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Abstract

The structures and interaction energies of guanine and uracil quartets
have been determined by B3LYP hybrid density functional calculations.
The total interaction energy AET of the C4-symmetric guanine quartet
consisting of Hoogsteen type base pairs with two hydrogen bonds between
two neighbour bases is -66.07 kcal/mol at the highest level. The uracil
quartet with C6-H6...04 interactions between the individual bases has
only a small interaction energy of -20.92 kcal/mol and the interaction
energy of -24.63 kcal/mol for the alternative structure with N3-H3...04
hydrogen bonds is only slightly more negative. Cooperative effects con-
tribute between 10 and 25 % to all interaction energies. Complexes of
metal ions with G-quartets can be classified into different structure types.
The one with Ca?t in the central cavity adopts a C4,-symmetric structure
with coplanar bases, whereas the energies of the planar and non-planar
Nat complexes are almost identical. The small ions Lit, Be*t, Cut and
Zn>* prefer a non-planar §4-symmetric structure. The lack of coplanarity
prevents probably a stacking of these base quartets. The central cavity
is too small for K* ions and therefore this ion favours in contrast to all
other investigated ions a Cs-symmetric complex, which is 4.73 kcal/mol
more stable than the C4,-symmetric one. The distance 1.665 A between
K* and the root mean squares plane of the guanine bases is approxi-
mately half of the distance between two stacked G-quartets. The total
interaction energy of alkaline earth ion complexes exceeds the ones with
alkali ions. Within both groups of ions the interaction energy decreases
with an increasing row position in the periodic table. The B3LYP and
BLYP methods lead to similar structures and energies. Both methods
are suitable for hydrogen-bonded biological systems. Compared with the
before mentioned methods the HCTH functional leads to longer hydrogen
bonds and different relative energies for two U-quartets. Finally we cal-
culated also structures and relative energies with the MMFF94 forcefield.
Contrary to all DFT methods, MMFF94 predicts bifurcated C-H...O con-
tacts in the uracil quartet. In the G-quartet the MMFF94 hydrogen bond
distances N2-H22...N7 are shorter than the DFT distances, whereas the
N1-H1...06 distances are longer.

*Konrad-Zuse-Zentrum fiir Informationstechnik Berlin, Takustr. 7, D-14195 Berlin
TInstitut fiir Molekulare Biotechnologie, Beutenbergstr. 11, D-07745 Jena



Introduction

Base pairs linked by hydrogen bonds (H-bonds) constitute an important struc-
tural motif of RNA and DNA. Therefore, extensive theoretical work has been
done to supplement experimental studies. For quantum chemical studies of
base pairs Hartree-Fock (HF) theory and Mgller-Plesset perturbation theory of
second order (MP2) have been used frequently, whereas for individual bases
higher theoretical levels have been adopted [1]. As the computational demand
increases rapidly with the number of bases, density functional theory (DFT)
appears to be an attractive alternative for nucleic acid model systems. The
application of DFT methods has provided promising results for individual frag-
ments of organic and bimolecular structures [2, 3, 4, 5, 6]. To our knowledge
Santamaria and Vazquez [7] were the first who have applied DFT to the Watson-
Crick base pairs guanine-cytosine (GC) and adenine-thymine (AT) using the
Vosko, Wilk and Nusair [8] local and Becke Perdew [9, 10] non-local correla-
tion functionals and compared the results with conventional ab initio methods.
Then, Sponer and coworkers [11] found for a series of base pairs that the in-
teraction energies derived from the B3LYP hybrid density functional method
[12, 13] are much the same as those from MP2 single point calculations when
the same geometry is used. We have investigated the H-bonded AT-base pair
and the unusual adenine-difluorotoluene (AF) pair and found close a correspon-
dence between B3LYP and single point MP2 base pair interaction energies [14].
The distances between both bases in AT-pairs from B3LYP calculations are
in better agreement with experimental AT-pair distances in DNA structures
than the ones derived from HF calculations. When compared with a MP2(FC)
optimized structure, B3LYP performed better than HF for the geometry of a
water-mediated base pair. The corresponding B3LYP interaction energies are
only slightly larger than the MP2(FC) data [15]. Similarly, a good agreement
between B3LYP and MP2 calculations has been found for the complex of metal
ions with the thioguanine-cytosine base pair [16]. These findings encouraged us
to apply the B3LYP method to base quartets. To our knowledge this is the first
nonempirical quantum-chemical study on base quartet structures.

Guanine (G)-quartets are known to be formed by G-rich telomeric DNA lo-
cated at the end of eukaryontic chromosomes [17, 18] and by the self-association
of guanosine gels [19]. G-quadruplex based inhibitors of telomerase may be rel-
evant to cancer therapy [20, 21]. In addition, G-rich repeats do also occur in
other parts of the human genome. Therefore, quadruplex formation may also
be important for other diseases than cancer [22]. In this context it is impor-
tant to note that NH; and metal cations play an important role in the folding
and stability of quadruplex structures. Uracil(U)-quartets have not attracted
the same interest thus far. An example has been found in an unusually sta-
ble RNA tetraplex formed by parallel strands of r(UG4U) [23]. This tetraplex
structure has been determined by two-dimensional NMR spectroscopy and re-
strained molecular dynamics simulations. It has a fourfold symmetry axis and
a practically planar Hoogsteen type geometry of the guanine bases with two
H-bonds N2-H22...N7 and N1-H1...04 between the G-monomers (Fig. 1a). The
U-quartet at the 3’-terminus has a non-planar conformation and forms classical
N3-H3...04 H-bonds between the bases, but the U-quartet at the 5-terminus
is planar and linked only by C6-H6...04 contacts in a cyclic manner (Fig. 2).
Such C-H...O interactions are well-known for small organic molecules [24, 25, 26]



and have recently attracted much interest in structural biology as well [27, 28].
Often, however, C-H...O contacts are accompanied by strong neighbouring in-
teractions like H-bonds so that the C-H...O contacts may be enforced by the
neighbour interaction and do not contribute to the stability of the system on
their own. Therefore, the U-quartet found in the RNA tetraplex structure is
of particular interest because the bases are connected by C6-H6...04 contacts
only.

We want to supplement previous theoretical studies of C-H...O interactions
[29, 30] in a rigorous way and provide also additional data on cooperativity of
H-bonded biological systems [31, 32].We have performed B3LYP calculations
to determine the structures and interaction energies of the individual bases in
the G-quartet and in both U-quartets. As guanine is intrinsically non-planar
G-quartets may show small deviations from the coplanar C4,-symmetric struc-
tures. Therefore, we have also carried out calculations for structures with pyra-
midal amino groups (C4- and S4-symmetry). For these lower symmetries the
G-quartets may show deviations of the base planes from the coplanar geome-
try. Finally, we have investigated the structural and energetical features of the
G-quartet interaction with metal ions in order to analyse the ion dependence of
the self-association. The methodical part of our work comprises a comparison
of different basis sets and of the performance of the B3LYP density functional
method with the BLYP and HCTH approaches based on Becke’s 1988 exchange
functional [9] and the functional of Hamprecht and coworkers [33], respectively.
The latter approaches might provide access to even larger biological systems as
a consequence of the computational efficiency method arising from the missing
HF step present in B3BLYP. The applicability of these methods requires that H-
bonded systems can be calculated accurately as H-bonds are of utmost impor-
tance in biology [34, 35]. Even medium-sized biopolymers exceed the range of
applicability for DFT calculations. We have, therefore, compared the computed
structures with the results obtained with the MMFF94 forcefield derived from
quantum-chemical calculations ranging between the HF and MP4SDQ single
point levels.

Methods

An initial structure of the quartets has been generated from the coordinates
of the RNA tetraplex with the Protein Data Bank code 1rau [23]. The bases
have been capped with hydrogen atoms and minor deviations of the G- and
U-quartet geometries from C4p-symmetry have been removed with UNICHEM
[35] (Figs. la, 2a). The U-quartet with N-H...O H-bonds (Fig. 2b) has also
been investigated at C4p-symmetry. The C4- and Ss-symmetric G-quartets
have been studied for comparison with the coplanar complex structure. The
initial structures used for optimizations consist of four G-monomers with a Cyp-
symmetric complex geometry except for pyramidal amino groups. The C4-
symmetric quartet has all amino hydrogen atoms on the same side of the base
planes whereas the S4-symmetric has hydrogen atoms above and below the base
plane in an alternating sequence. The metal ions Lit, Nat, Kt, Be?t, Mg?™,
Ca?*, Cut and Zn?* have been positioned at the centre of the G-quartets for
Cun- and Sy-symmetry and at a distance of 1.6 A below the center for Cyp-
symmetry prior to the geometry optimizations (Fig. 3).



Figure 1: Optimized structure of the guanine quartet with a Cy4p,- (a) and Sy4-
symmetry (b). The figures have been created with MOLSCRIPT [59].



Figure 2: Optimized structure of the uracil quartet with C-H...O interactions
(a) and N-H...O hydrogen bonds (b).



Figure 3: Optimized structures of G-quartets with ions. a) complex with Na*
and C4j-symmetry, b) complex with Be?* and S,;-symmetry ¢) complex with
KT and C4-symmetry



The structures of G, U and of the quartet structures have been optimized
using the B3LYP hybrid density functional method [12, 13] and the 6-31G(d,p),
6-311G(d,p) and 6-3114+G(d,p) basis sets [37, 38, 39, 40]. Individual bases have
also been investigated with the MP2(FC) method. Energy minima have been
verified with subsequent frequency calculations and interaction energies have
been corrected for the basis set superposition error (BSSE) with the standard
counterpoise method [41]. Additional DFT calculations were carried out with
the BLYP [9, 13] and HCTH [33] functionals and the DZVP and TZVP basis
sets optimized for DFT calculations [42]. For the metal ions average relativistic
potentials with a large orbital basis and a small core have been used [43, 44].
G-quartet metal complexes with Lit, Nat, Be?* and Mg2t have also been
investigated using the all electron approach (AE) with the standard B3LYP /6-
31(d,p) basis set to analyse the suitability of effective core potentials. With
ECP we designate those calculations with effective core potentials and a DZ
basis at the metal ions. A 6-31G(d,p) basis was used throughout for the base
atoms in complexes with metal cations. All calculations were carried out with
GAUSSIANOY4 [45], except for the HTCH-calculations, which were performed
with the beta release of DGauss 5.0 [46].

The interaction energy AE of the quartets was calculated according to the
BSSE correction scheme, Eq. (1), where AE(By4) denotes the energy of the
quartet consisting of four identical bases B and E(B) denotes the energy of a
single base computed with the full quartet-centered basis set.

AE = E(By) — 4E(B) 1)

The total interaction energy can also be expressed in terms of pairwise in-
teraction energies.

AE = 4AE™ + 2AE® + AE° (2)

The first two terms describe pair interactions whereas the third term AE°
represents the cooperative contribution. AE™ is the interaction energy between
neighbour base pairs, the interaction energy between diagonal opposite base
pairs is given by AEY. Each base is deformed slightly from its ideal monomer
geometry upon complex formation and the corresponding deformation energy
AE®/ is the energy difference between the structure adopted by a single base
in the complex and the optimized structure of this individual base. The total
interaction energy AET is the sum of AE and AE?/.

AET = AE + 4AE%] (3)

Furthermore the zero-point vibrational energy difference AZPE between the
quartet and four individual bases contributes to AEq defined as

AE, = AET + AZPE (4)

The total interaction energy AE” can be generalized for the quartets with
a metal ion M.

AET = E(MB,) — 4E(B) — E(M) + 4AE®f (5)



TABLE 1. Selected distances (A) and angles (°) of the U- and G-quartets.

HCTH/ BLYP/ B3LYP/ B3LYP/ B3LYP/

TZVP TZVP TZVP 6-311G(d,p) 6-3114+G(d,p)
U-quartet CHO
r(H6...04) 2.270 2.156 2.115 2.100 2.111
r(H5...04) 4.332 4.213 4.153 4.194 4.121
a(C6-H6...04) 172.6 174.7 175.2 172.3 176.7
a(H6...04=C4) 133.0 135.3 135.9 132.6 137.5
U-quartet NHO
r(H3...04) 1.970 1.804 1.780 1.777 1.795
r(H5...02) 3.179 3.012 2.972 2.955 2.989
r(04...044d) 5.210 5.024 4.996 4.944 5.041
«(N3-H3...04) 177.9 176.6 177.2 176.3 178.3
a(C5-H5...02) 144.3 145.2 144.7 145.4 143.9
G-quartet Can S Can Sy Can S4 Can S4 Can S4
r(H22..N7) 2.325 2.054 2.089 2109 2.123 1.971 1.992 2.015 2.039
r(H1...06) 1.941 1815 1.795 1.816 1.798 1.782 1.755 1.791 1.771
r(06...064d) 5.340 5.163 5.075 5.288 5.190 4.940 4.846 5.062 4.993
a(N2-H22...N7) 161.1 162.9 1654 1574 160.7 165.8 169.1 163.2 165.8
a(N1-H1...06) 173.5 178.8 178.7 173.8 175.7 176.5 174.1 180.0 176.0
Plane RMS®) 0.0 0.631 0.0 0499 0.0 0.431 0.0 0.567 0.0 0.519

a) root mean square deviation of all atoms from a least squares plane

Forcefield calculations have been carried out with MMFF94 [47] as imple-
mented in Sybyl 6.4 [48]. A dielectric constant of 1.0 has been used throughout
and the optimizations have been terminated at a gradient of 0.001 kcal/mol.

Results

The calculated geometrical parameters and energies of the monomers and of the
metal-free G- and U-quartets are summarized in Tab. I-ITI. We discuss first the
calculated quartet properties obtained with the B3LYP method and Pople type
basis sets, because the 6-31G(d,p) basis has been used frequently for base pairs
[1, 11, 14, 31, 32]. In a subsequent section we compare the results obtained with
B3LYP and different basis sets and then we discuss the data obtained with the
different DFT methods and a common basis set.

U-quartet

The U-quartet has been optimized for two different complex structures at Cyp-
symmetry. One structure has C6-H6...04 links (CHO structure) between the
bases (Fig. 2a) and the other one is linked by N3-H3...04 H-bonds (NHO struc-
ture) and by additional relatively long C5-H5...02 interactions (Fig. 2b). As a
consequence of the weak C6-H6...04 interactions between the individual bases,
three vibrations corresponding to inter base motions with frequencies below 10
cm~! exist at the BSLYP/6-311+G(d,p) level. Yet, the CHO U-quartet has a
local minimum for the planar structure shown in Fig. 2a. The H6...04 distances
of 2.100 A determined with the 6-311G(d,p) basis set are clearly longer than the
classical H-bonds distances N3-H3...04 in the alternative NHO structure (Fig.



TABLE II. Total energy E (H), zero point vibration energy ZPE (H), deformation
energy AE?®f (kcal/mol), interaction energy AE (kcal/mol), total interaction energy
AE”' (kcal/mol), pairwise interaction energies AE™ and AE? (kcal/mol), cooperative
energy AE® (kcal/mol) and Eg (kcal/mol) of uracil and the relative energy of uracil
quartets with CHO and NHO interactions.

HCTH/ BLYP/ B3LYP/ B3LYP/ B3LYP/

TZVP TZVP TZVP 6-311G(d,p) 6-311+G(d,p)
U
E -414.80861  -414.86528  -414.95545  -414.93461 -414.94607
7ZPE 0.08518 0.08347 0.08658 0.08700 0.08669
U-quartet CHO
E -1659.25866  -1659.49208 -1659.85656 -1659.77799  -1659.81914
AE™ -3.27 -4.39 -4.22 -4.37
AE? -0.44 -0.48 -0.47 -0.48
AE* -3.27 -3.39 -3.53 -3.41
AE -19.35 -21.91 -21.35 -21.88
AE%ef 0.16 0.21 0.24 0.29 0.24
AET -18.51 -20.95 -20.19 -20.92
AZPE 2.06 2.08 2.05 1.97
AEo -16.45 -18.87 -18.14 -18.95
U-quartet NHO *
E -1659.25925 -1659.49884  -1659.86430 -1659.79008  -1659.82667
AE" -5.30 -6.06 -5.81 -6.00
AE? -0.02 -0.02 -0.08 -0.03
AE° -2.78 -2.79 -2.58 -2.49
AE -24.02 -27.07 -25.98 -26.55
AE‘ef 0.24 0.56 0.53 0.58 0.48
AET -21.78 -24.95 -23.66 -24.63
Ecuo-Enno 0.37 4.24 4.86 7.59 4.73

*) no local energy minimum

2b). Nevertheless, these distance are considerably shorter than the sum of van
der Waals radii for H and O (2.7 A). Upon complex formation the C6-H6 bond
length increases from 1.075 A in the monomeric uracil to 1.086 A in the quartet
structure. In the NHO structure there are also rather long C5-H5...02 distances
of 2.989 A.

Frequency calculations indicate that the U-quartet with C6-H6...04 con-
tacts corresponds indeed to a local energy minimum, whereas four small imag-
inary frequencies exist for the complex with N3-H3...04 H-bonds. The four
almost degenerate C6-H6 stretching vibrations are shifted by about 40 cm ™! to
lower wavenumbers upon complex formation. The total interaction energy AET
of -20.92 kcal/mol for the U-quartet with C6-H6...04 contacts is only slightly
smaller than the one for the alternative orientation (Fig. 1a), but it is much
lower than the one of the G-quartet. As compared to the C6-H6...04 inter-
actions in the CHO structure the NHO U-quartet has much shorter distances
of 1.795 A between the hydrogen and the acceptor atom. Similar to the 04
atoms in the G-quartet, the distance between both 04 atoms of opposite bases
in the U-quartet is 5.041 A. This means that there is sufficient space for metal
ion binding. AE? amounts to -24.63 kcal/mol. In the NHO U-quartet the
pairwise interaction energy between neighbour bases is stronger but the interac-



TABLE III. Total energy E (H), zero point vibration energy ZPE (H), deformation
energy AE?f (kcal/mol), interaction energy AE (kcal/mol), total interaction energy
AE”' (kcal/mol), pairwise interaction energies AE™ and AE? (kcal/mol), cooperative
energy AE® (kcal/mol) and Eg (kcal/mol) of guanine and the relative energy of
guanine quartets.

HCTH/ BLYP/ B3LYP/ B3LYP/ B3LYP/

TZVP TZVP TZVP 6-311G(d,p) 6-311+G(d,p)
G
E -542.44840  -542.49878  -542.62995  -542.56124 -542.69411
7ZPE 0.11514 0.11205 0.11654 0.11603 0.11571
G-quartet Cap, *
E -2170.09978 -2170.63602 -2170.38820  -2170.91356
AE" -12.58 -13.79 -14.14 -13.74
AE? -1.93 -2.25 -2.01 -2.10
AE® -16.89 -15.30 -17.92 -16.49
AE -71.07 -74.96 -78.51 -75.63
AE%ef 2.89 2.67 2.51 2.39
AET -59.51 -64.28 -68.47 -66.07
G-quartet S4
E -2169.87558  -2170.1006  -2170.63641 -2170.38882  -2170.91404
ZPE 0.45367 0.47140
AE" -12.17 -13.42 -13.86 -13.59
AE? -1.76 -2.06 -1.93 -1.92
AE® -16.78 -15.37 -17.97 -16.60
AE -68.78 -73.17 -77.27 -74.80
AE‘eS 1.33 2.13 2.15 2.20 2.15
AET -60.23 -64.57 -68.47 -66.20
AZPE 3.43 3.29
AE -56.83 -61.28
Ecan-Esa 0.52 0.24 0.38 0.30

*) no local energy minimum

tion energy between the oppositely located bases and the cooperative energy is
weaker as in the CHO structure (Table II). Additional diffuse functions do not
change the calculated interaction energies significantly and therefore they may
be omitted for larger nucleic acid complexes like the G-quartet. But they are
important for an accurate determination of the relative energy Ecgo-Enxgo of
both U-quartets. At the B3LYP/6- 311G+G(d,p) level the NHO U-quartet is
4.73 kcal /mol more stable than the CHO structure. Nevertheless, the more sta-
ble structure does not correspond to a local energy minimum as four imaginary
frequencies exist for this structure (see discussion section below).

G-quartet

The G-quartet has been optimized for the Hoogsteen type geometry with clas-
sical H-bonds at Cy4p-, C4- and at S4-symmetry (Fig. 1). As all C4-symmetric
structures converged to the Cyp-symmetry, even the one which is stable in the
presence of KT, we will not consider it in the further discussion. As a rule the
non-planar Sy structure is somewhat more stable than the planar Cy; struc-
ture. The energy difference is -0.39 kcal /mol at the B3LYP/6-31G(d,p) and -0.30
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kcal/mol at the BSLYP/6-311G(d,p) level. At the latter level, the H1...06 and
H22...N7 distances are 1.791 and 2.015 A, respectively, in the C4j-symmetric
structure (Tab. I). At S4-symmetry, the H1...06 distance is shortened to 1.771
whereas the H22...N7 distance is elongated to 2.039 A. It appears therefore,
that the relative strengths of the different H-bonds to N7 and O6 might be one
factor determining the relative energy of the planar and non-planar structures.
The preference to a non-planar conformation arises also from the fact that a G
monomer with a pyramidal amino group is about 0.56 kcal/mol more stable than
the planar molecule at the B3LYP/6-311G(d,p) level. MP2(FC)/6-31G(d,p)
predicts even an energy difference of 1.47 kcal/mol. The angle between the
planes of the three amino group atoms and the one of all atoms except the two
amino hydrogens is 36.2 ° at the DFT level and 44.0° at MP2 level. The plane
angle is reduced to 26.2° upon hydrogen bonding in the S4-symmetric com-
plex. The interaction energies shown in Table III differ by approximately one
percent between both quartet conformations. For the C4j,-symmetric structure
B3LYP/6-311G(d,p) predicts a total interaction energy AET of -66.07 kcal /mol.
According to Eq. (2), the interaction energy AE™ of -13.74 kcal/mol between
the H-bonded neighbour bases is much stronger than the interaction energy AE?
of -2.10 kcal/mol between opposite pairs without direct H-bonds. The cooper-
ative energy contribution AE€ is -16.49 kcal/mol. Each base is deformed from
its ideal monomer geometry upon complex formation and the corresponding de-
formation energy AE?f amounts to 2.39 kcal/mol for a single G. The strong
interaction within the G-quartet relative to the U-quartets causes a higher de-
formation energy.

G-quartet with metal ions

Relative energies for the G-quartet metal ion complexes are listed in Tab. IV
and structures are shown in Fig. 3. Complexes with ions having small radii,
especially Lit, Be?* and Mg2™, are more stable at S4-symmetry, whereas com-
plexes with ions posessing large radii like K* and Ca?t* have no local minimum
for the S4-symmetry. For Nat the Cyp- and the S4-symmetric complexes have
approximately the same energy and also the structures corresponding to both
symmetries are similar. This is indicated by the 0.245 root-mean-square (RMS)
deviation of all atoms in the S4-symmetric structure from a least-squares-plane,
which is significantly smaller than for all other ions with small radii exceeding
the value of 0.567 for the metal-free G-quartet. The energy difference between
the C4p-and the S4-symmetric complexes correlates with the RMS deviation
of the atoms from the least-squares-plane (Table IV). In contrast to all other
investigated complexes with ions has the KT G-quartet complex a local min-
imum for C4-symmetry which is 4.73 kcal/mol more stable than the one for
Cyn-symmetry (Fig. 3c). Other ions located initially at the Kt position move
into the G-quartet plane during the optimization of the complex. Selected ge-
ometric parameters of the complex structures at Cyp-symmetry are listed in
Table V. Relative to the metal free complex, the H1...06 distances increase
upon metal binding and all H22...N7 distances decrease, except for K*. The
preference of ions with small radii for the S4-symmetric structure is a conse-
quence of the metal ion - O6 attraction. In this particular symmetry much
smaller distances between the central ion and O6 can be achieved. For LiT,
Be?t and Mg?*, for example, these distances are 2.036, 1.645 and 1.996 A at
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TABLE IV. Energy difference AE between the C4p- and S4-symmetric conformation
(kcal/mol) of the G-quartet with a central metal ion and root mean square (RMS)
deviation (A) of all atoms from the least squares plane in the S4-symmetric structures.

metal ion AE plane RMS
AE ECP AE ECP
- -0.39 - 0.567 -
Lit -3.12  -3.41 0.881 0.962
Nat -0.04 -0.03 0.245 0.271
K+ _ a,b _ b
Cut - -1.96 - 0.726
Be?t -4.52 - 1.502 -
Mgt -4.14 -5.58 0.943 0.962
Ca’t - b) - b)
Zn%t - -1.09 - 1.050

a) The energy difference between the Cy4p- and C4-symmetric complex is 4.73 kcal/mol.
b) No local minimum exists for the S4-symmetric structure.

S4-symmetry, whereas the corresponding distances are 2.142, 1.798 and 2.043
A according to the AE calculations at C4p-symmetry. Small metal ions attract
the base O6 atoms in an extraordinarily strong manner. In the metal-free G-
quartet with C4p-symmetry the distance 06...06¢ between the diagonal bases
4.939 A at the B3LYP/631G(d,p) level. In the Be?t complex this distance,
corresponding to twice the M-O6 distance listed in Tab. V, is reduced by about
1.4 A to 3.596 A. Among the various metal-ion G-quartet complexes the re-
spective 06...06% distances of 4.568, 4.598 and 5.099 A for Nat, Ca2t, and K+
resemble the distances in the metal-free quartet most closely. Kt in the center
leads to the smallest change of the 06...06d distance, but this ion is the only
one extending the distance relative to the metal-free structure. A comparison of
the C4- and the C4j,-symmetric complexes with KT indicates that the central
cavity is too small for this ion. When the ion is located outside of the cavity
(Fig. 3c) the H-bond distances H22...N7 and H1...0¢ relax from 2.080 to 1.918
A and from 1.934 to 1.895 A, respectively. Similarly, the 06...06% distance of
5.099 A is reduced to 4.850 A, which is close to the corresponding distance of
4.939 A in the metal-free quartet structure . The Mulliken population analysis
indicates that there is a large charge transfer from the G-quartet to the central
metal ion M (Tab. VI). This charge transfer is larger for the alkaline earth
metal ions than for the alkali metal ions. It decreases for both groups with
increasing ionic radii. According to Tab. VI the total interaction energy AET
is drastically increased when a metal ion is present in the G-quartet. AE7 is
stronger in the presence of twofold charged ions than for the singly charged ions
and it decreases for the alkali and alkaline earth ions from LitT to Kt and from
Be?t to Ca?*. This decrease of the interaction energy has its counterpart in
the decrease of the deformation energies. Those ions having a large interaction
energy are able to deform the individual bases more than those with a small
interaction energy.

Basis set dependence of the results

Comparative calculations with different basis sets have been carried out for
the quartets without cations. The distances between the monomers in the
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TABLE V. Nonbonded distances (A) of the Cap-symmetric G-quartet with metal
ions.

metal ion 1% r(M-06) r(H22...N7) r(H1...06)
AE ECP AE ECP AE ECP

- - - - 1.971 - 1.782 -
Lit 0.68 2142 2.139 1.799 1.796 1.855 1.852
Na® 097 2291 2284 1891 1.880 1.974 1.961
K* 1.33 - 2.545 - 2.080 - 1.934
- 2.643° - 1.918° - 1.895°
Cut 0.96 - 2.290 - 1.811 - 1.826
Be?* 035 1.798 1.805 1.759 1.750 2.074  2.056
Mgt 0.66 2.043 2.026 1.804 1.799 1.978 1.982
Ca®t 0.99 - 2.299 - 1.956 - 2.008
Zn?t 0.74 - 2.029 - 1.774 - 1.922

a) crystallographic ion radius [60].
b) C4-symmetry

TABLE VI. Charge of the metal ion of the G-quartet with a central metal ion.
metalion AE  ECP

Lit 0.481 0.569
Nat 0.520 0.863
Kt - 0.874
Cu* - 0.650
Be?™ 0.773 1.075
Mgt 1.037 1.699
CaZt - 1.778
Zn2t - 1.326

TABLE VII. Interaction energy AE? (kcal/mol) and deformation energy AE?*f
(kcal/mol) of the Cs-symmetric G-quartet with a central metal ion.

metal ion AET AEdef
AE ECP AE ECP
- -75.6 - 1.86 -
Lit -209.9 426 4.25
Nat -188.9 -185.8 3.87 3.39
Kt - -149.9 - 3.46
- -154.6° - 3.49°
Cut - -231.8 - 4.47
Be?t -558.6 8.45 848
Mg2+ -454.4  -4412 7.18 6.87
CaZt - -344.6 - 5.78
Zn2t - -483.9 - 7.77

a) C4-symmetry
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U-quartets obtained with TZVP, 6-311G(d,p) and 6-311+G(d,p) are in close
agreement. Often the TZVP data are in between the results obtained with both
Pople type basis sets (Tab. I). For the G-quartet the distances between the in-
dividual bases increase when 6-311G(d,p) is used instead of 6-31G(d,p), DZVP
gives even larger distances (Tab. II). The U-quartet with C6-H6...04 interac-
tions shown in Fig. 2a has to be optimized at least with the 6-311G(d,p) basis
or with a larger set supplemented by diffuse functions. Smaller basis sets like
6-31G(d,p) are not suitable for this complex with C-H...O interactions, because
the optimized structure has imaginary vibrational frequencies at this level and
therefore it does not correspond to an energy minimum of the potential energy.
The relative total energy Ecmo-Enmo between both U-quartets shows a no-
ticeable basis set dependence (Tab. II). TZVP provides results, that are more
similar to 6-311+G(d,p) than to 6-311G(d,p). Pairwise interaction energies, the
cooperative energy and the deformation energy of the three basis sets are in
close agreement for the U-quartet. For the G-quartet, the interaction energies
obtained with 6-31G(d,p) are somewhat larger than the DZVP and 6-311G(d,p)
results. The monomer zero point energies obtained with the different basis sets
agree within 0.3 kcal/mol for both quartets, differences in the change of the zero
point energies AZPE upon complex formation are even smaller.

Performance of the DFT methods

The BLYP interaction energies listed in Tab. II and IIT are in general smaller
than the B3LYP results, when the same basis is used. The relative difference de-
pends on the molecule type. For the G-quartet the difference is about 3%, for the
U-quartets the differences increases to approximately 12%. HCTH interaction
energies were not calculated. However, taking into account the correspondence
between the interaction energy and the deformation energy of the monomer,
one might expect that the HTCH interaction energies are even smaller than
the BLYP interaction energies. The H-bond lengths given in Table I increase
from B3LYP over BLYP to HCTH. The difference between the latter methods
is quite large. HCTH predicts also the largest non-planarity of the G-quartet.
The plane angle of 37.9° between the amino group and the heterocyclic ring
system of the G-monomer from HTCH is not much smaller than the B3LYP and
BLYP results of 40.9° and 42.3 °, respectively. Zero point vibrational energies
of the monomers are in close correspondence for HTCH and B3LYP, only the
BLYP energies are somewhat smaller.

Forcefield calculations

Selected structure parameters from MMFF94 calculations of the G- and the
U-quartets are listed in Tab. VIII for comparison with the DFT data given
in Tab. I. All H-bonds from the forcefield calculations are somewhat shorter
than the ones from the three DFT methods. For the U-quartet with CH...O
interactions the structures are significantly different. In contrast to the DFT
calculations predicting only a short contact between H6 and O4 as displayed
in Fig. 2a, MMFF94 predicts a bifurcated interaction with short distances
of 2.684 and 2.843 A between H6 and O4 and between H5 and O4. Such a
bifurcated orientation of the bases in the U-quartet has also been predicted
from the combined NMR and MD-structure of the tetraplex from r(UG,4U)
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TABLE VIII. Summary of the forcefield calculations for the G- and U-quartets
U-quartet CHO

r(H6...04) 2.684
r(H5...04) 2.843
a(C6-H6...04) 123.7
a(H6...04=C4) 159.1
U-quartet NHO
r(H3...04) 1.665
r(H5...02) 2.915
r(04...04d) 5.219
a(N3-H3...04) 172.4
(C5-H5...02) 140.0
G-quartet

Can S4
r(H22..N7) 1.676 1.627
r(H1...06) 1.907 2.020
r(06...06d) 5.013 4.868

o(N2-H22..N7) 156.1 160.0
o(NI-H1...06)  180.0 169.8
Plane RMS 0.0  0.672

(see below). The forcefield energy difference of 19.84 kcal/mol between both
U-quartets is significantly larger then the results from all DFT calculations.
Similarly, the energy difference Ecyp-Egs between both G-quartet structures of
6.07 kcal /mol exceeds the corresponding DFT results in Table III significantly.

Discussion

(Guanine

The DFT calculations on G indicate that this molecule has a pyramidal amino
group. The planarity of amino groups has been discussed in detail by Halgren
in relation to the MMFF94 forcefield [50]. The plane angles between the amino
group and the least squares plane through all other atoms including the amino
nitrogen is about 36.2° at B3LYP/6-311G(d,p) level, which is in reasonable
agreement with the MP2(FC)/6-31G(d,p) estimate of 44.0 °. The corresponding
energy differences between the puckered and the planar structures are 0.56 and
1.47 kcal /mol, respectively. The calculated non-planarity of G is in line with the
pyramidal nitrogen atoms in the microwave structures of aniline (42.4 ) [51] and
methylamine (54.53 ° in the staggered conformation [52]). On the other hand,
many planar amino groups have been found in crystal structures. It may be that
the average structure arising from the fast inversion in a symmetric potential
is observed in the X-ray experiment. Packing effects in crystals also seem to
favour planar structures. For example, the structures of biphenyl and flavonoids
are non-planar in the gas phase and solution but almost coplanar in the crystal
structures [6].
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G- and U-quartets

The computed structures of the metal-free G-quartets cannot be compared rea-
sonably with experimental data, because the central cavity is probably filled
with ions or solvent. It is also not possible to draw comparisons with the exper-
iment for the U-quartet with C6-H6...04 interactions, because the NMR-data
have provided no structure information for this part of the tetraplex [23]. In-
stead, the U-quartet showing a high flexibility at the 5’-terminus of the PDB en-
try lrau should be regarded as an MD result. In fact, there are some differences
in the structures obtained by both techniques. The MD result is a bifurcated
conformation with both hydrogen atoms H5 and H6 involved in H-bonds of with
04 of the neighbour U. The corresponding hydrogen acceptor atom distances
of 2.873 and 2.927 A resemble the bifurcated structure derived from MMFF94
(see above). The DFT calculations, however, indicate that there is only a single
H-bond with a short H6...04-distance of 2.111 A, whereas the H5...04-distance
is 4.121 A. But one has to keep in mind that, if the interaction energy is low
like in the unusual AF pair, there may be a disagreement between calculated
geometry of a fragment in the gas phase [14] and the experimental geometry
[54] of the corresponding biopolymer due to interactions with the neglected en-
vironment. The U-tetraplex has indeed a low total interaction energy AET
of about -21.80 kcal/mol and a pairwise interaction energy of -4.36 kcal/mol
between neighbour bases. Thus, the U-quartet geometry might be influenced
noticeably by the environment. The U-quartet with N3-H3...04 H-bonds has a
distance between the opposite oxygen atoms O4 of the cavity of 5.040 A. This is
comparable to the distances between the corresponding distances of 5.061 A in
the planar G-quartet and 4.993 A in the S4-symmetric structure. Thus, there
is enough space for metal coordination in both quartets. As shown in Fig. 4,
the electrostatic potential has minima at the centre of the G-quartet and at the
centre of the U-quartet with N3-H3...04 H-bonds. It is somewhat more nega-
tive in the former quartet, which enables a stronger interaction with a central
cation.

The total interaction energy of the G-quartet is -66.07 kcal /mol correspond-
ing to -13.74 kcal/mol between each pair in the quartet. This pairwise inter-
action energy is in the range of the interaction energies between -9.2 and -24.8
kcal/mol for G-pairs, determined previously for three relative orientations dif-
ferent from the one in the tetraplex [55]. The total U-quartet interaction energy
-20.92 kcal/mol is much lower, confirming that C-H...O interactions are much
weaker than classical H-bonds. For example, the pairwise interaction energy
-4.36 kcal /mol between next neighbour bases is only about -2 kcal /mol stronger
than the diagonal interaction energy AE? of -2.10 kcal /mol within a G-pair with-
out any direct H-bonds (Tab. II and IIT) and it is approximately 9 kcal/mol
weaker than the pairwise interaction energy in a G-neighbour pair forming two
H-bonds. The weak interaction energy of the U-quartet is in line with a much
lower vibrational frequency shift, which is often used as a criterion for hydrogen
bonding. The calculated red shift of the C6-H6 stretching vibration is about 40
em~1, for the C6-H6...04 system. In contrast, the N1-H1 and N3-H3 stretching
modes of U are lowered by 224 cm™" and 212 ecm™! in U dihydrate [56]. As
the more stable U-quartet structure with N3-H3...04 H-bonds does not cor-
respond to a local energy minimum, no frequency shifts can be given for this
complex. Therefore, another U-quartet structure corresponding to the global
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energy minimum must exist. For U-dimers it has been possible to locate the
global minimum structure with two N1-H1...02 H-bonds between the bases [57].
However this complex structure does not correspond to biopolymers because N1
is linked to the sugar-phosphate backbone in nucleic acids.

Optimizations of the G-quartet starting from C4-symmetry converged to pla-
nar C4p- symmetric structures. As a consequence of pyramidal amino groups
of the monomers, G-quartets with Ss-symmetry are the most stable structures.
But the energy difference listed in Table III is so small that it can easily be com-
pensated by stacking effects. Furthermore, planar structures can be stabilized
by cations.

Common to the investigated quartets is a high contribution of non-additive
contributions to the interaction energy AET, which amounts to 25 % for the
G-quartet. 16 and 10 % are the cooperative contributions for the U-quartet.
In another cyclic system, the non-planar water-mediated uracil-cytosine base
pair consisting of two bases and a water molecule replacing a single direct H-
bond between the pair, a cooperative contribution of 13 % has been found
[31]. So we can conclude that bases linked by both classical H-bonds and C-
H...O interactions can lead to cooperative effects of comparable magnitude.
But as we determine a global energy for the interaction of the bases, we cannot
attribute this to the H-bonds alone. On the other hand, Sponer and coworkers
described H-bonded trimers of DNA bases like T.AT and G.AT showing almost
no cooperativity [32]. This raises the intriguing question of the derivation of a
model explaining the magnitude of the cooperative contribution in nucleic acids.
As a result of the cooperative effects the accuracy of the energies derived from
forcefield methods with fixed parameters may be affected by cooperative energy
contributions.

G-quartet with metal ions

Previously the interaction of metal ions with G-quartets has been discussed
often in relation to ionic radii. It has been concluded from NMR-spectra [17]
that Nat has the optimal size to fit into the central G-quartet cavity, whereas
KT is believed to be too big. Therefore, it adopts a position between two stacked
G-quartet layers and interacts with the oxygen atoms of two G-quartets. On
the other hand, the X-ray structure of d(TG4T) refined to 0.75 A resolution
indicates clearly, that the Nat positions in the central channel of the parallel-
stranded tetraplex (PDB entry 352D [53]) are sequence dependent. At the
termini the Na* ions occupy the central position within the plane of a single
quartet like in the model systems of this study, whereas in the remaining part
they are located between two consecutive G-quartets. Finally it has been shown
that ions with small radii like Lit inhibit the self association of guanosine gels
[19].

Our calculations might explain the latter effect in a qualitative manner. Ions
with small radii prefer the formation of especially non-planar complexes, which
prevents a stacking of G. For Be?t these non-planar structures (Fig. 3b) are
4.5 kcal/mol stable than the planar ones. The origin of this preference for non-
planar structures is the formation of short contacts between the central cation
and the oppositely charged oxygen atoms O6, which is hindered by the volumi-
nous bases in the planar conformation. Only for Nat, the planar an the non-
planar structures are of almost equal energy. Furthermore, the S4-symmetric
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structure shows the smallest deviation of the least squares plane through all
atoms. For K+ and Ca?* no structures of S4-symmetry exist. The RMS- fit
of all G-quartet atoms in the complexes with Nat, K+ and Ca?t on those of
the metal-free G-quartet is less than 0.2 A for all three complexes. For Nat
the calculated M-O6 distances of 2.291 A and 2.284 A from all electron and
effective core potential calculations are in reasonable agreement with the aver-
age experimental distance of 2.307 (11) A in the G-quartets of d(TG4T) close
to the terminal with non-stacked T-residues. The calculated N2/N7 (AE:2.917,
ECP:2.906 A) and N1/06 distances (AE:2.879, ECP:2.867 A) are also in good
agreement with the corresponding X-ray distances of 2.879 (13) and 2.863 (32)
A. The single standard error of the average experimental distances of is given in
brackets in units of the last significant digit. For K* complex structures of Cy4
and Cyp-symmetry may exist. The latter is 4.73 kcal/mol less stable because
the ion causes an elongation of the hydrogen bonds between the G-monomers.
The presence of KT outside of the quartet center causes a small deviation of
the coplanar base geometry (plane RMS 0.294 A) which has also been found
in crystal structures with Nat, when the ion is located between two stacked
quartets. The distance 1.665 A between the RMS plane of the G-quartet and
the KT ion corresponds approximately to the half distance between two stacked
G-quartets. Therefore, the KT ion can be complexed in an optimal way by
eight O6 atoms of two stacked G-quartets. The electrostatic potential at the
centre of the U-quartet with N-H...O H-bonds indicates, that this position is
also favourable for the electrostatic interaction with cations. The Figs. 4a and
4c show that regions with the most negative electrostatic potential are a con-
sequence of the close vicinity of the four oxygen atoms O4 in the U-quartet
with N-H...O H-bonds and in the G-quartet. In the alternative orientation of
the U-quartet with C-H...O interactions the oxygen atoms are far apart from
each other and the regions with the lowest electrostatic potential are much less
negative. The Figures indicate also, that regions with a negative electrostatic
potential exist at the centre above and below the planes of a single quartet.
Therefore, stacked quartets may provide an especially negative potential be-
tween two quartets, where in fact ions have been observed in the central region
of the tetraplex formed by d(TG4T) [53]. The electrostatic potential explains
also the experimental fact, that Nat ions are located in the G-quartet plane at
the termini. For the terminal quartet a stacked neighbour is missing on one side
and therefore the electrostatic potential is more negative in the quartet plane
than outside. Consequently, the ions can be found in the plane at the termini
and between the planes in the centre of the tetraplex.

An inspection of Tab. VI shows that there is a substantial charge transfer
from the G-quartet to the metal ions. This seems to be a general feature of
G-metal ion complexes, as it has also been observed in GC-pairs with metal
ions [58]. Instead of the formal charge of +1 for the alkali ions and +2 for the
alkaline earth ions, there is a much lower positive charge on the metal ion in the
complex complexes and the bases loose negative charge. A generalization of the
energy decomposition Eq. (2) to quartets with metal ions, however, refers to
the reference state of a neutral base and a metal cation with the corresponding
formal charge instead of non-integer charged species. Therefore, we have not
carried out a calculation of the pairwise interaction energies between the metal
cation and the G-molecules. Tab. VI shows that the charge transfer increases
from the alkali to the alkaline earth metals.
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Figure 4: Electrostatic potential at -50 a.u. (opaque surface) and -25 a.u.
(wireframe) calculated with B3LYP/6-311G(d,p) for the guanine (a) and the
uracil quartets with C6-H6...04 (b) and N3-H3...04 (c) interactions.
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Methodological aspects

Conventional ab initio and DFT methods have proved to be useful to get insight
in the interaction between nucleic acid bases [34, 49], because they provide data
that are not available by experiments, e. g. information about the interaction
energies and cooperative effects. Even though the calculations are limited to
small fragments without environment, a close agreement between computed and
experimental geometrical parameters can be obtained, if the interaction energy
is high. The B3LYP density functional method seems to be somewhat more
accurate than the HF method [14]. For the basis sets we note that there is
a good correspondence between the structures and energies obtained with the
DZVP and the larger 6-311G(d,p) basis and between the data derived from
TZVP and 6-311+G(d,p). Therefore, these basis sets optimized for DFT cal-
culations provide an efficient and accurate alternative to the more established
basis sets. But as the 6-31G(d,p) basis has been widely used by us [6, 14, 15, 31]
and others [1, 11, 32, 49] , we have also employed this one for consistency with
previous work. A comparison of the results obtained with the AE and the ECP
calculations for the G-quartet with metal ions of low atomic number, for which
the relativistic effects are probably small, indicates that the average relativistic
core potentials [43, 44] are well suited for the calculations of structures and rel-
ative energies for bioinorganic compounds (Tab. IV, V). However, the charges
from Mulliken population analyses listed in Tab. VI are significantly different.
B3LYP has been shown to give results close to MP2 for hydrogen bonded base
pairs [14, 15] which is a widely accepted level for the investigation of nucleic
acid complexes. BLYP provides somewhat lower interaction energies and some-
what longer H-bonds for the U-quartet, whereas the G-quartet H-bonds are
shorter. HTCH calculations lead to much larger distances between the bases of
the quartet, whereas the monomer data like the G-plane angle, the zero-point
energy and the vibration frequencies are in close agreement with the other DFT
methods. Thus, our preliminary analysis indicates that the method appears
to be suitable for individual organic molecules, but not for the investigation of
complexes. The strengths and the weakness of the HCTH functional should be
analysed carefully in further investigations. The forcefield calculations lead to
somewhat shorter H-bonds than the three DFT methods and they overestimate
the energy difference between both geometries of the G-quartet and the en-
ergy difference between both U-quartets, when compared to the DF'T methods.
For the U-quartet with C6-H6...04 interactions forcefield calculations predict a
different geometry than DFT calculations. To our knowledge experimental ref-
erence data are missing in order to decide, which structures are more accurate.
As MMFF94 has been parametrized to ab initio structures and energies at a
quite high level, it would be interesting in future to carry out quantum-chemical
studies on quartet structures with higher level methods and to compare the re-
sults with the forcefield calculations. The charge transfer between the bases and
the metal ions point out the importance of polarizable charges in forcefields.

Conclusion

B3LYP and BLYP calculations lead to similar results for the G- and U-quartets.
As the former method is also in good agreement with MP2 calculations [6, 14,
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16, 31], both methods appear to be suitable for bioorganic and bioinorganic
systems with H-bonds and CH...O interactions. DZVP and TZVP basis sets
are a noteworthy alternative to the 6-31G(d,p) set, a widely employed basis for
the study of nucleic acid bases. Preliminary HCTH calculations yield different
results for H-bond lengths and relative energies of complexes. The G-quartet
interaction energies are much stronger than the U-quartet energies in both in-
vestigated orientations. The same holds for the pairwise components of the
interaction energy. Metal cations with a small radii and a high charge enforce
a non-planarity of the base quartets and may thus prevent a stacking of G-
quartet, unlike Nat and Kt. There is a substantial charge transfer between
the G-quartets and the metal ions. The electrostatic potential of G-quartets
provides probably favorable binding sites for metal ions between the stacked
quartets, wheras isolated quartets have the region of most negative electrostatic
potential in the cavity of the quartet centre. U-quartets in the orientation with
N3-H3...04 H-bonds are probably also capable of binding cations at the centre.
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