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Mono- and dihydrated clusters of guanosine (Gs) and 2’-deoxyguanosine (2’-dGs) are formed by laser desorption
combined with supersonic-jet cooling, and their electronic spectra are obtained by resonant two-photon ionization
spectroscopy. The electronic spectra of these hydrated clusters appear to be composed of multiple structural isomers.
Possible hydration structures are investigated based on comparison with the result for 9-methylguanine (9MG) and
computational studies. The dihydrated cluster of Gs is found to exhibit absorption bands which are significantly shifted
with respect to those of 2’-dGs and 9MG. The observation suggests the existence of specific dihydrate structures

involving the 2’-hydroxy group of Gs.

Knowledge of the hydration of nucleic acids (NA) is essen-
tial for understanding the stabilization of their three-dimen-
sional structures.! Results of crystallographic analyses of
DNA by X-ray?>? and neutron diffraction* have demonstrated
the presence of ordered hydration structures at the surface.
This shell of tightly bound water molecules, mostly hydrated
to the bases and phosphate groups,’ is considered to be impor-
tant for the reading of DNA sequences by recognition proteins.
In contrast, hydration behavior around the backbone sugar
groups has not been investigated extensively despite the fact
that the conformational rigidity of RNA relative to DNA
against humidity is often explained by the hydration of its
2'-hydroxy group.

Hydrated clusters of the NA components and other biolog-
ical molecules formed in the gas phase are expected to provide
important information of the hydration structure by offering
unique environments for studying microscopic hydrogen-
bonding interactions.%” Nevertheless, reports on the formation
of such hydrates are rather sparse due to the difficulty of
volatizing thermally labile compounds. It has been shown that
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hydrated clusters of guanine can be formed by laser desorption
followed by entrainment in a supersonic expansion.®” In the
present study, we have generated hydrated clusters of guano-
sine (Gs) and 2’-deoxyguanosine (2’-dGs) by the combination
of laser desorption and supersonic jet-cooling. The structures
and atom numbering of their canonical amino-keto forms
are shown in Chart 1. Electronic spectra of the mono- and
dihydrated clusters have been recorded by resonant two-pho-
ton ionization (R2PI) spectroscopy and compared with those
of 9-methylguanine (9MG). The result suggests that the hydra-
tion structures of the two nucleosides are affected by the pres-
ence of the sugar group, which is discussed based on the
results of ab initio calculations.

Theoretical

The DFT/B3LYP method with a 6-314++G(d,p) basis set
was used for investigating stable geometries of the mono-
and dihydrated clusters of Gs, 2’-dGs, and IMG. Single-point
calculations at the MP2/6-31++4G(d,p) level were carried out
for the lower energy structures to improve the accuracy of the
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Chart 1. Structures of the amino—keto forms of (a) Gs, (b) 2’-dGs, and (c) 9MG. The atom numbering is shown in (a).
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Figure 1. Stable monohydrate structures of Gs, 2’-dGs, and 9IMG. The stabilization energies relative to the most stable structure
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of the respective monohydrates are shown in kJ mol~!. The letters “s,” “a,” and “k” indicate tautomers with the guanine moiety
in the syn-enol, anti-enol, and keto forms, respectively, while W refers to a water bridge. The numbers refer to the sites of the
guanine moiety and/or the sugar group linked by the water molecule.

energetic ordering of the isomeric forms. Only energetically
favorable amino tautomers were considered in this study. All
calculations were performed using the Gaussian 03 program.'’

Monohydrate Structures. For both Gs and 2’-dGs, the
most stable structure of the monomer is based on their enol
form of guanine with a strong internal hydrogen bond between
5'-OH of the sugar and N3 site of the guanine moiety.!l!?
Its OH group is oriented toward the N7 atom (anti-enol form,
labeled as a35") or toward the N1 atom (syn-enol form). Stable
monohydrated structures obtained for Gs, 2’-dGs, and 9MG are
summarized in Figure 1. The internal hydrogen-bonding con-
formation is retained in most of the stable monohydrates.
The most stable monohydrate possesses a cyclic structure in
which the water molecule bridges the O6H proton and the
N7 site to form a seven-membered ring (a35'W67). This cyclic
structure also corresponds to the lowest energy form of IMG
(aW67), which agrees with the result obtained at the MP2/
aug-ccpvtz level.

For the monohydrate of 9MG, the keto tautomer in which
the water links the N1H and the O6 site (kW16) is as stable
as the aW67 form. The corresponding hydrated structures in
Gs and 2'-dGs (k35’W16) are also preferable. In addition to

the hydration to the guanine moiety, cyclic structures in which
water bridges N2H of the guanine moiety and 5’-OH of the
sugar (k35'W25’, s35'W25’, and a35'W25’) are energetically
low for Gs and 2’-dGs. Other cyclic structures linking the 3’-
OH and 5’-OH groups of the sugar group by water (s35'W3'5’,
a35'W3’5’, and k35'W3’5’) are also stable. No corresponding
monohydrate structures exist in 9MG, and the cyclic structures
directly linking the N2H and the N3 site (kW23, sW23, and
aW23) are less stable than the aW67 form.

We have also studied monohydrate structures stabilized by
an internal hydrogen bond between the 2’-OH of the sugar
and the N3 site of the guanine, namely the anti form of Gs.
The lowest energy structure corresponds to the trans-enol form
with a W67 water bridge (a32"W67), which is less stable by
12kI'mol~! with respect to the most stable isomer. Other
structures with extended conformations of the sugar group,
in which no internal hydrogen bonding is retained, are also
considerably higher in energy.

Dihydrate Structures. The low-energy structures and
their relative stabilities for the dihydrated clusters of Gs, 2’-
dGs, and 9MG are displayed in Figure 2. The most stable
structures of Gs correspond to those in which a water dimer
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Figure 2. Stable dihydrate structures of Gs, 2’-dGs, and

9MG. The stabilization energies relative to the most
stable structure of the respective dihydrates are shown in
kI mol~!. The letters “s,” “a,” and “k” indicate tautomers
with the guanine moiety in the syn-enol, anti-enol, and
keto forms, respectively, while W refers to a water bridge
and WW to a water dimer bridge. The numbers refer to the
sites of the guanine moiety and/or the sugar group linked
by the water molecule(s).

Hydrated Clusters of Guanine Nucleosides

(a) k35'WW23'5' (b) k35'WW2'5'

Figure 3. Expanded view of the specific dihydrate struc-
tures of Gs, (a) k35WW23’5" and (b) k35’WW2'5’, shown
in Figure 2. In both cases, the internal hydrogen bonding
between the 5-OH group of the sugar ring and the N3
atom of the guanine is retained. Similar dihydrate struc-
tures with the guanine moiety in the enol forms are as
stable as these keto structures.

links the 3’-OH and 5’-OH groups of the sugar and one of the
water molecules is also hydrogen-bonded with the NH, group
(labeled as WW23'5"). The guanine moiety is in the
keto, syn-enol, or anti-enol form. Similar hydration structures
in which the 2’-OH and 5’-OH groups of the sugar are bridged
by a water dimer (WW2'5’) are also found to be stable.
The dihydrate in which the guanine moiety is in the keto
form and the two water molecules form a dimer and bridge
the oxygen atom of the C=O group and the NIH site
(k35’WW16) is nearly isoenergetic to these dihydrates. The
relative stabilities of these stable dihydrate structures are con-
sistent with the result obtained by full geometry optimization
at the MP2/6-314++4G(d,p) level. The specific dihydrate struc-
tures of Gs involving the sugar group, k35WW23’5" and
k35"WW2'5’, are shown in an expanded scale in Figure 3.

There is a substantial difference in the dihydrate structures
of Gs and 2’-dGs. The lowest energy dihydrate structure
of 2'-dGs is found to be that of the k35WW16 form. The di-
hydrate structures of the cyclic forms WW23’5" and WW2'5’
are calculated to be less stable by >5kJmol~! with respect
to the lowest energy structure. The lowest energy dihydrate
structure of 9MG corresponds to the kWW 16 form, analogous
to case of 2’-dGs. This water dimer structure is consistent with
the results for 9H-guanine.'*!> All other dihydrated structures
of OMG are less stable by >22kJmol~!.

Experimental

The pulsed laser desorption source employed in this study has
been described elsewhere.'%!” Laser desorption was accomplished
by irradiating a sample pellet placed inside the source by the sec-
ond harmonics of a YAG laser. The plume of desorbed molecules
was directed through a narrow channel (1 mm in diameter and
10 mm in length) with Ar carrier gas at 5atm. The advantage of
this desorption source over other laser desorption sources is that
efficient hydration of desorbed molecules occurs in the channel
region by multiple collisions with water molecules. The sample
pellet was prepared by mixing sample powder with graphite
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Figure 4. Typical TOF mass spectra showing peaks of hydrated clusters of (a) Gs, (b) 2’-dGs, and (c) 9MG. The mass peak
labeled G in parts (a) and (b) corresponds to guanine monomers produced upon laser desorption. In all spectra, R2PI was carried

out at 285 nm.

(5%) and pressing with a hydraulic press. Water vapor was
introduced by passing the Ar carrier gas through a reservoir.
The desorption laser was operated with typical fluences of <5
mJ pulse™!, and focused to a spot size of 2 mm. Mass-selected
R2PI spectra were obtained by an experimental setup that has
been described previously.'®

Results

Figure 4 shows typical TOF mass spectra of hydrated
clusters of Gs, 2-dGs, and 9MG obtained following R2PI.
The spectrum for Gs is dominated by mass peaks of the mono-
hydrate ion Gs(H,0);" and dihydrate ion Gs(H,O),* while
larger hydrates are less abundant. A mass peak corresponding
to guanine monomer ion (m/z = 151) arises from decomposi-
tion upon laser desorption. The appearance of these hydrated
clusters in the mass spectrum is in striking contrast with the
case of unsubstituted guanine, in which mass peaks of the
monomer hydrates are observed to be very weak.'®

Guanosine. R2PI spectra obtained at the mass channels of
Gs™, Gs(H,0),; ™, and Gs(H,0)," are displayed in Figure 5.
The bottom spectrum reveals sharp peaks around 34500
cm~!, which match those in the spectrum of Gs monomer
reported by Nir et al.''!2 The low-frequency modes built on
the origin band (marked by an asterisk in Figure 5a) were
assigned to the mutual motions of the sugar group and guanine
moiety. Results of UV-UV and UV-IR double resonance mea-
surements indicated that this R2PI spectrum originates from an
enol form of guanine, and the 5'-OH group of the sugar ring
and the N3 atom of the guanine are hydrogen-bonded together.

The R2PI spectrum of Gs(H,0); ™ in Figure 5b is likely to
be composed of multiple structural isomers. A series of narrow
bands appearing in the energy region below <34200cm™" cor-
respond to the spectral features of one isomer. The red-most
peak located at —653cm™! relative to that of the monomer
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Figure 5. R2PI spectra obtained at the mass channels of (a)
Gs™, (b) Gs(H,0); ™, and (c) Gs(H,0),*. The spectra are
not normalized to the laser intensity. The asterisk in (a)
indicates the origin band of the Gs monomer. The spectral
shifts (cm™!) for the pronounced peaks of the mono-
hydrates from this origin band are indicated in (b).

origin is followed by a number of peaks at irregular frequency
intervals. Broad bands with no prominent peaks appearing in
the region between 34200 and 35000 cm~' may be associated
with a second isomer. Beyond this energy region, a couple
of sharp features are noticeable and the most prominent
peak is blue-shifted by 567 cm™! from the band origin of Gs
monomer.

The R2PT spectrum was measured in the Gs™ mass channel
(Figure 5a) with water entrained in the Ar carrier gas. It exhib-
its additional sharp bands (e.g., a peak located at —437 cm™!)
which match those observed in the Gs(H,O); ™ mass channel.
These observations indicate that this monohydrate undergoes
evaporation of the water molecule upon ionization when
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Figure 6. R2PI spectra obtained at the mass channels of (a)
2'-dGs™, (b) 2’-dGs(H,0); T, and (c) 2’-dGs(H,0),*. The
spectra are not normalized to the laser intensity. The aster-
isk in (a) indicates the origin band of the 2’-dGs monomer.
The spectral shifts (cm™') with respect to this monomer
origin are indicated for the pronounced peaks assigned
to the monohydrates in (a) and (b).

excited through this energy region. Its efficiency appears to be
independent of the pulse energy of the ionization laser.
In contrast, the broad bands observed in the 34500 cm ™! region
of the Gs(H,O);* spectrum are nearly absent from the
spectrum measured at the Gs* ion channel. Since the broad
spectrum could also be attributed to that arising from fragmen-
tation of larger hydrated clusters, e.g., Gs(H,O),, R2PI scans
have been performed at very low concentrations of water to
decrease their abundances in the jet. Nevertheless, a similar
broad spectrum of Gs(H,O);" can be observed under these
conditions and thus it is likely to be assigned to a third isomer
of the monohydrate. It is therefore suggested that the monohy-
drate spectrum is composed of at least three different structural
isomers.

The R2PI spectrum obtained at the Gs(H,O),™ ion channel
in Figure 5c is significantly different from that of Gs(H,0);*
It consists only of broad features with no significant intensity
in the energy region below 34200cm™'. Although the broad
features are apparently similar to those observed in the mono-
hydrate spectrum, we rule out the possibility of fragmentation
of larger hydrates into this Gs(H,0);* ion based on the
absence of noticeable dependence of the relative intensity on
the water concentration.

2’-Deoxyguanosine. Figure 6 shows R2PI scans per-
formed by detecting 2’-dGs*, 2’-dGs(H,0);", and 2’-dGs-
(H,0)," ions. The spectrum of 2’-dGs(H,0); ™ in Figure 6b
exhibits sharp peaks in the energy region below 34200 cm™'.
The observed red-most peak is red-shifted by 601 cm™! from
the origin band of the 2’-dGs monomer (marked by an asterisk
in Figure 6a). It also gives rise to broad features in the vicinity
of the monomer origin, which appear to be more pronounced
than in the spectrum of Gs(H,0);.

In contrast to the case of Gs, the spectrum obtained by
detecting 2'-dGs(H,0);" ions reveals no resolved structure
to the blue of the monomer origin. The R2PI scan detected
at the 2’-dGs™ ion channel shown in Figure 6a exhibits sharp
peaks in the energy region of 34000cm™!. They correspond
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Figure 7. R2PI spectra obtained at the mass channels of (a)
IMG™*, (b) IMG(H,0);+, and (c¢) IMG(H,0),". The
spectra are not normalized to the laser intensity. The aster-
isk shown in (a) indicates the origin band of the IMG
monomer, and the spectral shifts (cm™!) of the monohy-
drate peaks with respect to this origin are indicated in (b).

well to those of the monomer spectrum. Additional resolved
spectral features are noticeable around 35000cm™' (e.g., a
peak located at +539 cm™! from the monomer origin). Since
these peaks cannot be detected in the absence of water vapor,
they are assigned to those of a monohydrated cluster of 2’-dGs.
Thus, the monohydrate cluster is likely to undergo efficient
fragmentation upon excitation and subsequent ionization at
this energy region.

9-Methylguanine. Figure 7 shows the R2PI spectra
obtained at the mass channels of 9IMG(H,0);" and IMG-
(H,0),™" ions. The bottom spectrum is obtained by measuring
the signal of 9MG™ monomer ions in the presence of water
vapor. The prominent peak of the 9MG monomer, marked with
an asterisk in Figure 7a, was assigned to the origin of the enol
form with its hydroxy group oriented toward the N7 atom (i.e.,
anti-enol form). The spectrum in Figure 7b reveals a couple
of prominent peaks at +440 and +477cm~! to the blue of
the monomer origin, consistent with a previous report by
Chin et al.!3> They identified that in this monohydrate the
anti-enol form is retained upon hydration with the water mole-
cule bridging the O6H proton and the N7 site (aW67 structure
in Figure 1). This monohydrate corresponds to the most stable
monohydrate structure of IMG.

As shown in Figure 7b, additional resolved spectral features
are observed to the red of the monomer origin, which cannot
be recognized in the spectrum reported by Chin et al.!’
These red-shifted peaks are accompanied by underlying broad
background features. The red-most peak at 34232 cm™! is red-
shifted by 372 cm™! from the monomer origin. The anomalous
intensity distribution and irregular vibrational intervals are in-
dicative of large geometry changes induced by the electronic
excitation.

The spectrum obtained by measuring monomer ions of
9MG™ exhibits sharp peaks which match closely the blue-
shifted features appearing in the spectrum of Figure 7b. This
indicates the loss of the water molecule upon ionization for
this hydrate, which is consistent with previous result.!* In
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contrast, the red-shifted features observed at the IMG(H,0); *
mass channel are entirely absent from the spectrum of 9MG™.
It could also be explained that fragmentation of larger clusters
upon ionization is responsible for the observation of the red-
shifted spectrum. However, the results obtained by decreasing
the water vapor entrained in the Ar carrier gas show no signif-
icant difference in the intensity of the broad spectrum with
respect to that of the sharp features. Therefore, we suggest
that contribution of fragmentation of larger clusters to the
9MG(H,0), " ion signal is negligible or minor, and the broad
spectrum is due to the corresponding neutral species.

The R2PI spectrum detected at the 9MG(H,0),™ mass
channel in Figure 7c is further red-shifted from that of the
monohydrate and reveals only broad bands. It reveals only
broad band features and resembles that of 2’-dGs(H,O), ™.

Discussion

Structural assignment for hydrated clusters of small mole-
cules is usually performed by the separation and identification
of their electronic spectra using double-resonance spectroscop-
ic methods.%” However, application of these methods to more
complicated systems such as nucleoside molecules could be
hampered by the possible existence of multiple low-energy
structural isomers. In this section, hydration structures of Gs
and 2'-dGs are discussed qualitatively based on comparison
with the result of 9MG, in which the sugar group of the nucleo-
sides is replaced with a methyl group.

Possible Monohydrate Structures. = The monohydrate
structure of 9MG which gives rise to the blue-shifted spectrum
was identified as the most stable aW67 form based on the re-
sults of IR-UV double resonance measurements and theoreti-
cal calculations.'> As shown in Figure 1, the monohydrate of
the keto form kW16 is calculated to be as stable as the
aW67 form and thus expected to be abundant in a supersonic
expansion. Nevertheless, spectral features due to the keto
forms of 9MG and its monohydrate have not been detected
in the respective R2PI spectra. This puzzling observation
was associated with the occurrence of specific ultrafast
excited-state dynamics, which preclude sufficient ionization.'3
Other monohydrated structures such as the syn-enol form, in
which the water bridges the N1 nitrogen atom of guanine
and the OH proton pointing toward the N1 site (sW16), are less
stable by >12kJmol~'.

The electronic spectra of 9IMG(H,O); obtained in the pres-
ent study reveal additional spectral features which are red-
shifted from that of the monomer. These peaks are apparently
absent from the spectrum reported by Chin et al.'3 although
broad features are noticeable in the vicinity of the monomer
origin. The newly observed spectrum can be attributed to the
existence of a second isomer, in addition to the lowest energy
anti-enol isomer (aW67) observed in the blue-shifted region.
Since the monohydrates of the keto form (kW16) and the enol
form (aW67) are nearly isoenergetic (Figure 1) and all other
structures are less stable, the red-shifted portion of the mono-
hydrate spectrum could be associated with this keto form.

For unsubstituted guanine, the amino—keto tautomers have
not been detected by the R2PI technique,'® as opposed to the
successful observation by IR spectroscopy in He droplets.'”
More importantly, the keto forms observed in the R2PI spectra
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have been identified as those of the imino tautomers. The
failure to observe the biologically relevant tautomers has been
ascribed to a substantial distortion of the amino group or an
ultrafast deactivation process to the ground state through a
conical intersection.”*?! Since the imino tautomers of unsub-
stituted guanine are nearly absent in the R2PI spectra obtained
with the desorption method employed in this study,'” we
rule out the possibility that the newly observed monohydrate
of 9MG is one of the imino—keto forms. The hydrates of the
amino—keto forms could be observed by R2PI if they are less
distorted in the excited state or their ultrafast deactivation
processes are suppressed upon hydration. The anomalous in-
tensity distribution is consistent with large geometry changes
induced by the electronic excitation.

Next, we must explain the apparent result that no fragmen-
tation occurs upon ionization of the keto form (kW16) while
the enol form (aW67) can be observed in the 9MG™ channel
by a loss of the water molecule. In the case of the hydrated
clusters of nucleobase mimic molecules, 2-pyridone and 2-hy-
droxypyridine, the hydrates of its enol form (2-hydroxypyri-
dine) were found to dissociate following one-color R2PI by
Zwier’s group.?? In contrast, 2-pyridone monomer and its
hydrates cannot be ionized by this method due to a higher
ionization energy than in the enol form.”? The absence of
fragmentation in the red-shifted monohydrate of 9MG may
be rationalized by similar ionization energetics.

It is not clear why the red-shifted spectrum is observed in
this study in addition to the previously reported blue-shifted
bands. One possible reason for this discrepancy can be attrib-
uted to the desorption source employed in this study, which is
more effective in increasing the abundances of hydrated
clusters.'®!7 This difference can be seen in Figure 7a, wherein
the relative abundance of the monohydrate fragment of IMG
to its monomer appears to be higher than that reported by Chin
et al.!3 There is also a possibility that the monohydrate cluster
of the kW16 form could have a reduced excited-state lifetime
with respect to that of the enol form, analogous to the case
of guanine.?*?! In this case, its ionization efficiency may be
sensitive to the pulse energy of the ionization laser.

The R2PI spectrum obtained at the mass channel of
Gs(H,0),™ in Figure 5b reveals a couple of sharp peaks to
the blue of the monomer origin. On the basis of the similarity
to that of 9MG, this monohydrate may be assigned to the
most stable structure with the guanine moiety in the anti-enol
form (a35"W67). It is important to note that the spectral shift
from the monomer origin (+567cm™') is larger than in
9MG (4+440cm™"). The larger spectral shift for Gs indicates
that the internal hydrogen bonding structure between the 5’-
OH group and the N3 site of the guanine moiety is less stable
in the excited state. However, the frequency intervals of the
main peaks appear to be different from those of OMG. The
origin of the low-frequency features for the monohydrate of
9MG has not been identified, but could be linked to torsional
motion of the methyl group. The corresponding low-frequency
motions of Gs are considered to be the relative motions of the
sugar and guanine moieties, which can be seen in the monomer
spectrum.!! Therefore, the observed spectral pattern may be
explained by the difference in the vibrational frequencies of
the two low-frequency motions.
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The monohydrate spectrum of Gs also reveals sharp peaks
in the lower energy region, suggesting the existence of a sec-
ond structural isomer of the monohydrate. Their spectral shifts
from the monomer origin are apparently larger than those in
the monohydrate spectrum of 9MG. Furthermore, these peaks
can be observed in the spectrum obtained by detecting at the
Gs™ mass channel as a result of fragmentation upon ionization.
In contrast, the lower energy features of the 9MG monohydrate
are absent from the monomer spectrum. On these bases, we
conclude that this spectrum does not correspond to the red-
shifted spectrum of 9MG. In both monohydrate structures of
Gs and 2'-dGs, the cyclic structures in which the water bridges
N2H of the guanine moiety and 5’-OH of the sugar (k35'W25’,
s35'W25’, and a35'W25’) are energetically as low as the most
stable anti-enol form (a35’W67). Therefore, the red-shifted
spectrum could be associated with one of these monohydrates.
Furthermore, the observation of this monohydrate in the Gs*
ion channel as a result of fragmentation suggests that this
hydrate is either enol form (s35'W25" or a35'W25').

It should be noticed in the monohydrate spectrum of Gs
(Figure 5b) that broad band features appear between the two
spectral regions described above. Similar, but more pro-
nounced broad features are also observed in the corresponding
spectrum of 2’-dGs shown in Figure 6b. These broad band
features cannot be associated with fragmentation of larger hy-
drated clusters and thus assigned to those of the monohydrate.
Furthermore, they cannot be observed in the spectra measured
at the respective monomer ion channel. These observations
suggest that the broad spectrum corresponds to the red-shifted
spectrum of IMG(H,0);.

The monohydrate spectrum of 2’-dGs recorded under the
same experimental conditions gives no resolved features in
the blue-shifted region (Figure 6b). Instead, a couple of sharp
peaks assignable to a monohydrate cluster are observed in the
spectrum of 2’-dGs™, which implies that this monohydrate un-
dergoes complete fragmentation upon ionization. The different
fragmentation behavior for Gs and 2’-dGs cannot be explained
readily by the stability of the monohydrated clusters shown in
Figure 1. The monohydrate spectrum also gives rise to sharp
bands to the red of the monomer origin. These peaks corre-
spond well to those of the Gs monohydrate, which suggests
that this monohydrate is of either enol form, s35'W25’ or
a35"W25'. The broad spectral features observed in the vicinity
of the monomer origin are more pronounced for the monohy-
drate of 2’-dG. It is difficult to rationalize this difference based
on the theoretical result that the relative stability of the keto
form (k35'W16) of 2’-dGs with respect to the most stable form
(a35’W67) is nearly the same as that of Gs (Figure 1).

Specific Dihydrate Structure of Guanosine. The R2PI
spectrum for dihydrated 9MG shown in Figure 7c appears to
be more red-shifted than the monohydrate spectrum and exhib-
its no sharp features. Theoretical calculations on dihydrated
clusters of guanine'*!3 indicated that the lowest energy struc-
ture corresponds to that of the 9H-keto form, in which two
water molecules form a dimer and bridge the oxygen atom
of the C=0 group and the N1H site. This water dimer motif
explains the result for 9MG. As shown in Figure 2, the lowest
energy structure corresponds to that of keto form (kWW16)
and all other dihydrated structures are less stable by >18

Hydrated Clusters of Guanine Nucleosides

kI mol~!. It is therefore suggested that the observed spectrum
of the dihydrate is that of the kKWW 16 form. The assignment of
the keto form is consistent with the absence of this transition in
the 9MG(H,0), " channel, i.e., no evidence of fragmentation,
and with a larger red-shift than the monohydrate spectrum.

The spectrum of Gs(H,O),* is remarkably different from
that of 9MG(H,0), ™. It consists only of broad features located
in the vicinity of the monomer spectrum, with no discernible
features corresponding to the red-shifted region of the mono-
hydrate spectrum. The absence of red-shifted features suggests
that this dihydrate does not correspond to the most stable form
of OMG (kWW16). According to the result in Figure 2, three
dihydrate structures of Gs in which a water dimer links the
2'-OH and 5’-OH groups of the sugar and forms a hydration
shell (s35"WW2'5’, a35’"WW2'5", and k35"WW2'5") are found
be stable. These structures are specific to the dihydrate of Gs,
which could be associated with the observation that the
dihydrate spectra of Gs and 2’-dGs differ from each other.
In contrast, the dihydrate spectrum of 2’-dGs resembles
that of 9MG, which is consistent with the prediction that
the most stable dihydrate structure of 2’-dGs is of the
k35WW16 form.

Conclusion

Electronic spectra of hydrated clusters of Gs and 2’-dGs
have been recorded by R2PI spectroscopy and compared with
those of 9MG. In both nucleosides, the monohydrate spectra
are assigned as a composite of multiple structural isomers. Part
of the spectra is found to be similar to that of 9MG, which
suggests that the hydration occurs around the guanine moiety.
Distinct resolved spectral features observed to the red of the
monomer origin band are associated with the formation of spe-
cific hydration structures involving the sugar group. A theoret-
ical result reveals two types of such monohydrates. In one,
water bridges between the NH; group of the guanine moiety
and the 5-OH group of the sugar and, in the other, the
3’-OH and 5’-OH groups are linked by water. The R2PI spectra
for the dihydrated clusters of Gs and 2’-dGs are found to be
significantly different from each other. The dihydrate spectrum
of Gs is blue-shifted with respect to those of 2’-dGs and IMG.
Structural calculation suggests the existence of a specific dihy-
drate structure involving the sugar group of Gs. The separation
and identification of the electronic spectra of these hydrates
based on double-resonance spectroscopic measurements will
enable us to obtain more detailed hydration structures.
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Yokohama City University.

References

1 W. Saenger, Principles of Nucleic Acid Structure, Spring-
er-Verlag, New York, 1984.

2 B. Schneider, D. M. Cohen, L. Schleifer, A. R. Srinivasan,
W. K. Olson, H. M. Berman, Biophys. J. 1993, 65, 2291.

3 B. Schneider, H. M. Berman, Biophys. J. 1995, 69, 2661.

4 S. Arai, T. Chatake, T. Ohhara, K. Kurihara, I. Tanaka,
N. Suzuki, Z. Fujimoto, H. Mizuno, N. Niimura, Nucleic Acids
Res. 2005, 33, 3017.



H. Saigusa et al.

5 B. Schneider, K. Patel, H. M. Berman, Biophys. J. 1998,
75, 2422.

6 E. G. Robertson, J. P. Simons, Phys. Chem. Chem. Phys.
2001, 3, 1.

7 T.S. Zwier, J. Phys. Chem. A 2001, 105, 8827.

8 F. Piuzzi, M. Mons, 1. Dimicoli, B. Tardivel, Q. Zhao,
Chem. Phys. 2001, 270, 205.

9 B. Crews, A. Abo-Riziq, L. Grace, M. Callahan, M.
Kabela¢, P. Hobza, M. S. de Vries, Phys. Chem. Chem. Phys.
2005, 7, 3015.

10 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven,
K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi,
V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A.
Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
0. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,
P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J.
Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels,
M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K.
Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul,
S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko,
P. Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T. Keith,
M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe,
P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, C. Gonzalez,

Bull. Chem. Soc. Jpn. Vol. 81, No. 10 (2008) 1281

J. A. Pople, Gaussian 03, Revision B.03, Gaussian Inc., Pittsburgh
PA, 2003.

11 E. Nir, I. Hiinig, K. Kleinermanns, M. S. de Vries, Chem-
PhysChem 2003, 5, 131.

12 A. Abo-Riziq, B. O. Crews, I. Compagnon, J. Oomens, G.
Meijer, G. von Helden, M. Kabelac, P. Hobza, M. S. de Vries, J.
Phys. Chem A 2007, 111, 7529.

13 W. Chin, M. Mons, F. Piuzzi, B. Tardivel, I. Dimicoli,
L. Gorb, J. Leszczynski, J. Phys. Chem. A 2004, 108, 8237.

14 L. Gorb, J. Leszczynski, J. Am. Chem. Soc. 1998, 120,
5024.

15 M. Hanus, F. Ryjacek, M. Kabela¢, T. Kubaf, T. V.
Bogdan, S. A. Trygubenko, P. Hobza, J. Am. Chem. Soc. 2003,
125, 7678.

16 H. Saigusa, A. Tomioka, T. Katayama, E. Iwase, Chem.
Phys. Lett. 2006, 418, 119.

17 H. Saigusa, J. Photochem. Photobiol., C 2006, 7, 197.

18 M. Mons, F. Piuzzi, 1. Dimicoli, L. Gorb, J. Leszczynski,
J. Phys. Chem. A 2006, 110, 10921.

19 M. Y. Choi, R. E. Miller, J. Am. Chem. Soc. 2006, 128,
7320.

20 H. Chen, S. Li, J. Chem. Phys. 2006, 124, 154315.

21 C. M. Marian, J. Phys. Chem. A 2007, 111, 1545.

22 G. M. Florio, C. J. Gruenloh, R. C. Quimpo, T. S. Zwier,
J. Chem. Phys. 2000, 113, 11143.

23 H. Ozeki, M. C. R. Cockett, K. Okuyama, M. Takahashi,
K. Kimura, J. Phys. Chem. 1995, 99, 8608.



