Chapter 2

Circular Dichroism Spectroscopy
with the SAC-CI Methodology:
A ChiraSac Study

Tomoo Miyahara and Hiroshi Nakatsuji

Abstract Circular dichroism (CD) spectroscopy reflects sensitively the various
chemistries involved in chiral molecules and molecular systems. The CD spectra
are very sensitive to the conformational changes of molecules: the rotation around
the single bond including a chiral atom. It is also sensitive to the changes in the
stacking interactions in the chiral DNA and RNA. Since these changes are
low-energy processes, we expect that the CD spectra include a lot of information of
the chiral molecular systems. On the other hand, the SAC-CI method is a highly
reliable excited-state theory and gives very reliable theoretical CD spectra.
Therefore, by comparing the experimental CD spectra with the theoretical SAC-CI
spectra calculated for various chemical situations, one can study various chemistries
such as the nature of the weak interactions involved in chiral molecular systems and
biology. Based on these facts, we are developing a new molecular technology
called ChiraSac, a term combining chirality and SAC-CI, to study chiral molecular
systems and the chemistry involved thereof. We utilize highly reliable SAC-CI
method together with many useful quantum chemical methods involved in Gaussian
suite of programs. In this chapter, we review our ChiraSac studies carried out to
clarify the chemistries of some chiral molecules and molecular systems: large
dependences of the CD spectra on the conformations of several chiral molecules in
solutions and the effects of the stacking interactions of the nuclear-acid bases in
DNA and RNA on the shapes of their CD spectra. The results of our several studies
show that the ChiraSac is a useful tool for studying the detailed chemistry involved
in chiral molecular and biological systems.
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2.1 Introduction

The symmetry adapted cluster (SAC)/SAC—configuration interaction (SAC-CI)
[1-6] method proposed by Nakatsuji and Hirao in 1978 is one of the most reliable
excited-state theories. Figure 2.1 explains the subjects of the SAC/SAC-CI program
available in Gaussian program. SAC is an accurate coupled-cluster theory for
ground state, and SAC-CI is the theory for the excited, ionized, and
electron-attached states produced from the ground state calculated by the SAC
theory. The energy gradient method that calculates the forces acting on the nuclei of
molecules facilitates the studies of the molecular equilibrium geometries and
dynamics among various electronic states [7-13]. The SAC/SAC-CI code was
released in 2003 through Gaussian suite of programs [14] and has been applied to
various chemistry and physics involving various electronic sates, ground and
excited states from singlet to septet spin multiplicities as shown in Fig. 2.1 [15-20].
In this review, we focus on the application of the SAC/SAC-CI theory and program
to the chiral world of chemistry and biology. Chirality is caused by an asymmetric
carbon atom that is bonded with four different atoms or groups as shown in Fig. 2.2.In
the chiral molecule of Fig. 2.2, since all bonds are single bond and then their rotations
around the bond are low-energy processes, the groups (R to R,) can rotate easily by an
external stimulus. Namely, even a weak interaction causes a different conformation.
As such weak interaction, solute-solvent interaction, hydrogen-bonding interaction
and/or stacking interaction in biological system, etc., are very interesting subject.
The circular dichroism (CD) spectroscopy [21, 22] is one of the most powerful
techniques to study chemistry caused by the chirality. Furthermore, the CD spectra
are very sensitive to the conformational changes of the chiral molecules [23-35].
Therefore, the CD spectra are used not only for distinguishing the absolute chiral
geometries of amino acids, sugars, etc., but also for understanding the nature of the

SAC/SAC-CI code on Gaussian

Accurate coupled-cluster theory for ground
and excited states

Proposed in 1978 & Now working in Gaussian09

SAC singlet closed-shell (ground state) \

SAC-CI

singlet excited states

triplet ground & excited states

ionized states (doublet ground & excited states)
electron-attached states (doublet ground & excited states)
quartet to septet ground & excited states

Energy Gradient (Force acting on nuclei)
\ Various-state geometry, spectroscopy & dynamics )

Subject: Chemistry and Physics involving all of these states

Fig. 2.1 Overview of the SAC-CI program in Gaussian
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Fig. 2.2 Chiral molecule, conformation and weak interactions

interactions that leads to the observed structures and conformations of the chiral
molecules in solution or proteins. Though the UV spectra change only slightly by
the change in conformations and/or weak interactions, the CD spectra sometimes
change drastically with such changes. Therefore, from the CD spectra, we can
obtain much information concerning the nature of weak interactions that are
involved in the observed structures and conformations.

Recently, we have applied the SAC/SAC-CI method to the analysis of the CD
spectra of various molecules and systems [36—44]. It was confirmed that the CD
spectra are very sensitive to the rotations around the single bond of the chiral atom
[40—42] and to the weak interactions involved in the chiral DNA and RNA helical
structures [40, 43, 44]. Thus, through the CD spectra, we can study the natures of the
weak interactions involved in these subjects. However, for such studies, we need a
highly reliable theory like the SAC-CI theory to analyze the information involved in
the CD spectra. We have confirmed that the SAC-CI method can provide reliable
theoretical CD spectra of molecules and molecular systems [36—44]. Based on this
fact, we are developing a theoretical methodology, ChiraSac [41-44], to study
chemistry involved in chiral molecular systems. Figure 2.3 is an overview of the
ChiraSac project. There, we use the SAC-CI method as a central reliable method-
ology, as well as other useful methods included in the Gaussian suite of program [14]
to study the nature of chemistry provided by the CD spectral information on the
structure, conformation, interaction with protein environment, solvent effect, etc.

In this review, we introduce some recent studies of the CD spectroscopy with the
SAC-CI method. The computational details are described in the reference of each
study. First, we discuss the gauge-origin independent method required for the CD
spectral calculations [38]. Second, we discuss the conformational dependence of the
CD spectra on the rotation around the single bonds involving the chiral atom: the
molecule we deal with here is o-hydroxyphenylacetic acid (HPAA) [41] and
deoxyguanosine [40]. Third, we discuss the CD spectral change with the substituent
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Fig. 2.3 Overview of a
ChiraSac project. (Reprinted
from Ref. [42] with
permission from The Journal
of Physical Chemistry A 2014,
118, 2931-2941. Copyright
2014 American Chemical
Society.)
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change for the uridine derivatives [42]. Finally, we discuss the weak interactions
involved in the CD spectra of the double-helical DNA and RNA [40, 43, 44].

2.2 Rotatory Strength

The intensity of the CD spectra is calculated as the rotatory strength (Rg,). It is the
imaginary part of the scalar product of the electric and magnetic transition moments
between the ground state (W) and the excited state (¥,) [45]

Roa =TIm{(Wolit|¥a){Wal|¥o) } (2.1)

where /i is an electric dipole moment operator and 7 is a magnetic dipole moment
operator. This formula is called the length-gauge expression. The electric transition
dipole moment is gauge-origin independent if the ground and excited-state wave
functions are orthogonal to each other. On the other hand, the magnetic transition
dipole moment is gauge-origin dependent. Using the Hypervirial theorem [46]
given by

(alV|0) = (E, — Eo)(al@2|0), (2.2)
Equation (2.1) can be readily transformed to

(Po| VW )(Wa|rit|Wo)
E,—E, '

Rou :hn{ (2.3)
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called a velocity form [47], in which the gauge-origin dependent terms cancel each
other. Therefore, Eq. (2.3) is gauge-origin independent.

2.3 Gauge-Origin Dependency

The gauge-origin dependency of the rotatory strength was studied for
R-methyloxirane calculated by both length and velocity forms (Egs. (2.1) and (2.3))
[38]. As shown in Table 2.1, when the gauge-origin is at the center of gravity
(Z =0.0 A calculation), the difference between the length and velocity forms is
very small. However, when the gauge-origin is 100.0 A away from the center of
gravity (Z = 100.0 A calculation), the results of the velocity form are much dif-
ferent from those of the length form. For the 1, 3, and 7'A excited states, the sign as
well as the intensity is different between the two forms for the Z = 100.0 A cal-
culation. However, for the velocity form, the results of the Z = 100.0 A calculation
are completely the same as those of the Z = 0.0 A calculation. Therefore, in this
review, we will give the results of only the velocity form, because the results of the
length form are gauge-origin dependent.

2.4 Dependence of the CD Spectra on the Conformation
of HPAA

As described above, the CD spectra of chiral molecules are sensitive to their
conformational changes. Since the conformational change is usually a low-energy
process, it is difficult to determine its conformation from only the experimental CD

Table 2.1 Gauge-origin dependency of the rotational strength of R-methyloxirane calculated by
the length and velocity forms. (Ref. [38])

State |EE | Osc Rot.(Z = 0.0 A) Rot.(Z = 100.0 A) Expt.®
(eV) | (au) Length Velocity Length Velocity EE |RS
10~ 10~ 10=% 10~ (eV) | (o™
cgs) cgs) cgs) cgs) cgs)
1'A |7.02 {0.0087 |-10.2528 |-10.9735 3.8350 | -10.9735 |7.08 |-12.5
2'A |7.42 {00100 | —0.8958 | —1.0157 | —2.3484 | —1.0157

3'A |7.48 |0.0158 5.3549 5.2376 | —32.0254 5.2376
4'A |7.67 |0.0112 1.8980 2.1076 18.0443 2.1076 |7.70 | +5.9
5'A | 7.85 |0.0043 6.6438 7.7420 0.8239 7.7420
6'A |8.39 |0.0047 | —0.8264 —1.8091 2.7451 —1.8091
7'A 844 [0.0293 | —9.9709 —8.9756 56.5058 -8.9756 |8.35 |—4.1
8'A |8.52 [0.0020 | —4.6979 —4.9544 | —23.3448 —4.9544
9'A |8.64 |0.0060 1.2102 1.3491 3.6837 1.3491
“Ref. [48]
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spectrum. However, when we have a reliable theory, we can calculate the CD
spectra against the conformational change and we can say the conformation of the
molecule from the CD spectra alone by comparing the theoretical CD spectrum
with the experimental one. Of course, we can also calculate the stable conformation
from the energetic point of view. In this section, we show the conformational
dependence of the CD spectra of o-hydroxyphenylacetic acid (HPAA) on the
rotations around the single bonds that are low-energy processes [41].

In HPAA, carboxyl (COOH), hydroxyl (OH), and phenyl (C¢Hs) groups are
bound to the chiral carbon atom (marked with * in Fig. 2.4) by single bonds. We
calculated the potential energy curves for each rotation as a function of the dihedral
angles, Al, A2, or A3 taking the optimized angles as 0 degree and the results are
shown in Fig. 2.4. At low temperature, only the phenyl rotation is important.
However, since the energy barriers are small, the hydroxyl and carboxyl groups can
also rotate at high temperature.

Figures 2.5, 2.6 and 2.7 show the SAC-CI CD spectra of HPAA at several
conformational angles of the phenyl, COOH, and OH rotations, compared with the
experimental CD spectrum (black line) observed at 27 °C [49]. For the CD spectra
of HPAA, the lowest excited state is the excitation of HOMO to LUMO (n-n*) of
the phenyl group corresponding to the peak at 260 nm and the second excited state
is the excitation of the non-bonding orbital to the n* orbital of the COOH group
corresponding to the peak at 220 nm.

(a) COOH rotation (b) OH rotation (c) Phenyl rotation
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Fig. 2.4 Potential energy curves for the a COOH, b OH, and c¢ phenyl rotations of
o-hydroxyphenylacetic acid, as a function of the dihedral angle change (Al, A2, A3) from the
fully optimized dihedral angles @1 = —129.3, ¢2 = 125.9, and ¢3 = —34.4°. The definition of
each dihedral angle is shown by the red lines in each structural formula. (Reprinted from Ref. [41]
with permission from The Journal of Physical Chemistry A 2013, 117, 14065-74. Copyright 2013
American Chemical Society.)
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Fig. 2.6 SAC-CI CD spectra (red lines) of a-hydroxyphenylacetic acid at several conformational
angles of the carboxyl (COOH) rotation, compared with the experimental CD spectrum (black line
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Fig. 2.7 SAC-CI CD spectra (red lines) of a-hydroxyphenylacetic acid at several conformational
angles of the hydroxyl (OH) rotation, compared with the experimental CD spectrum (black line
[49]) (Reprinted from Ref. [41] with permission from The Journal of Physical Chemistry A 2013,
117, 14065-74. Copyright 2013 American Chemical Society.)

For the Phenyl rotation (Fig. 2.5), the first band (phenyl n-n*) largely depends
on the phenyl rotation because of the n-n* excitation of the phenyl group. However,
the second band is positive for all conformations because of the n-n* excitation of
the COOH group.

For the COOH rotation (Fig. 2.6), the first band is negative except for A1 = 30°.
However, the sign and intensity of the second band (n-n* of COOH) largely change
by the COOH rotation due to the n-n* excitation of the COOH group.

For the OH rotation (Fig. 2.7), the SAC-CI CD spectra are similar to each other
among all conformations, because the excitation of the OH group is not included in
the 200-300 nm region.

Finally, we calculated the Boltzmann averaged SAC-CI CD spectra of HPAA at
several different temperatures shown in Fig. 2.8, considering that the energy bar-
riers around the single bond rotations are relatively low. The SAC-CI CD spectrum
at 27 °C (purple line) is similar to the SAC-CI CD spectrum of the most stable
conformer (Figs. 2.5a, 2.6a and 2.7a). But, as the temperature increases, the
intensity decreases in all regions due to the contribution of the unstable conformers.
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Fig. 2.9 Experimental CD spectra (black lines) of uridine and NH2-uridine compared with the
SAC-CI CD Boltzmann average spectra (green lines) (Reprinted from Ref. [42] with permission
from The Journal of Physical Chemistry A 2014, 118, 2931-2941. Copyright 2014 American
Chemical Society.)

2.5 Substituent Effect of Uridine Derivatives

Next, we study the CD spectra of uridine and NH2-uridine shown in Fig. 2.9.
NH2-uridine has an NH2 group at the C5’ position of the ribose. The intensity of
the experimental CD spectrum is strong for uridine but weak for NH2-uridine [50,
51]. The Boltzmann averaged SAC-CI CD spectra of uridine and NH2-uridine are
compared with the experimental spectra [50] in Fig. 2.9. The SAC-CI CD spectra
successfully reproduced the difference between uridine and NH2-uridine.
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The rotatory strength (Rg,) of the CD spectra is expressed using the angle 6
between the electric transition dipole moment (ETDM, u) and the magnetic tran-
sition dipole moment (MTDM, m) as

R()u = Im[|ﬁ0a | |I’I_’>loa‘ COS 9} (24)

In the most stable anti-conformation, the dihedral angle between uracil and
ribose was calculated to be 173.9° for uridine and 176.7° for NH2-uridine. Although
the dihedral angle difference is very small, the intensity of the CD spectra is
different between uridine and NH2-uridine. The first excited state corresponding to
the peak at 267 nm is the n-n* excitation of uracil. However, this state also includes
the m-n* excitation of uracil. The ETDM depends on the ratio of the mixing of the
n-n* excitation. Since the mixing of the n-n* excitation with the n-t* excitation of
uracil is large for uridine but small for NH2-uridine, the ETDM is larger for uridine
(0.067) than for NH2-Uridine (0.016). This is the main reason that the intensity of
the first peak is weaker for NH2-uridine than for uridine.

For the second excited state of the n-n* excitation that corresponds to the peak at
235 nm, the angle 8 of NH2-uridine is closer to 90° than that of uridine as shown in
Fig. 2.10. Therefore, from Eq. (2.4), the intensity of NH2-uridine is weaker than
that of uridine for the second peak of the CD spectra.

The experimental CD spectra of the uridine derivatives studied here are mainly
of the intramolecular excitation nature within the nucleic-acid bases. Therefore, the

Uridine NH2-uridine

XY plane ’e
1'A state
n-m*
L
XZ plane
2 - @ 4
. @ . L)
XY plane 2 > a9 2
.)J ) 9 ,‘_‘
2'A state
n-n*

niv @ _ ?
-y
XZ plane g
- L ]

Fig. 2.10 Direction of ETDM (red arrows) and MTDM (blue arrows) of the 1 and 2'A excited
states of the anti-conformers of uridine and NH2-uridine. The unit of arrows of the 2'A states is
2.5 times larger than that of the 1'A states. Uracil is on the XY plane (Reprinted from Ref. [42]
with permission from The Journal of Physical Chemistry A 2014, 118, 2931-2941. Copyright
2014 American Chemical Society.)
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excited states of NH2-uridine are almost the same as those of uridine. However, the
change of OH to NH2 leads to the difference of the dihedral angle of the optimized
geometry, which weakens the intensity of the CD spectra. The differences are due to
the magnitude of the ETDM for the first peak and due to the angle @ for the second
peak.

2.6 Conformational Dependence of the CD Spectra
of Deoxyguanosine

Deoxyguanosine (dG) is an important nucleic-acid base that composes DNA. The
single bond between guanine and deoxyribose in dG can rotate almost freely: the
energy barrier for the rotation is very low. Nevertheless, the CD spectrum is very
sensitive to this rotational angle. In this section, we study the conformational
dependence of the UV and CD spectra of dG. The SAC-CI spectra are given in red
lines, and the experimental spectra measured in water solution are shown in black
lines.

First, we studied the potential curve for the rotation around this single bond.
Figure 2.11 shows the calculated potential curve for the rotation around this single
bond by using the DFT method with B3LYP/6-31G(d,p). Other geometrical
parameters were optimized at each rotational angle ¢. The anti-dG was calculated to
be more stable than the syn-dG by 0.47 kcal/mol, a very small difference. Since the
energy barriers between the syn- and anti-dG are only 3-6 kcal/mol, the dG can
rotate easily between the syn- and anti-conformations.
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Fig. 2.11 Potential energy curve of the ground state of dG determined as dihedral angle ¢ is
varied in increments of 20°. Other geometrical parameters were optimized at each ¢ (Reprinted
from Ref. [40] with permission from The Journal of Physical Chemistry A 2013, 117, 42-55.
Copyright 2013 American Chemical Society.)
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Fig. 2.12 SAC-CI UV spectra of a anti- and b syn-dG (red), compared with the experimentally
determined UV spectrum of dG (black [52]) (Reprinted from Ref. [40] with permission from The
Journal of Physical Chemistry A 2013, 117, 42-55. Copyright 2013 American Chemical Society.)

We first examined the UV spectra of the syn- and anti-conformers. Figure 2.12
shows the SAC-CI UV spectra (red line) of both anti- and syn-dG compared with
the experimental (black) UV spectrum of dG. The SAC-CI UV spectra of both anti-
and syn-dG are similar to the experimental UV spectrum. Therefore, it is difficult to
determine whether the experimental UV spectrum of dG is due to the anti or the syn
conformation.

Next, we calculated the CD spectra during the rotation around the syn- and
anti-conformers. Figure 2.13 shows the SAC-CI CD spectra of dG at several
dihedral angles ¢ between deoxyribose and guanine. For the experimental CD
spectrum of dG (black line), the first band at 276 nm is very weak, the second band
at 250 nm is strong negative, and the third band at 214 nm is strong positive. The
experimental CD spectrum is in good agreement with the SAC-CI CD spectra of the
anti-dG (¢ = 310.3°) and the dG with ¢ = 330° (red lines of Fig. 2.13p and q).
The Boltzmann averaged SAC-CI CD spectrum shown by the green line in
Fig. 2.13s is also close to the experimental spectrum. However, the other SAC-CI
CD spectra shown by red lines are different from the black experimental CD
spectrum. Therefore, we concluded that the dG exists as an anti-conformation in
water solution based on the comparisons with the experimental and SAC-CI CD
spectra. Note that the same conclusion is also drawn from the theoretical potential
energy curve of Fig. 2.11, if we can neglect the solute—solvent interactions.

Thus, the CD spectra largely depend on the rotation around the single bond
though it is a very low-energy process. We can determine the conformation of the
molecule in solution by comparing the SAC-CI CD spectra with the experimental
CD spectrum.
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Fig. 2.13 CD spectra of dG at several conformation angles ¢. The experimental CD spectrum
[52] (black line) of dG is compared with the SAC—CI CD spectra (red lines) of a ¢ = 10°,
bo=30%cqp=50,d¢p=70°%c¢€e =90 f ¢=110% g ¢ = 129.5° (syn), h ¢ = 150°,
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P ¢ = 310.3° (anti), q ¢ = 330° and r ¢ = 350°. The Boltzmann averaged SAC—CI CD spectrum
(green line, (s)) of all conformers is also shown (Reprinted from Ref. [40] with permission from
The Journal of Physical Chemistry A 2013, 117, 42-55. Copyright 2013 American Chemical
Society.)
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2.7 Double-Helical Structure of DNA and the Nature
of Weak Interactions Involved

A well-known B-DNA has a right-handed double-helical structure, while Z-DNA
has a left-handed double-helical structure. When DNA has a special sequence, the
transition from B- to Z-DNA or from Z- to B-DNA is induced by the changes in salt
concentration or temperature [53-58]. The left-handed Z-DNA is preferred at low
temperature or at high salt concentration, but the right-handed B-DNA is preferred
at the reverse conditions [53-58]. The CD spectrum of Z-DNA is much different
from that of B-DNA, while the UV spectra between B- and Z-DNA are similar [54—
58]. The main difference lies in the sign at around 295 nm of the CD spectra. It is
positive for B-DNA but negative for Z-DNA. Therefore, the CD spectroscopy can
be used to identify the helical structure of DNA or RNA in solution. However, only
a few theoretical studies have investigated why the sign of the CD spectrum of
DNA changes by the type of its helical structure. We studied the SAC-CI CD
spectra of DNA to elucidate the origin of the negative peak at around 295 nm of the
CD spectrum of Z-DNA [40].

We considered three factors to be important that affect the CD spectra of DNA.
They are the conformation of monomer, the hydrogen-bonding interactions, and the
stacking interactions between the nucleic-acid bases. Figure 2.14 shows the com-
putational models taken from the X-ray crystallographic structures of the B- and
Z-DNA, in which deoxyguanosine (dG) and deoxycytidine (dC) are arranged
alternately. Their existence ratio is unity. We calculated the monomer, dimer, and
tetramer models. The effect of the conformation of dG and dC was verified by the
monomer model. The hydrogen-bonding and stacking interactions were verified by
the dimer and tetramer models. The dimer models include either the hydrogen-
bonding or stacking interactions, but the tetramer models include both the
hydrogen-bonding and stacking interactions.

2.7.1 Monomer Model

The dC has the anti-conformation in both B- and Z-DNA. However, the dG has the
anti-conformation in B-DNA but syn conformation in Z-DNA. We compare the
SAC-CI CD spectra of the anti- and syn-dG shown in Fig. 2.13 with the experi-
mental CD spectra of B- and Z-DNA shown in Fig. 2.15 that was reported by
Tran-Dinh et al. [54]. There, we notice that, in the second band region (near
250 nm), the SAC-CI CD spectra of anti- and syn-dG are similar to the experi-
mental CD spectra of B- and Z-DNA, respectively.

Based on this observation, we considered the monomer model in which we
examine whether the CD spectra of B- and Z-DNA could be understood from the
CD spectra of monomers taking the geometries found in the B- and Z-DNA.
Therefore, we calculated the SAC-CI CD spectra of the dG and dC monomers using
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Fig. 2.14 Computational models. a Hydrogen-bonding (Z-Hbond) and stacking (Z-Stack) models
taken from the X-ray crystallography structure (1IDCG) of Z-DNA. b Hydrogen-bonding
(B-Hbond) and stacking (B-Stack) models taken from the X-ray crystallography structure (9BNA)
of B-DNA. ¢ Tetramer (Z-Tetra) model taken from the X-ray crystallography structure (IDCG) of
Z-DNA. d Tetramer (B-Tetra) model taken from the X-ray crystallography structure (9BNA) of
B-DNA (Reprinted from Ref. [40] with permission from The Journal of Physical Chemistry A
2013, 117, 42-55. Copyright 2013 American Chemical Society.)

their geometries in the X-ray crystallographic structures of the B- and Z-DNA and
the results were summarized in Fig. 2.15. In this figure, the composite CD spectra
are the sums of the SAC-CI CD spectra of dG and dC in Z-DNA and B-DNA.
Very roughly speaking, for B-DNA, the composite SAC-CI CD spectrum shown
in a magenta color is similar to the experimental CD spectrum shown in a black
color. However, for Z-DNA, the SAC-CI composite spectrum in a magenta color
does not explain a large negative peak near 290 nm of the experimental spectrum
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Fig. 2.15 SAC-CI CD spectra of the composite CD spectra of a Z-DNA and b B-DNA obtained
from the SAC-CI CD spectra of dG and dC, compared with the experimental CD spectra [54]
(black lines) of Z-DNA and B-DNA. The red and blue lines represent the excited state of dG and
dC, respectively. The magenta line represents the composite spectra that are the sum of the CD
spectra of dG and dC (Reprinted from Ref. [40] with permission from The Journal of Physical
Chemistry A 2013, 117, 42-55. Copyright 2013 American Chemical Society.)

shown in a black color. Therefore, we must say that the monomer model alone is
insufficient to explain the difference in the experimental CD spectra between B- and
Z-DNA. More refined models are necessary, and we explain them below.

2.7.2 Dimer Model

We now calculate the SAC-CI CD spectra with the dimer models that include either
the hydrogen-bonding interaction or the stacking interaction between dG and dC as
shown in Fig. 2.14a and b, respectively. Most importantly, the monomer model
could not account for the negative peak at 295 nm. Figure 2.16 shows the SAC-CI
CD spectra obtained with the dimer models, compared with the experimental CD
spectra of B- and Z-DNA. In the experimental CD spectrum given with the black
line, the first peak is negative at 296 nm and the second peak is positive at 275 nm
for Z-DNA, while the first peak is positive at 280 nm and the second peak is
negative at 255 nm for B-DNA. On the other hand, among the four SAC-CI CD
spectra, the sign at 295 nm is negative with only the Z-Stack model. Since the dG
strongly stacks with the dC in only the Z-Stack model as shown in Fig. 2.14a, the
stacking interaction between dG and dC can account for the strong negative peak at
295 nm of the CD spectra in Z-DNA. This CD peak is due to the 1'A excited state
from the HOMO to the LUMO in dC. The stacking interaction with dG changes the
sign of the rotatory strength of the 1'A excited state from the positive of the
monomer model to the negative of the Z-stack model. However, since the stacking
interaction of B-DNA is weaker than that of Z-DNA as shown in Fig. 2.14b, such
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Fig. 2.16 SAC-CI CD spectra for the dimer models. The SAC-CI spectra (magenta line) of
a Z-Hbond model, b Z-Stack model, ¢ B-Hbond model and d B-Stack model are compared with
the experimental CD spectra [54] (black line) of Z-DNA (a, b) and B-DNA (c, d). The red and
blue lines represent the intramolecular excited states of dG and dC, respectively. The green lines
represent the electron transfer (ET) excited state from dG to dC (Reprinted from Ref. [40] with
permission from The Journal of Physical Chemistry A 2013, 117, 42-55. Copyright 2013
American Chemical Society.)

change in the sign does not occur near 295 nm so that the negative peak does not
appear at around 295 nm for the B-Stack model. Therefore, we can conclude that
the negative peak at 295 nm is originated from the stacking interaction between the
nucleic-acid bases.

In the hydrogen-bonding models (Z-Hbond and B-Hbond), the excitation energy
of the first excited state was calculated to be at a higher energy region than those of
the monomer models and the stacking dimer models. However, the rotatory strength
is positive for both hydrogen-bonding models. Therefore, we concluded that the



38 T. Miyahara and H. Nakatsuji
hydrogen-bonding interaction affects the excitation energies of the lowest excited

states but are not the origin of the negative peak at around 295 nm of the CD
spectra.

2.7.3 Tetramer Model

Finally, we calculated the SAC-CI CD spectra with the tetramer models that include
both of the hydrogen-bonding and stacking interactions. Figure 2.17 shows the
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Fig. 2.17 SAC-CI UV and CD spectra for the tetramer models. The SAC-CI spectra (red line) of
Z-Tetra model (a, b) and B-Tetra model (¢, d) compared with the experimental UV and CD spectra
[54] (black line) of Z-DNA (a, b) and B-DNA (¢, d). All excited states of SAC-CI calculations
have been shifted to the lower values by 0.5 eV (Refs. [40, 43]). (Reprinted from Refs. [40] and
[43] with permission from The Journal of Physical Chemistry A 2013, 117, 42-55, 2015, 119,
8269-8278. Copyright 2013, 2015 American Chemical Society.)
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SAC-CI UV and CD spectra of the tetramer models compared with the experi-
mental UV and CD spectra of the B- and Z-DNA. The SAC-CI UV spectrum of the
Z-Tetra model reproduced the main and shoulder peaks of the experimental UV
spectrum of Z-DNA. However, for the B-Tetra model, the shoulder peak is slightly
different from the experiment, because the angle between the two bases in the
hydrogen-bonding base pair is larger for the B-Tetra model than that of the Z-Tetra
model [44].

The SAC-CI CD spectrum of the B-Tetra model was in good agreement with the
experimental CD spectrum of B-DNA for the sign as well as the intensity. The
SAC-CI CD spectrum of the Z-Tetra model also reproduced the general features of
the experimental CD spectrum of Z-DNA.

The lowest excited state of the Z-Tetra model is the electron-transfer (ET) ex-
cited state from dG to dC through the stacking conformation, but for the B-Tetra
model it is the intramolecular excitation within dC. Thus, the ET excited state is the
origin of the strong negative peak at 295 nm of Z-DNA. We concluded that the
hydrogen-bonding interaction changes the excitation energy of the lowest excited
state and that the stacking interaction is the origin of the negative peak at 295 nm of
the CD spectra.

2.8 CD Spectra Is an Indicator of the Stacking Interaction
in Double-Helical DNA

As noted in the above section, the negative peak at 295 nm is caused by the
stacking interaction between the two base pairs of dG and dC. To verify the
relationship between the stacking interaction and the intensity of the peak at
295 nm of the CD spectra of DNA, we calculated the SAC-CI CD spectra for the
different distances using the tetramer model of Z-DNA as shown in Fig. 2.18.

Figure 2.19 shows the SAC-CI CD spectra for the different distance R between
the two base pairs using the tetramer models of Z-DNA. The experimental CD
spectra of the Z- and B-DNA are shown with the solid and dotted black lines,
respectively. The negative peak at 295 nm has the strongest intensity for AR =
0.0 A (X-ray crystallographic structure). The intensity of the negative peak at
295 nm becomes weaker and weaker as the distance between the two base pairs
(AR) increases. Note that the intensity at 295 nm is weaker for AR = —0.2 A than
for AR = +0.0 A.

In addition, as the distance AR increases, the SAC-CI CD spectra come close to
the experimental CD spectrum of B-DNA (dotted black line) from that of the
Z-DNA (solid black line). Although the conformations of dG and dC are much
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Fig. 2.18 a X-ray crystallography structure of Z-DNA (PDB ID: 1DCG). b Arrangement of
cytosine (C) and guanine (G). ¢ Geometry of tetramer model. R represents the distance between the
two base pairs. R is 3.525 A from the X-ray crystallography structure. d Geometry of two GC (dG
and dC) pairs. Three atoms indicated by “Ball” are arranged on the XY plane (Reprinted from Ref.
[43] with permission from The Journal of Physical Chemistry A 2015, 119, 8269-8278. Copyright
2013 American Chemical Society.)

different from the structure of B-DNA, the SAC-CI CD spectrum of the AR = +2.0
A model is in good agreement with the experimental CD spectrum of B-DNA due
to the weak stacking interaction.

The negative peak at 295 nm is caused by the electron-transfer (ET) excited state
from dG to dC through the stacking interaction at around AR = +0.0 A, but when
the distance between dG and dC increases, the excitations at around 295 nm
become intra dG and dC excitations for around AR = +2.0 A. The ET excited state
is calculated to be at higher energy region for AR = +2.0 A. Since the two base
pairs strongly stack for Z-DNA but weakly stack for B-DNA, the negative peak at
295 nm becomes the indicator of the stacking interaction between the two base
pairs.
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Fig. 2.19 SAC-CI CD spectra (colored lines) for the different distance R between the two base
pairs using the tetramer models of Z-DNA compared with the experimental CD spectra of Z- and
B-DNA (black lines) [54]. All excited states of the SAC-CI calculation have been shifted to the
lower values by 0.5 eV. The magenta, red, green, blue, gold, khaki and cyan lines represent the
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and dotted lines represent the experimental CD spectra of Z- and B-DNA, respectively. The orange
arrows represent the direction of the SAC-CI CD spectral change in the increase of the distance R.
The inset shows the two representative SAC-CI spectra with AR = +0.0 A and AR =+4+2.0 A
compared with the experimental CD spectra of Z-and B-DNA (Reprinted from Ref. [43] with
permission from The Journal of Physical Chemistry A 2015, 119, 8269-8278. Copyright 2013
American Chemical Society.)

2.9 Similarities and Differences Between Double-Helical
DNA and RNA

RNA (ribonucleic acid) can also form both the right- and left-handed double-helical
structures. The transition between the right-handed A-RNA and the left-handed
Z-RNA can be induced by the changes by salt concentration or temperature [59—
61]. These phenomena are quite similar to those of DNA. However, the feature of
the CD spectra of RNA is quite different from that of DNA. For the CD spectra of
the right-handed A-RNA, the first band at 295 nm has a negative sign and the
second band has a positive sign [59-61], which is similar to the feature of the
left-handed Z-DNA. On the other hand, the features of the CD spectra of the
left-handed Z-RNA are similar to those of the right-handed B-DNA. In addition, the
right-handed A-RNA is preferred at low temperature [59-61], similarly to the
left-handed Z-DNA. Namely, the features of the CD spectra of RNA are opposite to
those of DNA.

We calculated the SAC-CI CD spectra of DNA and RNA to clarify the rela-
tionship between the helical structures and their CD spectra, and to elucidate the
similarities and differences between DNA and RNA. The geometries were taken
from the X-ray crystallographic structures and shown in Fig. 2.20. These structures
are composed of 12 nucleic-acid bases and have the same sequence in which dG
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Fig. 2.20 Tetramer models (zDNA-L1, zDNA-L2, bDNA-R1, bDNA-R2, zZRNA-LI1, ZRNA-L2,
aRNA-R1 and aRNA-R2) taken from the X-ray crystallographic structures of a Z-DNA (1DCG),
b B-DNA (9BNA), ¢ Z-RNA (1T4X) and d A-RNA (3JXQ). “G” and “C” represent guanine and
cytosine, respectively (Reprinted from Ref. [44] with permission from The Journal of Physical
Chemistry A 2016, 120, 9008-9018. Copyright 2016 American Chemical Society.)

and dC for DNA and guanosine (G) and cytidine (C) for RNA are arranged
alternately. We calculated the CD spectra of two tetramer models for each DNA and
RNA, because each DNA or RNA includes two kinds of the stacking interactions as
seen from Fig. 2.20.

We show in Fig. 2.21 the SAC-CI CD spectra of the tetramer models of Z-DNA,
B-DNA, Z-RNA and A-RNA, compared with their experimental CD spectra
measured in water solution [58, 61]. The SAC-CI CD spectra seemed to be not in
good agreement with the experimental CD spectra at first glance. However, the
SAC-CI CD spectra of the zDNA-L1 and aRNA-R1 models were in good corre-
spondence with the experimental CD spectra of Z-DNA and A-RNA, respectively.
The negative peak at 295 nm corresponds to the lowest two excited states that are
the electron transfer (ET) excitations from guanine to cytosine through the stacking
interaction. But the SAC-CI CD spectra of the zDNA-L2 and aRNA-R2 models
were opposite to those of the zDNA-L1 and aRNA-R1 models. Even though we
used the tetramer models taken from the same helical structures, the negative peak
did not appear at 295 nm in the CD spectra due to the weak stacking interaction
(Fig. 2.20a, d). Namely, the negative peak observed at 295 nm is due to the ET
excitation from guanine to cytosine through the strong stacking interaction in both
DNA and RNA: The peak at 295 nm can be considered to be the indicator of the
strong stacking interaction for the double-helical structures of DNA as well as
RNA.
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Fig. 2.21 SAC-CI CD spectra (red lines) of the eight tetramer models compared with the
experimental CD spectra (black lines) [58, 61]. All excited states of SAC-CI calculations have
been shifted to the lower sides by the values of 0.5 eV for DNA and 0.7 eV for RNA, respectively.
Blue-colored squares represent the first band region of the CD spectra of each DNA or RNA. The
negative peaks at 295 nm are shown by green arrows (Reprinted from Ref. [44] with permission
from The Journal of Physical Chemistry A 2016, 120, 9008-9018. Copyright 2016 American
Chemical Society.)

2.10 Conclusion

The ChiraSac method is a useful tool for analyzing and clarifying the chemical
information included in the CD spectra of chiral molecules and molecular systems.
The CD spectra depend strongly on the conformational changes due to the rotations
around the single bonds. Since this rotation is a low-energy process, it may reflect
the natures of the low-energy molecular interactions with solvents and with the
molecular environments. With HPAA (a-hydroxyphenylacetic acid) and dG
(Deoxyguanosine), we have shown that the calculations of the CD spectra with a
reliable theory like SAC-CI are useful to clarify the rotational conformation of a
molecule in solution, which may be different from the stable conformation in a gas
phase. Since the calculated CD spectrum is the result of the cancellations of many
different peaks of positive and negative intensities, the theory must be reliable
enough in both peak positions and intensities (rotatory strengths). Generally
speaking, the TD-DFT calculations are not reliable enough in the qualities of these
quantities, and therefore, detailed analyzes and understanding are difficult with the
TD-DFT calculations. The present overview of the results of the SAC-CI calcu-
lations of the CD spectra of molecules and molecular systems supports the relia-
bility of the SAC-CI theory. The ChiraSac method is a theoretical methodology of



44 T. Miyahara and H. Nakatsuji

investigating the chemistry and physics of chiral molecules and molecular systems
using the Gaussian suite of programs involving the SAC-CI method and other many
useful methods. Actually, in the studies of DNA and RNA, for example, we used
many features of the SAC-CI and DFT methods in systematized ways involved in
Gaussian. The ChiraSac studies could elucidate the information of the low-energy
processes and the nature of the weak interactions involved in the observed CD
spectra by using a highly reliable excited-state theory, the SAC-CI method, together
with the many efficient methodologies involved in Gaussian. With the ChiraSac
method, one can study many different subjects related to chirality, such as the
conformations of chiral molecules in solutions or proteins, the low-energy pro-
cesses such as the rotations around the single bonds of chiral atoms and the natures
of the weak interactions such as the hydrogen-bonding and stacking interactions,
van der Waals forces, solvent effects, etc. Therefore, the ChiraSac method will
become a useful molecular technology for the material and drug designs.
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