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Electronic Structure of DNA Nucleobases and Their Dinucleotides Explored by Soft X-ray
Spectroscopy
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The electronic structures of a series of DNA nucleobases and their dinucleotides were investigated by N 1s
X-ray absorption, X-ray photoemission, and resonant X-ray emission spectroscopy. Resonant X-ray emission
spectra of the guanine base and its dinucleotide indicate that it has a weak structure at the lowest binding
energy; at this energy, it isolates from the main valence band and forms the HOMO state. This indicates that
the HOMO state is localized in the guanine base, as claimed by valence and core photoemissions and expected
from theoretical predictions. In addition, the XAS and XES profiles of the guanine dinucleotide indicate that
disruption of the aromatic character of the six-membered ring results in the localizationsofthte at the

imine (—N=) site of the guanine base; this may favor charge transfer among stacked guanine bases and
further influence the conductivity of DNA.

Introduction conductivity of DNA can be controlled by changing the amount

Since the early 1960s, a decade after the discovery of theOf holes doped by anhydrous catlons.. o .
double helix structure of DNA by Watson and Critkhere In order to understand the underlying principles leading to
have been numerous experimental reports on the transportIhe above scenario, it is important to know the electronic states
properties of DNA2-10 The chemistry of DNA fibers can be of DNA near the band gap. These states are, in each case,

controlled and tuned by acting on the sequential combination get_ernéinfed byha comlbingtion of_glectro_nic stathes, Vr:’hiCh ared
of its four nucleobases, thymine, adenine, guanine, and cytosine. erived from IE ehnuc ?\0 ases, frf' osz Sngﬁé P ?Sp 6_‘3_38' an
Several contradictory experimental results have been reported COUNter ions. Further, they are affected by theNCglycosidic
wherein DNA has been claimed to be a wide gap semiconductor bond between the anomeric carbon of the ribose and the nitrogen
to a metal and even a superconducfoFhis clearly indicates ~ ©f aknuclefot;]ase, hlydrt())gen blondsd betwede_n a basle pﬁ“rh and
that these experiments are very delicate to perform, since theySt"JlC Ing o tﬁe nuc ec; ?ses. nor e{_) to |rs]en[t)aNng ?—|a these
involve the handling of single DNA double-strands and their concurrent effects and learn more about the DNA HOMO
interaction with a support having metallic contattRecently LUMO states, we need to study the valence electronic structures
some ambiguities related to the differences in the experimental ©f tl?e b_‘é'ld'ng blocks of DNA, i.e., the single nucleobases and
results appear to have been resol¥#&d® Kino et al. suggested nucleotides. )
that the electronic states of an anhydrous cation can form a Very recently, MacNaughton et al. reported the electronic
lowest unoccupied molecular orbital (LUMO) very close to the Structure of the nucleobases; unoccupied and occupied electronic
valence band and can dope a hole into the highest occupiedStructures were elucidated using soft X-ray absorption spec-
molecular orbital (HOMO) localized in the stacked base pairs; roSCopy (XAS) and X-ray emission spectroscopy (XES).
this could be one of the possible reasons for the conductivity Figure 1 illustrates the transitions involved in XAS and XES.
of DNA. This implies that just as the conductivity of ordinary XES is known to be a bulk-sensitive method since it involves
semiconductors can be controlled by carrier doping, the the photon-in and photon-out proces$&s? XES is also
applicable to wet materiaf. Although photoemission spec-
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Figure 1. Schematic drawing of (a) N 1s XAS and (b) N 1s XES.
Tuning the excitation energy to the lowestpeak, we obtain the partial

occupied DOS at the imine site by N 1s XES.

ntensity (arb. units)

nitrogen atom is only included in the nucleobases, N 1s core <
excitation was used to observe the changes in the electronic—
structure of the nucleobases, which will provide complementary
information to C 1s or O 1s core spectroscopy that is also
essential to unravel the electronic structure of nucleobases,
nucleotides, or amino acid82224 More specifically, the
nucleobases show the presence of two characteristic nitroger

—©—nucleobase

sites, i.e., imine £N=) and amine £N—) sites, which have ——dinucleotide
different core levels due to chemical shift. In order to elucidate el I Tl I I A A
site-specific information, we used resonant XES by tuning the 400 405 410 415
excitation energy so that it was sensitive to particular gftes. o

The resonant XES in Figure 1 illustrates a particular case, Excitation energy (eV)

selecting the imine site. These results were compared to thoseFigure 2. N 1s XAS spectra of adenine, guanine, cytosine, thymine,
obtained by PE® and resonant Auger electron spectrosc8py, and their dinucleotides. Schematic diagrams of the four nucleobases
thus it was demonstrated that unique information can be obtained@re also shown beside the spectra.

using resonant XES. ) o
Gaussian peaks, and the binding energy of the lowest component

Materials and Methods was used to plot the XES spectra against binding energy.
A singl tal of . f leob . deni From the XPS measurements, we confirmed that the dinucleo-
singlé crystal of a Series of NUCIEobases, 1.€., adenineg, ;4.4 i not include sodium ions as counter cations attached

guanine, cytosine, and thymine, was prepared by one of USi 1 the outermost N
L " phosphate group. These sodium ions may have
(K.T.), and their dinucleotide powders were purchased from been in the form of anhydrous cations under high vacuum and

Hokkaldlo Styztgm dsc’;'.ﬁnge C?' Lttd' TTS dlnucleotlflet.powiegs played a role in the transport propertiés hus, the differences
were solvated in distified water 1o yield a concentration o between the nucleobases and their dinucleotides discussed in

mg/mL; 150uL of the solvated sample was dropped on a copper ., L
sample plate and dried overnight in a desiccator. No further ';EI: g&g?&?;ypﬁigpuheag the-Gi glycosidic bond as well as

purification was carried out. We also calculated N 2p partial DOS at a specific nitrogen

N 1s XAS and XES measurements were performed at BL- _. f | h . & f
19B?” and BL-2C?8 respectively, at Photon Factory, KEK. The site for nucleobases. The Gaussian03 packages used for
' ’ ’ : the density functional theory with the gradient corrected

XAS spectra were obt_alned at BL-lQB by measuring the total correlation functional (PW91). The 6-31G(d,p) basis set was
X-ray fluorescence using a Si photodiode, and the XES spectra . .
were obtained at BL-2C using a Rowland mount type soft X-ray crployed fo relax atomic positions. The 6-31(3df, 3pd)

9 typ Y basis set was used to calculate eigenenergies. The N 2p partial

gnmc;silzoonoslii)r?gst;z]rrr%egter with a holographic gratifg o radius DOS of a specific nitrogen site having the lowest N 1s binding
. . energy was compared with the experimental results, whereas
The total energy resolution of the XAS and XES spectra was h f oth . . | ken in th b
0.1 and 0.5 eV, respectively. The incidence angle of the those o qt er nitrogen sites were also taken .|nt. € spectra by
: ) ’ : exponential decay exp{AQt./h), where AQ indicates an

exiion bea io the sample noml vas fxed 6.1ve  SRRRCLR Y MG I o Berene
P bl p the N 1s binding energys. is the lifetime of the N 1s core

changed every 5 min to minimize the radiation damage caused . L
by intense X-rays at 20 photons/(scn). Phc?lse,sgr:jtzgzls the Planck constant. We applied= 4.7 fs for

In order to plot the XES spectra against binding energy, we
also measured the N 1s XPS of the four nucleobases and their, . .
dinucleotides. XPS measurements were carried out using a VGReSUItS and Discussion
ESCALAB 250 spectrometer (Thermo Electron Co.) that  Figure 2 shows the N 1s XAS spectra of the four nucleobases
employed monochromatic X-ray AIK (1486.6 eV, 200 W) and their dinucleotides. The molecular structure of each nucleo-
radiation. In order to avoid any charge build-up, the samples base is sketched beside its spectrum. The profile of the XAS
were masked using a copper tape with a nonfocused 4 eVspectra can be separated into twbstates below 403 eVg*
electron shower. Overcompensation was tuned by taking thestates around 405 eV and a resonance state beyond these energy
binding energy of the €C bonding to be 285.0 e The levels3334The lower and higher* peaks primarily correspond
obtained spectra were decomposed into a relevant number ofto the imine and amine sites, respectively. Titfestates at the
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Figure 3. N 1s XPS spectra of the four nucleobases and their
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change in the valence electronic structure, rather than due to a
chemical shift.

Figure 4 shows the N 1s XES spectra of the nucleobases
obtained by resonant excitation to th# states at the imine
sites. They are plotted as a function of binding energy. For
thymine, we used the XES spectra that were obtained by
excitation below the absorption edge A and plotted it as a
function of the energy difference (binding energyAE). This
procedure is crucial when plotting an XES spectrum as a
function of binding energy while assuming that the XES
spectrum shifts linearly until the excitation energy reaches the
absorption edge. Generally, features above 8 eV correspond to
the emission fromo orbitals, whereas those below 8 eV
correspond to the emission framorbitals. Since we used the
lowest 7* peak as the excitation energy, the XES spectrum
reflects the DOS at the imine sites. Crosses on the cytosine
spectrum indicate false structures that were produced by X-ray
irradiation-induced damage. Figure 4 also shows the calculated
N 2p partial DOS spectra of the nucleobases at the imine sites,
which have been shifted 0.6 eV toward the lower binding energy
in order to align the overall profile with the experimental result.
Electronic structures frora andzr contributions are displayed
separately. The calculation is approximately consistent with the
experiment apart from the intensity at higher binding energy in

thymine and at lower binding energy in adenine. An isolated
structure appears around 4 eV on the guanine XES spectrum in
Figure 4. Compared with the calculation, this can be assigned

amine sites of guanine and cytosine are shifted toward a higher
energy level for the corresponding dinucleotides. According to

Kirtley et al., the aromatic character of the six-membered ring A )
of guanine and cytosine may be disrupted by theNC as thesr state at the imine site that forms the HOMO level.

glycosidic boncP3 which results in a blue shift of the* state Further, the HOMO level c_)f gu:_;\nine is slightly higher than that
at the amine sites. It is possible that the amine site in the six- Of other nucleobases. This is in agreement with the results of
membered ring is responsible for the shift to a hightpeak previous works in that guanine contributes to the HOMO state
since a six-membered ring with both imine and amine sites is iN DNA.%

exclusive to guanine and cytosine. However, as shown in Figure Figure 5 compares the N 1s XES spectra of guanine and its
3, the shift is not clearly recognized in the N 1s XPS spectra of dinucleotide; the spectra were obtained by resonant excitation
their dinucleotides. Thus, the peak shift in the XAS spectra of to thes* states at the imine sites. The valence emission spectra
guanine and cytosine dinucleotides may be mainly due to a at the imine sites of both guanine and its dinucleotide indicate

N 1s resonant XES of nucleobases
O experiment
I calculation (] :n, | :0)

Intensity (arb.units)
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Figure 4. N 1s XES spectra of the nucleobases observed by resonant excitation of the-hi=g ite (left panel) and enlarged spectra near the
valence band top (right panel). They are plotted against binding energy by using the N 1s core levels measured by XPS, which are described below
each spectrum. The horizontal dotted lines and vertical arrows (right panel) act as guides to identify the HOMO level of each nucleobase. The

horizontal dashed lines indicate the baseline of the detector to indicate the offset level of the signal. Further, the calculated DOSs aroteud the exci
atom are shown as line spectra. Crosses on the cytosine spectrum indicate false structures that were produced by X-ray irradiation-induced damage.
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! enhanced localization of the state at the imine site. Thus, it
Guanine N 1s XES may play an important role in the electronic conductivity of
guanine DNA.
—— guanine dinucleotide
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