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Photodetachment photoelectron spectroscopy is used to probe the
electronic structure of mono-, di-, and trinucleotide anions in the
gas phase. A weak and well defined threshold band was observed
in the photoelectron spectrum of 2�-deoxyguanosine 5�-mono-
phosphate at a much lower ionization energy than the other three
mononucleotides. Density function theory calculations revealed
that this unique spectral feature is caused by electron-detachment
from a � orbital of the guanine base on 2�-deoxyguanosine
5�-monophosphate, whereas the lowest ionization channel for the
other three mononucleotides takes place from the phosphate
group. This low-energy feature was shown to be a ‘‘fingerprint’’ in
all the spectra of dinucleotides and trinucleotides that contain the
guanine base. The current experiment provides direct spectro-
scopic evidence that the guanine base is the site with the lowest
ionization potential in oligonucleotides and DNA and is consistent
with the fact that guanine is most susceptible to oxidation to give
the guanine cation in DNA damage.

DNA oxidation � nucleotide

The ionization of nucleotide plays very important roles in the
chemistry and biology of DNA. Induced by electrophiles or

ionizing radiation, the electron-deficient site (hole) on the
nucleotide and its migration may lead directly to DNA damage
(1–6). In most cases, guanine is the initial oxidation site, or the
electron-loss center ultimately moves through the DNA � stack
to end up at a guanine base (7). This observation is attributed to
the low ionization potential (IP) of guanine relative to the other
DNA bases (8–10). Thus, the electronic structure of nucleotides
and their ionization properties are essential for understanding
the mechanism of DNA damage. Extensive experimental and
theoretical studies have focused on these topics (11–19). In
particular, LeBreton and coworkers (9, 20–24) have investigated
the ionization of nucleic acid bases, sugar residue, and the
phosphate in the gas phase by using UV photoelectron spec-
troscopy (PES) and then combining these studies and molecular
orbital calculations to address the electronic structure of the
nucleotides. Gas-phase studies probe the intrinsic electronic
properties of the nucleotides and provide important experimen-
tal data to compare with and verify theoretical results and
methods.

Matrix-assisted laser desorption ionization (25) and electros-
pray ionization (26) techniques provide powerful tools for
characterizing biological molecules in the gas phase. The gas-
phase conformations of a series of free mononucleotide, dinu-
cleotide, and trinucleotide ions were investigated by using ma-
trix-assisted laser desorption ionization and ion-mobility
experiment by Bowers and coworkers (27–30). Our group has
developed an experimental technique that couples an electro-
spray ionization source with a magnetic-bottle photoelectron
spectrometer (31) to investigate multiply charged anions and
solution species in the gas phase (32, 33). Here, we report a PES
study on a series of singly charged nucleotide anions in the gas
phase, including all 4 2�-deoxy-5�-mononucleotide anions, all 16

dinucleotide anions, and 8 selected trinucleotide anions. PES
spectra were taken at 157 nm, and the electron-detachment
energies for each species were measured. It is interesting that a
weak and well defined threshold band was observed in the
spectra of all the species containing one or more guanine base,
yielding a much lower electron-detachment energy than the
other nucleotides. Density function theory calculations revealed
that this unique spectral feature is caused by the electron
detachment from a � orbital localized on the guanine base. Our
observation provides direct spectroscopic evidence that the
guanine site indeed has the lowest IP in the oligonucleotides and
thus should serve as the reducing agent or the ultimate oxidation
site in DNA damage.

Materials and Methods
PES. Details of the experimental method have been given else-
where (31). Briefly, 1 mM sample solutions were prepared by
dissolving the nucleotides or their sodium salts in a water�
methanol mixed solvent (1:4 volume ratio) and were introduced
into the gas phase by electrospray. Deprotonated nucleotide
anions generated from the electrospray source were guided into
a quadruple ion trap, in which ions were accumulated for 0.1 sec
before being pulsed into the extraction zone of a time-of-f light
mass spectrometer. During the PES experiment, the anions of
interest were mass-selected and decelerated before being inter-
cepted by a probe laser beam in the photodetachment zone of a
magnetic-bottle photoelectron analyzer. In the current study,
157-nm (7.866-eV) photons from an F2 excimer laser were used
because of the relatively high electron-binding energies of the
singly charged nucleotide anions. Photoelectrons were collected
at nearly 100% efficiency by the magnetic bottle and analyzed in
a 4-m-long electron-flight tube. Photoelectron time-of-f light
spectra were collected and then converted to kinetic energy
spectra, calibrated by the known spectra of I� and O�. The
electron-binding energy spectra (EB) presented here were ob-
tained by subtracting the kinetic energy (KE) spectra from the
detachment photon energies (EB � h� � KE). The electron
kinetic energy resolution (�KE�KE) was �2% (i.e., �10 meV
for 0.5 eV electrons), as measured from the spectrum of I� at
355 nm.

Theoretical Methods. The NWCHEM computational chemistry
program (34) was used to determine the geometrical and
electronic structures. All species were optimized by using
density functional theory (35, 36) and the hybrid B3LYP
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(Becke three-parameter hybrid functional combined with
Lee–Yang–Parr correlation functional) exchange-correlation
functional (37, 38). We used the triple � valence basis set with
long-range polarization functions optimized for density func-
tional theory (39) by adding diffuse functions derived from an
even-tempered expansion of the outermost functions in the
original basis set. Thus, an additional diffuse s function was
added to each hydrogen atom (exponent � 0.04573), and
diffuse s and p functions were added to carbon, oxygen,
nitrogen, and phosphorus atoms (exponents 0.04441 and
0.02922 on carbon, 0.08142 and 0.04812 on oxygen, 0.06035
and 0.04073 on nitrogen, and 0.04026 and 0.02813 on phos-
phorous). Frequencies were calculated for all species to con-
firm that the geometries were minima on the potential energy
surface. The Extensible Computational Chemistry Environ-
ment (ECCE) (40) was used to set up, launch, and evaluate the
results from NWCHEM. We computed the theoretical vertical
electron-detachment energy (VDE) of an anion as the differ-
ence in total energy between the optimized anion and the
neutral molecule calculated at the anion geometry.

Results and Discussion
Photoelectron Spectra and Electron-Binding Energies of Mononucle-
otides. The 157-nm spectra of the four mononucleotide anions,
2�-deoxyadenosine 5�-monophosphate (dAMP�), 2�-deoxycyti-
dine 5�-monophosphate (dCMP�), 2�-deoxyguanosine 5�-
monophosphate (dGMP�), and 2�-deoxythymidine 5�-mono-
phosphate (dTMP�), are shown in Fig. 1. The spectral patterns

for dAMP�, dCMP�, and dTMP� are similar: each has a spectral
onset at �5.4 eV with broad and continuous spectral features,
suggesting high density of electronic states for the nucleotides.
However, the spectrum of dGMP� is distinctly different: it
displays a weak and well separated band at much lower binding
energies, whereas the higher binding energy part of this spectrum
is similar to those of dAMP� or dCMP�. The adiabatic electron-
detachment energy (ADE) and VDE for each mononucleotide
were determined and are given in Table 1. Note that the ADE
of dGMP� is lower than that of dAMP� by almost 1 eV. Because
of the lack of a well resolved threshold band for dAMP�,
dCMP�, and dTMP�, their VDEs only could be estimated.

Structures and Energetics of the Mononucleotides. Initial confor-
mational analysis was done on a set of 1�-pyrrolo-2�-deoxyribose-
5�-monophosphate anions to determine the low-energy con-
formations for the deoxyribose monophosphate moiety. The

Table 1. The experimental ADEs and VDEs and the calculated
VDEs for the four mononucleotides

Mononucleotide ADE*
VDE

(experimental)
VDE

(calculated)

dAMP� 5.55 � 0.10 6.05 � 0.50† 5.23
dCMP� 5.30 � 0.10 5.80 � 0.50† 5.24
dGMP� 4.61 � 0.10 5.05 � 0.10 4.90
dTMP� 5.40 � 0.10 5.85 � 0.50† 5.36

All energies are in eV.
*The ADEs were measured by drawing a straight line along the leading edge
of the threshold band and then adding a constant to the intersection with
the binding energy axis to take into account the instrumental resolution at
the given energy range.

†Because of the lack of separated threshold band, the VDEs should be con-
sidered as rough estimates.

Fig. 1. Photoelectron spectra of deprotonated 2�-deoxy-5�-deoxymono-
nucleotide anions dAMP� (a), dCMP� (b), dGMP� (c), and dTMP� (d) at 157 nm
(7.866 eV).

Fig. 2. The lowest-energy conformations for anti-dAMP� (a), anti-dGMP�

(b), anti-dTMP� (c), anti-dCMP� (d), and syn-dGMP� (e).
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lowest-energy conformation was the C3�-endo, corresponding
closely to the conformation in the B-DNA double helix. Fig. 2
shows the low-energy conformations for the corresponding
mononucleotide anions; those for the dAMP�, dCMP�, and
dTMP� anions are the lowest energy conformation in the gas
phase corresponding to the ‘‘anti’’ conformation in DNA. Two
dGMP� structures are shown in Fig. 2: the anti conformation
(Fig. 2b) is higher in energy (by 11.2 kcal�mol) than the ‘‘syn’’
conformation (Fig. 2e), in which the guanine base is rotated to
allow the formation of an internal H bond between the amide
group of the base and the deprotonated phosphate. Fig. 3 shows
the calculated lowest-energy conformations for the four mono-
nucleotides with the highest occupied molecular orbital
(HOMO) isosurface of the Kohn–Sham molecular orbital (41)
for each anion. The current results are consistent with the recent
ion-mobility experiment and AMBER calculations (27). The cal-
culated VDEs are also listed in Table 1, but they all seem to be
smaller than the experimental values.

Kohn–Sham molecular orbital energies (42) for the global min-
ima of the 2�-deoxyribonucleotides are shown in Table 2. The anti
conformation of dGMP� is included for comparison. All anions
have occupied orbitals with negative energies (i.e., these are all
stable species in the gas phase). The closely lying molecular orbitals
for all of the four species are qualitatively in agreement with the
congested PES spectra (Fig. 1). Note that their relative energies are
also consistent with the experimental ionization energies. In par-

ticular, the low binding energies of dGMP� are reproduced. It is
most important that the calculations show that the HOMO of
dGMP� is on the base, whereas the HOMOs for the other three
nucleotides are localized on the phosphate, as shown in Fig. 3. Thus,
the distinct low-energy band in the spectrum of dGMP� is caused
by ionization of the guanine base, whereas the onset of the spectra
for dAMP�, dCMP�, and dTMP� is caused by electron detach-
ment from the phosphate. Among the four free nucleic acid bases,
guanine is known to possess the lowest IP (9, 10). The current results
show that the low IP of guanine is fully displayed in the intact
mononucleotides even when dGMP� is in the anti conformation (as
seen in Table 2).

The Lowest IP Site in Oligonucleotides. Photoelectron spectra for all
16 dinucleotide anions were taken at 157 nm (8 of which are
shown in Fig. 4; the rest can be found in Fig. 6, which is published

Table 2. Molecular orbital energies (eV) for the 10 highest-energy occupied Kohn–Sham orbitals (B3LYP�TZVP�)
and their location for the four anti-mononucleotides and syn-dGMP�

Molecular orbital Anti-dAMP� Anti-dTMP� Anti-dCMP� Anti-dGMP� Syn-dGMP�

HOMO �3.58 (PO4) �3.82 (PO4) �3.67 (PO4) �3.52 (PO4) �3.29 (Base)
HOMO-1 �3.88 (PO4) �3.97 (Base) �3.86 (Base-PO4) �3.81 (PO4) �3.82 (PO4)
HOMO-2 �4.04 (Base-PO4) �4.11 (PO4) �3.98 (PO4) �3.89 (Base) �4.08 (Sugar)
HOMO-3 �4.06 (Base-PO4) �4.26 (PO4) �4.12 (PO4) �3.99 (Sugar-PO4) �4.25 (PO4)
HOMO-4 �4.30 (Sugar) �4.50 (Sugar) �4.30 (Sugar) �4.26 (Sugar-PO4) �4.57 (PO4)
HOMO-5 �4.76 (PO4) �4.86 (All) �4.54 (Base-Sugar) �4.71 (PO4) �4.69 (All)
HOMO-6 �4.83 (All) �4.99 (PO4) �4.77 (Base) �4.87 (All) �4.89 (Base)
HOMO-7 �4.93 (All) �5.17 (All) �4.84 (PO4) �5.17 (All) �4.99 (All)
HOMO-8 �5.07 (All) �5.43 (All) �5.00 (All) �5.18 (All) �5.15 (All)
HOMO-9 �5.38 (Sugar-PO4) �5.56 (Base) �5.11 (Base) �5.34 (All) �5.22 (All)

Fig. 3. The lowest-energy conformation and HOMO isosurface for anti-
dAMP� (a), anti-dCMP� (b), syn-dGMP� (c), and anti-dTMP� (d).

Fig. 4. Photoelectron spectra of deprotonated dinucleotide anions dAA�

(a), dCC� (b), dGG� (c), dTT� (d), dAG� (e), dCG� ( f), dGA� (g), and dTG� (h)
at 157 nm (7.866 eV).
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as supporting information on the PNAS web site). Fig. 4 Left
shows the spectra of the four dinucleotides with two identical
bases: dAA� (5�-ApA-3�), dCC�, dGG�, and dTT�. The ap-
pearances for these spectra are similar to those of the corre-
sponding mononucleotides except that the dinucleotides have
higher electron-binding energies. A distinct and low-binding-
energy feature was observed again for dGG�. In fact, a similar
low-binding-energy band appears in the spectra of all those
dinucleotides that contain a G base. Fig. 4 Right presents four of
them (dAG�, dCG�, dGA�, and dTG�), and the spectra of
dGC� and dGT� are shown in Fig. 6. All these G-containing
dinucleotides have similar ADEs around 5 eV, lower than the
ADEs of the non-guanine-containing species by between 0.6 and
0.8 eV (Table 3 and Table 4, which is published as supporting
information on the PNAS web site).

The similar PES spectral features for the di- and mono-
nucleotides suggest that they have similar HOMOs (i.e., the
low-binding-energy features in the G-containing dinucleotides
are all caused by ionization from the guanine base, at which the
HOMO is localized). Note that the intensity of the low-energy
band in dGG� is stronger than those dinucleotides that contain
only one G base, suggesting that both G bases in dGG�

contribute to the first PES band. Because of their increased
complexity and sizes, we could not afford to carry out high-
level density function theory calculations on the dinucleotides.
Fortunately, the gas-phase conformations for all of the 16
dinucleotides have been examined by ion-mobility experiments
and AMBER calculations (28, 29). Three families of conforma-
tions with similar energies were identified: (i) ‘‘stacked’’ (in
which the two bases are stacked, producing the most compact
structures); (ii) ‘‘H bond’’ (this is also a relatively compact
family of structures in which H bonds are formed between the
two bases); and (iii) ‘‘open’’ (in which the two bases are far
apart and are not interacting directly with each other, pro-
ducing the most open structures). At room temperature, the
ion-mobility experiment showed that these structures can
freely convert to each other. Because our experiment was
carried out at room temperature, the PES spectra of the
dinucleotides should be considered to be the average of all
these different structures. It is interesting to note that, regard-
less of the structures, the G base remains the lowest IP site in
all the dinucleotides.

Fig. 5 shows the PES spectra of eight singly charged trinu-

cleotide anions. All the trinucleotides have two phosphate
groups, one of which is the negative charge carrier. The
characteristic low-binding-energy band, the ‘‘fingerprint’’ of
guanine, was observed again in all trinucleotides that contain
the G bases. The spectrum of dGGG� is similar to that of
dGG�, with a well defined and distinct low-energy band. The
current data indicate that the HOMO of the G-containing
trinucleotides should again be located on the G bases, giving
rise to their low IPs. We note that the spectrum of dAAA� also
displayed a weak low-binding-energy feature, with an ADE
higher than that of dGGG� but lower than that of dCCC� and
dTTT�, suggesting that the HOMO for dAAA� may also be
localized on the A bases. The lower-binding-energy part of the
four spectra in Fig. 5 Right was very broad, which was most
likely caused by the coexistence of multiple isomers. Ion-
mobility experiments for three trinucleotides (dGTT�,
dTGT�, and dTTG�) suggested that they each have two
isomers, an ‘‘open’’ one and a ‘‘folded’’ one, which convert to
each other at room temperature (30). In addition to these two
conformers, the negative charge carrier can be on different
phosphate groups, which can give conformers with different
ADEs.

In a real biological environment, the bases form Watson–
Crick pairs and stack up in the double helix of DNA, whereas
the phosphate groups are stabilized by counter ions and
solvent molecules. Electron-transfer processes occur along the
base stack. The current PES experimental results reveal that
the guanine bases are the lowest IP sites in a variety of
environments in the free oligonucleotide anions, providing
direct spectroscopic support that they should be the lowest IP
sites in DNA.

Table 3. The experimental ADEs for di- and trinucleotides

Species ADE

Dinucleotide
dAA� 5.72 � 0.10
dCC� 5.65 � 0.10
dGG� 5.08 � 0.10
dTT� 5.80 � 0.10
dAG� 4.87 � 0.10
dCG� 4.98 � 0.10
dGA� 4.92 � 0.10
dTG� 4.96 � 0.10

Trinucleotide
dAAA� 5.62 � 0.10
dCCC� 5.78 � 0.10
dGGG� 5.27 � 0.10
DTTT� 6.04 � 0.10
dGGC� 5.11 � 0.10
dGCG� 5.13 � 0.10
dGCC� 5.48 � 0.10
dCGC� 5.44 � 0.10

All energies are given in eV.

Fig. 5. Photoelectron spectra of deprotonated singly charged trinucleotide
anions dAAA� (a), dCCC� (b), dGGG� (c), dTTT� (d), dGGC� (e), dGCG� ( f),
dGCC� (g), and dCGC� (h) at 157 nm (7.866 eV).
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Conclusions
We report a photoelectron spectroscopic study on mononu-
cleotide, dinucleotide, and trinucleotide singly charged anions
in the gas phase to probe their intrinsic electronic structure
and ionization properties. We observed a distinct low electron-
binding energy band for all the nucleotides that contain one or
more guanine bases. Density function theory calculations
revealed that this unique spectral feature is caused by the
ionization of a � orbital from the guanine base. This low
ionization feature becomes a fingerprint for guanine-
containing oligonucleotides and confirms that the guanine
base is the lowest IP site among all the DNA bases. The current

results provide direct spectroscopic evidence that guanine
serves as the reducing agent in DNA and is the favorite site for
oxidation and DNA damage.
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