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ABSTRACT: The helical structure is experimentally determined by
circular dichroism (CD) spectra. The sign and shape of the CD spectra are
different between B-DNA with a right-handed double-helical structure and
Z-DNA with a left-handed double-helical structure. In particular, the sign
at around 295 nm in CD spectra is positive for B-DNA, which is opposite
to that of Z-DNA. However, it is difficult to determine the helical structure
from the UV absorption spectra. Three important factors that affect the
CD spectra of DNA are (1) the conformation of dG monomer, (2) the
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hydrogen-bonding interaction between two helices, and (3) the stacking

interaction between nucleic acid bases. We calculated the CD spectra of (1) the dG monomer at different conformations, (2) the
composite of dG and dC monomers, (3) two dimer models that simulate separately the hydrogen-bonding interaction and the
stacking interaction, and (4) the tetramer model that includes both hydrogen-bonding and stacking interactions simultaneously.
The helical structure of DNA can be clarified by a comparison of the experimental and SAC-CI theoretical CD spectra of DNA
and that the sign at around 295 nm of the CD spectra of Z-DNA reflects from the strong stacking interaction characteristic of its

helical structure.

1. INTRODUCTION

All living organisms carry genetic information.! Eukaryotic
organisms store the genetic information in the DNA in the cell
nucleus. DNA is a polymer composed of purine or pyrimidine
bases, deoxyriboses, and phosphate groups and forms a
characteristic helical structure. DNA can exist in many different
conformations.” In solution, the most common forms, A- and
B-DNA, have right-handed double-helical structure, while Z-
DNA is left-handed and appears only when DNA has a special
sequence. The transition from B- to Z-DNA or from Z- to B-
DNA can be induced by changes in the buffer concentration or
the temperature.>™® DNA is a complex dynamic system and
flexible in solution. It is difficult to make a simple model for
DNA in solution, and also, it is difficult to analyze the transition
processes from B- to Z-DNA. So, basic questions may arise: Is
it possible to use a simple model to study DNA in solution?
Can we understand the important aspects of DNA from the
calculations using such a small simple model?

Circular dichroism (CD) spectroscopy is widely used to
study the helical structure of DNA in solution.” The
experimental ultraviolet (UV) spectra are similar between B-
and Z-DNA because the electronic excitations of DNA are
mainly intramolecular excitations within the nucleic acid bases.
However, the experimental circular dichroism (CD) spectra of
B- and Z-DNA are very different, even when the B- and Z-DNA
are composed of the same sequences of nucleotides.*”® These
differences appear even in the CD spectra of a DNA sequence
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composed of only six base pairs. The sign of the CD spectrum
is used to identify the helical structure of DNA. However, only
a few theoretical studies have investigated why the sign of the
CD spectrum of DNA changes depending on the type of its
helical structure. The time-dependent density functional theory
(TDDET)'*"! was applied to the UV spectra of the DNA
bases'>'® and to the CD spectra of double-helical DNA using
adenine-thymine dimer models to distinguish cross-strand base
pairs and Watson—Crick base pairs'* and of single-strand DNA
using adenine dimer and tetramer to validate the structure of
molecular dynamics calculations."> However, the TDDFT has
some serious problems in Rydberg excitations,"® in charge
transfer excitations,'” in double excitations,'® etc. In addition,
the TDDFT calculations of the CD spectra did not show
sufficient accuracy.'” To overcome these problems, the
improvement of TDDFT were done.?®*' For example, the
long-range corrected (LC)-TDDFT theory”>** improved some
of these problems but not the problems of the CD spectra.
However, the symmetry-adapted cluster (SAC)-configuration
interaction (CI) theory®* >’ has been applied to many different
systems and gave highly reliable results for the excited states of
many different types and properties* including the CD
spectra.”® This is so as long as proper active space and proper
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basis sets are used. Actually, the SAC-CI method was used as
the reference data for confirming the accuracy of the LC-
TDDFT method.”>*

Actually, it is difficult to model DNA in solution because
DNA is a complex dynamic system. However, when we use a
small DNA system whose UV and CD spectra are well studied
experimentally, it would be possible to calculate the UV and
CD spectra of such DNA in high accuracy by the SAC-CI
method, and by comparing with the experimental data, we
would be able to elucidate some basic aspects of the complex
phenomena. In this article, we study the UV and CD spectra of
DNA and their relationships to the helical structures, using the
small models taken from B- and Z-DNA composed of the same
sequence of only six deoxyguanosine (dG) and deoxycytidine
(dC). We want to show that even such a small model can clarify
some aspects of the relationships between the CD spectra and
the helical structure of DNA, when we use a highly reliable
computational method like the SAC-CI method.

The difference between B- and Z-DNA is the helical-
structure as well as the conformation of dG. The purine base
dG has the anti conformation in B-DNA, while it has syn
conformation in Z-DNA.*> The anti- and syn-dG differ in the
dihedral angle between the guanine of the purine base and
deoxyribose by approximately 180°. However, the pyrimidine
base dC exists as only the anti conformation in both B- and Z-
DNA because of the steric hindrance between the pyrimidine
base cytosine and deoxyribose.

There are three main interactions in DNA: (1) the
interaction through the bond between the nucleic acid bases
and the deoxyribose; (2) hydrogen-bonding interactions
between two nucleic acid bases; and (3) stacking interactions
between two nucleic acid bases. Our goal is to understand the
roles of these interactions in forming the helical structure and
how these interactions affect the CD spectra of B- and Z-DNA.

We have applied the symmetry-adapted cluster (SAC)-
configuration interaction (CI) theory’* > to elucidate the
underlying relationships between the helical structure of DNA
and the sign of their CD spectra. The SAC-CI theory is a
reliable method for studying the UV and CD spectra in relation
to the electronic and geometrical structures of the biological
system and chiral compounds.**** We calculated the UV and
CD spectra of the monomer of dG in various conformations
including both anti and syn conformations. For the dC
monomer, however, we performed calculations only for the
anti geometries observed in B- and Z-DNA because the
conformation of dC is rigid in DNA. For purposes of
comparison, we used an experimentally acquired spectrum of
dG obtained in aqueous solution.*® We also studied the UV and
CD spectra of DNA. First, we approximated the spectra as a
simple sum of the spectra of dG and dC that have the structure
in B- and Z-DNA. Next, we calculated the UV and CD spectra
using dimer models of B- and Z-DNA that represented either
the hydrogen-bonding interaction or the stacking interactions.
Finally, we calculated the UV and CD spectra using tetramer
models of B- and Z-DNA that included both of the hydrogen-
bonding and stacking interactions within the same model. All of
the models include the through-bond interactions between the
nucleic acid base and the deoxyribose.

2. MODELING AND COMPUTATIONAL DETAILS

The SAC-CI theory is a useful coupled-cluster type electron
correlation theory for studying ground, excited, ionized, and
electron-attached states of molecules published in 1978.>*7%
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The so-called EOM-CC method published about a decade
later***” is very similar to the SAC-CI method, although called
a different name. This equivalence was shown even numerically
in the previous publications.*®** For the calculations of the CD
spectra of large molecules, the gauge-invariant velocity form
must be used since the position of the gauge origin is not
known. The independence of the SAC-CI method from the
gauge origin has already been determined for the three-
membered ring compounds.*

First, we studied the dependence of the CD spectrum on the
conformation of the dG monomer. The ground state
geometries with both anti and syn conformations of dG were
optimized with Gaussian03** using the density functional
theory (DFT)*~* with the B3LYP functional***® for the 6-
31G(d,p) basis**® sets. All of the geometrical parameters of
dG except for the dihedral angle ¢ were optimized at every 20°
in the potential energy for the ground state of dG. Full
optimization was done for anti and syn conformations. The
solvent effects of water were considered using the polarizable
continuum model (PCM)* that was connected recently with
the SAC-CI method in the Gaussian suite of programs.®

We then analyzed the UV and CD spectra of B- and Z-DNA
obtained using the dimer model, which contains either the
hydrogen-bonding interaction or the stacking interaction, and
next using the tetramer model, which contains both the
hydrogen-bonding and stacking interactions within the same
model (Figure 1). The geometries were taken from the X-ray
crystallography structure. 9BNA and 1DCG were used for B-
and Z-DNA, respectively. In B-DNA, the GC pair weakly stacks
with both of the lower and upper GC pairs (diamond-shaped
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Figure 1. (a) Hydrogen-bonding (Z-Hbond) and stacking (Z-Stack)
models taken from the X-ray crystallography structure (1DCG) of Z-
DNA. (b) Hydrogen-bonding (B-Hbond) and stacking (B-Stack)
models taken from the X-ray crystallography structure (9BNA) of B-
DNA. (c) Tetramer model (Z-Tetra) taken from the X-ray
crystallography structure (IDCG) of Z-DNA. (d) Tetramer model
(B-Tetra) taken from the X-ray crystallography structure (9BNA) of
B-DNA.

dx.doi.org/10.1021/jp3085556 | J. Phys. Chem. A 2013, 117, 42-55


http://pubs.acs.org/action/showImage?doi=10.1021/jp3085556&iName=master.img-001.jpg&w=216&h=254

The Journal of Physical Chemistry A

box in Figure 1b,d), but in Z-DNA, the guanine-cytosine (GC)
pair strongly stacks with only one GC pair (denoted by the
square box, Figure la,c). The stacking model of Z-DNA (Z-
Stack model) has strong stacking interactions. As in the
geometry optimization for dimer and tetramer models, only the
hydrogen atom positions in these models were optimized using
the B3LYP/6-31G(d,p) basis with the PCM of water.

For the SAC/SAC-CI calculations, the basis functions
employed were D95°" sets for deoxyribose and D95(d)*" sets
for the nucleic acid bases. The core orbitals were treated as
frozen orbitals, and all singles and selected doubles were
included. Perturbation selection®> was carried out for the
double excitation operators using the threshold sets of 5 X 1077
and 1 X 1077 hartree for SAC and SAC-CI calculations,
respectively. In the calculations for the tetramer model, the
basis functions employed were D95 sets (without polarization
functions) because the calculations were heavier than the
calculations for the dimer model, and further, the orbitals,
whose energies were within —1.1 to +1.1 au, were chosen as the
active orbitals. The SAC-CI UV and CD spectra were
convoluted using Gaussian envelopes to describe the Franck—
Condon widths and the resolution of the spectrometer. The full
width at half-maximum (fwhm) of the Gaussian was 0.8 eV,
which was estimated from the criterion that the two bands (253
and 278 nm) looks like a single band in the experimental UV
spectrum of dG; the lowest two bands were not divided clearly.
This value (0.8 eV) was also used for the convolution of the
theoretical CD spectra. Since DNA is a polymer composed of
monomers, we used the same value in dimer and tetramer
calculations. The UV and CD spectra of (1) dG with several
conformations, (2) only dG and only dC in the X-ray
crystallography structures of B- and Z-DNA, (3) the hydro-
gen-bonding and stacking models of B- and Z-DNA, and (4)
the tetramer models of B- and Z-DNA were calculated using
the SAC-CI method.

3. RESULTS AND DISCUSSION

3.1. Structure of the Ground State dG Monomer in
Water. We calculated the changes in the potential energy for
the ground state of the dG monomer in water as a function of
changes in the dihedral angle (¢) between the deoxyribose and
the guanine (Figure 2). All of the geometrical parameters of dG
were optimized, and ¢ was varied by incremental increases of
20°. The optimized dihedral angle was calculated to be 310.3°
in the anti region and at 129.5° for the syn region. The
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Figure 2. 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 ¢.
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deoxyribose has C3’-endo conformation for both anti- and syn-
dG with the present calculations, although for anti-dG, C2'-
endo was calculated to be more stable than C3’-endo.’***
Thus, in dG, the conformation of the deoxyribose seems to be
very flexible and its energy difference very small. However, the
conformation of deoxyribose is rigid in DNA: the deoxyribose
in dG is C2'-endo for B-DNA and C3’-endo for Z-DNA based
on the X-ray crystallography structures (9BNA and 1DCG).
The anti-dG was calculated to be more stable than the syn-dG
by 0.47 kcal/mol. The conformation of dG converts easily from
anti to syn (or from syn to anti) because the energy barrier
between the anti and syn forms is only ~5 kcal/mol. The anti-
dG rotates more easily in the clockwise direction (the direction
of the arrow in Figure 2) than in the counterclockwise direction
because the energy barrier is less than 4 kcal/mol in the
clockwise direction but is more than S kcal/mol in the
counterclockwise direction. The potential energy curve is flat in
the anti region, while it is sharper in the syn region because
there is a hydrogen bond interaction between the hydroxyl
group of the deoxyribose and the nitrogen atom of the guanine
near the syn conformation. However, the anti-dG can rotate
more freely between ¢ = 270° and 330° because of the lack of
hydrogen-bonding interaction.

3.2. UV and CD Spectra of dG Monomer in Water.
Using the SAC-CI method, we calculated the excitation
energies, oscillator strengths, rotatory strengths, and the natures
of the excited states for both of the anti- and syn-dG (Table 1).
The difference in the UV excitation spectra between anti- and
syn-dG is very small, within 0.07 eV in energy and within 0.08
au in oscillator strength for all the calculated states. However,
for the CD spectra whose shapes are described by the rotatory
strengths, the spectra of anti-dG differ markedly from the
spectra of syn-dG not only in the absolute value but also in the
sign of the rotatory strength. Below, we show these theoretical
results in the spectral forms to facilitate the comparisons with
the experimentally obtained data.

3.2.1. UV Spectra of dG Monomer. The SAC-CI UV spectra
(red lines) of anti- and syn-dG were compared with the
experimental spectrum (black lines) of dG above 200 nm
(Figure 3). There are two main bands (276 and 250 nm) above
200 nm and one band below 200 nm. The SAC-CI UV spectra
of both anti- and syn-dG are similar to the experimental UV
spectrum, and therefore, it is unclear whether the experimental
UV spectrum of dG is due to the anti or the syn conformation.
The first band at about 276 nm was assigned to the 7 — #*
highest occupied molecular orbital (HOMO)—lowest unoccu-
pied molecular orbital (LUMO) transition (1'A state at 4.46 eV
(278 nm) for anti-dG and 4.40 eV (282 nm) for syn-dG). The
second band at approximately 250 nm was assigned to the 3'A
state (at 5.10 eV (243 nm) for anti-dG and 5.06 eV (245 nm)
for syn-dG) of 7(HOMO) — 7*(next-LUMO) and 2'A state
(at 5.08 eV (244 nm) for anti-dG and 5.03 eV (247 nm) for
syn-dG) of the n — 7™ nature. As expected from its nature, the
oscillator strength of 2'A is weak (0.0 au) for anti-dG and very
weak (0.01 au) for syn-dG. The states 4'A, 5'A, and 6'A (at
5.91, 5.97, and 6.08 eV (210, 208, and 204 nm) for anti-dG and
5.90, 5.98, and 6.08 eV (210, 207, and 204 nm) for syn-dG)
were calculated to be in the region of the third band at
approximately 214 nm. The oscillator strength is almost zero
for the n — 7* 4'A and 6'A states but is not zero for the 7 —
7% 5'A state. However, these states were not observed in the
experimental UV spectra because these three states are in the
median of the two strong peaks (3'A and 7'A states), and their
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Table 1. SAC-CI UV and CD Spectra of anti- and syn-dG

SAC-CI
anti-dG syn-dG
EE* osc? rot® EE* osc? rot*

state (eV) (nm) (au) ( 1074 cgs) (eV) (nm) (au) (10740 cgs) nature exptld (eV/nm)
1'A 4.46 278 0.16 4.53 4.40 282 0.16 2.44 T — * 4.49/276
2'A 5.08 244 0.05 —76.31 5.03 247 0.01 38.12 n — ¥ 4.96/250
3'A 5.10 243 0.20 68.20 5.06 245 022 —34.61 T — 4.96/250
4'A 591 210 0.00 17.31 5.90 210 0.00 —-2.92 n — * 5.79/214
5'A 5.97 208 0.02 —2.25 5.98 207 0.05 8.30 T — 5.79/214
6'A 6.08 204 0.00 —-2.1§ 6.08 204 0.00 —-2.70 n — ¥ 5.79/214
7'A 6.62 187 0.44 —7.82 6.54 189 0.38 —0.78 T

“Excitation energy. bQscillator strength. “Rotatory strength. “Ref 35.

(a) = 310.3" (anti)
6l 55 S0 43 4.0
Exptl.
- SAC-C1

(b) p = 129.5" (syn)
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Expitl
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eV
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Wavelength (nm)
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Wavelength (nm)

Figure 3. SAC-CI UV spectra of (a) anti- and (b) syn-dG (red),
compared with the experimentally determined UV spectrum®® of dG
(black).

oscillator strengths are comparatively small. The 7'A state (at
6.62 €V (187 nm) for anti-dG and 6.54 eV (189 nm) for syn-
dG) was © = 7* (nexttHOMO to LUMO and next-LUMO)
excitation, which was assigned to the fourth band, compared
with the experimental UV spectrum of deoxyguanosine
monophosphate (dGMP).>> Thus, the SAC-CI UV spectra of
both anti- and syn-dG are similar to the experimental UV
spectrum. The differences between the anti- and syn-dG were
very small because the HOMO, next-HOMO, LUMO, and
next-LUMO of the main configuration for 1'A, 3'A, and 7'A
states with large oscillator strengths are localized on the
guanine site. Hence, we cannot determine if the experimental
UV spectrum reflects that of either anti- or syn-dG.

3.2.2. CD Spectra of dG Monomer in Water. The SAC-CI
CD spectra (red lines) of the dG monomer at several dihedral
angles, ¢ were compared with the experimental CD spectrum
(black line) above 200 nm (Figure 4). In the experimentally
acquired spectra, the first band is at 276 nm, which is strong in
the UV spectrum but very weak in the CD spectrum. The
second band is at 250 nm, which is strong in both UV and CD
spectra but has a negative sign in the CD spectrum. The third
band at 214 nm is weak in the UV spectrum but strongly
positive in the CD spectrum.

The SAC-CI CD spectra of dG with ¢ = 10—150 and 350°
(Figure 4a—h,r) are quite different from the experimental CD
spectrum. The SAC-CI CD spectrum of syn-dG (129.5°) is
opposite in sign for the second band as compared with the
experimental CD spectrum (Figure 4g). For dG with ¢ = 170,
210—290° (Figure 4i,k—0), the second band of the SAC-CI CD
spectra agrees with the experimental CD spectrum, but the
third band of the SAC-CI CD spectra has a weak intensity,
compared with the experimental CD spectrum. The SAC-CI
CD spectrum of the anti-dG and dG with ¢ = 330° (Figure
4p,q) is in good overall agreement with the experimental CD

45

spectrum, with the second band being strongly negative and the
third band being strongly positive.

As shown in Figure 2, the potential energy curve is flat
around the anti conformer, and the energy barrier is not large.
So, we calculated the ratio of the existence of each conformer,
assuming the Boltzmann distribution at 275 K, a normal
experimental condition, and using the ground state B3LYP/6-
31G(d,p) energies. In Table 2, the column labeled “all” gives
the ratio of each conformer when averaging included all 18
conformers, “anti” gives the ratio of each conformer when only
seven conformations around anti are used, and “syn” gives the
ratio of each conformer when only five conformations around
syn are used. More than 70% of dG exists near the anti
conformation between 270° and 330° and about 11% exists
near the syn-dG at 129.5°. Within the syn region (90—170°),
more than 50% dG exist as the syn-dG (129.5°). However, in
the anti region (250—10°), dG exists mostly between 270° and
330° as anti-dG. The gradient of the potential energy is sharp
around the syn conformer but flat around the anti conformer
because dG forms a hydrogen bond with the deoxyribose only
in the syn conformation. Therefore, for the CD spectra, we may
consider only the conformer at 129.5° for the syn conformer,
but we have to consider several conformers around 310.3° for
the anti conformer.

We also carried out the Boltzmann averaging for the spectra
of the anti (Figure 4p) and syn (Figure 4g) conformations. The
SAC-CI CD spectra of “all” (green), “anti” (blue), and single
anti-dG (red) are similar to the experimental CD spectrum as
shown in Figure 4p, while the SAC-CI CD spectra of “syn”
(blue) and single syn-dG (red) are opposite in sign to the
experimental CD spectrum (Figure 4g). These results confirm
that anti-dG is the main conformation under the experimental
condition. We note that the SAC-CI CD spectrum of dG at the
single geometry of ¢ = 330° is more similar to the experimental
CD spectrum of that of anti-dG (310.3°). This may indicate
that dG with ¢ = 330° is more stable than the anti-dG in
solution.

The dependence on the dihedral angle ¢ is very small in the
UV spectrum of Figure 3 because only # — #* has strong
intensity. However, the CD spectra of Figure 4 strongly depend
on the dihedral angle ¢ because both 7 — #* and n — 7* have
strong intensities, and their MOs, mainly localized at the
guanine site, are somewhat extended to the deoxyribose. The
1'A state assigned to the first band at 276 nm was calculated to
have a small rotatory strength for both anti- and syn-dG, but
this state was not observed in the experimental CD spectrum.
In the second band region (250 nm), the rotatory strengths of
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Figure 4. CD spectra of dG at several conformation angles ¢. The experimental CD spectrum®® (black line) of dG is compared with the SAC-CI CD
spectra (red lines) of (a) ¢ = 10°, (b) ¢ =30°, (c) ¢ = 50°, (d) ¢ =70° (e) ¢ = 90°, (f) ¢ = 110°, (g) ¢ = 129.5° (syn), (h) ¢ = 150°, (i) ¢ = 170°,
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SAC-CI CD Boltzmann averaged spectra of (g) syn (blue line), (p) anti (blue line), and (p) all (green line) are also shown.

both the 2'A and 3'A states are large and opposite in sign
(Table 1). The 2'A state is calculated to lie at 5.08 eV (244
nm) for anti-dG and at 5.03 eV (247 nm) for syn-dG. The 3'A
state is calculated to lie at 5.10 eV (243 nm) for anti-dG and at
5.06 eV (245 nm) for syn-dG. The difference between 2'A and
3'A in the excitation energy is very small, so that their rotatory
strengths cancel each other, giving relatively small rotatory
strengths. From Table 1, we see that the total rotatory strength
of the second band is negative for anti-dG and positive for syn-
dG. To reproduce the experimental CD spectra, the theoretical
rotatory strength must be reliable since, otherwise, reliable
positive or negative CD peaks cannot be obtained. The SAC-CI
theory seems to give reliable rotatory intensity since the
theoretical CD spectra agree well with the experimental one. In
the third band region (214 nm), the sum of the rotatory
strengths is positive for both anti- and syn-dG, although the
strongest rotatory strength comes from the 4'A (n — 7*) state
for anti-dG but from the S'A (z — #*) state for syn-dG. As in
the experimental CD spectrum, the third band has larger
intensity than the second band in the SAC-CI CD spectrum of
anti-dG. However, for syn-dG, the third band in the SAC-CI
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CD spectrum is smaller than the second band. The 7'A state,
assigned to the fourth band with a strong negative intensity at
190 nm in the experimental CD spectrum of dGMP,> is
negative for anti-dG and almost zero for syn-dG.

3.3. Composite CD Spectra of dG and dC Compared
with the CD Spectra of DNA. We then extended our studies
to the spectra of B- and Z-DNA, and we compared the SAC-CI
CD spectra of anti- and syn-dG (Figure 4) with the
experimental CD spectra of B- and Z-DNA (Figure 5).* The
second band at 250 nm in the SAC-CI CD spectrum of anti-dG
is similar to the experimental CD spectrum of B-DNA, while
the SAC-CI CD spectrum of syn-dG is similar to the
experimental CD spectrum of Z-DNA. This result may indicate
that, in DNA, the second band at 250 nm reflects the dihedral
angle @ of dG between the deoxyribose and the guanine.
Therefore, we calculated the composite SAC-CI CD spectra of
the noninteracting dG and dC monomer from the available X-
ray crystallographic structures in B- and Z-DNA to clarify if the
different conformations of dG and/or dC in different types of
DNA explain the differences in the CD spectra.
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Table 2. Boltzmann Distribution of dG along the
Conformational Angle ¢

angle (¢) all (%)° anti (%) syn (%)°
10 0.86 1.1

30 0.14

50 0.04

70 0.10

20 1.70 9.1
110 2.79 14.3
129.5 (syn) 11.31 517
150 4.54 224
170 0.41 2.5
190 0.08

210 0.00

230 0.10

250 3.25 4.1

270 15.34 19.5

290 17.00 21.6

310.3 (anti) 26.69 339

330 13.07 16.6

350 2.58 3.3

total 100.0 100.0 100.0

““all” gives the ratio of each conformer when averaging included all 18
conformers. ““anti” gives the ratio of each conformer when only seven
conformations around anti are used. “syn” gives the ratio of each
conformer when only five conformations around syn are used.

The SAC-CI CD spectra of dG and dC alone (Figure
Sab,d,e) having the structures of those in B- and Z-DNA and
the composite CD spectra (Figure Sc,f) obtained as (a + b and
d + e) were compared to the experimental CD spectra of B-
and Z-DNA. The SAC-CI excitation energies, oscillator
strengths, rotatory strengths, and natures of the excited states
for the monomer model (dG and dC) were also determined
(Table 3).

The conformations of dG and dC are the same as those in
the ideal B-DNA or Z-DNA, in which dG and dC are arranged
alternately (Figure 1). However, the X-ray structure was
obtained for the DNA composed of only 6 sequences in the
case of Z-DNA. Since the geometry is affected by the effect of
the edge of DNA, the conformation is different for each
monomer. Since the conformation of dG is, in particular, more
flexible than that of dC in DNA, we calculated two kinds of dG
(model I and II) in B- and Z-DNA, respectively. The models I
and II correspond to dG of the hydrogen-bonding models (B-
Hbond and Z-Hbond models) and the stacking models (B-
Stack and Z-Stack models) of the dimer models, respectively.
The dihedral angle () between the deoxyribose and the
guanine is 276.3° and 300.7°, respectively, for models I and II
of B-DNA, and 111.3° and 117.5°, respectively, for models I
and II of Z-DNA. The dihedral angle between the deoxyribose
and cytosine is 323.2° for B-DNA and 332.9° for Z-DNA. The
rotatory strength of dG is very different between models I and
1I for both B- and Z-DNA as shown in Table 3. Therefore, for
dG, we prepared an averaged CD spectra for models I and II
(Figure Sa,d). For Z-DNA, the SAC-CI CD spectrum of dG
(Figure Sa) is negative for the first band and positive for the
second band, as in the experimental spectrum of Z-DNA,
although the excitation energies are calculated at a higher
region. However, the SAC-CI result is opposite in sign to the
experimental CD spectrum for the first band of B-DNA (Figure
5d). These results show that, in the CD spectra of DNA, the
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Figure 5. SAC-CI CD spectra of monomer ((a) dG in Z-DNA, (b) dC
in Z-DNA, (d) dG in B-DNA, and (e) dC in B-DNA) and the
composite CD spectra of (c) Z-DNA and (f) B-DNA obtained from
the SAC-CI CD spectra of dG and dC, compared with the
experimental CD spectra® (black lines) of Z-DNA (a—c) and B-
DNA (d—f). The red and blue lines represent the excited state of dG
and dC, respectively. The magenta line in panels ¢ and f represents the
composite spectra.

conformation of dG (monomer) is related to the sign of the
second band but has no effect on the sign of the first band.

The CD spectra of dC have four peaks (Figure Sb,e). The
first peak represents the 7—z* of HOMO to LUMO. The
second peak is the excitation from the nonbonding orbital to
the LUMO. The third and fourth peaks are composed of both
the 7—7* and n—n* from next-HOMO and nonbonding
orbitals to LUMO. The third and fourth peaks are mainly 7—z*
and n—n*, respectively. The SAC-CI CD spectra of dC are
similar in B- and Z-DNA, with two positive and two negative
peaks. The rotatory strength is positive for the first and third
peaks and negative for the second and fourth peaks. Therefore,
the CD spectra of dC are always positive at around 295 nm,
corresponding to the conformation of dC, which is always anti
in DNA.

As shown in Figure Scf, the composite SAC-CI CD spectra
obtained from dG and dC alone are similar between B- and Z-
DNA. The sign at 295 nm is positive for both B- and Z-DNA
because the rotatory strength of dC, which is the lowest peak, is
much stronger than that of dG. Therefore, the composite CD
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Table 3. SAC-CI UV and CD Spectra of dG and dC in Z- and B-DNA

Z-DNA B-DNA
dG (model I, ¢ = 111.3°) dG (model I, ¢ = 276.3°)
EE“ osc? rot* EE* osc” rot*
state (eV) (nm) (au) (107 cgs) nature (eV) (nm) (au) (107% cgs) nature
1'A 4.41 281 0.17 1.25 T — ¥ 4.43 280 0.16 —-10.35 - r*
2'A 4.74 262 0.00 —10.99 n — ¥ 4.88 254 0.00 10.99 n— x*
3A 4.93 251 0.23 20.66 T — S5.13 242 0.25 —33.55 -
4A 5.78 214 0.00 —8.64 n — ¥ 5.9§ 208 0.02 —26.19 T —
s'A 591 210 0.04 —6.56 T — o* 5.99 207 0.01 35.71 n— ¥
6'A 6.11 203 0.00 —4.38 n — ¥ 6.18 201 0.00 9.83 n— ¥
7'A 6.28 197 0.00 3.59 T — o* 6.75 184 0.08 12.35 - o*
8'A 6.59 188 0.30 6.34 T — 6.78 183 0.28 —24.02 - *
dG (model II, ¢ = 117.5°) dG (model II, ¢ = 300.7°)
EE” osc? rot® EE* osc? rot®
state (eV) (nm) (au) (107 cgs) nature (eV) (nm) (au) (107 cgs) nature
1'A 4.37 284 0.16 —4.51 Tt 4.34 286 0.16 —2.47 T -
2'A 4.59 270 0.00 —-3.22 n — ¥ 4.93 251 0.00 —14.67 n — ¥
3'A 491 252 0.22 -3.19 T — ¥ 5.18 239 0.21 —-2.00 T — n*
4'A 5.81 213 0.03 3.23 T - ¥ 5.95 209 0.01 28.84 n — ¥
S'A 5.98 207 0.00 —7.38 T — ¥ 5.99 207 0.03 —6.47 T —
6'A 6.21 200 0.00 7.96 n — ot 6.17 201 0.00 -30.33 n— *
7'A 6.41 193 0.00 3.53 T — o* 6.60 188 0.48 9.78 T —
8'A 6.47 191 0.31 —-0.77 T >t 6.66 186 0.01 3.26 T - o*
dC (¢ = 332.9°) dC (¢ = 323.2°)
EE* osc? rot® EE“ osc? rot®

state (ev) (nm) (au) (107 cgs) nature (eV) (nm) (au) (107 cgs) nature
1'A 4.13 300 0.09 23.85 T — 4.09 303 0.09 14.03 - n*
2'A 4.42 280 0.00 —15.48 n— x* 4.52 274 0.00 —9.15 n — ¥
3'A 5.07 245 0.11 83.92 T+ n— a* 4.99 249 0.07 59.75 T+ n— ¥
4'A 5.27 23S 0.11 —86.39 n+x— ot 5.27 23S 0.15 —80.17 T+n—> ot
S'A 5.73 216 0.00 —13.85 n — ¥ 5.59 222 0.01 393 n — ¥
6'A 6.32 196 0.39 23.49 - 6.25 198 0.32 10.98 7 — r*

“Excitation energy. b Oscillator strength. “Rotatory strength.

spectrum is similar to that of dC for both B- and Z-DNA. As a
result, in the composite CD spectra of B- and Z-DNA, the sign
at around 295 nm is independent of the geometry of the
monomer (dG or dC), even though the CD spectrum of dG
depends on the dihedral angle between the guanine and the
deoxyribose, because the lowest peak originates from dC,
whose geometry is always anti in both B- and Z-DNA. This
indicates that the noninteracting dG and dC cannot explain the
experimental spectra of DNA and that the hydrogen-bonding
or stacking interactions with the neighboring nucleic acid bases
must be important for the CD spectra of DNA.

3.4. UV and CD Spectra of Dimer Models. In the studies
of the structure, spectroscopy, and functions of DNA, it is
generally recognized that the hydrogen-bonding interaction and
the stacking interaction are the two most important interactions
that characterize the properties of DNA. So, we expect that
these interactions might also be the important factors that affect
the features of the UV and CD spectra of DNA. To investigate
the possible origin, we considered the dimer model composed
of dG and dC. These models contained either the hydrogen-
bonding interaction or the stacking interaction (Figure 1).
However, we note that the SAC-CI results using these models
need not be in agreement with the experimental spectra
because these models lack either the stacking interaction or the
hydrogen-bonding interaction. We must use the tetramer
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model, at least, to compare with the experimental spectra as
noted below.

3.4.1. UV Spectra of Dimer Models. Figure 6 shows the
SAC-CI UV spectra of both hydrogen-bonding and stacking
models of both B- and Z-DNA compared with the experimental
UV spectrum. The experimental UV spectra of Z-DNA display
a main peak at 256 nm and a shoulder peak at around 290 nm.
The experimental UV spectrum of B-DNA is very similar, but
the shoulder peak at around 290 nm is weaker. Table 4 shows
the excitation energies, oscillator strengths, rotatory strengths,
natures, and the types of the excited states of the SAC-CI
results for both hydrogen-bonding and stacking models of the
dimer. When the excitation in the dimer model is not within
dG or dC, but corresponds to the electron transfer (ET)
between dG and dC, we assigned it as the ET type.

The SAC-CI UV spectrum of the hydrogen-bonding model
of Z-DNA (Z-Hbond model) is in good agreement with the
experimental UV spectrum of Z-DNA (Figure 6a). Three
strong peaks of the 7—z* nature are calculated. The lowest
strong peak corresponds to the shoulder peak at 4.28 eV (290
nm) of the experimental UV spectrum of Z-DNA. The
remaining two strong peaks correspond to the main peak at
4.84 eV (256 nm) of the experimental UV spectrum of Z-DNA.
Red, blue, and green colors represent the excited states of dG,
dC, and ET, respectively.
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Figure 6. SAC-CI UV spectra for the dimer models. The SAC-CI
spectra (magenta line) of (a) Z-Hbond model, (b) Z-Stack model, (c)
B-Hbond model, and (d) B-Stack model are compared with the
experimental UV spectra* (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.

The shoulder peak in the experimental UV spectrum of Z-
DNA is composed of 1'A (4.39 eV) and 2'A (4.53 eV) states.
The 1'A state (in blue color) of the Z-Hbond model
corresponds to the 1'A state of dC at 4.13 eV, which is the
excitation from the HOMO to the LUMO of dC. This state has
large oscillator strength of the 7—7* nature. In the Z-Hbond
model, this state is blue-shifted by 0.26 eV because the
HOMO-LUMO gap (0.449 au) of the Z-Hbond model is
larger than that (0438 au) of dC. This state is in good
agreement with the first (shoulder) peak of the experimental
UV spectrum of Z-DNA. However, the 2'A state (4.53 eV, red
color) of the Z-Hbond model is assigned to the 3'A state (4.93
eV) of dG, which is the excitation from the HOMO to the next-
LUMO of dG. This large shift of the excitation energy is caused
by the MO-order change. The MO of the Z-Hbond model,
corresponding to the next-LUMO of dG, becomes lower than
the MO of the Z-Hbond model, corresponding to the LUMO
of dG, by the formation of hydrogen bonds with cytosine in the
Z-Hbond model. Therefore, this state is red-shifted by 0.4 eV.
However, the oscillator strength of this state is small, despite its
a—n* nature. The transition moment is canceled because the
main configuration includes not only the excitation from the
HOMO to the next-LUMO in dG but also the excitation from
the next-HOMO to the LUMO in dC and the electron transfer
type excitation from the HOMO of dG to the LUMO and next-
LUMO of dC.

The main peak of the experimental UV spectrum of Z-DNA
is composed of 3'A (4.84 eV) and S'A (4.93 eV) states having
large oscillator strengths (Figure 6a). The 3'A state (so blue
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color) of the Z-Hbond model is assigned to the 3'A state (5.07
eV) of dC, which reflects the strong excitation from the next-
HOMO to the LUMO of dC. The 5'A state (red color) of the
Z-Hbond model is assigned to the 1'A state (4.41 eV) of dG,
which is the excitation from the HOMO to the LUMO in dG.
The excitation energy increases by 0.52 eV because the
HOMO-LUMO gap becomes large, which is the opposite to
that of the 2'A state but again due to the hydrogen-bonding
effect.

For B-DNA, however, the SAC-CI UV spectrum of the
hydrogen-bonding model (B-Hbond model, Figure 6c) also has
both main and shoulder peaks, in which the main peak is higher
and the shoulder peak is lower, as compared with the
experimental UV spectrum of B-DNA. The main peak (4'A
and §'A states) of the SAC-CI spectra of the B-Hbond model is
higher than that of the experimental spectra similarly to the
SAC-CI spectrum of the Z-Hbond model. The 3'A state of dG
in B-DNA is also higher than that in Z-DNA (Table 3). These
results may be related to the fact that dG is more flexible than
dC because the conformation of dG is anti for B-DNA but syn
for Z-DNA. Since the stacking interaction of B-DNA is weaker
than that of Z-DNA, the X-ray structure of B-DNA may be
more flexible than that of Z-DNA. However, the result that the
oscillator strength of the lowest excited state of the B-Hbond
model is weaker than that of the Z-Hbond model is reflected by
the fact that the shoulder peak of the experimental UV spectra
is stronger in Z-DNA but weaker in B-DNA.

For the SAC-CI UV spectra of the stacking models of both
B- (B-Stack model) and Z-DNA (Z-Stack model), the first
excited states originated from dC were calculated at the lower-
energy region (higher wavelength region), but the excitation
energy of the main peak is almost the same between the B-
Hbond and B-Stack models or between the Z-Hbond and Z-
Stack models. If there is no hydrogen-bonding interaction in
DNA, the lowest excited state would be observed in the lower-
energy region of the experimental spectra, separately from the
main peak. The excitation energy of the lowest excited state of
the stacking model is lower than that of the hydrogen-bonding
model by 0.44 eV for Z-DNA and 0.33 eV for B-DNA,
respectively. This result may correspond to the fact that the
lowest excitation energy of cytosine differs between the gas
phase (4.28 ¢V)*® and in solution (4.64 eV).>

For both B- and Z-DNA, the SAC-CI results of the
hydrogen-bonding models (B-Hbond and Z-Hbond) are in
better agreement with the experimental spectra than those of
the stacking models (B-Stack and Z-Stack). Thus, the
hydrogen-bonding interaction is reflected in the UV spectra
of DNA. On the other hand, the shoulder peak observed for Z-
DNA may reflect the stronger shoulder nature of the Z-Stack
model in Z-DNA. However, the UV spectra of DNA provide
little information about stacking interactions between nucleic
acid bases.

3.4.2. CD Spectra of Dimer Models. Figure 7 shows the
SAC-CI CD spectra of both hydrogen-bonding and stacking
models of B- and Z-DNA compared with the experimental CD
spectra. In the experimental CD spectra, the first peak is
negative at 296 nm and the second peak is positive at 275 nm
for Z-DNA. However, B-DNA displays peaks that are opposite
in sign: the first peak is positive at 280 nm and the second peak
is negative at 255 nm.

It is worth nothing that the SAC-CI spectrum has a negative
peak at 295 nm only for the stacking model of Z-DNA (Z-
Stack), but for the other models, the SAC-CI spectrum is

dx.doi.org/10.1021/jp3085556 | J. Phys. Chem. A 2013, 117, 42-55
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Figure 7. SAC-CI CD spectra for the dimer models. The SAC-CI
spectra (magenta line) of (a) Z-Hbond model, (b) Z-Stack model, (c)
B-Hbond model, and (d) B-Stack model are compared with the
experimental CD spectra® (black line) of Z-DNA (a,b) and B-DNA
(¢,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.

positive at 295 nm. Therefore, the strong negative sign of the
CD spectra at 295 nm indicates that a strong stacking
interaction exists in Z-DNA. The SAC-CI CD spectra of both
stacking models (B-Stack and Z-Stack models) more closely
resemble the experimental CD spectra of B- and Z-DNA than
those of the hydrogen-bonding models (B-Hbond and Z-
Hbond models). For the SAC-CI CD spectrum of the Z-Stack
model, the first and second peaks are negative and positive,
respectively, but they are the opposite of those obtained from
the Z-Hbond model. For the B-Stack and B-Hbond models,
however, the first peak is positive in the SAC-CI CD spectra,
but the second and third peaks are negative and positive,
respectively, for the B-Stack model in opposition to the B-
Hbond model. Since the stacking models do not have the
hydrogen-bonding interactions, the excitation energy of the first
peak is lower than that of the experimental spectrum, as noted
above.

In the Z-Stack model, the first peak with a negative sign is
assigned to the 1'A (3.95 V) and 2'A (4.21 eV) states (Table
4). The 1'A state of the Z-Stack model corresponds to the 1'A
state (4.13 V) of dC, which is the excitation of the z7—z* from
the HOMO to the LUMO in dC. A large oscillator strength is
the origin of the first (shoulder) peak but the excitation energy
is lower than the experimental value because there is no
hydrogen bond in the Z-Stack model. The rotatory strength of
the 1'A state of dC changes the sign from positive to negative
by the stacking interaction with dG. Therefore, the stacking
interaction between dG and dC accounts for the strong
negative sign of the CD spectra in Z-DNA.
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The excitation energy of the 2'A state (4.21 eV) is also close
to the first peak of the experimental CD spectrum. This state is
assigned to the 1'A state (4.37 eV) of dG, which is the HOMO
to LUMO 7—7n* excitation in dG but also includes the
contribution of the excitation from the next-t HOMO to LUMO
in dC. The oscillator strength in the UV spectrum is small
because this state differs from the 1'A state of dG by the
inclusion of the excitation in dC. Although the excitation
energy is shifted by the formation of hydrogen bonds between
dG and dC, the rotatory strength of a large negative may
contribute to the strong negative sign of the CD spectra in Z-
DNA. In the 3'A state (4.45 €V), which is the excitation from
nonbonding orbital to the LUMO in dC, the rotatory strength
changes to positive from the negative sign of the monomer dC.
However, this state is not the origin of the second peak as will
be noted later in the tetramer model section. Thus, the rotatory
strength is strongly affected by the stacking interaction.

Three important excited states are calculated in the higher-
energy region of the second peak. The S'A state (4.85 eV) has
the largest oscillator strength and is assigned to the 3'A (4.91
eV) state of dG, which is the excitation from HOMO to next-
LUMO. This state is assigned to the main peak (4.84 eV) of the
experimental UV spectrum of Z-DNA. The 6 and 7'A states
(4.99 and 5.26 eV) with a large rotatory strength are the ET
state from the HOMO of dG to the LUMO of dC. The main
configuration of the 7'A state also includes the excitation from
the next-HOMO to the LUMO in dC.

In the B-Stack model, the first peak with a positive sign is
assigned to the 1'A state (4.04 eV). This state corresponds to
the 1'A state (4.09 eV) of dC, which is the excitation from the
HOMO to the LUMO. The 2'A state (4.40 eV) is assigned to
the 1'A state (4.34 eV) of dG, which reflects the excitation
from the HOMO to the LUMO. Since the B-Stack model does
not have hydrogen bonds, the excitation energies are close to
those of dG or dC. Both states have the oscillator strength but
the 1'A state is positive, while the 2'A state is slightly negative
for the rotatory strength, which is the same as for the
monomers dC and dG, respectively. Therefore, the stacking
interaction of B-DNA has little effect on the sign of the CD
spectra at 295 nm because the stacking interaction is weaker in
B-DNA than in Z-DNA.

The second peak with a negative sign is assigned to the S and
6'A states with a large rotatory strength. The S and 6'A states
(5.07 and 5.12 eV in Table 4) are assigned to the 2 and 3'A
states (4.93 and S5.18 €V in Table 3) of dG, which are the
excitations from the nonbonding orbital and the HOMO to the
next-LUMO. The main configuration is n—z* for the 5'A state
and 7—7* for the 6'A state. Both states have strong oscillator
and negative rotatory strengths, which means that they can be
assigned to the main peaks.

The first ET excited states (7'A state, 5.21 eV) of B-Stack
model are calculated at a higher region than that (6'A state,
4.99 eV) of the Z-Stack model because the stacking interaction
is weaker in B-DNA than in Z-DNA.

The SAC-CI results show that both hydrogen-bonding and
stacking interactions affect the UV and CD spectra of DNA. In
particular, the excitation energy of the first excited state
increases by the formation of hydrogen bonds and the stacking
interaction changes the sign of the CD spectrum of the first
excited state from positive to negative. The strong stacking
interaction characteristic of the helical structure of Z-DNA is
the origin of the strong negative sign at around 295 nm in the
CD spectra. The hydrogen-bonding and stacking interactions
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also confer other smaller effects on the UV and CD spectra of
DNA. In the higher energy region, the SAC-CI CD spectra are
not in good agreement with the experimental CD spectra
because these models have either hydrogen-bonding interaction
or stacking interaction, but not both. Therefore, we need to
investigate a better model that includes both hydrogen bonding
and stacking interactions, within the same model. A minimum
such model is the tetramer model of Figure 1, on which we
explain in the next section.

3.5. Tetramer Model. The SAC-CI calculations of the
dimer models were suitable to investigate the effects of the
hydrogen-bonding interaction and the stacking interaction,
separately. For example, the SAC-CI UV spectra of the
hydrogen-bonding models were in good agreement with the
experimental UV spectra, implying the importance of the
hydrogen-bonding interaction. The SAC-CI CD spectra for the
stacking model clarified that the stacking interaction is the
source of the negative CD peak at around 295 nm. However,
generally speaking, the SAC-CI CD spectra were markedly
different from the experimental spectra. The SAC-CI UV
spectra of the stacking models were composed of two peaks,
different from the experimental UV spectra. Thus, the
information that we gained from the dimer models still did
not fully resolve these differences in the spectra acquired by two
different processes. So we used the tetramer model (Figure 1),
which included both hydrogen-bonding and stacking inter-
actions within the same model.

Figure 8 shows the SAC-CI UV and CD spectra of the
tetramer model of Z-DNA (Z-Tetra model) and B-DNA (B-
Tetra model), in comparison with the experimental UV and
CD spectra. In order to compare the experimental spectra, the
SAC-CI results were shifted to lower energy by 0.5 eV. The
computational conditions were poor, as compared with the
other SAC-CI calculations. In the tetramer calculations, the d-
polarization functions were not added, and the small active
space was used. The SAC-CI calculations using the small active
space and without the d-polarization functions gave higher
excitation energies by about 04—0.5 eV (see Supporting
Information, Table S1) for the hydrogen-bonding dimer
models. In particular, the excited states corresponding to the
main peak of the experimental UV spectra were shifted by 0.48
eV for both the Z-Hbond model (6'A state) and the B-Hbond
model (7'A state).

Table 5 shows the excitation energies, oscillator strengths,
rotatory strengths, natures, and type of the excited states of the
SAC-CI results for tetramer models.

The SAC-CI UV spectrum of the Z-Tetra model is in good
agreement with the experimental UV spectrum of Z-DNA. The
main peak as well as the shoulder peak is reproduced by the
SAC-CI method. The shoulder peak is assigned to the 4 and
5'A states, which is the 7—z* excitation (HOMO to LUMO)
in dC, and the main peak is assigned to the 10'A state, which is
the 7—z* (HOMO to next-LUMO) excitation in dG.

The SAC-CI UV spectrum of the B-Tetra model is also in a
reasonable agreement with the experimental UV spectrum of B-
DNA, although the shape of the shoulder is slightly different. In
the B-Tetra model, the shoulder peak is assigned to the 2'A
state, which is the z—z* (HOMO to LUMO) excitation in dC,
and the main peak is assigned to the 8'A state, which is the
a—n* (HOMO to next-LUMO) excitation in dG.

The sign of the rotatory strength is the same between the
SAC-CI CD spectrum of the Z-Tetra model and the
experimental CD spectrum of Z-DNA, although the negative
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Figure 8. SAC-CI UV and CD spectra for the tetramer models. The
SAC-CI spectra (magenta line) of Z-Tetra model (a)b) and B-Tetra
model (c,d) as compared with the experimental UV and CD spectra®*
(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. All excited states of SAC-CI calculations have been shifted
to the lower values by 0.5 eV.

rotatory strength at 295 nm is very weak because the
polarization functions were not included in the tetramer
models. It is well-known that the basis set must be good for an
adequate description of the stacking interaction.”*® In the
dimer model, the lack of polarization d-functions and the
smaller active space changed the intensity and sign of the
rotatory strength (see Supporting Information, Table S1).

Since the stacking interaction is small in B-DNA, the SAC-CI
CD spectrum of the B-Tetra model is in good agreement with
the experimental CD spectrum of B-DNA and reproduces not
only the sign of the rotatory strength but also the overall shape
of the spectrum.

In Z-DNA, the 1'A state is assigned to the first peak of the
experimental CD spectrum. The 1'A state is the ET excitation
from the HOMO of dG to the LUMO of dC through the
stacking conformation. The 3 and S'A states with a large
negative rotatory strength are the excitation from the HOMO
to the LUMO in dG and dC, respectively. These states also
contribute to the first negative peak, as in the 1 and 2'A states
with a negative rotatory strength in the Z-Stack model. The 8
and 10'A states are assigned to the second peak of the CD
spectrum. The 10'A state, which is the origin of the main peak
of the UV spectrum, and the 7z—z* of dC (8'A state) also
contribute to the second peak of the CD spectrum.

In B-DNA, the first peak of the CD spectrum is assigned to
the 2'A state of 7—z* (HOMO to LUMO) in dC, which is the
same as the origin of the first peak of the UV spectrum. The ET
states are calculated at the higher energy region than the 2'A
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state because the stacking interaction is weaker in B-DNA than
in Z-DNA (Figure 1). Therefore, the first peak of the
experimental CD spectra originates from the ET excitation
from dG to dC for Z-DNA but corresponds to the
intramolecular excitation in dC for B-DNA. The second peak
with a negative sign is assigned to the 8'A state. The 8'A state,
which is the 7—n* of dG, is the origin of both the main peaks of
the UV spectrum and the second peak of the CD spectrum.

The ET excited states of the tetramer models were calculated
at a lower energy region than those of the dimer models for
both B- and Z-DNA. This result may be related to the overlap
between the nucleic acid bases. The overlap exists only in part
of the nucleic acid bases in the dimer models, but in the
tetramer models, the overlap covers the hydrogen bonds as well
as the nucleic acid bases. The ET excited states are important
for the CD spectrum of Z-DNA because the lowest excited
state is the ET type and is negative for rotatory strength, but for
B-DNA, the ET excited states are not important because these
states are weak in both oscillator and rotatory strengths.

The SAC-CI results of the tetramer models are calculated at
a higher region by about 0.5 eV because of the small active
space. Therefore, better SAC-CI calculations are required for
comparison with the experimental UV and CD spectra of DNA.
However, these results indicate that the strong stacking
interaction characteristic of the helical structure of Z-DNA
changes the sign of the rotatory strength for the lowest excited
states of dG and dC and produces the emergence of the ET
excited states.

4. CONCLUSIONS

DNA chemistry is affected by three important factors: (1) the
conformation of the monomer (dG), which is related to the
dihedral angle between deoxyribose and guanine; (2) the
hydrogen-bonding interactions; and (3) the stacking inter-
actions between two nucleic acid bases. To verify whether these
three factors are important for the CD spectra of DNA, we
examined four different models using the SAC-CI method.

(1) dG monomer model: We first applied the SAC-CI
method to the dG monomer to examine the effect of
conformation on the CD spectra of dG and, from this result,
to identify the structure of the dG monomer in solution. Our
calculations showed that the shape and the sign of the CD
spectra depend strongly on the dihedral angle between the
deoxyribose and the guanine, but that the SAC-CI UV spectra
of both anti- and syn-dG are very similar because the UV
spectra are not strongly dependent on the conformation. The
experimental CD spectrum agreed with the theoretical
spectrum of dG only for the anti conformation. The resulting
thermally averaged spectra also support the anti geometry of
dG as a stable conformation in solution. However, the SAC-CI
CD spectrum of syn-dG is opposite in sign from that of the
experimental spectrum. Thus, the SAC-CI CD spectra of dG in
both anti and syn conformations do not explain the negative
sign at 295 nm of the CD spectra of the DNA composed of dG
and dC.

(2) Composit model of dG and dC monomers: A
comparison of the calculated composite spectra of dG and
dC with the experimental spectra of the two-component DNA
showed similarities between B- and Z-DNA because the
conformation of dC is always anti in both B- and Z-DNA.
The SAC-CI results led us to confirm that that the
conformation of dG is not the origin of the negative peak at
295 nm in Z-DNA.
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(3) Dimer model: Our examination of the dimer model
permitted us to investigate the separate importance of the
hydrogen-bonding and the stacking interactions in the
structural chemistry of B- and Z-DNA. The SAC-CI
calculations showed that the hydrogen-bonding interactions
change the excitation energies and that the stacking interactions
are responsible for the changes in the sign of the CD rotatory
strength. The SAC-CI UV spectra of the hydrogen-bonding
models (B-Hbond and Z-Hbond models) are similar to the
experimental UV spectra in which the main peak as well as the
shoulder peak is well reproduced. The SAC-CI CD spectra of
the stacking models (B-Stack and Z-Stack models) have the
same sign as the experimental CD spectra. We concluded that
the stacking interaction is especially important for the CD
spectrum of the strongly stacked Z-DNA because the CD signal
at 295 nm changed to a negative sign only for the Z-Stack
model.

(4) Tetramer model: Finally, our calculations with the
tetramer model that contain both hydrogen-bonding and
stacking interactions revealed that the shape of the SAC-CI
UV and CD spectra compared well with the experimental ones.
The ET excitations as well as the lowest intramolecular
excitation of dC and dG are the origins of the negative sign of
the experimental CD spectrum of Z-DNA. The ET excited state
is calculated at a lower energy region than the intramolecular
excited states of dG or dC for the strongly stacked Z-DNA but
at a higher energy region for the weakly stacked B-DNA. The
negative sign of the first peak of the experimental CD spectra of
Z-DNA is due to the strong stacking effect characteristic of its
helical structure.

The dynamic behavior of the dG monomer in solution was
partially considered by taking the Boltzmann averaging of the
calculated spectra over the various conformations. Fortunately,
the Boltzmann averaged SAC-CI CD spectrum was in good
agreement with the experimental spectra, although the SAC-CI
CD spectra largely depend on the conformation of dG.
However, in this study, we used only the static model for dimer
and tetramer models. The SAC-CI CD results of the dimer and
tetramer models explained the difference between the
experimental CD spectra of B- and Z-DNA. However, since
the structure of DNA would also be flexible in solution, it is
necessary to take into account the dynamic behavior of DNA.
This is an important and interesting topic.
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