
1J(CI’—H1’) and 'J(C2'—H2’) couplings, it was 8.7 and 11.2
Hz, respectively. The trends calculated for the 'J(C1’—H1’) and
1J(C2’—H2’) couplings may therefore require specific calibra-
tion, which would be dependent on the topology and mobility
of the water solvent molecules that can penetrate into the NA
base pairs.

4. Conclusion

We have carried out a comprehensive computational study
of the dependence of the 3J(C8—H1"), 3J(C4—H1"), 'J(CI’'—HY’),
1J(C8—H8), 'J(C2'—H2’), and 'J(C2'—H2"2) NMR spin—spin
coupling constants on the geometry in the dG (deoxyguanosine)
and rG (riboguanosine) molecules.

Calculations of the six J couplings were focused on their
dependence on the following geometry parameters: the glyco-
sidic torsion angle y, the sugar pucker C2’- and C3’-endo, the
B and y torsion angles of the hydroxymethyl group at the C4’
carbon of sugar used for modeling the effect of different NA
backbone geometry (B- and Z-DNA), and the type of sugar (dG,
rG). The effect of the base pairing on J couplings was calculated
for the rG nucleosides in the WC/SE RNA base pairs.
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The *J(C8—H1’) and 3J(C4—H1’) couplings depended domi-
nantly on the y torsion. Sugar pucker of both the dG and rG
nucleosides had systematic impact on the calculated y depend-
encies of the 3J(C8—H1") coupling (the larger magnitudes were
obtained in the C3’-endo nucleosides), while the dependence
of 3J(C4—H1’) coupling on sugar pucker was practically
negligible (cf. also Munzarovi4 et al.'®). New Karplus equations
respecting sugar pucker in the dG and rG nucleosides taking
into account the effect of water solvent were fitted for the two
3J couplings. The calculated impact of the backbone geometry
on the two 3J couplings was practically negligible, as well as
the effect of base pairing in the WC/SE RNA base pairs. This
fact better validates use of these Karplus equations in NMR
structural studies.

The calculated 'J(C2'—H2’) and 'J(C2'—H2'2) couplings
depended dominantly on the type of sugar in the rG and dG
nucleosides and also on its sugar pucker. The 'J(C1’—H1") and
1J(C8—H8) couplings were more dependent on the glycosidic
torsion angle, and qualitatively different dependencies were
calculated for the dG and rG nucleosides. The structural
information concerning the y torsion acquired from the three
1J couplings can be strongly affected by the specificity of the
noncovalent interactions in the sugar edge of the rG nucleosides.
Calculated dependences of the 'J couplings thus brought only
additional information regarding the possible determination of
the glycosidic torsion, which can be nevertheless used as support
in the context of better-suited 3J(C4/C8—H1’) couplings. The
three 'J couplings, however, still represent another, although
less significant, NMR structural constraint for the NMR
structural studies focused on the glycosidic torsion. For example,
the 'J(C8—HS) coupling changes roughly by 10 Hz when the
guanine base adopts orientation with respect to sugar, corre-
sponding to ¥ = 0 and 180°. The dependences calculated for
the six J couplings on the y torsion are in good overall
agreement with available experimental data found in the
literature.
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In this study, the most important kinds of pigments (chlorophylls, bacteriochlorophylls, phycobilins, and
carotenoids) from various photosystems were explored. For the most stable conformations, electronic transitions
were determined at the TDDFT/6-3G(d) level with the B3PW91 functional and compared to measured
spectra. The group of carotenoids was also investigated at the TDA/TDDFT level with the BLYP functional.
The energies of QXransitions are systematically blue-shifted by about 500 nm in the case of (bacterio)-
chlorophyll and pheophytin molecules. Nevertheless, the correct relative order of the Q lines among various
chlorophyll types was obtained through comparison with experimental results. Much better agreement was
obtained for the Soret band, for which the differences between calculated and measured transitions were at
most 35 nm. In the case of phycobilins, the first transition line was estimated to be at lower frequencies
(around 500 nm) with a very similar blue shift of about 100 nm from experimental values. The influence of
anchoring cysteine side chain(s) was found to be marginal. A dominant effect of the linear polyene chain on
the determined spectral lines was found in the case of carotenoids. Nevertheless, the ifpaale$ and

epoxy and keto groups is clearly visible as well. The high intensity of the first allowed transition matches
different characters of the HOMO and LUMO. In the case of fucoxanthin, the TDA method also predicts the
B, state to lie below the 1B state. Because the shift of electron transitions is approximately proportional

to the size of ther-conjugated system, the shift of the calculated transitions compared to experimental values
is practically constant for the same excitations of (bacterio)chlorophyll and phycobilin molecules. However,
this is not true for carotenoids, for which both the transition energy and the shift of the transition vary with
the number of conjugated double bonds.

Introduction base porphyrin; see, for instance, refsZ4. These calculations

are usually used for method-testing purposes, and up to now,
fthey have usually been too demanding for larger pigment
molecules or their aggregates. The electronic spectra of chlo-
rophyll a have been explored in many studies, including those

Photosyntetic pigments represent the lifeblood of all photo-
authotrophic organisms. There are basically three classes o
photosynthetic pigments: (bacterio)chlorophylls, carotenoids,
and the smaller but still important phycobilihhese pigments of Hasegawa et at5 who used the relatively high-accuracy

have been studied for many years, and several investigators hav% AC-CI (symmetry-adapted cluster-configuration interaction)

been recognized with Nobel Prizes in the distant and even recent Ew
past for elucidating the importance of the subject. Despite the method, and Parusel and Gri ho compared chlorophyll

great effort devoted to this subject, there is still much room for a.and'pheophytln. The orlen'tatlon.of two porphyrin rings in a
. . . dimeric arrangement was investigated and compared with
further exploration. We decided to examine the electron experimental data (Raman spectroscopy) by JeongZt al
transition spectra of individual structures and the relationship P ) ) P Py .y 9 )
between structure and transition energy in the above-mentioned SPectroscopic properties of some bacteriochlorophgils,(
pigment classes. c_1—3, andd) were studied using a semiempirical approach by
peLinnato et ak®#Later, they extended the explored systems to

found in many papers, monographand spectral encyclope- self-organized aggregates of bacteriochloropﬁ%;ud th.e.LH
dias? Because this work has a computational character, we !l antenna structur& Cory et al*2 determined semiempirically
concentrate here mainly on the theoretical studies dealing with €!€Ctronic excitations in larger aggregates of bacteriochloro-
spectra predictions (or estimations) performed on the chosenPhYllS. Accurate TDDFT (time-dependent density functional
pigments and their models, using measured spectra for com-theory) calculations of chlorophyd and bacteriochlorophyb
parison and approximate error estimation. spectra have been published by Sundh®i.

For (bacterio)chlorophylls, the very first calculations were  In the case of (bacterio)chlorophyll molecules, for a com-
performed by Gouterman and co-worketson the porphyrin parison with experimental data, we used measurements of
ring, introducing the four-orbital model. Following these initial absorption spectr&;* circular dichroisn?’ and fluorescence
efforts, many other researchers have performed calculations a@ind absorption spect?&3?
various levels using different models frequently based on free-  Phycobilins belong to the second group of pigments that are
present in photosynthetic complexes. Phycobilins are linear
* Corresponding author. E-mail: burda@karlov.mff.cuni.cz. open-chain tetrapyrrole systems anchored in proteins. An

Experimental electronic spectra of these compounds can
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interesting recent study addressed the spectral characteri- on the corresponding biological environment. Also, several
zation of phycoerythrin in combination with quantum chemical structures of a given (bacterio)chlorophyll type were found to
calculations. Another study investigated regulation of the have similar total energies. One of the rare exceptions, for which
absorbed excitation energy by chlorophyll and phycobilin. Their several high-resolution X-ray structures are available, is the
models are based on X-ray structures of PS I, PS I, and molecule of chlorophylb. Our model structures were adopted
allophycocyanirf! from 1DOP pdb structure. In all investigated (bacterio)-
Carotenoids are the last family of photosynthetic pigments chlorophyll conformers, the phytyl chain was excluded from
that we examine in this study. Molecular structures of selected consideration. Instead, the methyl ester anchoring group was
carotenoids were previously calculated semiempirically (AM1) used in the models. This can be assumed to be a reasonable
by Hashimoto et at? The obtained structures were compared approximation, as it follows from our preliminary calculations
with geometries from X-ray crystallography. Similarly, in the as well as from other studies (e.g., ref 69). For the other
work of Wang et al?? structural characteristics and (stacking) chlorophyll types, the original chlorophyk ligands were
stabilization energies were explored using the MP2 approach.replaced by appropriate substituents to create the required
The role of beta-carotene in the quenching of singlet oxygen models. In the determination of pheophyéinthe structure of
was examined in a stuéusing the DFT method. Great effort  chlorophyllawas taken as a starting point, with the Mgation
has also been devoted to calculations of electronic spectra. Insubstituted by two protons.
the study of He et af$ the complete active space SCF Inthe case of the phycobilin group, two representatives were
(CASSCF) technique was employed on the low-lying excited considered, as shown in Figure 3. The initial structures were
states of the carotenoid rhodopin glucoside (RG). The results obtained from the Protein Data BaffkBecause phycobilins
showed that the lowest triplet state energy of the RG is below can adopt many spatial conformations, the crystallographic
0.78 eV. The authors also found a significant blue shift of the structure of phycocyanobilin was chosen as a starting point to
energy of the second excited singlet state (S2) in this carotenoidpreserve the biologically relevant arrangement of the pigment.
under the influence of bacteriochlorophylls. In another wiSrk, The models of phycoerythrobilin originate from the same
theoretical and experimental approaches were combined tostarting structure with replacement of the different substituents
demonstrate some correlations between AM1 calculations andand reduction of the double bond between the C and D pyrrole
NMR spectroscopy. A large number of studies on carotenoid rings. In the case of phycoerythrobilin, two forms were
spectra have been published by the Fleming gréu}, who considered: anchored through a single covalent bond to the
used both experimental and theoretical tools. Their quantum sulfur atom of cysteine side chain and/or with a pair of covalent
chemical calculations were done in collaboration with the group bonds as depicted in Figure 3.
of Head-Gordor¥?"** In one recent studi€$, TDDFT and TDA/ In the case of carotenoids, nine pigments were chosen; they

TDDFT (Tamm-Dancoff approximatiorff calculations were  are displayed in Figure 4. Selection of these pigments allows

used for the exploration of the energy transfer from the S1 state for clarification of the influence of different structural elements

of peridinin to chlorophyll in photosystem (PS) I. on spectral characteristics. The all-trans conformation was used
Although the TDA cannot generally be considered superior for linear carbon chains. The other substituents (e.g., xanthophyll

to the full TDDFT method, in carotenoids, it performs better andg-cycles) were constructed according to the basic “hybrid-
because of the fact that full TDDFT overestimates the interac- jzation” rules, and the lowest-energy conformers were chosen

tions of close-lying states, as pointed in a study by Hirata and for subsequent analysis.

Head-Gordort® . . ' Because all of the conformers represent quite an extended

Failures of the TDDFT method applied to dimers of pigments et of large molecules, several subsequent geometry optimiza-
from photosystems and their models have been published, €.9.tions were performed, making the selected set of conformers
by Dreuw et af® The problem results from unphysical charge gradually smaller. The lowest-energy structures were finally
transfer, which generates low-lying “ghost states”. A remedy yeoptimized at the B3PW91/6-31G(d) level of theory. For these
was recently suggested by Cai efal. molecules, absorption spectra were determined with time-

In the present study, a systematic determination of TDDFT gependent density functional theory (TDDFT) using the same
electronic spectra was performed for the most common (bac- functional and the 6-3£G(d) basis set. The B3PW91 functional
terio)chlorophylls, phycobilins, and carotenoids. The main goal and basis set were chosen on the basis of our previous
of this study was a comparison of pure electron transition calculations on free-based porphine systéhid.The diffuse
energies of isolated (optimal gas-phase) structures without anyfunctions were found to be of key importance for the determi-
influence of neighboring peptide molecules, other pigments, or nation of electron transitions, as described in many other studies
solvation effects using the same method and basis set. In this(e g., refs 72 and 73).

way, all undesired shifts can be suppressed, and genuine A cajculations were performed using the Gaussian 03
characteristics of individual structures can be elucidated. program package.

Pigment Isomers/Conformers. Many relevant structures
were considered in the first optimization step (HF/3-21G). In

First, several conformers of each pigment were chosen to find the next step, reduced sets of conformers (usually fewer than
a global minimum. A structural database [Protein Data Bank five) were considered, and the lowest-energy structures were

Computational Details

(pdb)] was used to obtain appropriate initial structures. reoptimized at the B3PW91/6-31G(d) level.
This selection was important in the case of the various In the case of chlorophyl, a pair of conformers with cis
conformers of chlorophyll (types, b, c1—3, d) and bacterio- and trans orientations of the €D carbonyl bond in the

chlorophyll (typesa, b, ¢, d, e, g), whose structures are presented formaldehyde group with respect to the C8 site (for the atom
in Figures 1 and 2, respectively. Usually, several arrangementsnumbering, see Figure 5) exhibits a small energy difference
were possible, and it was not completely clear which could be (about 1 kcal/mol). Global minimum of chlorophydlrepresents
excluded based on an exploration of the structural databaseconformer with the oxygen from the COH group in a trans
because the described conformations usually depend stronglyarrangement with respect to the C8 atom. In this orientation,
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c; R:=CHa: R.=CoH.,
¢z Ry-:CHg; R,=CoHy
3 A= COOCH,: Ra=C,Hy
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=
chlorophyllc wdfh ond H
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Figure 1. Structural formulas of the selected types of chlorophyll molecules.

the COH group is slightly less repelled by the surrounding pro- 12a. Such a distribution of electron transitions is responsible

tons and is better “incorporated” into theelectron-conjugated
system of the porphyrin ring. All lines in the spectrum of the
cis conformer are mildly blue-shifted in comparison to those in
the spectrum of the trans conformer (see Figure 6).

Electron Transition Spectra. For the global minima of the
selected pigments, six electron singisinglet transitions were
computed with the TDDFT method. In the discussion, usually
three lines corresponding to visible (allowed) transitions are

for the typical green or blue-green color of most chlorophyll
pigments.

The calculated values of spectral lines are systematically blue-
shifted in comparison to the experimental values by abott 60
80 nm for the band Qand about 2630 nm for the Q and
Soret bands. Nevertheless, it is clear that a fairly good qualitative
agreement with experimentally measured spectral lines has been
obtained. In particular, the relative positions of spectral lines

compared with experimental data. The full sets of transition lines depending on various structural parameters (ligands) are in a
are drawn in Figures 711 for chlorophyll molecules, bacte-  very good accord with measured data for all chlorophyll types
riochorophylls, pheophytin, bilins, and carotenoids, respectively. (both Chl and BChl).
Numerical values together with intensities and experimental data Chlorophyllais the most common chlorophyll pigment, and
are collected in Tables-34. In the case of carotenoids, it is jts spectrum is well established. The calculated values of the
known from many studies (for instance, refs 54, 63, 74, and Q,. Q, and B lines (B lines represent an edge of the Soret band)
75) that the TDDFT approach does not give the correct order jie 4t 583, 539, and 398 nm, respectively. The measured intensity
for the S1 and S2 states. Therefore, TDA methods (as of the Q band (about 0.23) is in good accord with our resuilts.
implemented in Q-Chem 3f) were used with the same basis  However, we failed to reproduce the intensity of the Soret band
set and the non-hybrid functional BLYP. of about 1.1 (similarly to some other researchers, e.g., ref 69).
Nevertheless, in another measured spectrum (cf. Figure 12a),
the intensities of both the y@nd Soret bands are much closer
Chlorophylls. The spectra of chlorophyll molecules consist to each other, in accord with our calculations.
of two basic absorption bands. A most complex band, located From an analysis of molecular orbitals (MOs) and individual
in the blue region, is called the Soret band and is composed oftransitions it follows that the four-orbital model of Gouterman
several electron transitions. The other(s), called Q band(s), canand co-workers can be still recognized as a reasonable ap-
usually be found in the red region. Their typical positions and proximation even within the TDDFT model. The first two
intensities can be seen in the experimental spectra in Figuretransitions of chlorophylls (and also of bacteriochlorophylls and

Spectral characteristics
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Figure 2. Structural formulas of the selected types of bacteriochlorophyll molecules.

—Cys— COOH COOH the Mg—porphin HOMO (for the shapes of frontier orbitals,

\s see Figure 13ad). This can be generalized for all chlorophylls
and bacteriochlorophylls with the exception of the Chl ¢ family,

in which the same order of frontier MOs as in Mporphin

was found. However, these three systems have closer structural

relationships to Mg-porphin than to the chlorin molecule (see

below). Also, the near-degeneracy of the Mgprphin HOMO

and HOMO-— 1 can be traced in the smallest energy difference

of the HOMO and HOMO- 1 orbitals (less than 0.1 eV) in

(@]
I—z »
I—z ©
I—Z O |

)

the case of chlorophylt. The other frontier orbitals preserve
phycocyanobilin the same character in all of the kinds of chlorophyll molecules

considered herein. In structures without thg, symmetry of
—Cys— COOH  COOH —Cys—— Mg—porphin, the LUMO and LUMO+ 1 are no longer
é & degenerate. This is in accord with the older theory, according

to which such an MO crossing results from the removal of
\ Y \ symmetry in passing from porphin to chlorin and bacteriochlorin
— models, as depicted in Figure 14. However, such a simple theory
%\A B \ c is not able to explain in detail the differences between individual
o N AN N VY N/ types of chlorophylls and bacteriochlorophylls that are known
| | from measured spectra and are computationally reproduced here.
H H H Chlorophyllb differs from chlorophylla in the C7 substituent
phycoerythrobilin group, where the methyl group of chlorophglis replaced by
Figure 3. Structural formulas of the investigated phycobilins the formy! group.

' ' In comparison with Chl a, a ligand variation causes a blue
pheophytins) are always based primarily on these four MOs. shift of the Q band of about 10 nm and a red shift of the Soret
The individual electron transitions can be compared with spectra band of about 25 nm. From the orbital energies, it can be seen
of the Mg—porphin moleculé® 11t can be noticed that HOMO that the formyl group with the €0 double bond affects the
has features of the@HOMO — 1 orbital in symmetrical Mg conjugated system of chlorophyt, decreasing the HOMO
porphin and, inversely, HOMG- 1 has the character ofgof eigenvalue by about 0.3 eV. Otherwise, its character remains
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Figure 4. Structural formulas of the investigated carotenoids.
the same as in the Chl a molecule. However, the elongation of shift of both the occupied and virtual frontier orbitals toward

the r-conjugated system in the presence of the formyl group lower values, resulting in an actual blue shift of the first Q
influences not only one MO. TheCHO group causes an energy line with a reduced intensity. The red-shifted transitions in the
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line is very similar to that of the (Jine of chlorophylla. The

Q transition lies relatively very close to the,®and for all
three structures, less than 10 nm. This is again a consequence
of the higher symmetry of the porphyrin ring.

Chlorophylld differs from chlorophylla in the C3 position,
where the formyl group is present instead of the vinyl group.
In this way, chlorophyld can be considered as an intermediate
between chlorophyla and bacteriochlorophyk (in terms of
both spectral transitions and structure). The Q absorption lines
exhibit a larger red shift than in any other chlorophyll. This is
the only chlorophyll with a calculated ,Qransition over 600
nm. The explanation lies in the fact that the formyl group
influences all frontier orbitals (both occupied and virtual),

chiorophyll a (IUPAC) shifting their orbital energies to lower values. In particular, the
Figure 5. Chlorophyll a atom numbering according to IUPAC  €igenvalue of the LUMO displays the lowest energy among the
conventions. whole set of examined chlorophylls. Theorbital of the formyl
group is incorporated into the-conjugated system of the
porphyrin (or chlorin) ring where an elongation of the appropri-
ate lobe is clearly visible (cf. Figure 13e). The same effect of
' the formyl group can be also seen in the case of bacteriochlo-
, rophyllsa andb.

c Bacteriochlorophylls. The electronic spectra of the bacte-
; riochlorophylls are depicted in Figure 8 and in Table 2. The
Vo basic structural difference between chlorophyll and bacterio-

: chlorophyll groups lies in the reduced B and D pyrrole rings

' : (whereas in chlorophylls, only the D ring is reduced). Therefore,

00 I : bacteriochlorophylls have a more perturbelectron system
L all 1 . ; —l than chlorophylls. This should seemingly lead to the absorption
400 430 el of light with shorter wavelengths. However, this conclusion is
Figure 6. Lines of electron transitions of the chlorophyllmodel not complgtely Corr?Ct because the. consequence§ of the per-
molecules: positions of the COH group for the trans conformer (solid turbed conjugated ring are not so simple and straightforward.
lines) and the cis conformer (dashed lines). Moreover, the shortening of wavelengths can be observed only
in the case of the Soret band. In contrast, théand displays

Soret band exhibit practically doubled intensities. The ratio of & red shift in accordance with the experimental spectrum (cf.
oscillator strengths of the,®and to the Soret band is markedly ~Figure 12b). The explanation of this red shift can be sought in
smaller for chlorophylb than for chlorophylia. This resultis ~ the fact that, in the HOMG- 1 (with &, character) of Mg-

in very good agreement with the experimental datZhe porphin, the patomic orbitals (AOs) of carbons C7, C8, C17,

analogous-CHO group is also present in bacteriochlorophyll @nd C18 (for atom numbering, see Figure 5) are involved. A
e, displaying a similar blue shift of the,®and within the BChl reduction of these C7C8 and C17#C18 bonds causes this MO

c—e family. to become increasingly less stable in passing to chlorin (or
Chlorophyll ¢ molecules exhibit larger variability than the chlorophylls) and bacteriochlqrin (or bacteriochlorophylls) (see
other chlorophylis. The isoprene tail, which is usually used for Figure 14). Because the original HOMO,{pof Mg—porphin
anchoring in the protein matrix, is not present. The pyrrole D IS Not affected by the reduction of the-C bonds, the order of
ring is not reduced and thus the chlorophydisnore closely ~ the HOMO and HOMO- 1 is exchanged in chlorophyll and
resemble the porphyrin system of the Mgorphin molecule, bacFenochI_orophyIl _ molecule_s. Similarly, only one of the
whereas the other chlorophylls are derived from the chlorin Original  virtual orbitals contains the,AO of the same carbon
system instead. This higher symmetry of thelectron system  &toms (C7, C8, C17, C18). Thus, only this virtual orbital is
explains why the spectral properties of chlorophylideviate desta}blllzed in an analogous manner. Therefore, the LUMO is
from those of the other chlorophyll types. Also, as mentioned Practically unaffected, whereas the energy of the LUMQ
above, the order of the HOMO and HOMO1 corresponds to ~ INcreases when a _reducnon of these two carbon bonds occurs
the electronic structure of Mgporphin. These modifications (- Figure 14). This means that the gap between the HOMO
of chlorophylisc substantially influence the spectral transitions. &nd LUMO is actually smaller in bacteriochlorophyll than in
They are responsible for stronger absorption in the Soret bandchlorophyll systems, leading to,@bsorption at longer wave-
(390-440 nm) and a reduction of the two Q bands in the visible 1€Ngths in bacteriochlorophylls.
region above 500 nm. The,@and is substantially reduced, It is interesting to notice that the position of the kand is
and its intensity is almost eliminated. fairly stable, between 530 and 560 nm, regardless of whether
Mutual differences between chlorophylts correspond to  chlorophylls, bacteriochlorophylls, or pheophytins are consid-
different substituents on carbons C7 and C8, as can be seergred. Only the intensity is noticeably higher in the case of
from Figure 1. Whereas typed andc2 exhibit the most blue- ~ bacteriochlorophylls andb.
shifted Q band of all of the chlorophyll systems, both ligands All of the spectra of the bacteriochlorophylls calculated at
of chlorophyll c3 have double bonds that interact with the the TD-B3PW91/6-3+G(d) level are collected in Figure 8.
m-electron system of the porphyrin ring, causing a visible red Generally, the computed transitions are blue-shifted from the
shift of the Q transition (by about 13 nm) in comparison to measured absorption spectra, with an average shift of about
that of thecl andc2 molecules. The energy of this spectral 80 nm.

0.5

oscillator strength (a. u.)
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Figure 7. Computed (TDDFT) electron transitions of chlorophyll molecules.

Bacteriochlorophylla is the most abundant chlorophyll-  destabilization can also be observed in the HOMO with a
type pigment in the majority of anoxygenic photosynthetic character (compare the energies of the HOMO-8t188 au
bacteria and its spectrum is well-known (see Figure 12b). The for BChl a vs—0.195 au for Chl a). Moreover, the LUMO with
increase of the intensity of the Q bands relative to the Soret gy character is further stabilized by the presence of the formyl
band in comparison to the chlorophyll spectrum can be seen ingroup, as also mentioned in the case of chloroptylThat is
both the measured (Figure 12) and calculated spectra (Figuresvhy the Q band is so strongly red-shifted.

7 and 8). Bacteriochlorophyllb contains an ethylideneSCH—CHs)

A red shift of the Q band of more than 80 nm can be seen group at the C8 site, which further extends theonjugated
when transition energies are compared to the analogous spectraystem (the HOMO energy is further decreased slightly to
of chlorophylla. Nevertheless, the position of the Soret band —0.185 au, preserving the eigenvalues of the other frontier
is practically the same (or slightly more blue-shifted). In accord orbitals), resulting in an additional red shift of thg Qand.
with the four-orbital model, the calculated Q band is constituted This pigment absorbs at the longest wavelength of any known
predominately only by the HOMG~ LUMO transition; the chlorophyll type, i.e., according to our results, at about 700 nm
contribution from the HOMO- 1 — LUMO + 1 transition is (the experimental value is 794 nm). In comparison to BChl a,
markedly reduced (to the value of about 0.2) in comparison to the Soret band is accordingly also red-shifted (the edge starts
that in chlorophylls (where this contribution is usually about at about 400 nm). The B line is constituted mainly by the
0.4). This is due to the increased gap of the unaffected orbital HOMO — LUMO + 1 electron transition.
with a;, character and the destabilized (because of the reduced Bacteriochlorophyli€—e form an “exceptional” group similar
C17-C18 bond) LUMO+ 1 with &y character. A similar to chlorophyllsc. The porphyrin ring is reduced only partially
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Figure 9. Comparison of calculated electron transitions of chloropaydihd pheophytira.

(C7—C8 bond), in the same way as in chlorophyll systems. in the electron spectra of chlorophylls. Also, the intensities of
Therefore, the structural and spectroscopic characteristics ofthe Q bands in relation to the Soret band are substantially lower.
these bacteriochlorophylls also resemble those of chlorophylls The role of the formyl group in the case of BChl e can be
more closely. The Qband is positioned just below 580 nm clearly recognized from even more reducgdr@ensity because
and is composed of both the HOM© LUMO and HOMO— the p. AO of the formyl carbon is visibly present in the HOMO
1— LUMO + 1 transitions with weights very similar to those and LUMO+ 1 but not the HOMO- 1 and LUMO. Thus, the
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Figure 10. Computed (TDDFT) electron transitions of selected phycobilins. Phycoerythrobilin: dotted lines for the complex with one cysteine
molecule and solid lines for the pigment with two cysteine molecules.

overlap of the relevant orbitals in the transition dipole moment the experimental spectra in Figure 12a. Our calculations failed
formula is decreased. The additional small blue shift of the first to describe the relative difference of the @sition compared
transition line is related to a larger stabilization of the HOMO to the Q band, which is about 30 nm in the measured spectra
again as a consequence of the incorporation of the formyl p but less than 10 nm in the TDDFT results (see Table 1).

AO into thes-conjugated system.

Phycobilins. These pigments can be characterized by open-

Some changes also occur in the Soret band, which is formedchain tetrapyrrole structures covalently bound to proteins (cf.

predominately by the HOM©LUMO + 1 transition. Because
the formyl p. AO is involved in both of these MOs, the in-

Figure 3). Their structures are very flexible, giving fairly
different spectral bands. This feature is partially described in

tensity of this band is increased accordingly. An apparent shift several textbooks, such as ref 78. Therefore, the relevant
toward longer wavelength can be noticed. Moreover, at the “biological structures” were taken from the Protein Data Bank.
edge of the Soret band, another transition appears in which Phycoerythrobilin and phycocyanobilin were chosen for a

the HOMO — 1 — LUMO + 1 transition dominates (its

study of the influence of structure on spectral properties. The

character is based on an inverse combination of the excitationbasic difference between these two molecules lies in the

weights of the Qline). All of the energies and intensities are

chromophore length. Whereas phycoerythrobilin has one satu-

in agreement with the experimental data obtained for all three rated bridge {CH,—) and two unsaturated bridgesCH=),

bacteriochlorophyllg?

Bacteriochlorophyllg has a vinyl group located at the C3
position as in chlorophyla. Moreover, an ethylidene group is
present at the C8 site. Bacteriochlorophylvas found to be

phycocyanobilin has all bridges unsaturated. A longer conju-
gated chromophore chain in phycocyanobilin is clearly visible

in the spectral differences between the two molecules (cf. Figure
10 and Table 3), in accordance with the experimental results

relatively unstable; it can be easily reduced by saturation of depicted in Figure 15. However, the unsaturated chromophore

the ethylidene double bond and converted into chloropéyll
In its spectrum, the (band is positioned at about 680 nm with
a prevailing HOMO— LUMO transition similar to Q of
bacteriochlorophyla. Comparing Q with the analogous band
of chlorophylla, a red shift of about 98 nm can be noticed, in

chain is far from being planar, and thus, theonjugated system

is severely perturbed, as can be seen in Figure 16 where the
optimized structure of phycoerythrobilin is shown. From Figure
3, another difference can be noticed, namely, the number of
bonds to proteins. Whereas phycocyanobilin is attached to the

accord with an analogous experimental difference of ca. 105 peptide through a single covalent bond, in the case of phyco-
nm. The edge of the Soret band is also made up of two erythrobilin, both ends are fixed in the protein matrix. However,

transitions. In addition to the usual HOM© 1 — LUMO line

this fact has no substantial effect on the electronic spectra. We

(at 388 nm), another less intense line at 396 nm can be observedalso examined the single-anchoring phycoerythrobilin. It was

Pheophytina. All chlorophylls and bacteriochlorophylls have

confirmed that the number of anchoring bonds has no substantial

their own pheophytin or bacteriopheophytin variants. Structur- influence on the transition spectrum, as can be seen in Figure
ally, the only difference lies in the absence of the magnesium 10 and Table 3. The predicted spectral lines are in good
cation in the center of the porphyrin ring. In this study, the agreement with the measured data. The estimated position of

electron spectrum of only the pheophytan molecule was

the first line is blue-shifted by about 100 nm from the

explored for the purpose of comparison with the most common experimental values. Comparing the two phycobilins, the relative

chlorophyll a. In Figure 9 and Table 1, the spectrum of
pheophytina is presented. The spectra of chlorophgland
pheophytina exhibit prominent similarities. Small but significant

positions of spectral lines also agree well with experiment. The
first spectral line in phycoerythrobilin is blue-shifted by about
44 nm from the corresponding line of phycocyanobilin, in fairly

differences are in good agreement with analogous differencesgood accord with the experimental shift of 53 nm. The intensities
found in the measured spectra in Figure 12a. The Q transitionsof these lines are not of great concern because they depend
are more intense in chlorophyll than in pheophytin. The strongly on the structure. Moreover, the effect of the environ-
oscillator strengths for the first and second transitions of ment is also more important in these molecular systems.

chlorophyll are more than 30% larger. Similar results were also

published by Hasegawa et &t Parusel and Grim& and

Carotenoids. The common feature of carotenoids is a linear
chain with a varying length of unsaturated conjugation. Caro-

Sundholm?® Because the AOs of the magnesium cation are not tenoids have relatively simple absorption spectra. They usually

involved in any of the frontier MOs of the-conjugated system,

have three absorption bands corresponding to transfers from the

the small differences between the chlorophyll and pheophytin lowest vibration level of the ground state to the three lowest
spectra can be readily understood. Also, an approximately 2 vibration levels of the first excited statéBecause the vibration

times larger intensity of the Soret band with respect to the Q problem was not considered in our study, only the position of
band was obtained for pheophytin, which is in agreement with the first spectral line can be compared to experimental data.
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TABLE 1: Experimental Data and Computed (TDDFT) TABLE 4. Experimental Data® and Computed Electron
Electron Transitions for Chosen Chlorophyll Structures? Transitions at the TDA/TDDFT(BLYP)/6-31+G* and
TDDFT(B3PW91)/6-31+G* Levels for Carotenoids
Chla A [nm ] in diethyl ether 662 578 430
A [nm] 583 539 416 398 395 391 phytoene A [nm ] in hexan 297 286 276
oscillator strength 0.24  0.03 002 021 0.03 035
TDA A 356 354 352 350 349
Chlb A [nm ] in diethyl ether 644 549 455 []?m ]
A [nm] 573 548 436 423 417 393 oscillator strength 005 0 002 002 0
oscillator strength 0.14 0, 040 005 075 0.02 full A [nm] 310 271 269 265 260
Chl ¢l L [nm ] in diethyl ether 628 578 444 oscillator strength L7 001 001 002 0
A [nm] L Byl neurosporene A [nm ] in hexan 468 440 415
nsctl]am.r sn'lcnglh 0.03 . 034 0.66 0.21 014 TDA A [nm] 507 520 475 468 465
Chl ¢2 & [nm ] in diethyl ether 628 579 448 i fi
A [nm] 571 S68 425 419 410 399 oscillator strength 044 531 o001 0 00
oscillator strength .02 0 067 069 005 002 full A [nm ] 548 463 355 349 343
Chl ¢3 & [nm ] in diethy] ether 626 586 452 oscillator strength 3.83 0.04 008 005 0.
A [nm] 584 579 443 426 419 408 lycopene A [nm ] in hexan 502 470 444
sci ; 5 770 ; :
tm:ll]ato_r str.cnglh of .01 (.55 ' 0.3 .02 TDA A [nm] 694 608 506 488 488
Chld A [nm ] in diethyl ether 668 - 447 ¢
A [nm] 605 562 424 413 406 401 oscillator strength 001 607 094 0 .
oscillator strength 023 005 00l 038 005 0 full A [nm | 621 528 409 393 371
Pheoa A [nm ] in diethyl ether 672 540 416 oscillator strength 450 0 011 0 8I6
A [nm] 580 533 422 391 387 381 P-carotene A [nm ] in hexan 478 450 425
oscillator strength 0.8 003 0. 045 054 03] TDA %] c17 sps a0 a7 ians
aExperimental data on gray background taken from Scheer. oscillator strength ||| e:38 sl || ozl (B0 70
. full A [nm 566 474 383 377 337
TABLE 2: Experimental Data and Computed (TDDFT) Osii”at]m TR el
Electron Transitions for Bacteriochlorophyll Molecules? = i T SR
zeaxanthin A [nm ] in ethanol 478 450 425
BChla A [nm ] in diethyl ether 773 577 358 TDA A [nm] 615 581 470 444 424
L [nm] 668 554 422 415 398 383 oscillator strength 0.05 446 137 0.00 085
oscillator strength 0.37 010 0. 0. 0. 0.13 full A [nm] 565 473 381 375 336
BChlb A [nm ] in diethyl ether 794 578 368 oscillator strength 389 0. 011 002 015
A [nm] 700 559 420 417 414 402 antheraxanthin A [nm ] in ethanol 474 445 412
oscillator strength 033 0.07 0. 0.02 0. .46 TDA A [nm ] 506 552 453 421 410
BChle A [nm ] in diethyl ether 659 = 429 oscillator strength 0.33 452 1.06 0. 025
* [r_']r]" - X ;ﬁ[; ;;'5 4;" 3':; ;‘iz 3";‘; full A [nm ] SS1 459 371 355 326
SEsLaliCStEngt . ' L oscillator strength 385 0.08 0.09 0.0] 0.14
BChld & in diethyl eth 651 423
(oo T diestryLesher violaxanthin A [nm ] in ethanol 470 440 419
A [nm] 575 536 402 398 388 370 " B g
oscillator strength 021 0.02 0. 003 056 036 s [nm ] D08 326, (201 A2 el
BChle A [nm ] in diethyl ether 647 : 458 oscillator strength 008 537 0 053 0
A [nm] 573 557 439 418 401 392 O D
oscillator strength 0.09 001 042 078 0. 0.02 oscillator strength 389 0.0 005 0 016
BChlg A [nm ] in diethyl ether 767 565 404 fucoxanthin A [nm ] in ethanol 475 449 426
& [nm] 681 539 435 409 396 388 TDA A [nm ] 582 565 496 479 428
oscillator strength 034 004 002 007 012 064 oscillator strength 0 124 359 071 0O
a Experimental results on gray background taken from Scheer. full A [nm] 529 431 400 350 328
i oscillator strength 3357 017 0.04 0.02 0.
TABLE 3: Experimental Data? and TDDFT Computed peridinin 7 [ s 485 455
Electron Transitions for Ph ilin
ectro ansitions fo ycobilins TDA A [nm ] 541 498 468 433 429
phycocyanobilin e 617 555 oscillator strength 0.55 428 005 0. 0.
A [nm] S10 424 374 359 354 350 full A [nm ] 528 426 350 335 331
oscillator strength 146 000 006 0. 0, 0. oscillator strength 345 018 005 0. 0.04
phycoerythrobilin - water 565 495
(1AA) A [nm] 466 390 377 348 333 326 aResults on gray background were taken fr@arotenoids’®
oscillator strength 0.86 0. 002 00f o0l 0.0f . . . .
phycoerythrobilin . [nm] 466 378 349 333 332 326 analysis somewhat more complicated than in the previous case
(2AA) oscillator strength 083 002 0. .02 . (.005 of tetrapyrrole Systems_ Neverthelessl Comparing the relative
aResults on gray background were taken from the Prozyme positions of the spgctral _Imes, acceptable agreement Wlth the
PhycobiliproteinsWeb paget measured spectra is achieved. The electron transition lines for

the complete set of chosen carotenoids are presented in Figure

In the computational model, only all-trans isomers were 11 and Table 4. In the TDA spectrum of phytoene, the molecule
considered. All obtained spectra exhibit a systematic red shift with the shortestz-conjugated system, some problems can be
relative to the experimental data that is roughly proportional to noticed. Whereas a pronounced intensity for the excitation to
the number of unsaturated double bonds. For the reddest line S2 state can be seen in the full TDDFT(B3PW91) results, in
the shift varies from 13 nm, for phytoene with three double the results obtained by the TDA method, the intensity of this
bonds, to 119 nm, for lycopene with/aconjugated system  transition is too low. However, a very similar spectrum was
formed by 11 double bonds. The average shift is about 70 nm. also obtained at the TDDFT(BLYP) level, demonstrating that
This variation is an unpleasant property and makes the spectralthis particular problem is instead related to the BLYP functional.
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Figure 12. Experimental absorption spectra of (a) chloroplay{t-) and pheophytira (— —) and (b) bacteriochlorophyd. All spectra measured
in diethyl ether
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Figure 14. Changes in frontier orbital eigenvalues in going from a

) ) free-base porphin such as chlorophylto bacteriochlorophyll mol-
Figure 13. (a—d) Frontier MOs of chlorophyla: MOs from 165 to ecules.

168; the 166th MO is the HOMO. (€) LUMO of chlorophyll

S1 and S2 Statesln all determined spectra, a remarkably Huckel theory. According to this concept, “gerade” and “un-
strong absorption (with high intensity) of the first visible gerade” MOs alternate regularly. This feature is largely pre-
transition was found. This line is related to the excitation from served in more accurate calculations as well. Therefore, large
the HOMO to the LUMO, which have opposite symmetry transition dipole moments can be expected for the excitation
according to the classification of unsaturated chains within between the HOMO and LUMO, resulting in a high intensity

€)
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0,8 T T T the conjugated system influences the size of the deviation
between the computational and experimental values.

Effect of #-Cycles.Lycopene angi-carotene contain-con-
jugated systems of the same length. However, in the carotene
molecule, two additiongB-cycles are present on the two ends
of the linear chain where the edge double bond is incorporated.
. Comparing the two carotenoids, the effect of fheycle can
be elucidated. It causes a blue shift of the S2 transition lines
from 608 (621) nm according to the TDA (TDDFT) method
4 for lycopene to 585 (566) nm fgt-carotene. Similar shifts can
be seen for other spectral linesftarotene as well. A smaller
oscillator strength of this transition is visible in for this molecule.
The experimentally observed difference between lycopene and
700 [B-carotene in the first absorption peak is practically the same
Figure 15. Absorption spectra of phycoerythrobilin (PE), phycocy- (24 nm) as predicted by the TDA methods. On the other hand,
anobilin (PC), and allophycocyanin (APC). the question of whethgs-carotene should still be considered
as a system with 11 conjugated double bonds remains in dispute
because two of the bonds (one at each end) are involved in
pB-cycles. Because these cycles deviate from the plane of the
system, they represent a perturbation of the conjugation.
Moreover, the spectrum @i-carotene is closer to the spectrum
of neurosporene, in terms of not only the frequencies of the
lines but also the intensity of the first visible transition.

Effect of the C3 Hydroxyl Group. Another comparison
involves zeaxanthin an@-carotene. The zeaxanthin molecule
is a derivate ofs-carotene in which two hydroxyl groups are
located on the C3 carbons of tifiecycles. The experimental
spectra of these two pigments are practically identical. This
means that hydroxyl groups have no substantial effect on the
spectrum. This can be explained by the fact that a hydroxyl

Do group cannot be incorporated inteelectron conjugation. This
Figure 16. B3PW91/6-31G(d)-optimized structure of phycoerythrobilin ~ Was also confirmed by the analysis of frontier MOs. Practically
anchored to two cysteine molecules. no expansion coefficients for the AOs of oxygen were detected
within the five highest-occupied and four lowest-energy virtual
of this transition. The second singlgt,* excitation is predicted M_Os. The estimated electron transitions are in fairly good accord
as the first one at the TDDFT level, whereas the TDA approach With the experimental spectra.
correctly inverts the order of the excited states, placing the Effect of Epoxy Groups and Xanthophyll Cycles. The
S1(2A47) excitation at longer wavelengths. The/Aline is formation of xantophyll cycles is an important feature present
associated with an electron transition from the HOMQ to in regulation processes that control the wavelength of light
the LUMO with some admixture of the HOM& LUMO + 1 absorption (rather than the intensity). In Figure 11, the blue shift
transition. This excitation has a very low intensity (invisible in ~ of the S2 transition is visible passing from zeaxanthin through
spectra), which again follows from simple "Ekel theory. antheraxanthin to violaxanthin. The shift is nearly equidistant
Because the two MOs have the same gerade symmetry, therén both the experimental and calculated values and originates
is always a very small transition dipole moment between such from the replacement of the double bond present irgtiegcle
orbitals. When the character of the unsaturateconjugated by an oxygen insertion to form an epoxy group. This causes a
system is substantially perturbed, as in peridinin, fucoxanthin, shortening of ther-conjugated system by one double bond on
and antheraxanthin, an increase in the intensity of this spectraleach side of the chain. Nevertheless, the change in energy of
line can be noticed. the first allowed transition (S2), about 25 (15) nm by TDA

Effect of the Chromophore Chain Length. As the chro- (TDDFT), is not fully comparable to the above-discussed effect
mophore chain elongates, electrons are increasingly delocalizedof the length of the chromophore chain because these double
decreasing the excitation energy. Therefore, the increasing lengthbonds are already involved ifi-cycles. Nevertheless, the
of the conjugated chain strongly correlates with a longer computed energy differences for transition to the S2 state
wavelength for electron transitions in the following order: between the three xanthines are still substantially larger than
phytoene, neurosporene, and lycopene, i.e., in carotenoidsthe corresponding experimental values as a consequence of the
without any other structural features suchfasycles. In the overestimated dependence of the transition lines on the length
case of phytoene, only three conjugated double bonds are presenf thesr-conjugated system (as mentioned above). The intensity
(with the first absorption at about 310 nm at the TDDFT level); of the S2 transition increases during the epoxidation from
neurosporene has nine (about 550 nm) and lycophene has 1¥Zeaxanthin to violaxanthin at the TDA level, in contrast to the
conjugated double bonds (with excitation energy of about 620 TDDFT results, according to which the intensity remains
nm). Also, the intensity of the line increases with the elongation practically constant. The red shift of the S2 spectral line, going
of the chromophore chain. The extension of theonjugated from violaxanthin to zeaxanthin, could be related to the
chain by two double bonds causes an increase in the wavelengttpossibility of starting a nonphotochemical quenching (NPQ)
of about 80 nm. This is slightly larger than the corresponding mechanism, expecting that the de-epoxidazed zeaxanthin forms
experimental shift (62 nm). As mentioned above, the length of an “energy sink” as suggested in ref 1. However, another

i
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possibility of NPQ should be stressed. The TDA results exhibit as mentioned above. Therefore, it is more difficult to estimate

a larger difference between the S1 and S2 states in theeven relative positions of various spectral lines.

violaxanthin spectrum (about 60 nm) than in the zeaxanthin

spectrum, where only a 40 nm gap was found. This means that,Conclusion

in zeaxanthin, the S1 and S2 energy levels are substantially

closer, which can clearly play a key role in NPQ mechanism. In this study, various pigments from photosystems were
Effect of Other Groups. Peridinin and fucoxanthin can be explored. The most stable conformations were chosen based

used to elucidate another structural feature of carotenoids. Both®" @ database search, with subsequent geometry optimization
contain the allenic group{CH=C=CH—). The presence of performed in several steps at different computational levels.

this group plays an important role in plants such as algae that For the global minima, electronic excitations were determined
do not contain chlorophylb in their antenna complexes. In  Using the TDDFT method at the B3PW91/6+3%(d) level. For
addition, fucoxanthin contains one carbonyl group at the C8 the group of carotenoids, the TDA approach with the non-hybrid
position, and peridinin contains a lactone group near the 8 BLYP functional and the same basis set was compared.
position, which makes the analysis of various structural groups  In the spectra of chlorophylls and pheophytin transition lines,
more complicated. The carbonyl group together with the allenic lower intensities were determined for the Q bands than for the
moiety makes the spectrum slightly red-shifted compared to the Soret band. Spectral energies of thgi@es were systematically
spectrum of violaxanthin. From Table 4, it can be seen that the blue-shifted by about 5680 nm. Nevertheless, the correct order
experimental red shift of 5 nm qualitatively differs from the of these Q lines among various chlorophyll types can be noticed
computed blue shift of 7 nm (using the TDDFT method) or 30 from a comparison with experimental results. A much better
nm (at the TDA level). However, it can be guessed that the agreement was obtained for the edge of the Soret band
relative error in the estimation of spectral lines is more than 10 represented by B transitions, for which the difference was at

nm. In the TDA-predicted spectra, another staftB(1) was most 35 nm in the case of chlorophyll

localized between'B," and 2A4. This state is mainly made Similar conclusions also hold for bacteriochlorophylls. The
up of the HOMO— 2 — LUMO transition and lies slightly Qy line is slightly more shifted, on average, in comparison to
higher in other carotenoids. the experimental transitierby about 85 nm. For the bacterio-

The experimental spectral bands of peridinin are slightly red- chlorophylls, a correct higher intensity of thg kand compared
shifted in comparison to the corresponding bands of fucoxanthin to the Soret band was obtained.
(by about 10 nm). The calculated results obtained by TDA match  In the case of phycobilins, the large flexibility of the open
this trend well. From the comparison of the similar spectra of tetrapyrrole system can lead to quite artificial electron transi-
fucoxanthin and peridinin, the superior performance of TDA tions. Therefore, obtaining the proper molecular conformation
over the full TDDFT method is apparent in this particular case from the structural database was very important. The first
of carotenoids. Some additional support for the better perfor- transition line of phycobilins occurs at substantially lower
mance of TDA can be also seen in the work of Dreuw et al. on wavelengths (by around 500 nm) and has a dominant character
increasing the length of polyene chains, in which results from (high intensity). The influence of anchoring a cysteine side chain
more sophisticated ADC(2) (algebraic diagrammatic construc- was found to be relatively small.
tions to the second order) are compafé@he TDDFT results Spectral lines of carotenoids are based on linear polyene
do not reproduce the relative positions of peridinin spectral lines, chains, which have a dominant influence on the spectra.
whereas the TDA approach fits the experimental values Nevertheless, other structural elements suclB-agcles and
substantially better. epoxy, carbonyl, and allenic groups were also investigated. It

Error Estimation of the Electron Transitions. The pre- was found that the first allowed excitation to the SB({") state
dicted first spectral lines of (bacterio)chlorophyll and phycobilin has a very high intensity because of the different characters of
molecules are usually shifted by up to 100 nm toward longer the HOMO and LUMO. According to simple kel theory,
wavelengths in comparison to the experimental results. Smallerthe even and odd characters of the MOs alternate. Therefore, a
differences can be seen for higher excitation energies. In thelarge transition dipole moment can be expected for this spectral
blue region, the error usually drops to below 40 nm. The line. In contrast, the transition to Sf2;") is, according to
differences between measured and computed lines vary for evenjthe same arguments, forbidden. Because simplekelutheory
group of pigments. However, the effect caused by various is not completely valid (carotenoids do not exhibit the symmetry
ligands within a group of pigments is easily visible. It can be of the simplified polyene model), some small intensities can
mentioned that the error in the spectral line determination is be noticed. The largest values appear in the cases of peridinin,
inherent in the chosen method, basis set, and system (herefucoxanthin, and antheraxanthin, where the influence of allenic
m-conjugated systems of tetrapyrrole structures with similar and xantophyll groups is notable.
sizes) and is therefore practically constant for these particular In the case of fucoxanthin, théB,~ state was found to lie
pigment groups. Another source of deviations between experi- between the Ag and IBu™ states; it usually lies above this
mental spectra and calculated lines is related to different state in the other investigated carotenoinds.
environments or surrounding molecules. Our calculations atthis  |n contrast to the first visible transition lines of chlorophyll
stage were performed for the in vacuo model. Considering thesempolecules, in the case of carotenoids, the S2 transition lines
aspects, a very good accuracy (small relative error for the eachare overestimated (red-shifted) by about 70 nm on average.
given spectral line) with experimental data was achieved for Nevertheless, because various groups influence the electron
the TDDFT(B3LYP) method and the chosen basis set. transitions to different extents, the error in spectral determination

In contrast to chlorophyll/phycobilin systems, the determi- is relatively larger, and so, this red shift varies markedly between
nation of the electron absorption spectra of carotenoids is relatedindividual caroteniod molecules. Recently, an experimental study
to a fundamental problem. That is, the error in spectra on the solvent effects of carotenoid spectra was reported in
determination is dependent on the examined systems andwhich shorter wavelengths should be expected for transitions
exhibits a dependence on the size of theonjugated system, in environment with dielectric constaat= 1.8°
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Thec-alanyl+-alanine (AA) molecule behaves differently in acidic, neutral, and basic environments. Because
of its molecular flexibility and strong interaction with the aqueous environment, its behavior has to be deduced
from the NMR spectra indirectly, using statistical methods and comparison with ab initio predictions of
geometric and spectral parameters. In this study, chemical shifts and indireesppircoupling constants

of the AA cation, anion, and zwitterion were measured and compared to values obtained by density functional
computations for various conformers of the dipeptide. The accuracy and sensitivity of the quantum methods
to the molecular charge was also tested on the (mono)-alanine molecule. Probable AA conformers could be
identified at two-dimensional potential energy surfaces and verified by the comparison of the computed
parameters with measured NMR data. The results indicate that, whereas the main-chain peptide conformations
of the cationic (AA") and zwitterionic (AXW) forms are similar, the anion (AA adopts also another,
approximately equally populated conformer in the aqueous solution. Additionally, theydddp can rotate

in the two main chain conformations of the anionic form AMccording to a vibrational quantum analysis

of the two-dimensional energy surfaces, higher-energy conformers might exist for all three charged AA forms
but cannot be detected directly by NMR spectroscopy because of their small populations and short lifetimes.
In accord with previous studies, the NMR parameters, particularly the indirect nuclearsgpincoupling
constants, often provided an excellent probe of a local conformation. Generalization to peptides and proteins,
however, has to take into account the environment, molecular charge, and flexibility of the peptide chain.

Introduction calculaté® mainly because of the electronic charge concentration
requiring a large basis set and because of the strong interaction
with the environment, in most cases with wateiThe three
AA forms also provide an experimentally well-accessible
example of a simple molecular mechanical system controllable
y pH. Therefore, we find it interesting to analyze in detail the
wo-dimensional potential energy surface and account for
Spossible vibrational quantum effeés.

In the second part of this work, we use the statistical
comparison of the experimental and computed chemical shifts
and spin-spin coupling constants developed previously for the
AA zwitterion.!! The ability of the computation to discriminate
between various charged forms is tested on the alanine molecule
(A) labeled with stable!™N and 13C isotopes, where the
conformational problem is simpler than in AA. The influence
of the charge on the molecular potential energy surface,
expressed as a function of the main-chain peptide torsion angles
(@, v), is computed with the inclusion of a continuum solvent
correction. It appears that the pH (charge) change stabilizes a
new anion (AA’) conformer and that the conformational
equilibrium can be proven from the NMR data. The quantum
vibrational analysis predicts also other well-defined conformers,
which, however, are neither significantly populated under normal
conditions nor can be observed directly by NMR due to their
short lifetimes.

NMR spectroscopy has a long history in the conformational
analyses of peptide structure$.Empirical correlations of
chemical shifts and nuclear spigpin coupling constantslq{
coupling) with the geometry were originally used to discriminate
helical and sheetlike peptides and subsequently were extende
to protein studie$-®> The possibility to calculate the NMR
parameters for larger molecules with reasonable precision ha:
lately provided an additional basis for the interpretation of the
experiment, which consequently facilitated the verification of
various conformational models. Particularly, the analytical
approaches to chemical shfftand the coupling constants
within the density functional theory (DFT) speeded up the
computations and facilitated the conformational studies of
interesting peptide systerffs!1 The computations improved, for
example, the empirical Karplus relations between the spectra
and the structur&2!® However, peptide flexibility, solvent
effects, and local vibrational motions have to be taken into
account in accurate modelifg.

The dependence of thealanyli-alanine (AA) conformation
on molecular charge studied in this work thus provides additional
information about the behavior of the peptide chain in various
pH conditions as well as about the accuracy and validity of
current simulation techniques. NMR properties of charged and
zwitterionic peptides themselves are notoriously difficult to
Experimental Section

*To whom correspondence should be addressed: E-mail: . . .
viadimir.sychrovsky@uochb.cas.cz (V.S.), budes@uochb.cas.cz (M.B), Isotopically labeled -alanine {3C,98%;°N,98%) was pur-
vladimir.spirko@marge.uochb.cas.cz (V.S.), bour@uochb.cas.cz (P.B.). chased from Stable Isotopes, Inc., whereas the nonlabeled AA
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Figure 1. The ionic forms and symbols used fomlanine (a) and AA (b). The numbering of the atoms for the definition of NMR parameters is
shown in zwitterionic forms of both molecules. In addition to standard peptide torsion aggles ©), we have introduced the angieas the
average angle of the two amine hydroge(C3—C2—N1—H1) torsion angles (for the NHesidue in AA).

was purchased from Sigma. The synthesis of labeled AA is resultant 12 x 12 = 144 geometries, all the remaining

described elsewhefé NMR spectra of labeled alanine TAA™,
AZW) natural AA (AAT, AA~, AAZY), and labeled ABAY were

coordinates were fully relaxed by energy minimization. The
anglew was initially set to 180 so as to maintain thgans

measured with Fourier transform (FT) NMR spectrometers peptide bond, because the experimental data do not suggest a

Varian UNITY-500 and Bruker AVANCE-500tH at 500 MHz,
13C at 125.7 MHz 5N at 50.7 MHz Y70 at 67.8 MHz) in RO
and/or in the mixture pD/D,O (9:1). The solution pH was
varied by additions ©2 M HCI (pH ~ 2) and NaOH (pH~

presence of theis-conformer. In the scans, the relaxedngle
deviated from 180by less than~5°. The BPW91° functional
and the standard Pople-type 6-31tG** basis were used with
the PCM solvent model for waté?.For the anion AA, three

12) solutions. For these pH values, the AA peptide exists scans were performed (8 144 points), taking into account

exclusively in the AA" and AA~ forms, respectively, which

was confirmed by measuring of the NMR titration curves
(provided in the Supporting Information (SI), together with
relevant K constants for A and AA). The zwitterionic forms

three initial orientationsof = —120, 0, and 129 of the NH,
group. For this purpose, we defined the anglas an average

of the two amine hydroger-(C3—C2—N1—H) angles. The
geometries of the local minima located on the resultant surfaces

were obtained by dissolving the compounds in distilled water were fully optimized without any constraints. The scan of the

without any buffer. All spectra were measured at room tem-

zwitterion mimics previous computations done with smaller grid

perature. Chemical shifts were referenced either to internal (DSSstepst! For control computations, other potential energy scans

for IH and3C and HO for 170, but the oxygen is not discussed
in this work) or external (nitromethane in the capillary i)

were done in a vacuum for AAand AA~ (AAZW is not stable
without solvent), and local minima geometries were reoptimized

standards. The structural assignment of the hydrogen and carborat the MP2Y/6-311++G** level of approximation.

chemical shifts was achieved using homonuclear and hetero-

For the grid points and local minima geometries, the NMR

nuclear two-dimensional techniques with pulse field gradients shielding tensors and the indirect NMR spispin coupling

(2D-H,'H-PFG-COSY, H,13C-PFG-HSQC, and 2BH,*C-
PFG-HMBC) in D,O. The solvent mixture pD/D,0 (9:1) was
used to observe the signals of NH and fthprotons. Only the
couplings of amide NH could be observed in this mixture
because of the fast exchange rate of amingNptotons with
water. TheJ(H,H) values were determined from the 1B-
NMR spectrum and theJ(C,H) couplings from the non-
decoupled 109C NMR spectrum. A series of selectivél-
decoupled’®C NMR spectra was used to assign individual
J(C,H) couplings. The labeledN and>N,3C AA samples were
used mainly in order to obtaid(N,H), J(N,C), andJ(C,C)
coupling constants using the 1B and3C NMR spectra, the
1D-13C-INADEQUATE (Incredible Natural Abundance Double
Quantum Transfer Experiment), and the #D!°N-PFG-HMBC
spectra.

Calculations. The GAUSSIAN softwar¥ was used for the
guantum chemical computations. The torsion anglesnd y
(Figure 1) were varied with 30steps, and for each of the

constants were calculated. The default gauge-invariant atomic
orbital (GIAOY2 method was used for the shieldings to prevent
their origin dependence. For tlecouplings, all four important
termg-2were included in the analytical coupled-perturbed DFT
computation. For the shieldings adecouplings, we used the
B3LYP functionat* with the IGLOII or IGLOIIl base<?® which

are believed to be well-suited for computations of the NMR
properties In all cases, the same PCM solvent model was
applied. With the same method, the NMR parameters were
calculated for the anion, cation, and zwitterion of (mono)-alanine
in equilibrium geometries. Chemical shifts were related to
standard molecules (DSS fé# and3C, nitromethane fotN,
water for!’O, same as in ref 11).

The quantum and dynamical effects of the torsional motions
involving the angles, y) were studied using an approximate
Hamiltonian described in full in ref 11, where the potential was
obtained by fitting of the computed two-dimensional surfaces,
and the kinetic part was expressed in the curvilinear angular
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Figure 2. Contour plots of the computed (BPW91/6-31-+G**)
potential energy surfaces of the three AA forms. By default, the PCM
solvent model was applied (right-hand side); for the "Adnd AA~

SychrovsKyet al.

Cooley integration proceduteand used for averaging the NMR
parameters. The averaging, however, did not bring significant
corrections with respect to the overall accuracy and is not
discussed further. The lifetimes of selected localized excited
vibrational states were estimated from simplified one-dimen-
sional modeling!-28

Results and Discussion

AA Conformers. The calculated adiabatic energy depend-
encies on the andy torsion angles are presented in Figure 2.
Apparently, the energy profiles of the three hydrated forms
exhibit several similarities. The global minimuinis associated
with comparable angle values for all cases (see Table 1 for
details). The similarity of the AAY and AA" surfaces is the
most obvious. However, the protonation of AA makes the
resultant cation (AA) more flexible with respect to the
rotation, and the potential well is elongated along this coordinate.
The MP2 method provides an equilibrium value of thangle
(—157°, see Table 1) even significantly shifted from the DFT
angle of—121°. For AA™, the local energy minimurB deepens
when compared to the other forms, but its relative energy of
1.4 kcal/mol (cf. Table 1) and narrow potential well probably
still prevent a significant population of this conformer in the
sample. Obviously, the least probable is an occurrence of the
other two,C andD conformers of AW and AAT.

The energy surface of the anion (AAthe middle of Figure
2) is different. Whereas the geometry of the lowest-endkgy
conformer is very close to that of the zwitterion, the minimum
well C significantly broadens, and its energy is comparable with
the global minimurA. Additionally, new, very shallow minima
(E, F) appear for the anion; these are, along with BhandD
extremes, not populated due to their high relative energies. For
C, however, the computed relative energy (0.4 kcal/mol, Table
1) is probably comparable with the computational error and
suggests a significant presence of this conformer in the sample

forms stable in a vacuum, the dependencies without the solvent areat room temperature.

shown on the left. Approximate positions of local minima are marked
by the capital letters. To avoid splitting of the minimum well, the angles
are plotted within the positive (0, 38Pinterval instead of the usual
(—180, 180) range.

coordinate€® The eigenvalue vibrational probleri¥ = EW

The more complicated behavior of the anion AAtems
predominantly from the directional and ambivalent binding
properties of the Nklgroup. The nitrogen electron lone pair
can make an internal hydrogen bond to the amide hydrogen, or
the NH; protons can be bonded to the carbonyl oxygen. This is

was solved variationally in basis set functions expressed asdocumented in Figure 3, where for a fixed valuemof —150°
products of the eigenfunctions of the corresponding uncoupledthe energy dependence on tijeangle is plotted. Although

one-dimensional Schdinger equations. The one-dimensional
functions were determined numerically using the Numerov

detailed three- or more dimensional energy scans are currently
not feasible, the coupling of the, 1, andg torsional motions

TABLE 1: Computed (BPW91/PCM/6-311++G**) Geometries and Relative Conformer Energies of the Three Charged AA

Forms?
AA* AAZW AA~
conformer P ) E P @ E o P @ E
A 149 —121 0.0 147 —153 0.0 -2 127 —152 0.0
A’ 118 128 —151 0.8
A" —-125 119 —150 1.9
AP 178 —159 -11.3 138 —160
A° 150 —151 146 —158 —13.1 133 —157
Ad 169 —160 -25 139 —160
Be 150 60 14 150 66 3.6 -3 135 63 43
C —55 —127 5.1 —51 —150 5.1 —136 -19 —152 0.4
(4 145 8 —147 0.8
c’ 9 -21 —150 14
D —55 53 6.3 —48 64 9.2 —138 —16 63 5.0
E 5 —105 —154 2.7
= 7 —116 61 6.9

aTorsion anglesd, v, o) are given in degrees and the relative energi®sr( kcal/mol.? BPW91, gas phasé MP2, PCM.¢ MP2, gas phase.
e Calculated lifetimes of this conformer are approximately 416, and 0.7 ms for AA, AAZW, and AA", respectively.
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the role of the NH group, a more detailed look at the optimal
geometries in Table 1 reveals effects that can be attributed solely
to the charge/pH changes. The protonation of the CQf@up
(AAZW—AAT) results in a change of thg torsion around the
adjacent C-N bond by about 30with they torsion remaining
nearly unaffected. Similarly, for the anionic form tfetorsion
decreases by about 20nder the NH™ — NH, deprotonation

of the zwitterion. Whereas the effects of the pH and the;NH
intrinsic hydrogen bonding can hardly be separated, the charge
change undoubtedly further tweaks the dipeptide conformational
properties.

Strictly speaking, two rotamers of the COOH group (and two
other rotamers associated with the OH rotation are theoretically
possible) should be considered in the potential energy surface
of the cation AA" in a similar way as the Nflrotation was
treated in the anion AA However, the energy changes involved
in the COOH rotation are minor (less than 1 kcal/mol) and so
is the effect of these geometry variations on the NMR
parameters. Therefore, the AAg,y) surface was considered
only for the lowest-energy COOH conformers.

Not all local minima on the potential energy surfaces in Figure
2 can support a stable quantum state. For both AAd AA™,
only the two lowest-energy conformers are stable. This can be
Figure 3. Detailed one-dimensional profile of the AAcalculated deduced from the two-dimensional Hamiltonian and the resultant
potential energy surface fap = —150°. The NH, binding pattern localized wave functions shown for the cation and anion in
changes along the lowest-energy path: (a) the Nyirogens may be  Figyre 5. A similar result was obtained for the AA zwitteritn.
ﬁltga‘:t.ed by the COOgroup and the amide bondsystem, or () the e ransition barriers are clearly high enough to support at

2 nitrogen electron lone pair creates a hydrogen bond to the amide _ . .
hydrogen which is (c, d) conserved during the rotation over the gyn ( least the two d_lstlnqt cqnformers with the wavefunctions plotted
~ 0°) conformation. At the other minimum (e), the NHydrogens by the green lines in Figure 5. Moreover, we can deduce from
are attracted to the-system as well as to the amide oxygen. The;NH  the lifetimes of the second-lowest energy states listed in the
rotation is indicatedd, in degrees). footnotes of Table 1 (a few milliseconds) that it is in principle
possible to prepare these conformers, although presently they
cannot be detected by the inherently slow NMR experiment.

By comparison of the computations performed in a vacuum
and with the solvent correction (the left- and right-hand parts
of Figure 2, respectively), one can well estimate the effect of
the environment on the peptide conformational properties. While
it is true that the basic conformational characteristics of the
dipeptide given by the covalent bonds do not change upon the
solvation, the final energy profiles, the exact minima geometries,
and, particularly, the steepness of the equilibrium potential wells
do change. The MP2 method provides virtually the same
conformers as the BPW91 functional (Table 1) except for the
@ angle of the AA form; in this case, however, the global
minimum well is very broad and the equilibriugn difference
does not necessarily implicate a different behavior. Other
backbone torsion angles obtained for the minima with the
Figure 4. Part of the anionic (AA) potential energy surfaces (green, BPW91 and MP2 methods differ by less th&n Bhe values of
blue, and red) calculated for three NFotamers. the torsion angles for thA-type AA conformers are close to
those observed if-sheet structures of longer peptides and
proteins (antiparalle|s-sheet: ¢,y = —139%,135; parallel

E (kcal/mol)

E (kcal/mol)

in AA~ nicely reveals the complexity and caveats that must be
taken into account in the modeling of peptide conformational
landscape. In longer molecules and proteins the folding of the f-sheets: ¢, - _1193'1,13))’29 whereas the other types do
backbone can presumably be influenced by side-chain interac-"0t Nave canonical protein counterparts.
tions similarly as the, ¢) energy map by the NHgroup Similarly as for the zwitteriod! molecular dynamics (MD)
rotation. The one- and two-dimensional surfaces (Figures 2 andsimulations provided analogous conformer distribution to those
3) can be also considered as projections of multidimensional deduced from the ab initio relative energies also for the
surfaces. Another way illustrating this situation is represented positively and negatively charged AA forms (see Figure 1s in
in Figure 4, where threey( ) anionic surfaces are plotted as S| for the Amber force field). Particularly, the MD computations
obtained from scans with three different Nirbtamers. The  are consistent with the one (for AX and AA") and two (for
lowest-energy surface in Figure 2 was obviously obtained by AA™) conformer presence in the sample under room tempera-
taking the minimum energies for eaap, () pair in Figure 4. ture. Obviously, detailed MD results strongly depend on the
However minor the purely electrostatic influence of the force field parametrization, and presently we consider them
charged ends on the conformation might be in comparison with inferior to those based on the DFT energy maps.
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Figure 5. One-dimensional sections of the cation (Afand anion (AA) smoothed potential energy surfaces (the red line) and vibrational wave
functions of the lowest-energy states (the dashed/dotted lines, with the asymptotes corresponding to their energies).

TABLE 2: Experimental (in D ,0) and Computed® Changes
of Alanine NMR Parameters under the pH Variations

1J(C2,H2) = 145.1 Hz was calculated as 143.6 Hz, i.e., with
1% error). As in the case of the shifts, the computations

A(AT — AZW) AZW AA~ — AZW) reproduce most trends induced by the pH change, albeit with a
calcd  exptl calcd exptl calcd  exptl limited precision. As an extreme case, ﬁﬁ(aCZZCS) co_upllng
hermical Shi changes by-1.3 Hz while a+3.1 Hz change is predicted by
Chemical Shifts (ppm) the theory. With the exception of the error of the DFT method,
N —4.00 —-2.20 —386.1 —339.6 —131 —6.6 . L ; .
c2 —017 -177 62.79 53.35 132 093 Weattribute the deviations to MD or solvergolute interactions,
Cc3 -0.26 —-3.11 188.38 178.66 11.74 8.94 incompletely covered by the present model. Other functionals
C4 —-0.27 -0.83 20.70 18.97 8.14 425 (BPW91) and bases (IGLOII, 6-31t-G**) provided similar
H2 081 037 4.17 3.78 —-0.64 —0.48 results. Overall, we can see that the computations correctly
H4 0.18  0.08 1.57 1.48 —0.44 —0.26

reproduce the main changes in NMR shifts and coupling patterns

Spin—Spin Coupling Constants (Hz) induced by the change of molecular charge.

;\lJl C2 -16 -085 39 57 19 14 Accuracy_ of the Calculated NMR Parameters in AA.For
c2ca —-41 -08 36.8 349 -19 03 the AAT cation, the accuracy of various approximate levels used
Cc2,c3 122 5.6 485 54.0 3.1 —-1.3 for the computations of the NMR shifts and coupling constants
C2,H2 4.4 15 143.6 145.1 —-104 —6.7 are demonstrated in Table 3. The anionAl¥ehaves similarly;
Capa 29 13 1270 1297 -34 -21 the data can be found in the SI (Table 1s). As for alanine, the
l\ul.ll H2 —02 0 09 0 04 —22 error of the chemical shifts computed for dialanine significantly
N1:C4 01 0 0.7 0 31 0 exceeds the estimated experimental inaccuracy (estimated as
N1,C3 0.1 0 —05 0 0 0 0.01, 0.02, and 4 ppm for the NMR shifts of hydrogen, carbon,
C2,H4 02 —-0.2 -3.1 —4.4 0.3 0.1 and nitrogen, respectively). As observed eatféPthe hydrogen
C4H2 -08 -035 31 —4.55 1.0 -0.15 shifts are reproduced relatively accurately, whereas the DFT
c3c4 -03 -01  -07 12 04 12 method becomes inaccurate for carbons, with the inaccuracy
9,CJ:.)”H2 —08  ~10 —4.6 —5.0 0.5 0.7 being even higher for the nitrogen atom. The parameters
NLH4 03 005 -33 ~3.05 0.6 01 computed at different approximation levels do not vary dramati-
C3,H4 0.5 0.35 4.1 42 —0.2 0.1 cally. The best overall agreement of the calculated data with
H2,H4 0.1 0 7.3 73 -06 —02 the experiment was achieved with the BPW91/6-83+15**/

PCM equilibrium geometry and at the B3LYP/IGLOII/PCM
level for the NMR parameters. The IGLOIIl basis, although
bigger, provides less accurate shifts than IGLOII.

Interestingly enough, the gas-phase computations appear to

Alanine NMR pH Dependence.The anion (A), cation (A"), be reasonably accurate. For the geometry obtained with the MP2
and zwitterion (W) of the 1°N,13C-isotopically labeled alanine  method in the gas phase (vacuum), for example, the calculated
allowed us to investigate the dependence of the chemical shiftscarbonyl carbon shifts are even closer to experiment than when
and spin-spin coupling constants for a system where no the PCM solvent correction is applied. For DFT, however, the
significant change of molecular shape can be induced by the PCM results are more precise. The differences in geometries
change of the molecular charge. A complete set of experimental(Table 1) and NMR shifts obtained with the MP2 and DFT and
and calculated NMR parameters is given in Table 2. The with PCM and gas phase might indicate that the current potential
absolute chemical shifts are reproduced with a notable error (e.g..energy surfaces (Figure 2) are not quite accurate and that a better
computed 53.35 ppm, experimental 62.79 ppm for C2); never- solvent model accounting for the directional hydrogen b&hds
theless all signs of the differences between the charged andwould be more appropriate; this is, however, impossible to
neutral forms are reproduced correctly. As expected, the achieve with the computer means available. On the other hand,
hydrogen shifts could be calculated with a higher precision than some properties of the dipeptide are reproduced very well, e.g.,
those for the heavy atoms. the observed 84 ppm shift difference between N1 and N4 was

The alanine spirrspin coupling constants change under the calculated within the 9295 ppm interval. The chemical
deprotonation and protonation like the shifts, typically within environment (amineamide) is thus perhaps more reproducible
1-10%. The computation well reproduces the magnitudes of than solvent environment (vacuuiwater), whose influence is
the individual coupling constants (e.g., fof4 the experimental weaker.

aBPW91/6-31#+G**/PCM geometries, B3LYP/IGLOIlII NMR
parameters. For Aand A", differences with respect to?® are given;
for A~; the values calculated for three Nifbotamers were averaged.
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TABLE 3: Chemical Shifts and Spin—Spin Coupling Constants Calculated at Different Levels of Theory for Conformer A of

the AA*T Cation?

geometry (6-31++G**): BPW91 PCM BPW91 PCM BPW9L1 (gas) MP2 PCM MP2 (gas)
NMR (B3LYP): IGLOIII/PCM IGLOII/PCM IGLOIII (gas) IGLOIII/PCM IGLOIII (gas) exptl
Chemical Shifts (ppm)
H2 4.63 4.45 4.07 4.40 3.87 4.10
H5 5.53 5.27 4.75 5.01 4.58 4.42
H7 1.58 1.58 1.77 1.41 1.56 1.55
H8 1.48 1.45 1.69 1.31 1.52 1.45
Cc2 63.2 61.4 63.3 59.9 60.0 51.8
C3 182.6 177.4 178.7 181.5 176.0 173.5
C5 56.4 54.6 61.8 55.7 58.9 51.6
C6 192.2 186.6 187.9 189.8 185.7 179.1
Cc7 22.0 215 21.0 21.8 22.2 194
Cc8 24.3 23.8 21.8 23.2 21.4 18.9
N1 —390 —379 —390 —392 —392 —342
N4 —295 —288 —297 —300 —299 —258
Ao 11.09 8.27 10.67 10.89 10.11
Coupling Constants (Hz)

1J:
C7,H7 129.1 129.8 130.2 128.6 129.9 130.7
C8,H8 128.7 129.3 130.7 128.1 129.8 130.4
C5,H5 140.1 141.8 144.6 142.1 144.1 146.8
C2,C3 52.1 54.5 45.4 51.9 46.1 52.4
C5,C6 60.6 63.7 58.7 60.1 58.6 58.9
C2,C7 32.7 34.6 33.7 32.0 31.8 33.7
C5,C8 33.7 35.6 32.6 32.2 32.1 34.4
C2,N1 —4.6 —-5.0 —6.0 -0.2 -0.6 —-9.2
C3,N4 —18.4 —-19.4 -23.0 -18.4 —22.5 -17.0
C5,N4 —11.8 —12.6 —10.8 —-12.3 —11.3 —-11.5
23
C2,H7 —2.6 —-3.2 —2.6 —-2.8 —2.6 —4.4
C5,H8 -2.9 -35 -2.9 -3.0 -3.0 —-45
C7,H2 —2.6 -3.0 —-2.8 —-2.5 —2.4 -3.9
C8,H5 —4.7 —-5.0 —-3.8 —-4.1 —-3.7 —4.2
C6,H5 —6.2 -6.9 5.7 —6.3 —5.7 —4.2
C6,C8 0.2 0.1 -1.2 -0.6 -1.3 11
C7,N1 -0.5 -0.5 -0.4 -0.5 -0.5 1.3
C2,N4 —11.1 —-11.6 —-8.5 —11.0 —9.2 —-6.9
C6,N4 -1.0 -1.0 -1.1 -1.2 -1.0 -1.1
3J:
H2,H7 7.0 6.7 7.2 6.9 7.2 7.1
H5,H8 7.3 7.1 7.0 7.2 7.1 7.0
C3,H7 43 4.4 4.6 4.2 43 4.4
C6,H8 4.4 4.5 4.7 4.4 4.6 4.5
N1,H7 -3.8 -3.8 -37 -3.8 —4.0 -3.1
N4,H8 —-2.8 —-2.8 -2.9 -2.5 —-2.9 -3.1
C2,C5 24 25 2.2 25 2.2 21
AJ 1.4 15 1.4 1.6 1.7

a Ao andAJ are average absolute deviations. Isotropic shielding values of (31.83, 183.45180d.6 ppm, for the H, C, and N atoms, respectively)
and (31.53, 181.10, and194.36 ppm) were used for the IGLOIIl and IGLOIIl computations.

The scalar couplings calculated using different approachesalthough here the situation is complicated by the influence of
(the lower part of Table 3) also vary rather moderately. Like the NH group rotation. Indeed, a relatively large dispersion of
the shifts, the average absolute deviations ranging in a narrowthe calculated shifts appeared for the nuclei in the vicinity of
interval of 1.4-1.7 Hz do not favor any particular method. No the amine group. For the three Mkbtamers of the conformer
preferential approach was indicated even by a decompositionA, the calculated shifts are, for example, 24.7, 24.7, and 29.5
of the statistics into the absolute average deviations fotthe  ppm for carbon C7, 63.3, 63.9, and 63.7 ppm for carbon C2,
23, and?3J couplings (not shown). The final precision seems to and 193.8, 190.7, and 190.6 ppm for carbon C3. The dispersion
be an internal property of the B3LYP functional and perhaps is even bigger for the conform&: 27.1, 25.9, and 25.7 ppm
the DFT methodology? it was also discussed in previous for carbon C7, 61.9, 62.9, and 65.5 ppm for carbon C2, and
works1:33An occasional generalization, however, can be made. 190.4, 191.5, and 193.7 ppm for carbon C3.

Particularly, the application of the PCM method improves some  AA Chemical Shifts. Similarly as for the alanine, the
one-bond couplingsy(C2,C3) andJ(C3,N4)) for both the DFT computed and experimental chemical shift changes for the
and MP2 geometries. On the contrary, some couplings deviatecharged AA forms (related to AAY, Figure 6) confirm that
more from the experiment upon the application of PCBE2,- the theory can reproduce the experiment on average but with a
N4) andJ(C5,H5)). As expected, the charged and polar groups limited accuracy. Extreme changes are usually better reproduced
are the most sensitive to the PEGMacuum environment change. than the small ones. Especially the hydrogen shift changes are

Behavior similar to that of the calculated cation chemical smaller than 0.5 ppm, with the exception of H1 (experimental

shifts was also observed for the anion (Table 1s in the Sl), values ares = 6.16 ppm for AXW and 8.09 ppm for AA)



1802 J. Phys. Chem. B, Vol. 112, No. 6, 2008 SychrovsKyet al.

v then be attributed to several factors, such as the reaction of the
10 C3, AA PCM continuum to the charge redistribution in the charged
- peptide forms, and do not directly reflect detailed conformational
E S _ changes.
a 0 C6, AA+ ‘;__ *C7. AA AA Spin—Spin Coupling. As documented in Figure 7, the
2 : TSN1AAY coupling constant pH variation can be reproduced with the
% 5 C5. AAY . ’ computation similarly as the shifts. Also here, smaller changes
< ' ° N4, AA’ are less reliably calculated than the bigger ones, and the
0] N1 A . theoretical values concerning the vicinity of the charged residues
"o "N4/AA are less accurate. The changéX€5,H5) in AA*, for example,
10 5 0 5 10 was predicted at the opposite direction. The magnitudes of the
one-bond {J) constants change most, but the biggest relative
Acexe (PPM) changes can be found between the vicinal and geminal couplings

Figure 6. Comparison of calculated and experimental pH che_mical (233)).
f:slf;t):(?tatr(])g;sé(;%itttgeri(ln?]\?ée?g;;n%% ﬁl\:%:]?hgpk\;i gcg’e”;torcrﬂggsde‘g't?he Unlike for the shifts, calculated coupling constants provide
corresponding atoms are indicated i the plot. ' useful !nformatlpn on AA conformation. This can be seen_for
the anion AA" in Table 4, where the measurable coupling
and not easily reproducible. The amide NH group is also constants calculated for 10 conformers are listed and compared
problematic: the computation overestimates the observed© the experiment. We can see that the results are consistent
nitrogen (N4) shift both in the anion and cation. On the other with the estimated relative conform_er energies: The coupling
hand, the amide carbon (C3) change in A easily repro- constants calculated for the energetically inconvenient conform-
duced:; it is clearly caused by the loss of charge at the amine &S 8, D—F) significantly deviate from the experimental values,
group. Large charge-induced shift variations (exceeding 1 ppm) which is also indicated by the average absolute deviations from
have also been measured for the C5. C6. and N1 Afoms the experiment listed at the bottom of the Table. The conformer
all indicated in Figure 6. The calculated carbon shifts (conformer € @lone exhibits the lowest average deviations in the constants,
A in cation, zwitterion, and anion) of C3 (182.6, 181.3, 193.8 Whereas theA conformer is more preferred energetically.
ppm), C5 (56.4, 61.9, 60.5 ppm), C6 (192.2, 192.5, 194.4 ppm), However, this can be explained by the conformational equilib-
and C7 (19.4, 19.3, 22.6) thus nicely correspond to the trend "um. Indeed, the Boltzmann averaging, taking into account all
observed under the pH change experimentally: C3 (173.5,the conformersA—F including the NH group rotamers,
172.8, 180.6 ppm), C5 (51.6, 54.1, 53.6 ppm), C6 (179.1, 182.5, Provides a reasonably low average deviation of the couplings.
183 ppm), and C7 (22.0, 22.2, 24.7 ppm). This reflects a generalObviously, as discussed above and observed in previous
tendency of the ab initio/DFT computation to reproduce relative Works,3*a future improvement of the computational model
values of NMR parameters with a higher accuracy than for iS desirable because more accurate theoretical constants can lead
absolute one¥ to a better discrimination between the peptide conformers.
The accuracy of the calculated shifts (Table 2s in Supporting  For example, the NMR spectra would be sensitive to the NH
Information), however, is not sufficient to discriminate between group rotation as the constants computed for the three rotamers
the individual AA conformers\—F. For example, the absolute  differ significantly (for conforme, the calculatedJ(C2,H2)
overall deviations from the experiment range within +11.7, are 135.9, 134.0, and 136.8 H4(C2,C3) 48.3, 53.4, and 53.4
11.8-16.5, and 11.311.9 ppm (for the cation, zwitterion, and  Hz,2J(N1,H2)—3.3, 0.7, and-3.9 Hz, etc.). The NHrotation,
anion, respectively) only. All three AA forms thus behave however, influences the couplings only locally with remote
similarly. The variations of the calculated NMR shifts should atomic groups not being affected: The constaki(®N4,H4)

4 %J

Il AA-, Exp
N AA-, Cal

I AA+, Exp
I AA+, Cal
-4 4
L L} T T 1 L} T L 1 T T 1 L} T T 1 T T 1 1 T T 1 L} T T 1 L} T
P~ O WMOMRD— S S~ O00NWWNUD— S st h~0M~DRNDOLW
IITITOOOOZZZIIIIIITOOZZZ2IIIIIIIO
MO N I NN O NN O O NONW @ = o
VOOV VVVVOVVUVLOOZVOVUVOIITVO=ZZZ0
Figure 7. Computed and experimental pH-induced changes of-sgiim coupling constants (for the lowest-energy conformer of AAd AA™,

with respect to that of the zwitterionic form AX).
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TABLE 4: Spin —Spin Coupling Constants (Hz) Calculated for 10 AA" Conformers (A—F)2 and Comparison with Experimental
Values

A A’ A" B C C c" D E F
n° 0.452 0.119 0.018 0.000 0.240 0.125 0.041 0.000 0.005 0.000 © avgexptF

Jt

C7,H7 125.0 124.7 125.0 125.0 125.5 124.9 125.5 124.9 123.9 123.7 125.0 129.0
C8,H8 125.8 125.8 125.7 125.0 125.7 125.6 125.8 124.8 125.9 125.1 125.7 128.3
C2,H2 135.9 136.8 134.0 135.4 137.7 130.6 137.8 130.5 136.2 135.1 135.7 142.2
C5,H5 139.6 139.6 139.5 127.6 139.2 138.8 139.6 127.6 140.1 127.6 139.4 139.5

Cc2,C3 48.3 53.4 53.4 47.8 52.5 52.6 47.1 52.5 48.8 48.2 50.5 50.5
C5,C6 52.3 52.3 52.4 52.3 52.5 52.4 52.1 52.5 51.3 52.4 52.3 54.4
Cc2,C7 36.5 31.3 35.9 36.0 34.0 35.3 35.2 35.6 36.6 36.6 35.0 35.2
C5,C8 34.6 34.7 34.6 39.2 34.6 34.9 35.0 39.0 35.2 39.2 34.7 34.9
C2,N1 —-1.2 —-1.0 —2.6 —-1.2 —2.6 —2.0 -1.2 —2.2 -0.7 -0.8 —-1.6 —4.5
C3,N4 —-13.6 —14.6 —-14.5 —-13.8 —-16.0 —15.9 —-15.4 —-16.7 —-13.7 —-13.9 —-14.7 —-15.7
C5,N4 —-9.2 —-9.3 -9.3 -9.0 -9.9 -9.9 —-9.6 —-9.8 -9.3 -9.1 —95 —-10.6

Jz

C2,H7 —-2.8 —2.8 —2.8 —-2.8 —2.9 -3.1 —-2.9 -3.1 —-2.9 -3.0 —2.9 —4.2
C5,H8 —2.8 —2.8 —2.8 -3.3 —2.8 —2.8 —2.8 -3.3 —2.9 -3.3 —2.8 —4.25
C7,H2 -3.3 —-0.4 -0.8 -35 —-3.1 —-3.5 —-4.8 —-3.8 —-2.9 -3.1 -3.0 -5.0
C8,H5 —-3.2 -3.2 —-3.2 —-3.8 -3.2 —-3.2 —-3.2 —-3.5 —-3.0 —-3.8 —-3.2 —4.8
C3,H2 -1.1 -3.9 -0.8 -1.1 —-3.2 —6.1 —-3.6 -5.9 —4.5 —-4.2 2.7 -5.0
C6,H5 —4.7 —4.7 —4.7 -5.9 —4.6 —4.6 —4.7 -5.9 —4.6 -5.9 —4.7 -5.3
N1,H2 -3.3 -3.9 0.7 -3.3 1.2 —-1.2 —4.4 —-0.7 —2.4 —2.4 —-2.0 -1.1
C3,C5 -0.9 —-0.6 —-0.5 —-0.8 —-0.3 -0.3 -0.5 -0.1 —-1.0 -0.9 —-0.6 —-0.5
C6,C8 —0.6 —0.6 —-0.5 0.7 —0.6 —-0.5 —-0.5 0.7 —0.8 0.6 —0.6 1.2
C2,N4 -9.1 —-9.3 —9.6 —-9.3 —6.6 —6.4 —-7.5 —6.5 —-7.8 —-7.6 —-8.1 —6.8
C6,N4 —-0.5 —-0.5 —-0.5 0.2 —-0.7 —-0.6 —-0.6 0.2 —-0.6 0.2 —0.6 —-1.2

J3

H2,H7 6.7 6.2 6.2 6.8 6.8 6.8 7.1 6.9 7.0 6.9 6.7 7.3
H5,H8 6.8 6.8 6.8 7.0 6.8 6.9 6.8 7.0 6.8 7.0 6.8 7.2
C3,H7 4.1 4.1 4.5 4.0 4.3 3.9 4.0 4.0 4.0 4.0 4.1 4.2
C6,H8 3.9 3.9 3.9 3.5 3.9 3.9 3.9 35 4.0 3.5 3.9 4.25
N1,H7 —3.7 —-0.8 —3.4 —3.7 —2.9 —-1.0 —3.7 -1.1 —-3.8 —-3.7 —2.8 —-3.0
N4,H2 -0.8 -1.2 —-1.2 -0.7 -0.7 —-0.6 -1.1 —-0.4 —-1.2 -1.1 —-0.8 -2.1
N4,H8 —2.5 —2.5 —2.5 —2.5 —2.5 —2.5 —2.5 —2.4 —2.5 —-2.5 —2.5 —2.95
Cc2,C5 1.7 2.0 2.0 2.1 1.3 1.3 1.4 1.7 1.3 1.6 1.6 1.5
AJ® 1.6 1.7 1.7 2.1 1.2 1.4 1.2 1.9 1.5 2.0 1.3 0.0

aSee Table 1 for the definition of the conformet€onformer ratios were estimated from the Boltzmann factor at 300TiKe Boltzmann-
weighted average!.pH = 12. ¢ Average absolute deviations.

(—91.5,—91.4, and—91.6 Hz for the three rotamers)J(C5,- to the change of the closg angle, and can thus monitor the
H4) (3.2, 3.2, and 3.1 Hz), 6d(H4,H5) (7.1, 7.4, and 7.2 Hz)  ratios of the A, C) and @B, D) conformer classes (cf. Tables 4
are rather insensitive to the rotation. and 5). They torsion has little impact on this coupling.

Also the computed coupling constants of the Afdrm listed Similarly, the analogouJ(C2,H2) coupling constant is more

in Table 5 agree best with the experiment for the energy- sensitive to they angle, which makes it possible for these two
preferred conformeA. Average deviations of th€ conformer couplings alone in principle to determine the AA secondary
are low as well, but this form can be excluded on the basis of structure. To be able to generalize the results, however, one
the energy estimation. For the cation, especially the vicinal has to realize also the dependence on the molecular charge (the
couplings #J) seem to be computed with significant errors. experimentaltJ(C5,H5) constant is 146.8, 142.7, and 139.5 Hz
Fortunately, for AA", the number of conformers that can for the cation, zwitterion, and anion, respectively), and in larger
contribute to the averaged obsendslis smaller than for AA. peptides similar variation can be expected for various amino
In fact, the conformeA seems to be clearly dominant90%), acid side chains. ThéJ(C5,C6) coupling, for example, is
with Boltzmann population of the conformBrestimated from predominantly driven by the molecular charge (the measured
the equilibrium geometry being about 10%. Given the narrow values for the cation, zwitterion, and anion are 58.9, 54.4, and
potential well (Figure 2) in comparison with, the population 54.4 Hz, which are actually very well reproduced by the
of conformerB, obtained through a complete integration over calculation as 60.6, 51.9, and 52.3 Hz; see Tables 4 and 5 and
the two-dimensional potential energy surface, would be even ref 11), and the conformational variance does not exceed 0.7
smaller. Additionally, the average errak{= 1.9 Hz, see Table  Hz.
5) of the couplings for th& form is much higher than that for The three-bond couplings, however, are more important for
A (AJ = 1.4 Hz). the peptide structural determination than the one- and two-bond
Finally, we can focus our attention on the conformational interactions.21213Therefore, their dependence on other factors
sensitivity of individual spir-spin coupling constants repre- than the torsion angle, such as charges of close molecular
sented by the average absolute deviations plotted in Figure 8.groups, is of paramount importance for peptide chemistry. As
In spite of the errors of the computed couplings, some constantsan example, two constantd)(H4,H5) and3J(N4,H2), were
clearly exhibit larger variations under the conformational change, selected and their dependence on the main-chain torsion angle
and thus the NMR technique along with the quantum computa- plotted in Figure 9. Calculated curves for the AA cation, anion,
tion may be able to discriminate between peptide conformers. and zwitterions are compared to the empirical Karplus-type
The 1J(C5,H5) coupling is the most sensitive one, particularly curves derived in the literature on the basis of theoretical and
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TABLE 5: Spin —Spin Coupling Constants (Hz) Calculated 12 -
for Four AA = Conformers and a Comparison with the TTAALA, y=120°
Experiment? 10 — AR, G300
= AN, y=150°
A B C D T s
n 0.91 0.09 0.00 0.00 exptl & 6
1 < /
C7,H7 129.1 129.2 128.9 128.9 130.7 z 4
C8,H8 128.7 127.7 128.7 127.5 130.4 -’
C5,H5 140.1 132.5 140.8 133.2 146.8 2
C2,C3 52.1 51.1 54.6 534 524
C5,C6 60.6 59.2 60.8 59.5 58.9 0
C2,C7 32.7 32.7 321 32.2 33.7 -180 -80 20 120
C5,C8 33.7 38.9 335 39.1 34.4 ¢
C2,N1 —4.6 —4.6 —-0.7 —-0.8 —9.2
C3,N4 —18.4 —-17.6 —16.4 —15.6 —=17.0
C5,N4 —11.8 —9.4 —11.8 -9.1 —-11.5
23: -0.2 4
C2H7  -26  —26  -25  -25 44 ¥
C5,H8 —-2.9 —-3.3 —-2.9 -3.3 —4.5 §
C7,H2  —2.6 —-2.7 -3.1 -3.1 -3.9 0.7
C8,H5 4.7 —4.2 4.7 -3.9 —4.2 f
C6,H5 —6.2 7.2 —6.3 —6.8 —4.2 5 124
C6,C8 0.2 1.1 0.1 1.1 1.1 ’
C7,N1 -05 —-0.5 —-0.4 —-0.4 1.3
C2,N4 —111 -109 -87 -85 -6.9 a7 , , ,
C6N4  —10 0.3 -1.2 0.5 -11 180 80 20 120
J:
H2,H7 7.0 7.0 7.2 7.2 71 Figure 9. Calculated dependence of tAH4,H5) (top) anc?J(N4,-
H5,H8 7.3 7.0 7.3 6.9 7.0 H2) (bottom) vicinal spir-spin coupling constants on the encompassed
C3,H7 4.3 4.2 4.5 4.4 4.4 torsion angle for the three charged AA forms and a comparison to the
ﬁ?:? f’; 8 —4358 _4:11 _151 _gi’ JKy,% JK,*¢ and Jk®” semiempirical Karplus curves.
'(\I;g’gg _2248 _2266 _1237 _1257 _31 Apparently, thelJ(N4,H2) coupling (lower part of Figure 9)
' ' ’ ' ’ ' is more sensitive to the molecular charge and deviates more
AJ 14 19 15 2.0 from the previously proposed curve. As expected, the anion AA

curve deviates from the cation and zwitterion because of the
deprotonation of the Nkt group close to the rotating bond.
However, a closer inspection reveals that the absolute coupling
B AAZW dispersion is like for the previous case, since ¥E@N4,H2)

= AA- constant varies in a much narrower range th¥ri4,H5).

1
J .
4 uAA+ Conclusions

On the basis of the DFT computations (BPW91/6-8315**)
of the two-dimensional potential energy surfaces, we were able
2 to estimate the conformational behavior of the AA dipeptide
under the pH changes. Whereas the neutral zwitterionic form
AAZW and the cation (AA) adopt similar conformations of the
main peptide chaing,  angles), the anion (AA) exists in
two forms differing by they-angle values. The forms are
approximately equally populated in aqueous solutions at room
temperature. The anion main chain folding is more complex
than for the other forms because of the influence of the, NH
group, which can serve both as a hydrogen donor and acceptor
Figure 8. Computed sensitivities of selected spspin coupling ~ in an intramolecular hydrogen bonding. The results of the
constants to the conformational change (average absolute deviationsanalysis of the potential energy surfaces are in agreement with
from the average over individual conformeks-F are plotted for each both experimental and calculated NMR chemical shifts and
form. spin—spin coupling constants. The NMR parameters could be
calculated with a limited accuracy, but the pH dependence of
. the chemical shifts for the dipeptide as well as for the alanine
experimental data. Clgar!y, féd(H4,H5), the angular depen- monomer could be explained on the basis of the theory.
dence does not rely significantly on the molecular charge and gyrthermore, the comparison of the experimental and calculated
nicely corresponds to the two approximations proposed previ- coupling constants is consistent with the energetic analysis.
ously. Withing ~ —180..—~30°, the cationic AA" 3J(H4,H5)
curve somewhat deviates from the anion and zwitterion, which Acknowledgment. The work was supported by the Czech
can be explained by the vicinity of the CO@roup, protonated  Science Foundation (Grant Nos. 203/06/0420 and 202/07/0732),
in the cation. Some dispersion occurs also arogrs 150°; the Grant Agency of the Academy of Sciences (A4005507020,
this is, however, rather minor with respect to the principal A400550701), and the Ministry of Education, Youth and Sports
conformational dependence. (Grant No. LC512).

aThe symbols have the same reference as in Table 4.
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Abstract Density functional theory was employed to
study the dependence of '>C and '°N magnetic shielding
tensors on the glycosidic torsion angle () and conformation
of the sugar ring in 2’-deoxyadenosine, 2'-deoxyguanosine,
2'-deoxycytidine, and 2'-deoxythymidine. In general, the
magnetic shielding of the glycosidic nitrogens and the sugar
carbons was found to depend on both the conformation of
the sugar ring and y. Our calculations indicate that the
magnetic shielding anisotropy of the C6 atom in pyrimidine
and the C8 atom in purine bases depends strongly on y. The
remaining base carbons were found to be insensitive to both
sugar pucker and y re-orientation. These results call into
question the underlying assumptions of currently estab-
lished methods for interpreting residual chemical shift
anisotropies and '>C and '°N auto- and cross-correlated
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relaxation rates and highlight possible limitations of DNA
applications of these methods.

Keywords Magnetic shielding -
Chemical shift anisotropy - DNA - RNA

Introduction

Knowledge of the magnitude and orientation of '*C and '°N
magnetic shielding (MS)/chemical shift (CS) tensors in DNA
and RNA nucleosides is essential for the interpretation of
NMR relaxation data and for the analysis of residual chemical
shift anisotropy (RCSA) resulting from weak alignment
(Akke et al. 1997; Boisbouvier et al. 2000; Duchardt et al.
2004; Duchardt and Schwalbe 2005; Ferner et al. 2008;
Grishaev et al. 2006; Hansen and Al-Hashimi 2006;
Ravindranathan et al. 2003; Ravindranathan et al. 2005;
Schofberger et al. 2006; Shajani and Varani 2007; Sychrov-
sky et al. 2005; Trantirek et al. 2007). Large chemical shift
anisotropies (CSAs) of 13C and "N nuclei in nucleic acids
have been found useful for constraining bases relative to the
molecular alignment tensor (Grishaev et al. 2006; Hansen and
Al-Hashimi 2006), glycosidic torsion angle (Duchardt et al.
2004), sugar ring conformation (Boisbouvier et al. 2000), and
the evaluation of conformational dynamics around a glyco-
sidic bond (Ravindranathan et al. 2003). Until quite recently,
the only available experimental data on the '>C and '°N
CS-tensor magnitude and orientation in nucleic acids origi-
nated from solid-state NMR measurements and were limited
to model compounds such as nucleic acid bases (Hu et al.
1998) or nucleosides (Stueber and Grant 2002).

In a recent report, Duchardt and Schwalbe simultaneously
analyzed relaxation measurements for all protonated base
carbons in the nucleosides of a small RNA hairpin, using
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solid-state CSA values from Stueber and Grant (2002)
(Duchardt and Schwalbe 2005). They found that the use of
CSA values obtained from solid-state NMR measurements
led to the remarkable result of systematically lower order
parameters for the purine C8 atom compared to pyrimidine
C6 sites, even for base paired nucleotides. They also reported
that relaxation data recorded for '>C and "N in the same
nucleotide revealed a mismatch in the commonly used CSA
values, and raised a question as to whether CSA values in
solution NMR require adjustment from solid-state values.

Very recently, '>C chemical shift anisotropies in right-
handed double-helical DNA and RNA fragments were
characterized in solution using the dependence of the
relaxation rates on the magnetic field (Ying et al. 2006a),
cross-correlated relaxation rates (Ravindranathan et al.
2005), and liquid crystal measurements (Bryce et al. 2005;
Hansen and Al-Hashimi 2006; Ying et al. 2006b). Differ-
ences of up to 30 ppm were found between CSA values
obtained from solid-state and solution NMR measure-
ments. It was suggested that the different '>C chemical
shift anisotropies stemmed from differences in hydration of
Watson—Crick base-paired oligonucleotides, molecular
geometry, and electrostatic crystal potential (Stueber and
Grant 2002; Ying et al. 2006b). It is generally recognized
that the CS tensors of 'H, 13C, ISN, and 3'P nuclei in
nucleotides depend on local conformation (Dejaegere and
Case 1998; Ebrahimi et al. 2001; Precechtelova et al. 2007;
Sitkoff and Case 1998; Sychrovsky et al. 2005) and
hydrogen bonding (Czernek et al. 2000). Dejaegere and
Case (1998) reported calculations of MS tensors for methyl
f-p-2'-deoxyribofuranoside and methyl f-p-ribofuranoside
as models for the 2'-deoxyribose and ribose sugars in
nucleic acids and found that the magnetic shielding an-
isotropies (MSA) for C1’ and C3’ are sensitive to puckering
of the sugar ring. The dependence of the C1’ and C3’ MS
tensors on sugar pucker in RNA polynucleotides was later
confirmed experimentally by Boisbouvier et al. (2000).
Recently, Sychrovsky et al. (2005) reported calculations of
the C1’ and N1/9 MS-tensors in DNA nucleosides. They
demonstrated that both the magnitude and orientation of
C1’ and N1/9 MS tensors depend on the glycosidic torsion
and sugar ring conformation and that accounting for con-
formation-dependent variability in these tensors may be
crucial for proper interpretation of cross-correlated relax-
ation rates between the N1/9 CS-tensor and C1-HI1’
dipole—dipole interaction in nucleic acids. Importantly,
these studies indicated that variations in MSA values due to
differences in local molecular geometry may be two to
three times larger than those due to the environmental
differences experienced by nucleic acids in the solid and
solution states.

Recent improvements in spectrometer hardware and
measurement strategies permit the MS-tensor-related NMR
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parameters to be measured at levels of accuracy where their
quantitative interpretation is limited by an unknown degree
of site-to-site MS tensor variation. Due to a lack of infor-
mation about '*C and '’N MS-tensors outside the right-
handed double helical region, the quantitative interpretation
of MS-tensor related NMR parameters in non-canonical
regions, left-handed double helices, or multi-strand forms of
DNA should be avoided as it might lead to structural errors
(Sychrovsky et al. 2005). Mapping conformational depen-
dencies of '*C and "’N MS-tensors in DNA is therefore
valuable as it allows MS-tensor related NMR parameters to
be used for structural analysis of biologically important
nucleic acid motifs such as Z-DNA, DNA triplexes and
quadruplexes, or unusual DNA duplex and hairpin motifs.

In the present study, we employed density functional
theory (DFT) to investigate the relationships between the
anisotropy of '>C and '>N MS and the sugar ring confor-
mations and glycosidic torsion angle in 2’-deoxyadenosine,
2'-deoxyguanosine, 2'-deoxythymidine, and 2’-deoxycyti-
dine. The main objectives were (1) to determine the range
of individual principal components of the tensor for the
experimentally observed sugar puckers and glycosidic
bond orientation, and (2) to determine the changes in MS
tensor orientations resulting from changes in sugar pucker
and glycosidic bond conformation.

Methods

The compounds 2’-deoxyadenosine (dAde), 2'-deoxygua-
nidine (dGua), 2'-deoxycytidine (dCyt), 2'-deoxythymidine
(dThy) (Fig. 1) were used as models for all calculations of
the '>C and "N MS tensors. The geometry of all nucleo-
sides was gradient optimized with the B3LYP exchange-
correlation functional (Becke 1993; Lee et al. 1988) and
the 6-31G(d,p) atomic basis set. In the initial geometry
optimization, the y torsion angle was estimated to be close
to either syn or anti minima (the anti region was defined as:
180° < y < 280°, and syn as 50° < y < 80°), and the sugar
was adjusted to either C3’-endo (Pseudorotation angle P
(Altona and Sundaralingam 1972) set to approximately
20°) or C2'-endo (P about 160°). A constrained geometry
optimization for a stepwise change in torsion angle y was
then performed for each nucleoside. All parameters were
freely optimized except y. The magnetic shielding tensors
were calculated using the GIAO approach (Wolinski et al.
1990) with the B3LYP functional and the atomic basis set
(9s,5p,1d/5s,1p)[6s,4p,1d/3s,1p] for both carbon and
nitrogen (Kutzelnigg et al. 1991). All calculations were
performed with the Gaussian GO3 program (Frisch et al.
2004).

A second-rank MS tensor in the principal axis sys-
tem was obtained from the NMR calculations. The full
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Fig. 1 Structure and atom numbering scheme for a 2’-deoxypurine
and b 2’-deoxypyrimidine. Carbon and nitrogen atoms are numbered
according to IUPAC nomenclature (Markley et al. 1998). The
glycosidic torsion angle y is defined by atoms 04'-C1'-N9-C4 in
purines and O4'-C1’-N1-C2 in pyrimidines. There are two energet-
ically favored regions of y, anti and syn. In agreement with

MS tensor was decomposed into its isotropic and
anisotropic (herein, referred to as MSA tensor) parts. A
traceless MSA tensor in the principal axis system is
described by two adjustable parameters: its magnitude

= (o2 402 —0ey) . where 0, = 1) — 035 and

0y, = 0y — 033, and its asymmetry, n = (022—011)/033,
where 011 < 0 < 033.

Results

Dependence of MSA on sugar pucker and glycosidic
torsion angle

Base nitrogens

The calculated nitrogen MSA tensor magnitudes and ori-
entations as a function of the sugar pucker and glycosidic
torsion angle (y) for pyrimidine and purine 2’-deoxynu-
cleosides are displayed in Figs. 2 and 3, respectively. The
MSA tensors of the base nitrogen atoms are almost inde-
pendent of the sugar pucker with the exception of the N1
pyrimidine and N9 purine atoms involved in the glycosidic
bond. Their MSA tensors depend on both orientation
of the glycosidic bond and sugar pucker. While the mag-
nitudes |oM| of the glycosidic nitrogen MSA tensors in

/

C3' base

C4 Cq
C,'
comparative studies of crystallographic data, the anti region is
defined as 180° <y <280°, and the syn region as 50° <y <80°. ¢ and
d Schematic representations of the two main sugar conformations in

DNA, C2'-endo (Pseudorotation angle P (Altona and Sundaralingam
1972) approximately 160°) and C3’-endo (P about 20°)

2'-deoxypyrimidines in the syn conformation are essen-
tially the same for the C2’-and C3’-endo sugar puckers, our
calculations indicate that sugar pucker mode has a pro-
nounced influence on |¢™| values in the anti region. For
anti 2'-deoxypyrimidines with C3’-endo sugars, the abso-
lute values of |oM| are expected to be 10-12 ppm larger
than |oM| values for anti 2'-deoxypyrimidines with
C2'-endo sugars. For 2'-deoxythymidine, asymmetry of the
glycosidic nitrogen MSA tensor is independent of the
conformation of the sugar ring. In contrast, asymmetry of
the tensor in 2’-deoxycytidine depends on sugar pucker
mode. For both syn and anfi 2'-deoxycytidine with
C3’-endo sugars, the absolute values of 7 are predicted to
be smaller by 0.2-0.25 than those of 2'-deoxycytidine with
C2'-endo sugars. In general, the conformation of the gly-
cosidic bond and sugar pucker has only a moderate effect
on the orientation of the glycosidic nitrogen MSA tensor.
The most pronounced effect has been found for the N1
atom of 2'-deoxycytidine in the anti conformation. The
orientation of oy in anti 2’-deoxycytidine with a C2’-endo
sugar differs from the orientation observed in anti
2'-deoxycytidine with a C3’-endo sugar by ~ 15°."

! The data for the N1/9 were obtained in our previous study
(supplementary material) (Sychrovsky et al. 2005).
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Fig. 2 Calculated magnitudes |0‘M| (a) and asymmetries # (b) of BN
MSA tensors for 2'-deoxycytidine (-@-) and 2'-deoxythymidine (-V¥-)
as a function of glycosidic torsion angle y in C2'-endo (in red) and
C3’-endo (in black) conformation. ¢ and d display the calculated
orientation (6,(V),02,(e),033(®)) of individual components of the
MSA tensor with respect to the N1-C2 bond as a function of torsion

In 2'-deoxypurines, the sugar pucker mode has negligi-
ble influence on the |¢M| or 5 values and orientations of the
N1, N3, and N7 MSA tensors (Fig. 3). However, analogous
to the 2'-deoxypyrimidines, sugar pucker mode strongly
influences the glycosidic nitrogen MSA tensor magnitude
and shape as well as its orientation with respect to the base
geometry. While the magnitudes of the tensor in syn
2'-deoxypurines are independent of sugar pucker mode, the
differences in |oM| values between C2'-endo and C3’-endo
sugar puckers reaches up to 12 ppm in the anti region. For
syn 2'-deoxypurines with C2’-endo sugar puckers, the
absolute value of # is reduced by 0.1 compared to
2'-deoxypurines with C3’-endo sugar puckers. For anti
2'-deoxypurines, the corresponding difference ranges up to
0.35. In addition, our calculations indicate that when sugar
pucker changes from C2’-endo to C3’-endo, the glycosidic
nitrogen MSA tensor reorients itself by about 15°.

Base carbons

The calculated base carbon MSA tensor magnitudes,
asymmetries and orientations as a function of the sugar
pucker and glycosidic torsion angle for pyrimidine and
purine 2'deoxynucleosides are depicted in Figs. 4 and 5,
respectively. In general, the MSA tensors of the base car-
bon atoms exhibited negligible dependence on sugar
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7. (deg) %, (deg)

angle y in C2-endo (in red) and C3’-endo (in black) sugar
conformation in 2’-deoxycytidine and 2'-deoxythymidine, respec-
tively. The orientations are expressed in absolute values of cos 6;;.
The data for N1 were obtained in our previous study (supplementary
material) (Sychrovsky et al. 2005)

pucker. As expected, our analysis indicated that the MSA
tensors of the quaternary 2'-deoxypyrimidine C4 atoms are
not influenced by the orientation of the glycosidic bond, in
contrast to the carbon atoms proximal to the glycosidic
linkage (i.e. C2, C6 and to some extent C5). While dif-
ferences in |o™| of the C5 atom MSA tensors between syn
and anti conformations are only about 5 ppm, the corre-
sponding difference for C6 atoms can be as great as
20-25 ppm. In 2’'-deoxypyrimidines, the C2 MSA tensor
|oM| and 5 values are modulated by the orientation of the
glycosidic bond (Fig. 4). The differences in absolute values
of |6™| and 5 between syn and anti conformations are about
10 ppm and 0.3. In addition, the C2 MSA tensor asym-
metry 7 is influenced by the conformation of the sugar ring.
However, the absolute # values for C2’-endo and C3’-endo
sugar pucker are essentially the same in both syn and anti
regions. Our calculations indicate that the n and cos oy
values of the C4 and C5 MSA tensors are quite insensitive
to reorientation of the glycosidic torsion angle. In contrast
to the C6 MSA tensor orientation, the asymmetry of the
tensor is substantially modulated by y. The difference
between C6 n values corresponding to the syn and anti
conformations is about 0.5.

The MSA tensors of the base carbons in 2’-deoxypu-
rines appeared to be essentially independent of y with
the exception of the C8 atoms (Fig. 5). Although the
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Fig. 3 Calculated magnitudes |o™| (a) and asymmetries 5 (b) of '°N
MSA tensors for 2'-deoxyadenine (-@-) and 2'-deoxyguanosine (-¥-)
as a function of glycosidic torsion angle y in C2'-endo (in red) and
C3’-endo (in black) conformation. ¢ and d display the calculated
orientation (6;,(V),02,(e),033(®)) of individual components of the
MSA tensor with respect to the N9—C4 bond as a function of torsion

conformation of y clearly does not influence orientation of
the C8 MSA tensor, it has a pronounced influence on both
|oM| and #. For 2'-deoxyadenosine, the differences in the
absolute values of |cM| and 5 between the syn and anti
conformation are about 12 ppm and 0.6, respectively. For
2'-deoxyguanosine, the corresponding differences are
about 10 ppm and 0.8. Although the C4 and C5 MSA
tensor |o™| and 5 values appear to be modulated by ori-
entation of the glycosidic bond, the absolute values of

0 60 120 180 240 300 360

0 60 120 180 240 300 360 O 60 120 18024030036(‘.
7, (deg) 1. (deg)

angle y in C2-endo (in red) and C3’-endo (in black) sugar
conformation in 2’-deoxyadenosine and 2’-deoxyguanosine, respec-
tively. The orientations are expressed in absolute values of cos 0;;.
The data for N9 were obtained in our previous study (supplementary
material) (Sychrovsky et al. 2005)

|oM| and 7 are essentially the same in the stereochemically
important regions of y. The orientations of the C4 MSA
tensors in 2’-deoxypurines are independent of y. It is
worth mentioning (see “Discussion”) that while the ori-
entation of the C5 MSA tensor in 2’-deoxyguanosine is
independent of the glycosidic bond angle, our calculations
indicate that the C5 MSA tensor of 2’-deoxyadenosine
differs slightly in orientation between the syn and anti
regions.
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Fig. 4 Calculated magnitudes |0M\ (a) and asymmetries 7 (b) of base
13C MSA tensors for 2'-deoxycytidine (-@-) and 2’-deoxythymidine
(-¥-) as a function of glycosidic torsion angle y in C2’-endo (in red)
and C3’-endo (in black) conformation. ¢ and d display the calculated
orientation (0;1(V),0,2(¢),033(®)) of individual components of the

Sugar carbons

Figures 6 and 7 depict the calculated magnitudes, asym-
metries, and orientations for the MSA tensors of sugar
carbons in 2'-deoxypyrimidines and 2'-deoxypurines,
respectively. As anticipated, the MSA tensors of all endo-
cyclic sugar carbons are significantly affected by the sugar
pucker mode. In 2’-deoxypyrimidines, the orientation of
the glycosidic torsion angle has only a small influence on
the MSA tensor with exception of the C1’ and C2’ carbon

@ Springer

MSA tensor with respect to the N1-C2 bond as a function of torsion
angle y in C2'-endo (in red) and C3'-endo (in black) conformation in
2'-deoxycytidine and 2’'-deoxythymidine, respectively. The orienta-
tions are expressed in absolute values of cos 6;;

atoms. Noteworthy, the |oM| of the C1’ MSA changes up to
25 ppm upon re-orientation of the torsion angle y between
syn and anti regions.” The quantity most sensitive to the
sugar pucker mode is the magnitude of the C3’ carbon
MSA tensor. The difference in the absolute value of |oM|
between C2'- and C3’-endo sugar conformations can be up

2 The data for C1° were obtained in our previous study (supplemen-
tary material) (Sychrovsky et al. 2005).
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Fig. 5 Calculated magnitudes |¢™| (a) and asymmetries # (b) of
base '*C MSA tensors for 2’ -deoxyadenosine (-@-) and 2’'-deoxy-
guanosine (-V¥-) as a function of glycosidic torsion angle y in
C2'-endo (in red) and C3’-endo (in black) conformation. ¢ and
d display the calculated orientation (0;,(V),0,(e),03;(®)) of
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individual components of the MSA tensor with respect to the
N9-C4 bond as a function of torsion angle y in C2’-endo (in red)
and C3’-endo (in black) conformation in 2'-deoxyadenosine and
2'-deoxyguanosine, respectively. The orientations are expressed in
absolute values of cos 0

@ Springer



216

J Biomol NMR (2008) 42:209-223

c1’

ppm

c2

ppm

Cc3

ppm

c4'

ppm

C5'

ppm

Fig. 6 Calculated magnitudes \JM| (a) and asymmetries 1 (b) of
sugar '°C MSA tensors for 2/-deoxycytidine (-@-) and 2’-deoxythy-
midine (-¥-) as a function of glycosidic torsion angle y in C2’-endo
(in red) and C3’-endo (in black) conformation. ¢ and d display
the calculated orientation (0,(V),0,5(®),033(®)) of individual

80

70

60

50

b

%
e

T

14 ¢

1.2
1.0
0.8
0,6
0,4
0,2

sﬁ

cos 0;;

1.4

1.2 |

1,0
0,8
0,6
0,4
0,2

1.4
1,2
1,0

0,8
06

0,4
0,2

R

0 60 120 180 240 300 360
7 (deg)

@ Springer

0 60 120 180 240 300 360
% (deg)

cos B;;

cos 0;;

cos 0;;

cos Oj;

C D
1o -
08+ F

0.4 a
02}
0,0

1,0
0,8 - 5

0,6 - 3

0,0 - 3

1,0 +
08
06
04
02}

0,0

1,0 | +
08 |- F
06 |- F
04}
02
0,0

06 - r
04 F
02}

0,0

0 60 120 180 240 300 360 0 60 120 180 240 300 360
v (de
1 (de9) % (deg)

components of the MSA tensor for C1’, C2/, C3/, C4, and C5
carbons with respect to the C1’-N1/9, C1'-C2/, C2'-C3’, C3'-C¥4,
and C4'-C5' bonds for 2'-deoxycytidine and 2’-deoxythymidine,
respectively. The orientations are expressed in absolute values of cos
0;;. See footnote 2



J Biomol NMR (2008) 42:209-223

217

c1'

ppm

c2'

ppm

c3

ppm

c4'

ppm

cs'

ppm

Fig. 7 Calculated magnitudes \JM| (a) and asymmetries 1 (b) of
sugar '*C MSA tensors for 2’-deoxyadenosine (-@-) and 2'-deoxy-
guanosine (-¥-) as a function of glycosidic torsion angle y in the
C2'-endo (in red) and C3’-endo (in black) conformation. ¢ and d
display the calculated orientation (8;;(V),0,,(e),033(®)) of individual

80

70

60

50

40 ¢

10
80

70

50

40

30
80

70 -

50

40

30
80

70

60

50

40

30

A

S 06

cos

I 10}
: 0.8 <06
06 - W* 8
0,4 !
I :a 02+
0,0 -
A 1 1 1 1l 1 | 1 L 4 | L | 1 1
12} 10kt L
10+ 08 % | :}—Wﬂm
0.8 - S06 b
D
g8 S 044 -y ! ::;
0,4 | gzl | |
_ 0z W v Ry
0,0 t
L L -y 1 1 L L 1 L —a - 4 4 A4 1 il A 1 | 1 1
12} 1,0 -
L 08 M /:L.w-w
08} <06 I !
2
0,6 3 04
_ 0,4 o
0,2
T O

0 60 120180240 300 360
%, (deg)

0 60 120180 240300360 0 60 120180 240 300 360
%, (deg) 7. (deg)

components of the MSA tensor for C1’, C2/, C3’, C4’, and C5' carbon
atoms with respect to the C1'-N1/9, C1'-C2’, C2'-C3’, C3/-C4’, and
C4'-C5' bonds for 2'-deoxyadenosine and 2’-deoxyguanosine, respec-
tively. The orientations are expressed in absolute values of cos 0;;. See
footnote 2

0 60 120180 240 300 360
7, (deg)

@ Springer



218

J Biomol NMR (2008) 42:209-223

to 35 ppm. The corresponding differences for the other
sugar carbon atoms range from 10 to 22 ppm.

The MSA tensors of the endo-cyclic sugar carbons in
2'-deoxypurines display a pattern of conformational
dependence similar to the 2’-deoxypyrimidines. However,
in contrast to the 2'-deoxypyrimidines, the |cM| values of
the C3', C4/, and C5 MSA tensors in 2'-deoxypurines are
sensitive to reorientation of the glycosidic torsion angle. In
syn 2'-deoxyguanosine with C3’-endo sugar, the N3 gets
close to H3' (~2.5 A). This might affect the C3' MSA.
Similarly, in syn 2’-deoxypurines with C2’-endo sugars, the
N3 get close to the H5 (~2.8 A). In this case, a weak
interaction between electron cloud from the N3 and H5’
might affect the C5' MSA. The C5 MSA is sensitive to
reorientation of the glycosidic torsion angle only in
2'-deoxyguanosine, but not in 2’-deoxyadenosine. The
explanation for this may be in pronouncedly lower electron
density at the N3 of 2’-deoxyadenosine as compared to the
N3 of 2'-deoxyguanosine. The C4' MSA seems to be
affected indirectly. The effect appears to be coupled with
weak contact formation between the N3 of 2'-deoxygua-
nosine and its H5'.

Basis set dependence of DFT calculations

The choice of atomic basis for MS calculation may affect the
accuracy of the modeled MSA tensor (Schofberger et al.
2006; Sitkoff and Case 1998; Stueber and Grant 2002). To
estimate the basis set effect, we performed calculations
of the |oM| with the Iglo II and a larger Iglo III basis for
the selected grid point geometries of 2’-deoxyguanosine
(Fig. 8). For syn (y = 40°...110°, supplementary material)
2'-deoxyguanosine with C2'-endo sugar pucker, the absolute

Sy
S

130
128 |
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122+
120
118 |
116 | . . . )

0 20 40 60 80 100 120
x [degree]

I6"| [ppm]

Fig. 8 Comparison of the |¢™| values for C8 MSA tensors calculated
using the Iglo II (open circles) and Iglo 111 (filled circles) basis sets.
The values were calculated for 2'-deoxyguanosine with C2’-endo
sugar pucker and y = 40°, 50°, 60°, 68.8°, 70°, 80°, 90°, 100° and
110°. The open and filled triangles correspond to o™ values for the C8
MSA tensors calculated for energy optima (C2'-endo, y = 68.8° and
C3’-endo, y = 72.8°) with the Iglo II and Iglo III basis sets,
respectively
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differences between the |o™| values of CSA tensors calcu-
lated with the Iglo IT and Iglo III basis sets range between 4.6
and 4.9 ppm. For the energy optimum in the syn region, the
absolute difference between |¢™| values calculated with Iglo
II and Iglo IIT were 4.62 and 4.61 ppm for the C2’-endo
(y = 68.8°) and C3’-endo (y = 72.8°) sugar pucker,
respectively. The effect of atomic basis on the magnitude of
C8 MSA tensors of ~4.8 + 0.2 ppm remains essentially
constant along the geometry variation carried out for the
structural descriptor y and, furthermore, is independent of
sugar pucker.

Discussion

Correlation between experimental and calculated
shielding values

In 2006, base carbon CSA values obtained by liquid-crystal
NMR and solution relaxation measurements were reported
for a double helical A-form RNA segment and a double
helical B-form DNA dodecamer (Ying et al. 2006b). These
CSA values differ notably from the previous values
obtained by solid-state NMR (Stueber and Grant 2002)
with changes up to 30 ppm. Table 1 contains a comparison
of calculated and experimental |c™| and 7 values for base
carbons in 2’-deoxyribonucleosides/ribonucleosides. In
general, the MSA values calculated in this study were
found to be in very good agreement with solid-state NMR
results on mono-nucleosides. While calculated |c™| values
differ by an average of about 4.5 £ 4.3 ppm from exper-
imental |oM| values as determined by solid-state
measurements, the corresponding differences between the
calculated values and those obtained by liquid-crystal
NMR and solution relaxation measurements are approxi-
mately 7.9 + 4.5 ppm. The largest difference is observed
for C2 in 2’-deoxyadenosine (up to 15 ppm). However, this
difference primarily reflects the fact that our calculations,
similarly to the solid-state NMR measurements, do not
include the effects of base-pairing. It is well known that the
change of the isotropic chemical shift of C2 between base-
paired and free adenosine is up to 7 ppm. It follows that the
solution values for C2 by Ying et al. (2006b) and those
from solid-state by Stueber and Grant and our calculations
cannot be directly compared. Considering that the calcu-
lated |oM| values for base carbons are systematically
underestimated by approximately 4 ppm (see “Results”)
due to application of the Iglo II basis in the calculations, we
find a very good agreement between the calculated and
solution data obtained by liquid-crystal NMR on an A-form
RNA and a B-form DNA fragment. It is important to
emphasize that while the differences between CSA/MSA
values obtained using different approaches are usually less
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Table 1 Comparison of |¢™| and 5 values for nucleoside base carbon
CS/MS tensors determined by: quantum chemical calculations (DFT),
solid state NMR spectroscopy (SS) by Stueber and Grant (2002),

NMR relaxation and liquid crystal measurements (REL/LC) by Ying
et al. (2006b) and liquid crystal measurements (RCSA) by Hansen
and Al-Hashimi (2006)

Atom |oM|* (DFT) |oM| (SS) |oM| (REL/LC) |oM| (RCSA) #* (DFT) 1 (SS) 1 (REL/LC) 1 (RCSA)
dA-C2 153.6 150% 168 £ 2 n.d. 0.99 0.92% 0.70 £ 0.03 n.d.
dC-Cs 140.4 138%* 144 £ 1 172.6 & 21.2% 1.43 1.03% 0.95 + 0.03 1.40%
dc-cé6 192.1 179% 186 + 3 n.d. 0.86 0.83% 0.67 + 0.03 n.d.
dT-C6 173.3 170 168 + 3 n.d. 1.27 1.17 1.02 £ 0.13 n.d.
dG-C8 127.7 126+ 133 £ 1 148.1 & 12.8% 1.4 0.92% 0.88 + 0.05 2.00%
134% 1.08%
dA-C8 131.1 134% 144 + 1 n.d. 12 1.04% 0.88 + 0.05 n.d.

The values of |6M| are given in [ppm]

* The data were derived for ribonucleosides or polyribonucleotides

 Calculated values obtained in this study taken from 2'deoxynucleosides with C2’-endo sugar pucker and y ~ 240°

than 10 ppm, for some base carbons they may be 1.5-
2 times larger due to their dependence on orientation of the
glycosidic torsion angle y.

While there is very good agreement among experimental
CSA and calculated MSA magnitudes, the asymmetry val-
ues for the same CS/MS tensors are mostly very different.
The definitions of the CS/MS tensor magnitude and asym-
metry imply their different sensitivity towards variations in
principal values of the CS/MS-tensor. In general, the
asymmetry parameter is much more sensitive to variations
of the CS/MS tensor eigenvalues as compared with the
magnitude. For example, the magnitude of C6 CS tensor
from 2’-deoxythymidine, as determined from solid-state
NMR measurements, is 170 ppm, as compared with
168 ppm determined from relaxation measurements. The
asymmetry from the solid-state is 1.17, as compared with
1.02 from measurements in solution. In this case, the dif-
ference in CS-tensor magnitudes is less than 1.2%, but the
difference in the CS-tensor asymmetries is about 12.8%.
This example illustrates that even small differences between
two CS/MS tensor’s eigenvalues might translate into large
differences in calculated asymmetries. This makes the
comparison between CSA tensors from various NMR
experiments and/or MSA tensors from quantum chemical
calculations by means of asymmetries problematic.

With the exception of cytidine, Ying et al. (2006b)
observed that CSA values of base carbons for 2’-deoxyribo-
nucleosides are essentially the same as for ribonucleosides.
The similarity between |g™| values for 2’-deoxyribonucleo-
sides and ribonucleosides suggest that the base carbons in
DNA and RNA might exhibit similar patterns of conforma-
tional dependence on sugar pucker and glycosidic torsion
angle.

Recently, two independently developed methods sug-
gested RCSAs resulting from weak alignment as a new
long-range orientational constraint for NMR refinement of
nucleic acid structure (Grishaev et al. 2006; Hansen and

Al-Hashimi 2006). Both of these methods, Hansen’s and
Grishaev’s, express the modulation of the absolute RCSA
values as a product of the principal components of the CSA
tensor and a simple geometric term relating the orientation
of the principal axis of an alignment tensor and the prin-
cipal axis of the CSA tensor of C2 and C8 purine and C5
and C6 pyrimidine atoms, respectively.

The fundamental assumption of both methods is that the
base carbon MSA tensors are independent of molecular
geometry. Since the dependence of base carbon MSA
tensors on their local environment had not been previously
investigated, the authors have suggested avoiding the
application of these methods outside the canonical double-
helical geometry as it might lead to structural errors
(Grishaev et al. 2006). Indeed, our calculations show that
the MSA tensor magnitudes and asymmetries of the
pyrimidine C6 and purine C8 atoms are strongly modulated
by orientation of the glycosidic torsion angle (Figs. 4 and
5), in contrast to the MSA tensor orientations. The differ-
ences in the MSA tensor magnitudes between the syn and
anti conformations range from 15 to 25 ppm depending on
the base type. Therefore, the method of Grishaev can lead
to bias in cases where no a priori information about the
conformation of the glycosidic torsion angle is available.
Our calculations suggest that for syn nucleotides the use of
the method might require adjustments of the principal
values of the experimental carbon CSA tensors, which
seem to be specific for anti nucleotides (supplementary
material). While application of the Hansen and Grishaev
methods to C6 and C8 carbons for syn nucleotides may
require adjustment of CSA values, our calculation suggests
that the application of these methods to quaternary carbons,
C4 and C5 in purines and C4 in pyrimidines, should be
straightforward. The magnitudes, asymmetries, and orien-
tations of these quaternary base carbon MSA tensors are
practically independent of molecular geometry and are not
likely to be affected by base-pairing, in contrast to C2
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MSA in pyrimidines and purines. With the recent progress
in the detection of quarternary carbons in nucleic acids
(Fiala et al. 2004; Fiala and Sklenar 2007), quarternary
carbon RCSAs may become a valuable source of structural
data.

In addition, our calculations suggest that the MSAs of
C6 and C8 might be very useful in determining the gly-
cosidic bond preferred conformation due to their strong
dependency on y. For example, simple measurements of
cross-correlated relaxation rates between C6/8 CSA and
C6/8-H6/8 dipole—dipole should provide unambiguous
discrimination between the syn and anti nucleotides.

Table 2 shows comparison of |¢™| and # values for
sugar carbon MSA tensors calculated for anti 2'-deoxy-
nucleosides with experimental |¢™| and 1 values obtained
from solid-state measurements on isolated cytidine,
guanosine dihydrate, adenosine and 2’-deoxythymidine
(Stueber and Grant 2002) or liquid-crystal NMR of A-form

Table 2 Comparison of |¢™| and 5 values for nucleoside sugar car-
bon CS/MS tensors determined by: quantum chemical calculations
(DFT), solid state NMR spectroscopy (SS) by Stueber and Grant
(2002) and NMR liquid crystal measurements (LC) by Bryce et al.
(2005)

dAde/Ade dGua/Gua dCyt/Cyt dThy/Thy

la™| M n ™| lo™| H

Cl’” DFT* 70.1 1.01 683 098 693 1.04 69.7 1.04
DFT® 557 053 560 055 555 057 566 0.60
SS 28.6% 1.04* 50.6* 0.74* 31.2* 1.31* 65.0 0.88
LC 30.2% 1.11*

C2' DFT* 34.6 0.59 346 0.64 342 0.65 341 0.75
DFT® 49.0 1.03 498 1.04 483 1.03 497 1.04
SS 54.0% 0.76% 52.0%* 091* 26.1* 0.68* 33.8 1.03
LC 23.9% 0.85%

C3’ DFT* 33.6 0.57 335 055 376 0.70 374 0.73
DFT® 74.1 0.87 744 089 747 086 746 0.87
SS 25.5% 0.63* 31.4*% 0.72% 583* 0.68* 324 043
LC 83.1*% 0.84*

C4 DFT* 399 0.76 405 0.76 456 0.64 454 0.62
DFT® 513 0.66 518 067 522 069 529 0.70
SS 57.7% 0.55% 42.3*% 0.60* 61.8* 0.52* 47.7 0.88
LC 83.5% 1.08*

C5 DFT* 431 0.20 424 019 428 022 430 0.22
DFT® 580 020 575 020 581 0.8 583 0.19
SS 45.7% 0.63* 39.1* 0.80* 48.5% 0.65* 45.0 0.60
LC 57.2% 0.23*

The values of |¢M| are given in [ppm]
* The data were derived for ribonucleosides or polyribonucleotides

 Calculated values obtained in this study taken from 2’'deoxynucle-
osides with C2’-endo sugar pucker and y ~ 220°

" Calculated values obtained in this study taken from 2’deoxynucle-
osides with C3’-endo sugar pucker and y ~ 220°
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helical RNA (Bryce et al. 2005). The data by Stueber and
Grant shows differences in sugar CSA tensors among
individual nucleosides. However, as the molecular geom-
etries of the nucleosides used for the measurements were
unknown and the samples of individual nucleosides dif-
fered in preparation, it is not fully clear whether these
differences reflect different base types, electrostatic crystal
potential, influence of different counter ions or differences
in molecular structure. In contrast to results by Stueber and
Grant, a fundamental assumption in data analysis by Bryce
et al. was that, due to the well-characterized uniformity of
A-form RNA, all sugar carbons from the double helical
A-type stem might be described by a single CSA tensor
regardless of base type. Our calculations indicate that this
assumption is also valid for 2'-deoxynucleosides in anti
conformation. However, there are significant differences
between purine and pyrimidine 2’-deoxynucleosides in the
syn region (Figs. 6 and 7). For C1’, the differences between
syn 2/-deoxypurines and 2'-deoxypyrimidines may be up to
15 ppm for C3’-endo and 10 ppm for C2'-endo sugar
pucker. For C3’, the differences are even more pronounced,
up to 20 ppm. This dependence of C1’ and C3’ MSAs in
2'-deoxypurines on torsion y might adversely impact the
sugar pucker analysis (Boisbouvier et al. 2000) (vide infra).

Pronounced differences in |o™| values from the RCSA
analysis compared with the other methods (DFT, SS, and
REL/LC) are observed (Table 1). As discussed in the
original report on RCSA analysis by Hansen and Al-
Hashimi, these differences might represent an artifact of
the RCSA procedure that follows uniform CSA values
site to site, bond lengths rcy(base) = 1.08 A and rer-
uy/(sugar) = 1.09 A, and that internal motions uniformly
scale all of the measured residual dipolar couplings (RDCs)
and RCSAs by a similar amount. As none of these
assumptions is entirely valid for polyribonucleotides, the
overestimated |o™| values as compared with solid-state
measurements by Stueber and Grant, relaxation measure-
ments by Ying et al., or the calculated values in this study
are most probably indicative of violations of the applied
assumptions in the interpretation of RCSA data by Hansen
and Al-Hashimi. For example, zero-point motion average
bond lengths are substantially larger (rcy(base) = 1.102 A
and rcygp(sugar) = 1.118 A) than those used by Hansen
and Al-Hashimi. The use of zero-point motion average
bond lengths would result in reduced values of [¢™|. On the
other hand, these differences might also reflect genuine
differences in aromatic carbon electron densities in
mononucleosides and polynucleosides.

The only available experimental data on sugar carbon
CSA in 2'-deoxynucleosides are for 2'-deoxythymidine
(Stueber and Grant 2002). The calculated |¢™| values are in
excellent agreement with the experimental results of
Stueber and Grant. The calculated |o™| values differ from
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the previously reported experimental values by an average
of 2.9 £+ 2 ppm. Remarkably, the variations in sugar car-
bon MSA magnitudes, due to sugar repuckering, range
between 5 and 35 ppm.

Not surprisingly, the sugar carbon MSA tensors for
2'-deoxynucleosides differ in absolute numbers from those
in ribonucleosides (Table 2). However, it may be expected
that sugar carbon MSA tensors in (poly)-ribonucleotides
will exhibit similar patterns of conformational dependence
on sugar pucker and glycosidic torsion angle. To illustrate

this, we compared experimentally acquired polyribonu-

CSA,DD
. _ * C3/
cleotide A values, defined as A = % o ZXECI,;
cl’.cr-H!

« 3 C (3cos? 0;—1 C : .
ot =57, 0% (f‘ ,05 1s the ii-th component of the

diagonalized C1’/C3’ CSA/MSA tensor, and 0;; is the
projection angle between C1'-H1'/C3'-H3’ dipole-dipole
vector and principal axis of the CSA/MSA tensor, from
Boisbouvier et al. (2000) with the 4 values predicted by our
calculations (Fig. 9). In their study, Boisbouvier et al.
measured cross-correlated relaxation rates between C1'—
H1'/C3’-H3’ dipole—dipole and C1’/C3’ chemical shift
anisotropy in three model RNA polynucleotides.

They demonstrated that the ratio / sensitively reflects
differences in magnitude and orientation of the C1'/C3’ MS
tensors between C2'-endo and C3’-endo sugar puckers, as
originally suggested by Dejaegere and Case (1998). The
sugar pucker in polyribonucleotides can be unequivocally
assigned based on the A values from calculated MSA ten-
sors for 2'-deoxynucleosides (Fig. 9). This indicates that
the differences in magnetic shielding due to sugar
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repuckering override those due to differences in the
molecular structure of ribose and 2’-deoxyribose.

In their original report, Boisbouvier et al. assigned
A< 1.0 and 4 > 2.0 to C3’-endo and C2’-endo sugar con-
formations, respectively. Values of A around 1.5 were
assigned to sugars undergoing conformational averaging.
For 2'-deoxyguanosine, our calculations suggest that A
values around 1.5 might alternatively be interpreted as
indicating syn 2'-deoxyguanosine with C3’-endo sugar
pucker.

In a recent report, Ravindranathan et al. (2005) char-
acterized base carbon CSA tensors in an RNA kissing
complex using both transverse and longitudinal auto- and
cross-correlated relaxation rates. They found that the C2
and C8 CSA tensor magnitudes for residues in a stem differ
from those in a loop region. Differences in |oM| of up to
14.2 ppm for adenosine and 19.4 ppm for guanosine resi-
dues were observed. However, these differences could not
be attributed directly to either reorientation of the glyco-
sidic bond (all residues in the loop as well as the stem are
in the anti conformation) or internal dynamics. These
results indicate that, in addition to the conformationally
dependent variability of the MSA tensors and internal
dynamics effects, there are other factors influencing actual
MSA values. Extra care must be taken when interpreting
MSA-related NMR parameters in the non-canonical region,
as minute changes in hydration and/or accessibility of ion
binding sites might also impact chemical shielding.

It follows that despite the good agreement of our cal-
culated MSA values with experimental data, casual
application of our calculated MSA values can still lead to
biased assessment of the structural information. The
accuracy of the calculated MSA tensor depends on the
model compound and basis set used in the calculations. In
order to assess MSA values correctly, the calculated points
should be obtained from polynucleotide models in the
explicit solvent and in the presence of ions. In practice,
however, it is very difficult to satisfy such a requirement
due to exorbitant computational time costs. Hence, evalu-
ation of NMR observables based on calculated MSA values
must be done with caution. On the other hand, the constant
and systematic effect of the atomic basis on |gM| is less
important for the prediction of its actual structural depen-
dence since experimentalists are usually interested in
relatively distinguishing between different conformers. The
absolute correlation of experimental and theoretical values
is the domain of methodological studies.

While finishing our calculations, we provided our pre-
liminary data to the group of Prof. Harald Schwalbe for
analysis of the temperature-dependent dynamics of RNA
YNMG-tetraloops. Schwalbe and coworkers found that the
y-value dependence of the MSA needs to be considered in
order to yield fully consistent results on order parameters

@ Springer



222

J Biomol NMR (2008) 42:209-223

derived from '*C relaxation rates or '°N relaxation analysis
(Ferner et al. 2008). Their results have clearly demon-
strated that the conformation around the glycosidic torsion
angle has a pronounced effect on the base carbon MSA that
propagates into the order parameter analysis. Importantly,
they showed that calculated MSA values, such as those
generated here, can be used directly for correction of
experimental 'C and "N CSA values, facilitating an
appropriate and physically meaningful model-free analysis.

Strictly speaking, the presented calculated MS-tensors
parameters are approximate. A more quantitative analysis
would have to respect dynamic effects, i.e., quantum-
mechanical averaging of the MS-tensors over the bond
lengths and bond angle fluctuations and torsional motions.
So far, there are no data available on the effect of vibra-
tional averaging on chemical shielding anisotropies in
nucleic acids. However, Jordan et al. recently showed that
the principal values and orientations of the '*C carbonyl
MSA tensor in peptides are very sensitive to small local
changes in structure. In analogy to proteins, one might
expect that the MSA tensors in nucleic acid will fluctuate
as a function of time when bond lengths and bond and
torsion angles fluctuate. Based on recent calculations by
Jordan et al. (2007) and Tang and Case (2007), it is pos-
sible to estimate that the magnitude of static MSA tensors
would be about 5-15% higher as compared with a vibra-
tionally averaged, effective CS tensor derived from
measurements in solution.

We showed that the use of the Iglo II basis in our cal-
culation leads to systematic underestimation of the static
MS tensor. In this respect, the virtual quantitative agree-
ment between our calculated MSA values and those from
relaxation and liquid crystal measurements might be con-
sidered as an artifact. The agreement between experimental
and calculated values rather indicates that underestimation
of the static MSA values due to the use of a small basis set
in our calculations on average compensates for the
neglected averaging effects.

Conclusion

In this study, we investigated the dependence of '*C and
SN MSA tensors in 2'-deoxynucleosides on the confor-
mation of the glycosidic torsion angle and sugar pucker
mode using DFT calculations. Contrary to the assumptions
generally applied in structural interpretations of NMR
parameters related to MSA, such as transversal and longi-
tudinal auto- and cross-correlated relaxation rates and
residual chemical shift anisotropies, our calculations indi-
cate that the conformation of the glycosidic bond strongly
influences C6/8 MSA tensors in 2'-deoxynucleosides. In
light of the methods recently established for structural

@ Springer

interpretation of base carbon RCSA (Grishaev et al. 2006;
Hansen and Al-Hashimi 2006), we expect that the depen-
dence of C6 and C8 CSA tensors on y may adversely
affect RCSA analysis and lead to errors in structure
determination.

On the other hand, our calculations indicate that this
dependence may be very useful for determining preferred
glycosidic bond conformations. Based on our calculations,
we propose to extend Hansen’s and Grishaev’s methods to
quarternary C4 in 2’-deoxypyrimidines and to C4, C5, C6,
and N7 in 2'-deoxypurines. In general, the use of confor-
mation-specific MSA tensor values appears to be crucial
for proper interpretation of NMR data related to MSA for
both canonical and non-canonical nucleic acid structures.
Good agreement of data calculated for 2’-deoxynucleosides
with experimental data acquired on ribonucleosides and
polyribonucleotides suggests that the conformational
dependence of '*C and '’N MSA suggested by our calcu-
lations may be valid for polyribonucleotides as well.
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