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Five different isoguanine (isoG) base pairs and five isoG tetrads have been located as the local minima on
the potential energy surfaces at the B3LYP/6-311G(d,p) level of theory. An analysis of the isoG base pair
enables us to evaluate the hydrogen bond energy in isoG-iosG interactions which is useful in the study of
the energy properties of the isoG tetrad. All isoG tetrads in cyclic form are more stable than guanine tetrads.
The difference in the stabilization energy between the planar and nonplanar conformers of the isoG tetrad is
negligible. With the bond energy assignment, we are able to investigate the cooperative effect of hydrogen
bonding in the cyclic tetrads. The cooperative effects of hydrogen bonding are crucial for the highly stabilized
isoG tetrads. The balance between proton donation and the accepting of protons in the isoG tetrad governs
the cooperative effects. Bifurcated H-bonding is important in the formation of isoG tetrads. They provide
alternatives for isoG to develop various stable tetrad conformers which have the potential to create diversity
in biological systems. The electrostatic potential (ESP) maps reveal that the nonplanarity of the isoG base
pairs originates from the electrostatic repulsion between the monomers in the pair. ESP maps for isoG tetrads
also indicate that placing a cation, especially alkali metal ions, in the central area of the isoG tetrads will
inevitably lead to the bowl-like structure.

Introduction

Isoguanine (2-oxo-6-amino-guanine, isoG, Figure 1), with an
oxygen at the C2 position of purine, is an oxidized derivative
of adenine. It has been found to occur naturally and may be
considered an elementary nucleobase.1,2 The physical charac-
teristics of isoG resemble guanine, and isoG also forms
tetraplexes. Similarly to the guanine tetrad, the higher-order self-
pairing of isoG has been recognized.1,3-7 NMR data suggest
that the isoG mononucleoside aggregates to form octamers in
organic solvents with the presence of several different cations.4

The ion exchange HPLC experiments for d(T4isoG4T4) and
d(T4G4T4) indicate that the isoG tetrads might be more stable
than the G tetrads.5 On the other hand, unlike the guanine tetrad
which adopts either the Hoogsteen bases-pair motif8 or the
bifurcated hydrogen-bonding form,9 several different conformers
have been suggested for the isoG tetrads.4-7,10,11A bowl-shape
structure in the presence of a potassium cation has been proposed
by Davis et al.4 based on the NMR data. The Hoogsteen bases-
pair motif was suggested for aggregations of isoguanosine.10

The Hoogsteen bases-pair mixed with single H-bonding between
O2 and H(N6) has been portrayed for poly(isoG) tetraplexes.6

In addition, tetrads consisting of mixtures of 1H-isoG and 3H-
isoG have been postulated in pyranosyl RNA.11

Recently, isoG-contained DNA pentaplexes have been de-
signed and characterized.1,3,12 DNA pentaplexes are expected
to be able to form ion channels because of their morphological
similarity to the pentameric alpha-helical peptides, which have
been implicated as ion channels.13 Base pairing is one of the most important factors in the

formation of tetraplexes. An understanding of base pairing is
the first step toward uncovering the stability and structural
characteristics of base tetrads. Previous theoretical studies of
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Figure 1. 2-Oxo-6-amino-guanine (isoG). Color representations for
atoms are red for O, blue for N, gray for C, and white for H.
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different base tetrads revealed that the stable tetrads play
important roles in the formation of stable tetraplexes.3,4,11,15-23

Also, to understand the diversity of DNA tetraplexes, a
knowledge of the relative stability of different conformers of
the tetrad and their bonding characteristics is essential. The
details of base pairing patterns and their relation to the relative
stability of different conformers could only be revealed by
accurate computational investigations.

For DNA related tetraplexes, the possibility for the existence
of planar or near-planar tetrad structures is of special importance
because they can be further stabilized by successive tetrads
through stacking interactions. However, according to the
schematic representation suggested by Chaput et al.,1 the sector
angle of 67° for isoG defined by the intersection of vectors along
the van der Waals donor-donor and acceptor-acceptor atom
surfaces is not favorable for a tetrad with the Hoogsteen bases-
pair motif in planar or near planar structures.

In our recent efforts to understand the role of H-bonding in
the formation of base tetrads, the bifurcated H-bonding pattern
has been found to be very important for stabilizing guanine
tetrads without the presence of cations.8,9 Quantum chemical
studies of the stability of guanine tetrads reveal that the binding
energy of the G tetrad with the bifurcated H-bonding pattern is
not lower than that in the Hoogsteen bases-pair motif.8,9,12,13

While forming bifurcated H-bonding conformers, the bases are
expected to be able to adjust the bonding angle to form planar
or near-planar tetrads. Such complexes are suitable to intercalate
between the successive tetrads in tetraplexes.

The symmetric form of the isoG tetrad (C4h symmetry) and
the isoG quintet have been studied by Meyer and Suhnel at the
B3LYP/DZVP level of theory.24 However, their research has
been focused on the interaction between cations and the isoG
tetrad. The isoG quintet has also been studied at the B3LYP/
6-311G(d,p) level of theory in our laboratory.25 In this study,
the cooperative effects in H-bonding26 for the cyclic quintet of
isoG system are found to be substantial. Here we report the
results of a DFT-based quantum chemical study of the stability,
molecular structures, H-bonding pattern, and electrostatic
potential properties of the isoG tetrad. To analyze the base-
pairing contribution to the formation of isoG tetrads, the
properties of the base-pairs appearing in the different conformers
of isoG4 are also discussed. The theoretical results presented
in this paper provide new information concerning important
features of nucleobase tetrads. Even though the study described
here does not take into account interactions with cations, the
calculated electrostatic potentials of the tetrad shed light on the
possible hosting positions for metal ions.

Calculation Methods

The local minima of the tetrad complexes have been fully
optimized by analytic gradient techniques. The method used
was the density functional theory (DFT) with Becke’s three
parameter (B3)27 exchange functional along with the Lee-
Yang-Parr (LYP) nonlocal correlation functional (B3LYP).28,29

The standard 6-311G(d,p) valence triple-ú basis set augmented
with d-type and p-type polarization functions30 was used for
all elements. It is well-known that the geometries and vibrational
frequencies of the molecules calculated at the B3LYP/6-
311G(d,p) level agree well with experiment.31,32 In the vibra-
tional frequency calculations, the force constants were deter-
mined analytically. The Gaussian-98 package of programs33 was
used in the calculations. The basis set superposition error (BSSE)
was corrected according to Boys’ approach.34

Results and Discussions

isoG can adopt two forms: 1H-isoG and 3H-isoG. The energy
difference between the fully optimized structures of these two
forms amounts to less than 0.4 kcal/mol at the B3LYP/6-
311G(d,p) level of theory, with 1H-isoG being more stable. Like
normal guanine, 1H-isoG exhibits the nonplanar amine group
in its optimized structure.35 However, 3H-isoG, as a local
minimum on the potential energy surface, adopts theCs

symmetry with a planar amino group. Both 1H-isoG and 3H-
isoG could be involved in the formation of the base-pairs and
tetrads of isoG.

Base Pairs of isoG.Six different prototypes of the isoG-
isoG base pair, which appear in the isoG tetrads, were optimized
at the B3LYP/6-311G(d,p) level of theory. Their structures are
depicted in Figure 2 along with the main geometrical parameters.
Among these base pairs,d1 andd2 consist of 1H-isoG and 3H-
isoG and the others comprise only the 1H-isoG form. Vibrational
frequency analysis indicates that, among the local minima on
the potential energy surface, onlyd1 adopts the planar structure.

Three H-bonds hold 1H-isoG and 3H-isoG tightly in the base
pair d1. A similar bonding pattern has been established for the
normal GC base pair.17 The short H(N6)‚‚‚O2′ bond distance
of 1.727 Å in d1 suggests that 3H-isoG, acting as a double
H-bonding acceptor, tends to donate its proton at the N6 position
to form an H-bond with the O2 of 1H-isoG. This allows for the
compensation of the extra charge loss caused by receiving two
protons for the formation of the H-bonds of N1‚‚‚H3′ and
O2‚‚‚H(N6)′. With the similar argument, the relatively weaker
O2‚‚‚H(N6)′ bond is expected as is indicated by its slightly
longer H-bond length of 1.880 Å. Consequently, the O2 of 3H-
isoG and the nonbonded H(N6) of 1H-isoG ind1 are expected
to be involved in the formation of H-bonds with other
nucleobases.

Comprising both the 1H-isoG and 3H-isoG forms,d2 adopts
the nonplanar structure. The dihedral angle of the four atoms
involved in H-bonding (H(N6)-N7-H3′-O2′) amounts to
15.5°. The planar form is the transition state corresponding to
the flipping of the bases as revealed through vibrational mode
analysis. Two isoGs involved as the H-bonding donor and
acceptor are held together by the H(N6)‚‚‚O2′ and N7‚‚‚H3′
bonds. The short bond lengths of 1.729 Å for the former and
1.906 Å for the latter indicate strong H-bonding ind2.

C2 symmetry is assigned to the local minimumd3 which
consists of only the 1H-isoG form. Two isoGs tilt at 25.5°
forming an H(N6)-N7-H(N6)′-N7′ dihedral angle in the base
pair. The H(N6)-N7 atomic distance amounts to 1.939 Å, about
0.03 Å longer than that ind2. The H-bonds that hold the base
pair are slightly weaker than those ind2, although isoG also
acts as an H-bond donor and acceptor at the same time. The
planar form withC2h symmetry has been revealed by vibrational
frequency calculations to be the transition state structure. It links
the two identical energyd3 local minima. The H-bonds in the
planar form ofd3 are slightly reduced compared to those in
the energy minimum structure (1.960 vs 1.939 Å for the H(N6)-
N7 bond length).

With one isoG as a double H-bonding donor and the other
as a double H-bonding acceptor, two 1H-isoGs are bonded
loosely through H(N6)‚‚‚N3′ and H1‚‚‚O2′ in d4. The length
of the H-bond H(N6)‚‚‚N3′ has been predicted to be 2.137 Å,
about 0.20 Å longer than that of H(N6)‚‚‚N7′ in d3 (0.23 Å
longer than that ind2). The bond length of H1‚‚‚O2′ in d4 has
been evaluated to be 1.961 Å, also 0.23 Å longer than that in
d1 andd2. The value of 15.9° for the O2′-N3′-H(N6)-H1
dihedral angle in the energy minimum structured4 reflects the
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influence of nonplanarity of the amine group in isoG. The planar
structure in this base-pair shows the characteristics of a transition
state between the two structure-like energy local minima as
revealed by the vibrational frequency analysis.

Thed5 local minimum structure adopts an almost planar form.
The H-bond length of O2‚‚‚H1′ is as short as 1.697 Å, the
shortest among all of the H-bonds predicted in this study. The
atomic distance of 2.500 Å between O2 and H(N6)′ suggests
the existence of a weak H-bond. In this sense, 1H-isoGs ind5
are held by two pairs of bifurcated H-bonds. The slight reduction
of the O2‚‚‚H(N6)′ distance (by 0.003 Å) and the tiny elongation
of O2‚‚‚H1′ (by 0.008 Å) from the planar form to the nonplanar
conformer implies that isoG is able to adjust in order to create
a better bifurcated H-bonding pattern.

Base-pair patternd6 could not be obtained from unrestricted
geometry optimization. The geometric parameters of H-bonds
in both the planar and nonplanar forms were taken from the

optimized structures of the isoG tetrads which will be discussed
below. These geometric parameters of H-bonds were kept frozen
during the partial optimization of the base pairs. The H bond
presented ind6 displays a typical bifurcated H-bond.

The energy properties of the isoG base pairs are summarized
in Table 1. The energy difference between the local minima
and their corresponding planar structures is less than 0.6 kcal/
mol. This insignificant difference implies an easy flapping
motion for the bases. The small values of the imaginary
frequency of those planar transition state structures further justify
this easy motion. With these energy data along with the
geometries of the isoG base pairs, we are able to assign
approximate bonding energies to different types of H-bonds that
exist in isoG base pairs. Among the six base pairs,d1 andd5
are the most stable. The least stable base pair has been found
to bed3 in which two H‚‚‚N bonds contribute about 10.0 kcal/
mol (with BSSE and zero-point corrections) to stabilize this

Figure 2. Optimized isoG base pairs with side views. The main geometric parameters are for the energy local minimal structures (bold) and for
the planar structures (plain).d6 is not the fully optimized structure.

TABLE 1: Energy Properties of isoG Base Pairs Evaluated at the B3LYP/6-311G(d,p) Levela

symmetry composition E/hartree ∆E/kcal mol-1 E°/hartree ∆E°/kcal mol-1 ∆E° (BSSE)

dimmer
d1 Cs 1H-isoG: 3H-isoG -1085.429516 -30.50 -1085.194733 -28.54 -25.71
d2 C1 1H-isoG: 3H-isoG -1085.411275 -19.05 -1085.177665 -17.83 -15.00

Cs -1085.410851 -18.79 -1085.177524 -17.74 -14.91
d3 C2 1H-isoG: 1H-isoG -1085.403837 -14.06 -1085.169893 -12.94 -10.04

C2h -1085.402917 -13.48 -1085.169518 -12.70 -9.84
d4 C1 1H-isoG: 1H-isoG -1085.405885 -15.34 -1085.172103 -14.32 -11.42

Cs -1085.405800 -15.29 -1085.172490 -14.56 -11.66
d5 C2 1H-isoG: 1H-isoG -1085.429700 -30.29 -1085.195432 -28.96 -26.06

C2h -1085.429693 -30.28 -1085.195588 -29.06 -26.16
d6 C1 1H-isoG: 1H-isoG -1085.406760 -15.90 -1085.172600 -14.68 -11.78

Cs -1085.406844 -15.95 -1085.173117 -15.01 -12.11
monomer
1H-isoG C1 -542.6907167 -542.574618 1.45*
3H-isoG Cs -542.6901951 -542.574640 1.38*

a E0 and ∆E0 are vibrational zero-point energy corrected, where∆E ) E(dimmer) - E(monomer1)- E(monomer2),∆E0 ) E0(dimmer) -
E0(monomer1)- E0(monomer2), and∆E0(BSSE)) E0(dimmer)- E0(monomer1)- E0(monomer2)+ BSSE(monomer1)+ BSSE(monomer2).
The asterisk is the BSSE of monomer.d6 are the partially optimized calculation results.
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dimer. In this way, the bonding energy for this H‚‚‚N bond can
be estimated to be approximately 5.0 kcal/mol. The stabilization
energy ind2 amounts to 15.0 kcal/mol at the level of the present
study. Becaused2 contains one H‚‚‚N bond with a similar bond
length as that ind3, the 5.0 kcal/mol value of bonding energy
could be a good approximation for the N7‚‚‚H3′ bond in d2.
Accordingly, the bonding energy of H‚‚‚O is evaluated to be
around 10.0 kcal/mol. The stabilization energy of 25.7 kcal/
mol in d1 is attributed to two H‚‚‚O bonds and one H‚‚‚N
H-bond. A rough estimation based on the bonding energy in
d2 andd3 yields a value of 25.0 kcal/mol for two H‚‚‚O bonds
and one H‚‚‚N H-bond which is a reasonable approximation
compared to 25.7 kcal/mol for the DFT level value. The similar
H-bonding pattern and the stabilization energy of 25.4 kcal/
mol can also be found in the GC base pair.18 The structure in
which one isoG acts as a double H-bonding donor and the other
acts as a double H-bonding acceptor weakens the H-bonding
in d4. The stabilization energy ford4 amounts to 11.4 kcal/
mol, about 3.6 kcal/mol lower than that ind2. The unbalanced
charge distribution ind4 reduces the stabilization energy. This
corresponds to the elongation of the H-bond lengths as discussed
above. Two bifurcated H-bonds have been identified ind5. The
stabilization energy has been evaluated to be 26.06 kcal/mol
for this conformer. The bonding energy of a bifurcated H-bond
amounts to approximately 13.0 kcal/mol which is 3 kcal/mol
stronger than that of the H‚‚‚O bond. This estimation for the
bonding energy of the bifurcated H-bond is further confirmed
by the stabilization energies in partially optimized base pairs
d6 (11.78 kcal/mol for nonplanar motifs and 12.11 kcal/mol
for planar motifs). It should be noted that the bifurcated H-bond
discussed above involves the protons that originate from the
single base. In many tetrads, two protons in the bifurcated
H-bond are not from the same base as can be seen from Figure
5 (t3 andt4). To estimate the bonding energy of the bifurcated
H-bond involving three bases, an isoG trimer extracted from
the tetrad conformert4 was optimized at the B3LYP/6-
311G(d,p) level of theory (Figure 4). The stabilization energy

of this trimer amounts to 39.85 kcal/mol after both ZPE and
BSSE corrections.34 Notice that this trimer comprises one normal
O‚‚‚H bond, two N‚‚‚H bonds, and one bifurcated H-bond which
contains protons from different bases. The bonding energy
assigned to this bifurcated H-bond is 19.85 kcal/mol according
to the previous bonding energy assignment for the O‚‚‚H and
N‚‚‚H bonds, approximately two times as that of the single
O‚‚‚H bond. In this way, the bifurcated H-bond can be viewed

Figure 3. Electrostatic potential maps of the isoG base pairs. Electrostatic potential of isoG pairs are mapped onto the surface of the electron
density of 0.002 unit.

Figure 4. Two different views of the isoG trimer.30 This trimer
comprises one normal O‚‚‚H bond, two N‚‚‚H bonds, and one bifurcated
H-bond which contains protons from different bases. The bonding
energy assigned to this bifurcated H-bond is 20.85 kcal/mol, ap-
proximately two times that of the single O‚‚‚H bond. In this way, the
bifurcated H-bond can be viewed as two individual O‚‚‚H bonds where
two protons originate from two bases.
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Figure 5. Geometries of different conformers of the isoG tetrad with side views. Parameters in bold: local minima structures; plain: planar form.
t6 is not the fully optimized structure.
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as two individual O‚‚‚H bonds when two protons originate from
different bases. We shall follow this viewpoint in the discussion
hereafter.

The electrostatic potential maps of the isoG base pairs are
displayed in Figure 3. It is clear from the electrostatic potential
map that the nonplanar conformation of the base pairs arises
from the local electrostatic repulsion between the bases.
Specifically, a positive-positive repulsion between the charge
located around H8 and H(N9)′ in d2 and around H8 and H(N6)′
in d3 forces these base pairs away from the plane. Both the
positive-positive repulsion around H(N6) and H(N9)′ and the
negative-negative repulsion around O2 and O2′ in d4 twist this
pair. There is no obvious local electrostatic repulsion ind1 and
d5. This is consistent with their planar or near planar geometric
characteristics.

Tetrads of isoG.There are five different forms of the isoG
tetrad located as local minima on the potential energy surfaces
through full geometry optimization (Figure 5) of which two
conformers present the planar structure (t1 and t5) as was
confirmed by subsequent analytical vibrational frequency
calculations.

The most stablet1 conformer of the isoG tetrad is held
together through four pairs of normal and two pairs of bifurcated
H-bonds. If we consider one pair of bifurcated H-bond as two
O‚‚‚H bonds, this system possesses eight hydrogen bonds. It
should be noted that this conformer had not been yet proposed
in the literature. Base paird4 can be easily recognized in this
tetrad. Twod4s are linked together through bifurcated H-bonds
between O2 of one isoG and H(N6)′ and H1′ of the other to
form a stable cyclic planar structure withC2h symmetry. The
atomic distances in the bifurcated H-bonds amount to 1.771 Å
for O2‚‚‚H(N6)′ and 1.980 Å for O2‚‚‚H1′, respectively. It is
important to note that the H-bond length of H(N6)‚‚‚N3′ and
H1‚‚‚O2′ in t1 has been reduced to 1.740 and 1.920 Å,
respectively, about 0.22 Å shorter than those corresponding
bonds ind4. In this cyclic tetrad conformer, each isoG provides
two protons to its neighbor and at the same time receives two
protons from the other neighbor to form the H-bonds. In this
way, the unbalanced charge that appears ind4 is compensated
in t1 by the formation of a cyclic motif through bifurcated
H-bonding.

The t2 tetrad withS4 symmetry is totally stabilized by the
bifurcated H-bond pattern that resembles the pattern of the
normal guanine tetrad.8,9 TheC4 symmetry conformer character-

ized by the same bonding pattern has been predicted to be nearly
planar. However, a subsequent vibrational frequency analysis
shows that it is neither a local minimum nor a transition state
structure. The related transition state structure possessesC4h

symmetry with the same bifurcated H-bonds. It is the ability to
form bifurcated H-bonding that provides the possibility for isoGs
to adopt this near planar structure. The small base-pairing sector
angle between the hydrogen donor and acceptor faces in isoG
(67°)1 prevents it from forming a near planar structure inC4

symmetry through the Hoogsteen bases-pair motif. The O2‚‚‚H1′
bond length is calculated to be 1.960 Å int2. These bond
distances are the same in all forms with different symmetry. A
slightly shorter bond distance has been detected for the other
branch of the bifurcated H-bond. In theS4 symmetry conformer,
the O2‚‚‚H(N6)′ distance amounts to 1.853 Å, 0.03 Å less than
that at theC4 andC4h symmetry species. As a comparison, the
corresponding atomic distances in the G tetrad at the same
theoretical level have been reported to be 2.063 and 1.945 Å,
respectively.8

The t3 conformer suggested earlier by Golas et al.7 has been
predicted to be less stable thant1, though they are similar in
molecular geometries as can be seen from Figure 5. Instead of
bifurcated H bonds, twod4 isoG dimers are held through
O2‚‚‚H(N6)′ and O2′′‚‚‚H1′ bonding. The H-bonding motif in
the d5 base pair can be identified int3 (B, B′ in Figure 5) in
which, however, one branch of the bifurcated H-bonding
(O2‚‚‚H(N6)′) has been replaced by the O2 atom of the isoG(A,
A′) on the other side. The H(N6)‚‚‚N3′ bond distance has been
evaluated to be 1.900 Å int3 which is close to that int1. The
H1‚‚‚O2′ bond length int3 has been predicted to be 1.930 Å,
0.03 Å shorter than that ind4 and 0.20 Å longer than that in
t1. Each isoG(A) int3 receives one proton and donates two
protons through H-bonding, whereas each isoG(B) accepts three
and contributes two protons. Therefore, an unbalanced charge
distribution is expected for this tetrad.

The t4 and t5 conformers consist of both 1H-isoG and 3H-
isoG. Like the discussed similarity between thed1 base pair
and the GC base pair, the planar form of thet4 isoG tetrad
resembles the GCGC tetrad. The length of the H-bonds which
hold the twod1 base pairs amounts to 1.860 Å, whereas the
length of the H-bonds which hold the two GC pairs in the GCGC
tetrad is 1.989 Å at the same level of theory.19 t4 is then
expected to be more stable than the GCGC tetrad. However,
the energy analysis below shows that this is not confirmed by

TABLE 2: Energy Properties of isoG Tetrads Evaluated at the B3LYP/6-311G(d,p) Levela

symmetry composition E/hartree ∆E/kcal mol-1 E°/hartree ∆E°/kcal mol-1 ∆E° (BSSE) ν cm-1

tetrad
t1 C2h 1H-isoG -2170.902859 -87.85 -2170.431022 -83.18 -74.22 5
t2 S4 1H-isoG -2170.898653 -85.21 -2170.426373 -80.26 -71.86 5

C4 -2170.897675 -84.59 -2170.426057 -80.06 -71.66
C4h -2170.897671 -84.59 -2170.426138 -80.11 -71.71 -6

t3 Ci 1H-isoG -2170.898803 -85.30 -2170.426742 -80.49 -72.09 1
C2h -2170.897007 -84.17 -2170.425800 -79.90 -71.06

t4 C1 1,3H-isoG -2170.889990 -80.43 -2170.416843 -74.25 -66.99 5
Ci -2170.889903 -80.37 -2170.416743 -74.19 -66.93 -6
C2h -2170.884583 -77.03 -2170.412844 -71.74 -64.58

t5 C2 1,3H-isoG -2170.878846 -73.43 -2170.407730 -68.53 -61.27 5
t6 C4 1H-isoG -2170.892253 -81.85 -2170.42076 -76.74 -68.34
monomer
1H-isoG -542.6907167 -542.574618 2.10*
3H-isoG -542.6901951 -542.574640 1.53*

a E0 and ∆E0 are vibrational zero-point energy corrected, where∆E ) E(tetrad) - 2E(monomer1)- 2E(monomer2),∆E0 ) E0(tetrad) -
2E0(monomer1)- 2E0(monomer2), and∆E0(bsse)) E0(tetrad)-2 E0(monomer1)- 2E0(monomer2)+ 2BSSE(monomer1)+ 2BSSE(monomer2).
The asterisk is the BSSE of monomer.ν is the smallest vibrational frequency for the optimized local minima and the imaginary frequency for
transition state structures.
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calculations. The vibrational frequency calculation reveals that
the planar form is not the local minimum on the potential energy
surface. The local minimum structure oft4 is formed from the
two isoG base pairs of thed1 bend in the opposite directions
so that the N7 of 1H-isoG in one of thed1 pairs can accept the
H3 proton from the otherd1 to create another H-bond. As a
result, the number of H-bonds int4 is as large as ten. However,
the longer H-bond lengths predicted for H(N6)‚‚‚O2′ (1.820 Å)
and for N1‚‚‚H3′ (1.970 Å) compared to those ind1 suggest
that the bending between the pairs weakens the H-bonding.

Two base pairs ofd1 are bonded through the H-bonding
pattern ofd3 to form the planar tetrad structuret5. t5 is the
only isoG tetrad not adopting the cyclic form. The H-bonds
between 1H-isoG and 3H-isoG do not change much compared
to those in d1. The elongation by 0.03 Å observed for
O2‚‚‚H(N6)′ is mainly due to the fact that in the tetrad the other
proton attached to the N6 of 1H-isoG also forms an H-bond
with the N7 of the opposite 1H-isoG.

Because of the small base-pairing sector angle between the
hydrogen donor and acceptor planes in isoG, the bowl-shaped
structure is the only possibility to build up an isoG tetrad through
the Hoogsteen bases-pair motif. However, we were unable to
locate it as the local minimum by the full optimization technique.
Applying the constrained optimization, a bowl-liket6 conformer
was obtained. However,t6 is neither a local minimum nor a
transition state structure as revealed by the frequency analysis.

Without constraints, only the addition of a cation into the central
area of the tetrad leads to a bowl-shaped structure.4

isoG tetrads are stable H-bonded complexes as revealed in
this study. The stabilization energy has been evaluated to be as
high as 70∼80 kcal/mol for all studied conformers. Except for
t5 which adopts a noncyclic pattern, all other tetrads are more
stable than the normal guanine tetrad (∆E ) 76.80 kcal/mol at
the same theoretical level, see ref 13 as well as this study). The
difference of the stabilization energy between the planar and
nonplanar conformers is basically negligible fort2 andt3 (Table
2). Even fort4 in which the planar structure has eight H-bonds,
two less than the corresponding nonplanar conformer, the energy
difference amounts to only 2.5 kcal/mol. As long as they can
be stacked between layers of other tetrads, the isoG tetrad should
easily adopt planar forms.

The t1 tetrad is the most stable one. It is about 3 kcal/mol
more stable than other conformers and about 11 kcal/mol more
stable than the G tetrad. Applying the bond energy values
derived for the base pairs above, stabilization energy of only
56 kcal/mol is estimated fort1 (Table 3). Clearly, about 18
kcal/mol (after ZPE and BSSE corrections) should be attributed
to the cooperative effects in the cyclic form tetrad.17 Stabilization
energy oft2 amounts to 71.9 kcal/mol after corrections which
is 20 kcal/mol larger than the sum of the bond energy of four
isolated bifurcated H-bonds. The cooperative effects seem to
be much stronger in the symmetric H-bonding donor-acceptor
systems. The total binding energy oft1 and t2 is comparable
to that found in isoG-quintet (without BSSE, they are 21.96
kcal/mol for t1 and 21.30kcal/mol fort2 vs 21.91 kcal/mol for
isoG quintet25). A much smaller difference between the calcu-
lated stabilization energy (∆E°(BSSE)) -71.1 kcal/mol) and
the estimated bond energy (70 kcal/mol) has been observed for
t3, about 1 kcal/mol. The unbalanced number of proton donators
and acceptors among the bases suggests that there should be
little or no cooperative effects in this complex. Although the
nonplanar local minimum conformer oft4 has two H-bonds
more than the planar form, the stabilization energy reward for
these extra H-bonds is small (2.5 kcal/mol as discussed above).
The bending of the base pairs int4 eliminates most of the energy
gain from the extra H-bonding. It is important to notice that

TABLE 3: Hydrogen Bond Energy Estimation Based on the
IsoG Bases Pairs and the Bonding Energy Predictions for
IsoG Tetrads Based on These H-bond Energiesa

bond type H...O H...N bifurcated
BE

(estimated)
-∆E°
(BSSE)

BE/kcal mol-1 10 5 13
bond number contained

tetrad
t1 2 2 2 56 74.22
t2 4 52 71.86
t3 6 2 70 72.09
t4 6 2 70 66.93
t5 4 4 60 61.27
t6 4 4 60 68.34

a BE is the bond energy in kcal/mol.

Figure 6. Electrostatic potential maps of the isoG tetrads. Electrostatic potential of isoG tetrads are mapped onto the surface of the electron density
of 0.002 unit.
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the planar form oft4 shares a similar bonding pattern with the
GCGC tetrad. However, the bonding energy of this planart4 is
about 6.9 kcal/mol less than that of GCGC.19 The bond energy
estimation for this conformer is 70 kcal/mol, about 5.5 kcal/
mol larger than the calculated value of 64.5 kcal/mol in this
study. A detailed analysis of the bonding pattern of this planar
conformer enables us to identify that 3H-isoGs accept three
protons and donate only one in H-bonding, whereas 1H-isoGs
contribute three and accept one. This highly unbalanced proton
exchange is expected to destabilize the complex. On the other
hand, each cytosine and guanine in the GCGC tetrad accepts
two and at the same time donates two protons to the bonding.
The cooperative effect is then expected for the GCGC tetrads.
Becauset5 is the only tetrad not in a cyclic form, cooperative
effects are not expected for this conformer. The bond energy
estimation of 60 kcal/mol seems to be a good approximation
for the stabilization energy of 61.3 kcal/mol int5. Althought6
is not the local minimum on the potential energy surface, a high
stabilization energy has been evaluated (81.85 kcal/mol without
corrections) which is about 5 kcal/mol larger than that in the G
tetrad. The existence of cooperative effects is also obvious in
t6. The corrected stabilization energy amounts to 68.3 kcal/
mol, about 8.3 kcal/mol larger than the 60 kcal/mol bond energy
estimation. The extraordinary stability of the isoG tetrad
observed in experiments has been suggested to be the conse-
quence of additional base-sugar H-bonds.4 Our results show that
the high stabilization energy of the isoG tetrad itself also plays
an important role.

In their recent study on the isoG polyads, Meyer and Suhnel
concluded that the most stable hydrogen bonded isoG tetrad
possesses theC4h symmetry.24 However, our results obtained
using a larger bases set indicate that this conformer is not a
local minimum on the PES. Rather, it is a transition state
structure between two symmetrical local minima withS4

symmetry, which resembles the G tetrad.14 Even this S4

symmetry conformer is not the most stable hydrogen bonded
isoG tetrad, but the most stable conformer of IsoG tetrad ist1
(C2h symmetry).

An electrostatic potential map offers a convenient way to
predict the possible metal interaction sites for biological systems.
The ESP maps depicted in Figure 6 exclude the location of metal
ions in the central area of thet3, t4, and t5 conformers. The
ESP map oft4 suggests a possible cation interaction site around
O2 and N3 of 1H-isoG. The un-symmetric negative electrostatic
potential center oft1 and t2 should not be favored by cations
interacting mainly through electrostatic attraction. In fact, the
flat potential energy surface aroundt2 (S4 symmetry) enables
its conversion intoC4 symmetry under the influences of an
approaching cation and therefore into thet6 conformer which
is clearly a preferential form to be a cation host as can be seen
from its ESP map.

Conclusions

An analysis of the energetic properties of isoG base pairs
enables us to assign the hydrogen bond energy to isoG-iosG
interactions and to apply it in the study of the energy properties
of isoG tetrads. The approximate estimation of the H-bond
energy amounts to 5 kcal/mol for the H‚‚‚N bond, 10 kcal/mol
for the H‚‚‚O, and 13 kcal/mol for the bifurcated H-bond in
which two protons originate from one base.

The energy difference between the local minima considered
here and their corresponding planar structures of the base pairs
is insignificant. An easy flapping motion for the bases has also
been confirmed by the vibrational mode analysis. The non-

planarity of the isoG base pairs arises from the electrostatic
repulsion between the bases in the pair.

Five different isoG tetrads have been predicted to be the local
minima on the potential energy surface. The relative stability
is as follows: t1 > t3 > t2 > t4 > t5. A high stabilization
energy has been revealed for these isoG tetrads. All cyclic isoG
tetrads are more stable than guanine tetrads.

The difference in stabilization energy between the planar and
nonplanar conformers is basically negligible. As long as they
can be stacked between layers of other tetrads, isoG tetrads
should easily adopt a planar form. Introducing a cation,
especially alkali metal ions, in the central area of isoG tetrads
leads inevitably to a bowl-like structure as revealed by the
electrostatic potential maps.

Applying the bond energy assignment, we are able to
investigate the cooperative effect of hydrogen bonding in the
cyclic form of the tetrads. The cooperative effect of hydrogen
bonding is crucial for highly stabilized isoG tetrads. The
balanced transfer of proton among all componenets of the isoG
tetrad is necessary to build up the cooperative effect. Bifurcated
H-bondings are important in the formation of isoG tetrads. This
type of bonding pattern provides alternatives for isoG to form
different stable tetrad conformers which have the potential to
develop diversity in biological systems.
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