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We have carried out a systematic study of hydrogen-bonded cyclic A, C, T, and mixed GCGC tetrads resembling
conformations occurring in experimental tetraplex structures, using the B3LYP hybrid density functional
(DFT) method and the MMFF and AMBER force fields to determine tetrad structures and interaction energies.
The results are compared to G and U tetrads analyzed previously, thereby presenting a comprehensive overview
of all cyclic tetrads formed from one base type only, in addition to the GCGC data. The DFT calculations
indicate that the C tetrad is planar and the GCGC tetrad is nearly planar and correspond to local minima at
Ca andC; symmetry, respectively. For A tetrads with NBI6:--N7 and with N6-H6---N1 H-bonds and for

T tetrads, nonplanar structures are more stable than the planar ones, and among the nonplanar structures,
S-symmetric conformations are more stable ti@rstructures. Minima confirmed by frequency calculations

are found for the planar C tetrad, tlesymmetric GCGC tetrad, thé,-symmetric structure of the A tetrad

with N6—H6---N7 H-bonds, and th&-symmetric T tetrad, in addition to the already known local minima

of the S-symmetric structure of the G tetrad and the planar U tetrad wittHG-O hydrogen bonds. The
interaction energiesAE") corrected for deformation of the bases in the tetrads range 647 kcal/mol

for the GCGC tetrad with three pairs of strong Wats@rick type hydrogen bonds t611.09 kcal/mol in

the planar A tetrad having only a single NBI62---N1 interbase hydrogen bond. With more than 18%, the
largest cooperativity contribution tAE is found for the C and G tetrads. The interaction energies derived
from the MMFF and AMBER force field are similar to the DFT data for those tetrads having high interaction
energies, whereas the relative deviations are much larger for weakly H-bonded tetrads.

Introduction Starting with the first G tetraplex structures of telomeric
) DNAB8? published in 1992, our knowledge on base tetrads has
It has been known for a long time that DNA and RNA can  peen greatly improved by a variety of further three-dimensional
form helices consisting of more than two strafdSurrently, (3p) structures reported in recent yearghe strands can be
however, the interest in multistranded nucleic acid structures is g iented in a parallel or antiparallel manner, and in many of

i 2—4 . N
grov_vmlg. * For severa:q reasons, ftetraplexlstfucauresl are of yhase structures, N and mono- or divalent metal ions located
particular importance. They occur, for example, in the telomeres g i the central cavity of the base tetrads or between the

at the ends of Im_ear chror_nosomes. Telomeres_con5|st_of tangiembase planes play an important role for tetraplex structure and
repeats of guanine (G)-rich sequences associated with varioug, nction

proteins including telomerase, an RNA-dependent DNA poly- . . . L .
merase. Proposed telomere functions are maintenance of the In_addmon to these experimental investigations, th_eoretlcal
structural integrity of the genome and ensurance of complete Studies of G tetraplexes and G tetrads have been cazmed out by
replication at the chromosome termini. It has been shown that M&&ns of molecular dynamics (MD) simulatiéfis? and
the G-rich sequences form G tetrads and that G tetraplex duantum-chemical calculation¥,’ respectively.
structures inhibit telomerase activityTherefore, G tetraplex- Much less is known about other bases than G in tetraplexes.
based telomerase inhibitors may be important for cancer therapyEven though the telomeric sequences are G-rich, they also
and aging research. Similar sequence motifs do also occur incontain other bases and therefore tetrads with non-G bases are
regulatory regions of oncogenes. Recently, it has been proposedrincipally possible. Indeed, very recently in 3D DNA structures
that targeted control elements of thenyconcogene adopt an  containing various telomere repeat motifs, non-G base tetrads
intrastrand foldback G tetrapléxinally, a tetraplex structure  have been observed (Figure 1). An A tetrad has been found in
has also been found for a centromere sequénce. the truncated human telomeric DNA sequence d-AGG&hd
a C tetrad has been observed in d-TGGGCGGT containing a

*To whom correspondence should be addressed. E-mail: m.meyer@ 'ePeat sequence from the SV40 viral gendfh@.T tetrad has

revotar-ag.de. Fax:+49 33022025030. E-mail: jsuehnel@imb-jena.de. been found in a parallel-stranded tetraplex formed by the DNA

FafR:\‘/‘gt;r6éi65hgzrﬁ%ceuticals AG sequence d-TGGTGGC containing two repeatsSatcharo-
* Accelrys Inc%rporated. ’ myces cereisiae telomere DNA2® GCGC tetrads have been
8 Institut fir Molekulare Biotechnologie. found in DNA tetraplexes with the repeat sequence d(GGGC-
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within GC pair: ~ N4-H...06
between GC pairs:N4-H...06 N6-H...N7 N6-H...N1

N1-H...06 d
N2-H. N7 C6-H..04 N3-H..04

Figure 1. H-bond patterns of cyclic base tetrads found in experimental tetraplex structures. (a) GCGC (1A8N, 1A8W), (b) A4:--NG
H-bonds (1EVN), (c) A4: N6-H---N1 H-bonds (1EVM), (d) C4: N4H---O2 H-bonds (1EVO), (e) C4: N4H-:--N3 H-bonds (1ILEMQ), (f) T4
(LEMQ), (g) G4 (1D59), (h) U4: C6H---0O4 H-bonds (1RAU), (i) U4: N3-H---O4 H-bonds (1RAU). The full circles indicate the links to the
sugar-phosphate backbone in nucleic acid tetraplexes. The PDB codes are given in parentheses.

T4+GGGC) that is observed in adeno-associated viral DNA and  Like for nucleic acid base pa#s2® and for the G tetrads16

in human chromosome 19 and with the sequence d(GG&C-T quantum-chemical studies on these new base tetrads can be
GGGC) found in the fragile X syndrome triplet repéatA expected to yield valuable information in addition to the
further GCGC tetrad occurs in a cyclic octarf€rhe formation experimental data. Thus far, quantum-chemical studies on non-G
of GCGC tetrads by dimerization of Watse@rick GC may tetrads include the ATAF AGAG,?” GCGCZ U,5 and very

also be relevant to the pairing of helical stems occurring in recently the A7 tetrad. MD studies have been carried out for
genetic recombinatio?f? A TGGT tetrad has been found in a tetraplex structures containing GCGC tetratls.

structure containing a DNA box in human centromeoic Here, we report on a quantum-chemical analysis of the
satellite? and an ATAT tetrad occurs as a structural element in properties of A, T, C, and GCGC tetrads with a cyclic topology
a synthetic DNA octame® resembling the tetrad H-bond patterns occurring in experimen-

From a topological point of view, base tetrads may exhibit a tally known 3D DNA structures. Furthermore, we include in
cyclic, linear, or branched basbase interaction pattern. Almost  the discussion results on U and G tetrads previously repétted.
all base tetrads known thus far adopt a cyclic structure (Figure The work is focused on geometries with H-bond patterns similar
1). The only exception we are aware of is the TGGT tetrad to the ones occurring in nucleic acid structures. It is not aimed
structure mentioned above. In this case, each thymine is linkedat a comprehensive exploration of the tetrad energy hyper-
to one of the guanines of the central GG pair. This correspondssurface.
to a linear topology. To our knowledge, branched tetrads have The quantum-chemical analysis presented in this paper
not been found up until now. provides new data on geometrical, energetic, and charge
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distribution features of nucleic acid base tetrads and includes, of the tetrad geometries from the selected symmetries have been
for example, information on cooperativity as a possible source removed prior to optimizations with UNICHER#.
for the enhancement of base pairing interaction energies and Monomers and tetrads have been studied using the B3LYP
on the intrinsic planarity or nonplanarity of the base complexes. hybrid DFT methoé’4! and the DFT-optimized DZVP and
It should be noted that incorporation of nucleic acid base TZVP basis sets with the contraction scherfiels(5s) — [2s],
complexes into a nucleic acid environment may lead either to B—Ne (9s, 1p, 1d}~ [3s, 2p, 1s] and{H (5s, 1p)— [3s, 1p],
a deviation form planarity for intrinsically planar structures or C—F (10s, 6p, 1d)— [4s, 3p, 1d}, respectively#?3 Unless
to a (partial) planarization of intrinsically nonplanar structures. otherwise stated, all quantum-chemical data presented in this
With the results reported here, it should be possible to take awork refer to TZVP calculations. The DZVP results are listed
step toward a comprehensive classification of nucleic acid basein the Supporting Information for comparison. The optimized
tetrads. structures have been checked with subsequent frequency
Even though all calculations described in this paper do not calculations, and interaction energies have been corrected for
take into account metal ions, the discussion of the results is the basis set superposition error with the standard counterpoise
performed in the light of potential interactions with a metal ion, method* The DFT and supplementary semiempirical calcula-
since this is an important aspect for many tetrad structures. tions were carried out with GAUSSIAN94 and 98.For
Base tetrads are relatively large systems for quantum-chemicalcomparison, we have also optimized the structures both with
calculations with the inclusion of electron correlation. It would the MMFF94 force field implemented in Sybyl 6:6 and with
thus be advantageous if the less time-consuming densitythe Cornell et al. force fiefd of the AMBER packagé’
functional theory (DFT) could be applied. We and others have  In both cases, a dielectric constant of 1.0 was used and the
recently shown that this approach is indeed suitable for the convergence criteria for the forces were assumed to be 0.0001
treatment of H-bonded base compleXe¥-32 unusual nucleic  in Sybyl and 0.000 02 kcal/mol A in AMBER, respectively.
acid analogue® interactions between metal ions and nucleic For the AMBER calculations, partial charges of the capping

acids!#1534 and other aromatic bioorganic compoureld® hydrogen atoms have been obtained by neutralizing the total
Therefore, we adopt the DFT approach for the calculations charge; for the MMFF94 calculations, the default charges of
performed in this study. this force field have been used.

As complete medium-sized biopolymers for which 3D The intergction energies are ca!culated accqrding toa previ-
structures are available still cannot be studied by nonempirical 0usly described schenigThe most important points are briefly
guantum-chemical methods, the results for the tetrad geometriessSummarized below. The total interaction energy of the tetrads
and interaction energies are compared to force field calculations.Was calculated according to eq 1, whéiB4) denotes the
The assessment of the empirical force field parameters by meangnergy of the tetrad consisting of four bases &i¢8) is the
of results obtained from quantum-chemical methods is important €nergy of a single base in the full tetrad-centered basis.
for the reliability of all approaches using these force fields.

Therefore, we have selected both the AMBER force field AE= E(B4) — 4E(B) 1)
widely used for biopolymer structures and the MMFF force field

; . - For the tetrads with four symmetry equivalent bases, the total
designed for organic molecules in genefal. y y €4 ’

interaction energy can also be expressed according to eq 2

Methods AE=4AE" 4 2AEY + AEC (2)

Initial structures of the tetrads have been generated from the
tetraplex coordinates with A (1IEVM, 1EVNY, C (1EVO}®
1EMQ?), T (LEMQ)2° and GCGC tetrads (1A8RE, 1A8W23)

AE" is the interaction energy between neighbor base pairs, the
interaction energy between diagonal opposite base pairs is given

. : by AEY, and AEC is the cooperative contribution, which is
deposited at the Protein Databank (PDB). The PDB codes areadjusted so that the sum equalE. For the GCGC tetrad, two

given in parentheses. The backbone has been deleted, and thg.ff iahbor i . . st for th C and

bases have been capped with hydrogen atoms. It has been show, fiferent neighbor interaction energies exist for the WC an
reviously that capping of bases has no si ﬁificant influence - < non-WC base pair interactions, as can be seen from the

P y bping 9 structure shown in Figure 4. Similarly, there are no longer two

on hydrogen-bonding (H-bonding) between the bases in GC ivalent i . ‘es b he di I )
airs39We have started the calculations with geometries closely equivalent interaction energies between the diagonally opposite
pairs: bases. Instead, two terms have to be introduced for GG and

related to the experimental geometries (Figure 1). For the A
tetrad, two different conformations termed N7 and N1 structures
with either N6-H61-+-N7 or N6-H62:--N1 H-bonds have been = _ 5\ ENGCWC | 57 EnGCAWC | A EdGG | ApdCC 4 A S
taken into account, since both conformations have been found 3)

in the human telomere DNA nuclear magnetic resonance (NMR)

structure (LEVM, 1EVNY® Similarly, two C tetrad structures  Each base can be deformed from its ideal monomer geometry
with H-bonds from the hydrogen atoms at N4 to O2 (1IEVO) when complexes are formed, and the corresponding deformation
and N3 (1EMQ) have been studied. The tetrads located in helix energy AE®) is the energy difference between the structure
centers are often approximately coplanar whereas tetrads at thexdopted by a single base in the complex and the optimized
helix termini may also adopt nonplanar geometries. Incorpora- structure of this base.

tion of nonplanar base tetrads into a helix environment leads

very likely to a partial planarization. To get information on the AE" = AE + 4AE® 4)
energy required for this process for intrinsically nonplanar base

tetrads, we have therefore also studied the planar structures. Td-urthermore, the zero point vibration energy different2RE)

save computation time, the geometry optimizations have beenbetween the tetrad and the four individual bases contributes to
performed imposing symmetry constraints taking into account the AEo defined as

planar Can: As, T4, C4 Con: CGCG) and nonplanaiS¢ Ag, T

Ta, Cs4; Cqi A4, Ta, C4; Cii GCGC) structures. Minor deviations AE,= AE" + AZPE )
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TABLE 1: E (H) and ZPE (H) of the Monomers TABLE 2: Selected H-Bond Distances, A) and Angles (O,
Determined with the B3LYP/TZVP Method deg) as Well as Plane Angles between Diagonal Bases; (
A C G T deg) in Tetrads Derived from DFT and Force Field
Calculations
E —467.461 35 —395.061 77 —542.72379 —454.284 58
ZPE 0.111 21 0.097 81 0.116 14 0.114 25 BSLYP/TZVP ~ MMFF  AMBER
A Tetrad (H62:-N7)
For the GCGC tetrad, different deformation and zero point r (H61:-:N7) Cumn 1.994 1.885 1.868
energies of G and C were considered. We discuss the interaction % %-gg? 1978 a
between all bases of structures corresponding to local minima 4 : a a
at the level ofAEy; interaction energies of other structures are D (N6—HBL-+N7) gfh ggg gg'g 129'1
discussed in terms okET. Ca 172.4 a a
Electrostatic potentials have been calculated according to the o S 153 126 a
standard approach implemented in the GAUSSIAN package. Ca 131 a a
Graphical representations of the molecular structures have been A Tetrad (H62--N1)
generated with Insight® for the electrostatic potential, r (H62:+-N1) Cun 2.168 2.066 1.910
UNICHEM? has been used. S 2.109 1933 a
Ca 2.094 2015 a
Results 0 (N6—H62:-:N1) Cu 152.0 152.0 158.9
S 153.0 153.0 a
DFT Calculations. The calculated energies for the monomers Ca 161.3 164.8 168.3
. . w S 108 157 a
are listed in Table 1, structural parameters for the basse C, 97 99 112
H-bonds within the tetrad structures are given in Table 2, and C Tetrad
the tetra_d energies are listed in Table 3. The te_trad st_ruptural r (H41-+-02) Can 1.844 1873 1746
formula is shown in Figure 1, and structures with optimized | (H42..-N3) Can 2.691 2751 2630
geometries are displayed in Figure 2. r (H41:---N3) S 1.963 1.905 a
Monomers. We restrict the monomer analysis to those aspects U (N4—H41:-:02)  Ca 163.2 160.5 164.4
that are important for tetrad structures and energies. The total U (N4—H42:-:N3) ~ Can 101.7 103.4 95.63
and zero point energies of the monomers are summarized in o (N4—H41--N3) 2 122'3 53.3 Z

Table 1. In the most favorable thymine methyl group conforma-

tion, the in-plane hydrogen is pointing away from O4. The  (H3--04) Can TTet;af% 1953 1917
energy of this conformation is 1.22 (DZVP) and 1.27 kcal/mol S 1.847 1,686 1.748
(TZVP) lower than the one with the in-plane hydrogen rotated Ca 1.962 1.802 1.808
toward O4. O (N3—H3::04)  Ca 171.0 167.7 166.9
The amino groups of A, C, and G may adopt pyramidal or S 176.5 174.4 175.5
planar structures. The energy differences between the planar g“ 12451'7 ifg'g fg’g'e
and the nonplanar structures corresponding to the inversion Ca 139 97 94
barriers are 0.12, 0.17, and 0.16 kcal/mol at DZVP level for A, GCGC Tetrad
C, and G, respectively. With the TZVP basis, energy differences | (H21---02) C 1.842 1.843 1.722
of —0.01, 0.00, and 0.56 kcal/mol are predicted with B3LYP.  (H41...N3) 1.905 1.828 1.837
This means that at the DZVP level the optimized structures of r (06---H41) 1.874 1.872 1.777
A, C, and G have nonplanar amino groups. However, in passing  (N7'---H42) 3.583 3.755 3.869
to the TZVP basis set for A and C, there is almost no energy ' (06--H42) 1.899 1.778 1.757
difference between the planar and the nonplanar structures andg E“i::gﬁ?; ig?:; iii:g izéj}

only G remains nonplanar with an even larger energy difference
between the preferred nonplanar and the planar structures. The * Force field structure does not correspond to DFT structure.
angles between the amino group plane and the least squaresvith C, symmetry. The energy difference between the N7 and
plane of all base atoms except the amino hydrogen atoms arethe N1 conformations is 8.95 kcal/mol for the planar and 6.02
25, 15, and 41 for DZVP and 22, 15, and 36for TZVP and 3.10 kcal/mol for the nonplanar structu@® and S

calculations of the pyramidal structures of A, C, and G. symmetries. Hence, th&-symmetric N7 conformation of the

A Tetrad. The A tetrad has been analyzed in detail for A tetrad is the most stable one among the investigated structures,
different relative basebase orientations adopting a plar@p but it does not correspond to a local energy minimum in contrast
symmetry or nonplanas andS, symmetries. The bases may to the somewhat less stalilz-symmetric structure. Similar to
interact for all symmetries either via N6162-+-N1 or via N6— the total energy, the interaction energies for this conformation

H61:--N7 H-bonds to form cyclic H-bonded tetrads. It turned are almost independent of the symmetry (Table 3). The neighbor
out, however, that neither the planar structures nor the base interaction energy for the nonplaBasymmetric structures
S-symmetric ones correspond to local energy minima. Fre- is —5.33 kcal/mol, and the total interaction energye() is
guency calculations indicate that only @Bgsymmetric structure —20.01 kcal/mol. The nonadditive contribution for the four A
with N6—H61---N7 H-bonds corresponds to a local minimum. tetrad conformations is below 14% ofE. For the H62:-N1

For the structures with N6H61:--N7 H-bonds, the planar  H-bond pattern, the magnitude of the neighbor base interaction
Cs-symmetric and the nonplan@g-symmetric conformations  energy AE") and the total interaction energAE") increase
are 0.33 and 0.15 kcal/mol less stable than Sxgymmetric from Cy, overC4 to S, symmetry. At the latter symmetrAE"

conformation. For the structures with N6162---N1 H-bonds, was calculated to be-4.63 kcal/mol andAET is —16.71 kcal/
these energy differences are 6.17 and 3.07 kcal/mol and thusmol.
much larger. This shows that for both H-bond pattefiis The geometrical analysis shows that the less stable N1

symmetric structures are more stable than bowl type structuresconformation is characterized by an unusual small—-N6
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TABLE 3: Comparison of the Calculated Tetrad Interaction and Deformation Energies (kcal/mol) Determined with

B3LYP/TZVP2
tetrad/symmetry AE" AE? AE° AE AE%ef AET AEZPE AEp H-bonds
A (N6—H62--N1)/Cyp —2.94 0.24 —-1.77 —13.05 0.65 —11.09 b b 1
A (N6—H62---N1)/C, —-3.77 0.01 —1.49 —16.55 0.72 —13.67 b b 1
T/Can —-4.10 0.00 —0.54 —16.94 0.37 —15.46 b b 1
A (N6—H62---N1)/S, —4.63 0.51 —0.97 —18.47 0.44 —16.71 b b 1
T/Cy —5.23 —0.09 —0.70 —21.80 0.66 —19.16 b b 1
A (N6—H61:+N7)/Cypn —5.19 0.01 —0.73 —21.47 0.49 —19.51 b b 1
A (N6—H61:+-N7)/C, —5.33 —0.02 —0.56 —21.92 0.56 —19.92 3.46 —16.46 1
A (N6—H61---N7)/S, —5.33 0.00 —0.61 —21.93 0.48 —20.01 b b 1
Uc(C6—H6-+-04)/Csp —4.39 —0.48 —-3.39 —21.91 0.24 —20.95 2.08 —18.87 0 (C-H---0)
TIS —5.50 —0.06 —1.50 —23.62 0.37 —22.14 2.16 —19.08 1
UC¢(N3—H3:--04)/Cy, —6.06 —0.02 —2.79 —27.07 0.53 —24.95 b b 1
Cls, —-8.11 —0.91 —7.58 —41.84 1.07 —37.56 b b 1
C/Cun —10.49 —1.86 —10.08 —55.76 1.65 —49.16 4.76 —44.40 1
GYCyn —13.79 —2.25 —15.30 —74.96 2.67 —64.28 b b 2
GIS, —13.42 —2.06 —15.37 —-73.17 2.15 —64.57 3.29 —61.28 2
GCGCLi —29.14 1.83 —5.31 —79.05 2.88 —69.47 4.89 —64.58 3
—9.32 1.68 1.91 1f

aThe B3LYP/TZVP total tetrad energies in Hartrees are as follows: A (NI)B69.865 32 C4n), —1869.875 16 %), —1869.870 22 C,). A
(N7): —1869.879 58C4n), —1869.880 10%:), —1869.879 82C,). C: —1580.327 94C4,), —1580.310 59%y). T: —1817.173 35C4n), —1817.184 64

(S), —1817.179 70¢,). GCGC:—1875.685 69 ;). ® No local minimum.©

(see eq 3)f Non-Watsor-Crick GC.9GG."CC.G.I C.

most stable structure second most stable structure
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Figure 2. Geometries of the most stable and the second most stable

Ref 15.9 B3LYP/DZVP, ref 15.¢ Watson-Crick type GC interaction

corresponding angle for the N6161---N7 H-bond is only
slightly smaller than 180for both the planar and nonplanar
structures.

A further basic difference between the two conformations
refers to the distance between neighbor amino groups pointing
to the tetrad center. The distance between these amino group
nitrogen atoms is extended from 3.31 A in the planar
H62-++N1 structure to 3.71 A a8, symmetry and 3.86 A &ty
symmetry. A similar but weaker effect is observed in the-N6
H61---N7 structure (4.20, 4.32, and 4.24 A). The deviation from
planarity is much more pronounced for the N1 conformation
than for the N7 structure. The root mean square (rms) deviation
of all atoms from a plane is only 0.52 and 0.63 A for the
H61---N7 structure ag, andC, symmetry, respectively, whereas
rms deviations of 1.82 and 1.22 A occur in the-N862---N1
structures. The angle between the planes of diagonal opposite
bases is 150 and 110n the N7 and N1 conformations &,
symmetry and 131 and 9at C4 symmetry, respectively.

Even though the interaction and deformation energies of the
previously investigated G tetrad are much larger than the ones
of the A tetrad N7, the small energy difference of 0.33 kcal/
mol between theC,- and theS;-symmetric conformations of
this A tetrad is comparable to the G tetrad energy difference of
0.39 kcal/molt®> The A tetrad H62-N7 energy difference of
0.18 kcal/mol between th&, and the bowl typeC,-symmetric
structure indicates a high degree of flexibility, since several
conformations correspond to very similar energies. Our calcula-
tions show that th&,-symmetric energy minimum is not the
global minimum, since th&-symmetric structure with a small
imaginary vibrational frequency of 14 crhis more stable. The
absence of an energy minimum & symmetry is also a
fundamental difference relative to the Hoogsteen type G tetrads.

During finalization of this work, we became aware of HF

tetrad structures calculated with the B3LYP method. The structures and B3LYP/6-311G(d,p) calculations on the N7 and N1
are characterized by the angle between the planes of opposite basegonformations of the A tetrall. The results obtained from these

and by symmetry. The following structures correspond to local energy
minima.C,: Atetrad (N6-H61:--N7); S;: G and T tetradCi: GCGC
tetrad;C4n: C tetrad.

H62---N1 angle of 152 or 153in the C4, and S; structures.
This value is smaller than the almost linear geometry found

calculations are similar to the data we report here, but they do
not include pair interaction energies, frequencies, and all
analyses of5-symmetric structures.

C Tetrad. The C tetrad has been optimizedGat, symmetry
starting from two different structures with H-bonds from the
N4 amino group to O2 and N3, respectively (Figures 1d,e and

frequently for H-bonds in base pairs. On the other hand, the 3a,b). The structure with the N4H---N3 H-bonds (Figure 3a)
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Figure 3. Different H-bond patterns in C tetrads. (a) C tetrad located
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At C4n symmetry, the monomers are linked by H-bonds
between N4H41 and 02 with a length of 1.844 A (Table 2).
The distance between the other amino group hydrogen atom
H42 and the acceptor atom N3 is 2.768 A, and the angle formed
by the donor, hydrogen, and acceptor atoms has a value of
101.7. Both parameters are outside the limits usually accepted
or adopted for H-bond interactions. The distance between the
amino group nitrogen atoms is 4.75 A. This is larger than the
corresponding distances of 3.31 and 4.20 or 3.71 and 4.32 found
for the nonplanar and planar N1 and N7 conformations of the
A tetrad. In addition, the distance between H-atoms pointing to
the tetrad center is with 3.35 A much larger than the sum of
the corresponding van der Waals radii. Atsymmetry, there
is only a single H-bond with a distance of 1.963 A between
H41 and N3 of the neighbor bases; a short distance between
the other amino group hydrogen atom and O2 is missing. This
leads to weaker interaction between neighbor bases.

The interaction energy\E) of the most stable £-symmetric
structure amounts te-55.76 kcal/mol with the TZVP basis;
the one calculated with DZVP is not much different. As
expected, the main contribution #WE arises from the four
interactions between H-bonded neighbor bases, the interaction
energy between the diagonally opposite bases being much
smaller but nevertheless slightly stabilizing. & symmetry,

AE is significantly smaller £41.84 kcal/mol) since the pair
interaction energy between the neighbor bases is much weaker
than for Gy, symmetry (Table 3). The cooperative energyf)
contributes—10.08 kcal/mol. This corresponds to 18%/%iE.

The total interaction AET) energy that takes into account the
deformation energies of the four monomers is 6.60 kcal/mol
less negative thaAE. Finally, the zero point energy change of
4.76 kcal/mol leads to a value 6f44.40 kcal/mol forAEg,

T Tetrad. Like for the A tetrads and contrary to the C tetrad,
the planar structure does not correspond to a local energy
minimum as indicated by imaginary frequencies up to 29%m
In the preferred methyl group orientation, the in-planetC
group is pointing away from O4. The alternative planar
conformation with all methyl groups rotated by 288 5.42
kcal/mol less stable. This is close to four times the energy
difference of 1.27 kcal/mol for a single T. The interaction energy
AET of —15.46 kcal/mol is clearly dominated by interactions
between the H-bonded neighbors. The lack of a second H-bond
connecting the monomers is the reason for the small pair
contribution of—4.10 kcal/mol.

in the center of a quadruplex structure with the SV40 repeat sequence At S, symmetry, the T tetrad structure corresponds to a local

GGGCGG (PDB code: 1EMQ). (b) C tetrad located at the end of a
guadruplex with thes. cereisiae sequence (PDB code: 1EVO). (c) C
tetrad structure calculated with the DFT (B3LYP) method.

was not stable but converged to a structure with-INé--02
H-bonds (Figure 3c). Interestingly, in this structure, a different
hydrogen of the amino group is involved in the H-bond as
compared to the experimental structure shown in Figure 3b. This

leads to a relatively short distance between the second amino®

group hydrogen atom and the N3. Frequency calculations
indicate that the C tetrad has a local energy minimum for this
planar complex geometry. In contraS{;symmetric structures
show H-bonds between H41 and N3. This tetrad structure is
10.89 kcal/mol less stable than tRg,-symmetric one, and it
does not correspond to a local energy minimum. Initial tetrad
geometries withC4 symmetry converged almost to the planar
Csn symmetry. We have excluded this structure from the
discussion since it is only 0.13 kcal/mol less stable than the
Cun-symmetric conformation, and the rms deviation of these
structures is only 0.2 A.

energy minimum and is 6.96 kcal/mol more stable than the
planar and 3.10 kcal/mol more stable than @esymmetric
tetrad. In addition, the H-bonds are shorteBat1.847 A) than

at Csn symmetry (2.133 A), whereas the distance between the
02 and the methyl carbon increases from 3.089 to 3.525 A. At
C, symmetry, these distances adopt the intermediate values of
1.962 and 3.361 A, but this structure does not correspond to an
nergy minimum, even though the imaginary frequencies are
smaller than the ones of the coplanar structure.

GC Pair and GCGC Tetrad. The optimized GC pair
parameters are listed in Table 4. The TZVP interaction energy
(AEp) between both bases connected by three H-bond2359
kcal/mol. In contrast to LMP2 calculatioi3the amino groups
do not remain considerably pyramidal in the complex. Therefore,
the GC pair is almost planar. The rms deviation of all atoms
from a plane is 0.01 A.

Similarly, the GCGC tetrad is approximately planar. The
symmetric structure is somewhat more stable than the com-
pletely planar structure optimized @b, symmetry. The WC
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TABLE 4: Summary of the Calculated Data for the S4 symmetry C4 symmetry

Watson—Crick GC pair: E (H), ZPE (H), AE®f (kcal/mol),
AET (kcal/mol), and AE, (kcal/mol) for the GC Pair and
XL NN

H-Bond Distances (A) at the B3LYP/TZVP Level

oo

E —937.827 24 AZPE 1.64 AN SE

ZPE 0.216 56 AE, —23.59 X ,xr { ﬁ\o/,,é;, N6~H...N1
AE —28.69 r (H21--02) 1.912 A :&zw} W f

AEe! 1.9, 1.5% r (H1-+-N3) 1.913 X ":\‘b

AET —25.32 r (06-+-H41) 1.757 S o N

aG.bC.

type H-bonds between G and C in the tetrad differ from those
in the GC pair (Tables 2 and 4). The distances +Z12 and
H1---N3 are shorter in the tetrad, whereas-©i841 is longer. }\
The latter H-bond is the shortest one in both systems. W

GCGC may be considered as a set of two strongly bonded T N6-H..N7
WC GC pairs AE"CCWC = —29.14 kcal/mol) interacting by F'} ”“1
two H-bonds between both H42 and O6 atomA&E{CCMWC = o Q\ﬂ; o
—9.32 kcal/mol). The GG and CC interactions are even slightly °‘"“‘§i’/ ”%
repulsive. The interaction energieAHp) of the GCGC tetrad
is by 17.40 kcal/mol more negative than for the sum of two Figure 4. Structures of A tetrads optimized with the AMBER force

¥ox

080y
A { ;
W,zﬂ"’@‘;

4; %
. X

J

isolated GC pairs. field.

A comparison of the interaction energy between the single
GC pair AE = —28.69 kcal/mol) with the WatsenCrick GC Force Field Calculations.Geometrical data of the molecular
pairwise interaction energy in the tetralf"ccWC= —29.14 mechanical calculations with the MMFF and AMBER force

kcal/mol) indicates that the presence of a second GC pair leadsfields on the tetrads are listed in Table 2, and the interaction
to a slight strengthening of the basease interaction energy. energies determined according to eqs 1 and 4 are reported in
The cooperative interaction energy contributes further to the Table 5. For A tetrads, the AMBER geometries differ substan-
tetrad stability, whereas the deformation energies are increasedially from the DFT results. These structures are shown in Figure
as compared to the GC pair. 4. Both force fields yield for T the same preferred orientation
Finally, it should be noted that an additional energy minimum of the methyl groups as the DFT approach. For example, & 180
exists for the GCGC tetrad when both WC GC pairs are rotation of the methyl group is 1.81 kcal/mol less favorable
translated relative to each other and form H-bonds between N4 according to a MMFF calculation. The MMFF force field takes
H42 and N7 instead of O6. This minimum is, however, by 2.27 into account the pyramidal amino groups whereas the AMBER
kcal/mol less stable. force field does not. Therefore, the AMBER calculations yield

TABLE 5: Force Field Interaction Energies AE and AET and AE%f (kcal/mol)2

tetrad AE AE" AEY =S AET
A (N6—H62--N1) Can ~14.2 -36 0.1 0.9 -10.6
—24.0 -6.1 0.2 0.3 -22.8
U (C6—H6:--04) Can ~14.0 -32 —06 0.0 ~14.0
~16.2 -39 -0.3 0.0 -16.2
A (N6—H61-+-N7) Can ~18.6 —4.7 0.1 0.8 ~15.4
—29.2 -7.3 0.0 0.2 —28.4
A (N6—H62---N1) Ca —21.6 5.4 0.0 1.1 -17.2
h
A (N6—H62---N1) S —23.2 -6.2 0.8 0.4 216
h
A (N6—HB1:+:N7) S —27.6 ~7.4 1.2 0.3 ~26.4
h
T Can —27.6 -6.8 -0.2 0.4 ~26.4
—29.6 -7.3 -0.2 0.6 —27.2
T S -32.2 -7.7 0.7 0.2 ~26.4
-36.0 -8.8 —0.4 0.1 -35.6
T Cs —30.6 ~7.4 -05 0.8 —27.2
~36.6 -8.9 —05 0.6 —34.2
C Can —39.0 9.0 15 15 —36.0
~50.4 -12.3 -0.6 0.7 —47.6
S —44.8 -10.7 ~1.0 0.8 —416
h
U (N3—H3---04) Can —34.4 -84 —0.4 0.1 —-34.0
—34.6 -85 -0.3 0.1 -34.2
GCGC G ~64.0 —22.8, —10.1° —0.4, 1.2 0.6, 0.6 —-61.7
~78.0 —29.8, —11.1° 0.7 2.5 0.6,0.80 ~75.7
G Can ~77.0 -17.7 -31 0.3 ~75.8
~70.2 -17.0 -11 0.5 -68.2
S ~75.8 -175 -2.9 1.1 —71.4
h

aMMFF first line, AMBER second line for each moleculeAENGCWE, ¢ AENGCWC d AEAGG, e AEICC f EdefC g EdefG h Force field structure
does not correspond to DFT structure.
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planar structures for A, C, and G. The inversion barriers are and 3.10 kcal/mol. In th&, structure, the H-bonds between
0.7, 1.0, and 1.1 kcal/mol for A, C, and G according to the neighbor bases are shorter and the distance between O2 and
MMFF calculations. The angles formed between the plane of the methyl carbon of neighbor bases is longer than in the other
the amino group atoms and the other base atoms including theconformations. For both A tetrads with N&i---N7 and
amino nitrogen atoms are 41, 43, and’ 44 N6—H:---N1 H-bonds, again the nonplarfastructures are more

As the energies are additive, no cooperative term like in eq stable than th€,,- and C,-symmetric ones. However, in this
2 is taken into account. A comparison between the B3LYP, case, neither the planals, nor the nonplana& structures

MMFF, and AMBER data is presented below. correspond to local minima.
_ _ How can the different structural features of the tetrads be
Discussion understood? The formation of cyclic tetrads requires the

interaction of each single base with the two neighbor bases via
two different base edges. If the angle between the base edges
adopts values around 9@nd if the H-bond donor/acceptor sites
have an appropriate orientation, an effective bdsese H-bond
interaction within a plane is possible. This requirement is best
met by the G tetrad. Here, the Watse@rick and the Hoogsteen
edges allow for an interaction between neighboring bases via

TZVP agrees with these data insofar, as the barrier for G is thetWO H-bonds. The slight nonplanarity is very likely due to the
highest one (0.56 kcal/mol), and for A and C, almost no barrier nonplanar amino group. o
exists. The observation that the G inversion barrier from B3LYP  In the A Hoogsteen edge, the O6 atom found in G is replaced
calculations seems somewhat too small corresponds to thePy @n amino group and there is no amino group in 2-position.
underestimation of the coplanar torsional barrier of aromatic Therefore, for A, an interaction pattern analogous to G is not
compounds® It has been proposed that DFT calculations tend POssible. If one does not take into account the-€2group as
to overestimate the stability of the coplanar conformations of & Possible donor, then only the amino group in 6-position
aromatic compound®. A detailed comparison with extended ~emains as a donor. It can interact with either N7 or N1. This
basis sets and correlation techniques would, however, beleads to a completely different interaction pattern as compared
necessary to analyze the inversion barriers in detail. This is to the G tetrad. Especially in the N1 conformation, the distance
outside of the scope of our work. between the amino groups is relatively small and this probably
As expected, the MMFF94 force field leads to a pyramidal induces a deviation from planarity. We have also searched for
structure of amino nitrogen atoms in the monomers. The alternative conformations, but & symmetry, we have found
inversion barriers, however, are somewhat larger than the DFT NO structure that is more stable by means of the DFT approach.
results. On the other hand, the AMBER minimizations lead to However, the AMBER force field optimization yields two
planar amino groups. This different behavior of force field and €Xtremely nonplanar structures with relatively normal H-bond
DFT calculations has to be taken into account when analyzing 9¢ometries (N distance~ 1.9 A, N—H--N angle~ 155’)
the tetrad geometries. In summary, the amino group of guaninePut with much different relative orientations of the bases as
is the only case for which a significant deviation from a planarity compared to the DFT structure (Figure 4). These structures do
is well established. not show the H-bond patterns found in the experimental
Base Tetrad Geometries.ldeal DNA conformations are  Structures of the corresponding nucleic acid. MMFF predicts

characterized by planar and parallel base pair planes. In realalso that t_hl_s structure is more stable than the DFT-like ones,
nucleic acid structures, however, base pairs deviate more or les®Ut this minimum was not reached from the DFT structure as
from this ideal conformation. These deviations may be either & Starting point for energy minimization. The N7 conformation
an intrinsic property of base pairs or enforced by interactions 'S characterized by the fact that each amino group forms two
with the nucleic acid backbone, neighboring base pairs/basesH-P0nds to the N1 atom of one neighbor base and to the N7
metal ions, or the solvent. It may happen that both intrinsically &tom of the other neighbor. This is the most stable structure
planar base pairs become nonplanar in nucleic acid structuresV€ have found by means of force field calculations. There is
and nonplanar base complexes are subject to a (partial)@n additional and less stable structure with the—N6-N1
planarization upon incorporation in a nucleic acid. The quantum- pattern but again with the unusual orientation of neighbor base
chemical studies reported in this paper provide information on Planes. The results on the A tetrads bear resemblance to
the intrinsic properties of base tetrads and therefore representl® AGAG tetrad obtained by DFT calculations where also
the starting point for a full understanding of base tetrad " e>;t7remely distorted V-shaped conformation has been
geometries in nucleic acid structures. found:

The optimized base tetrad geometries exhibit marked differ- ~ Cytosine is the pyrimidine base in which the donor group
ences. The planar C tetrad corresponds to a local energy@mino group in 4-position and the acceptor group OZ2 is
minimum’ and a'SO, the GCGC tetrad is practica”y p|anar and relatively far away. Therefore, the tetrad structure with-N4
represents a local minimum. In the U tetrad, the bases interactH**O H-bonds is planar. Contrary to G, the amino group is

Monomer Geometries and Energies.Previous ab initio
studies have shown that the amino groups of nucleic acids and
other organic molecules have a nonplanar pyramidal struc-
ture2>491n contrast to the geometry, the inversion barriers are
sensitive to the basis. MP2/6-311G(2df,p) calculations provided
an estimate of 0.13, 0.15, and 1.12 kcal/mol for A, C, and G,
whereas MP2/6-31G(d) barriers are somewhat |&9@8LYP/

either via N3-H-+-04 (U4-NHO) or via C6-H---04 (U4 planar in the monomer and in the C tetrad.

CHO) H-bonds. In contrast to the U£HO structure, the more In thymine, the alternating pattern of neighboring-N3 and
stable planar U4NHO structure does not correspond to a local O4 groups involved in the baséase H-bond interaction is
minimum. The energy difference between the pla@as- similar to the N:-H and O6 sites in the G tetrad and to the

symmetric and the slightly nonplan&-symmetric G tetrads = N3—H and O4 sites in the U tetrad. However, contrary to the
with Hoogsteen type H-bonds is very small and is difficult to G tetrad, there is no additional H-bond interaction between the
estimate with high accurad§:l” On the contrary, for the T  bases. The bulky methyl group of T leads to the rather long
tetrad, the nonplana® structure is significantly more stable H-bond distance of 2.133 A in the planar structure and is the
than theCy4, andC, structures, the energy differences being 7.08 main reason for the greater stability of the nonplanar conforma-
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tion. In passing from the planar to the most stable nonpl&par In addition to the geometries, the interaction energies enable
structure, the H-bond length is reduced to 1.847 A and the a comparison of different tetrads found in tetraplexes. In the
distance between O2 and the methyl group carbon is increasedcase of local energy minimaE, can be used for a discussion;
to 3.525 A. in other casesAET is appropriate. Local energy minima exist

The lack of the bulky methyl groups leads to shorterN3  for the practically planar C and GCGC tetrads and, in addition,
H3+++04 H-bonds of 1.780 A in the coplanar U tetrad. However, for the C,-symmetric A tetrad with N6 H61---N7 H-bonds and
this conformation does not correspond to a local energy for theS;-symmetric T tetrad. Previously, local energy minima
minimum1° have also been found for the Hoogsteen type G tetrad with two

In summary, we find that the cyclic tetrad geometries with H-bonds between H22 and N7 and H1 and O6, respectively,
H-bonding patterns occurring in experimental nucleic acid and for the U tetrad with C6H6---O4 interactions. The absolute

structures are planar for the GCGC and C tetrads, slightly values of interaction energieal) for the most stable planar
nonplanar for the G tetradS{ w = 15%), and deviate or nonplanar structures decrease in the order GEG&> C
significantly from planarity for the T tetrady{, o = 124°). >T > U (C6-H6--04) > A (N6—H61:--N7) (Table 3). These
These structures correspond to local energy minima. The INt€raction energies cover arange betwe@4+58 and-16.46
nonplanarity of the A tetrads is more pronounced in the Xcal/mol. The corresponding sequence A’ of the planar
structures with H62+-N1 H-bonds &, w = 108; C4, w = 97°) structures is GCGC> G > C > U (N3—H3---04) > U

than in the structures with H6tN7 H-bonds &, w = 153; (C—H6--04)> A (N6—H61---N7) > T > A (N6—H62:--N1),

C4, @ = 131°). From these structures, only the latter corresponds and the same ordering is also obtained when for all tetrads the
to a local energy minimum, even though it is not the most stable MOSt stable symmetry is taken into account. Thus, as expected,
one. For the nonplanar structures of the T tetrad and the A tetradtétrads having only one H-bond or G+D interactions between
with H62:--N1 H-bonds, a comparison of the pair interaction the bases have the lowest interaction energy, whereas the almost
energies between neighbor bases (Table 3) shows that unfavorPlanar GCGC with three H-bonds in the Watsd@rick GC

able repulsions preventing these structures from being planarP@irs has the highest interaction energy. Finally, if all planar
can be better avoided in th&-symmetric than in theC,- and nonplanar conformations are taken into account, Af€n
symmetric conformation. For the less nonplanar structures of COVers a range between 11.09 kcal/mol for the planar A tetrad
the A tetrad with N6-H-+-N1 H-bonds and for the T tetrad, N the N1 conformation and-69.47 kcal/mol for the GCGC

the S-symmetric structures are also more stable thanGhe tetrad. The total energies indicate that the GCGC tetrad is more

structures. However, in these cases, the cooperativity contribu-Stable than two isolated WC GC pairs. The interaction energy
tion is the relevant quantity. (AET) of the U tetrad with N3-H3---O4 H-bonds exceeds the

Base Tetrad Stabilities, Interaction Energies, and Coop- one of the corresponding T tetrad by about 10 kcal/mol. This

erativity. In nucleic acids, stacking interactions with other bases, is in agreement with shorter H-bonds in U tetrads.

the backbone, and the presence of metal ions and solvent effects The interaction energyAE) ha7s been determined recently
do affect nucleic acid structure and stability in addition to for the AGAG and TATA tetrads! These energies 6f29.41

interactions within the base tetrads studied in this paper. @d—32.46 kcal/mol are smaller than the ones of the GCGC,

Therefore, the energies obtained for the isolated base tetrad$>: and C tetrads but comparable to our results for the A, T,
cannot be directly compared to thermodynamic data for nucleic @hd U tetrads.
acids. Nevertheless, the interaction energies of the base tetrads The order of tetrad interaction energies parallels the deforma-
constitute one factor of the overall stability and are thus useful tion energies. This is easy to understand because a strong
for a detailed understanding of this property. interaction between neighboring bases should have a large
When discussing the interaction energies of tetrad structures,geometrical effect. The main contribution to the interaction
one should realize that many of these structures obtained unde€nergy AE) arises from the interactions between neighbor bases.
symmetry restraints do not correspond to local minima (Table The pair interaction between diagonally opposite bases is much
3). In addition, as recently shown for the Watsd@rick AT smaller though still attractive in most cases. For the T tetrad,
pair 5t it may happen that the global minimum structure cannot this term is almost zero, and in the GCGC tetrad, there is even
occur in nucleic acids because the nitrogen linked to the sugar @ repulsive interaction between diagonal bases.
phosphate backbone is involved in an H-bond. This explains Relative and absolute contributions of the cooperative effect
also the fact that in some cases the most stable conformation(AE®) to the total interaction energyAE) exhibit marked
of the conformational subset studied here does not corresponddifferences (Table 3). The GCGC tetrad shows the largest
to a local minimum. In the following discussion, we take into interaction energy, buME® contributes only 7% taAE. The
account all structures and indicate, however, if the structure largest absolute values A€ are found for the G and C tetrads
discussed represents a local minimum or not. with —15.30 and—10.08 kcal/mol, respectively. This corre-
Nonplanar structures may be (partly) planarized when incor- sponds to 21 and 18% &fE. In these two cases, the nonadditive

porated in a nucleic acid environment. Therefore, the energy contribution reaches the magnitude of the neighbor basse
difference between the optimal nonplanar structures and theinteraction energiesAE"). Among the most stable tetrad
planar ones provides some information whether this planariza- Structures corresponding to local minima, esymmetric A

tion can easily occur. For the G tetiddind for the N7 con-  tetrad (N6-H61:--O4) and theS,-symmetric T tetrad have the
formation of the A tetrad, the energy differences between the Smallest relative cooperativity contribution with 3 and 6%,
planar and the nonplanar conformations are smaller than 0.5respectively.

kcal/mol (Table 3), whereas the other A conformations and the  Comparing Calculated Tetrad Geometries with Tetrad

T tetrad show significant energy differences: T tetrad, 3.86 kcal/ Structures Occurring in Nucleic Acids. The comparison of
mol (C4) and 6.96 kcal/mol&); A tetrad (N1 conformation), optimized base tetrad geometries obtained from quantum-
3.07 kcal/mol C4) and 6.17 kcal/mol%). In general, thesy- chemical studies with the geometry of tetrads occurring in
symmetric structures are more stable than @esymmetric experimental nucleic acid structures yields information whether
ones. the tetrad geometries are governed by intrinsic tetrad properties
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alone or are affected by other factors such as solvent effects, TABLE 6: Mulliken Charges of Selected Monomer and
the presence of metal ions, or additional interactions within the Tetrad Atoms

nucleic acid structure. C C Tetrad
For Watson-Crick base pairs and some other noncanonical c2 0.43 0.53
base pairs, it has been found that the calculated and experimental 02 —0.48 —0.58
geometries are similar, but an influence of the environment is H41 0.23 0.30
noticeable®® However, for base tetrads, we come across a H42 0.25 0.24
different situation. In this case, the presence of metal ions is a T T Tetrad

sine qua non for the formation of tetraplex structures. Therefore,

a detailed comparison of the calculated geometrical parameters Hg _8'33 _%3396
of isolated tetrads without metal ions with experimental 04 —0.46 0.52
structural data that do only form in the presence of metal ions c4 0.47 0.49
is not appropriate. For example, it is well-known that the
06-+-06 distance in G tetrads and even their deviation from A ATetrad' H61---N7 A Tetrad H62:--N1
planarity is heavily affected by the type of metal ion8iions N1 —-0.36 —-0.38 —0.46
may also change the tetrad H-bond pattern. N7 —0.34 —0.44 —0.34
. . . N6 —0.47 —0.49 —0.45

The only two geometrical aspects we want to discuss here in 451 0.24 0.21 0.31
relation to experimental structures are planarity vs nonplanarity Hg2 0.25 0.32 0.19
and the qualitative H-bond pattern. Stacking interactions with
the two neighbor base pairs or tetrads are especially effective GorC GC Pair GCGC Tetrad
if all base complexes adopt a planar geometry. Therefore, itis 06 —0.46 —0.56 —0.66
not unlikely that intrinsically nonplanar base tetrads become  Hl 0.25 0.34 0.34
more planar upon incorporation in a helix center. On the other :g; 8% 8-;5 8-23
hand, at helix ends, this force can only act from side; therefore, o2 _0.48 057 0589
this planarization should not occur to the same extent. One N3 ~0.39 —054 —0.56
should be aware of the fact, however, that both in the center of  H41 0.25 0.33 0.29

relatively normal helix structures base pairs or tetrads and at
helix ends intrinsically planar base complexes may show

significant deviations fr.om planarity. ) _conformation with N4-H---N3 H-bonds found in the structure
An example for the different geometry of tetrads in the helix \yith the PDB code 1EMQ is not stable in the DFT calculations

center and end is found in a parallel-stranded DNA tetraplex ,t converges to the conformation characterized above.

formed byS. cereisiaetelomere sequence d-TGGTGGC (PDB It would be interesting to know if nonplanar base tetrads in

code, IEMQY° The central T tetrad atoms (except for methyl . . . .
L experimental nucleic acid structures prefer conformations
hydrogen atoms) show an rms deviation from the least squares

plane of only 0.12 A in the NMR average structure, whereas resembling eitheiC, or & symmetries. Unfortunately, this
the corresponding rms value for the terminal T tetré\d is 0.35 analysis is hampered by the fact that the asymmetric environ-

A. A similar pattern is found for the angles between the planes ment prevents tetrad structures to adopt exactly conformations
of. diagonal bases. This angle is 172in the central tetrad with these symmetries. Nevertheless, we found that the experi-
and 157159 at tHe helix end. Note. however. that for the mental structure of the A tetrad with H6IN7 H-bonds (PDB
experimental structures the angle nlway have ,a different code, 1EVN) converges to @4-symmetric structure when

meaning if these structures do not exhibit an at least approximatec’pt'm'?ed at the semlemplrlcal PM3 level. )

S symmetry. Therefore, as a more general measure of deviation Partial Charges. Mulliken charges can be used to provide a

from planarity, the rms deviation from the tetrad least squares crude estimate of the change of the partial charges when

plane is used for the experimental structures. complex formation happens. Previously, it has been shown that
As compared to the rms value of the experimental structure there IS a gon&dergble S%Qarge transfer in G upon complex

for the T tetrad located at the helix end of 0.35 A, the calculated formation with metal iond>*?As the monomers are symmetry-

results obtained with B3LYP, MMFF, and AMBER, respec- related in the neutral A, C, G, and T tetrads discussed here, all
tively, are 1.43, 1.59, and 1.20 A f@; symmetry and 0.46 monomers remain neutral as well. A change of partial atomic

0.64, and 0.68 A fo€, symmetry. This may indicate that even charges within G can be observed when comparing G monomers

for base tetrads located at a helix end a partial planarization With G tetrads'® Similarly, in the AT pair, Mulliken charges of
does occur. the atoms involved in H-bonding changfe.

The C tetrad adopts a nearly coplanar conformation in the TNis can also be observed in the C tetrad showing a
central part of the tetraplex structure with the SV40 repeat considerable cooperativity. For example, the negative charge
sequence d-GGGCGG (PDB code, 1IEV®However, a more of O2 increases fron+0..4.8 in the monomer te-0.58 in the
detailed comparison of the NMR and the planar DFT structure tetrad, whereas the positive charge of C2 increases from 0.43
reveals a striking difference even though the calculations havet© 0.53 (Table 6). In other words, the carbonyl group is more
been started with the experimental H-bond pattern (Figure 3). Polar in the tetrad. The charge of the hydrogen atom H41
In the optimized DFT model, the bases are rotated relative to involved in the H-bond increases from 0.23 to 0.30, but the
each other so that N4H41:+-O2 H-bonds are formed, which ~ charge of H42 remains almost constant.
enables also a relatively short distance betweerN42 and In the T tetrad, the partial charges of the carbonyl group and
N3 (Figure 3c). Instead, in the NMR tetraplex structure, of H3 change in the same way but to a smaller extent. A
N4—H42---02 H-bonds are formed. Whether this structural comparison of both A tetrads with the monomer indicates that
difference is due to the effects of metal ions remains to be only for the nitrogen atom acting as H-bond acceptor the
clarified. This is also true for the fact that the C tetrad negative charge increases, whereas the other ones are less

aCyn Symmetry.? C; symmetry.
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affected. Like in the C tetrad, the positive charge increases only
for the one amino group hydrogen atom that is involved in
H-bonding.

In the GC pair and in the GCGC tetrad, the negative charges
of the acceptor atoms and the positive charges of the corre-
sponding hydrogen atoms increase upon complex formation. In
the GCGC tetrad, the negative charge of O6 exceeds the one of
the GC pair since this atom is involved in an additional H-bond.
Similarly, the positive charge of H42 increases when the tetrad
is formed from two GC pairs. In the GC pair, there is a charge
transfer of 0.01e from C to G; in the GCGC tetrad, it is 0.02e.
This charge transfer is much smaller than the one between G
tetrads and metal iori8.

It should be noted, however, that Mulliken charges are basis
set-dependent. Therefore, we have calculated electrostatic
potential-derived charges for comparison. According to this
method, the charge transfer within the GC pair and the GCGC
tetrad is also 0.02e and the negative charge at O6 in the base
pair exceeds the one of the monomer. For the tetrad, an O6
charge with a magnitude between the monomer and the base
pair was obtained.

Electrostatic Potentials.It is well-known that metal ions or
NH4* are essential for the formation of G tetrad structdrég>
Also, the tetrads studied in this work do occur in tetraplexes
formed in N& or K™ solutions. However, a detailed understand-
ing of the interaction between metal ions, bases, and solvent is
still missing. Binding sites for metal ions characterized by an
unusually negative electrostatic potential have been predicted
in RNA structures by PoissetBoltzmann calculation®? In
small model systems, quantum-chemical calculations may be
used to derive qualitative conclusions. Such calculations reveal
indeed a negative electrostatic potential at the central cavity of
G tetrads.

We have calculated the molecular electrostatic potential for
the C tetrads retaining the experimental geometry with-N4
H42---O2 H-bonds found in the tetraplex structure with the PDB
code 1EVO. It turns out that the C tetrad indeed possesses a
large negative potential (Figure 5), but in contrast to G tetrads,
it is not focused on a small region in the central cavity. We
have recently shown that in the G tetrad complex with &
structure with the ion located above the tetrad plane is more
stable than the structure with the metal ion in the pléne.
Because the C tetrad cavity size is larger than the one of the G
tetrads, it is likely that in C tetrad/metal ion complexes larger
ions than sodium may be located in the tetrad plane. Even
though we have started geometry optimization with the experi-
mental geometry, the final optimized structures have a different 55 G tetrads. In the alternative structure with H847 H-bonds,
H-bond pattern (N4H41:--O2). This structure has no strongly 5 cavity exists, but the regions with the most negative
electronegative potential in the tetrad center. If the interaction g|ectrostatic potential are located outside close to the nitrogen

energy between the bases and the metal ion exceeds the ongioms. Therefore, A tetrads with this type of structure cannot
between the bases such as in G tetfadse might expect that  interact favorably with metal ions in the central cavity.

Figure 5. Electrostatic potential of the optimized C tetrad structure
(a) and the biopolymer type structure occurring in the tetraplex structure
1EVO (b) at—50 (opaque surface) and25 au (wireframe).

metal ions induce a change of the H-bond pattern. _ It should be noted, however, that in the presence of metal
Planar U tetrads with N3H3-+-O4 H-bonds have a negative jons the tetrad conformation may be changed. In addition,
electrostatic potential located at the central catityhile the different metal ions may induce different conformations. For

electrostatic potential formed by the T tetrad is only moderately example, in a tetraplex structure with GCGC tetrads, a confor-
negative and spread over a large region between the basesnational switch has been observed in passing from NaCl to
(Figure 6). Therefore, the interaction of both tetrads with metal KC| solution. In KCI solution, the non-WatserCrick H-bonds
ions might be quite different. In addition to the weak interaction petween both GC pairs are removed and this leads to a much
between the bases, the weak interaction between T and metaless planar tetrad (PDB code, 1A8W) as compared to the
ions might also contribute to a preference of T loop formation structure in NaCl (PDB code, 1A8R Interestingly, this
relative to formation of four tetrads in d(GGGC-T4-GGGC) conformational switch is also seen in an MD simulation on this
(1A8N). structure?®

The A tetrad with H62-N1 H-bonds (Figure 1) does not In addition to metal ion binding, calculations of the electro-
possess a central cavity of sufficient size for alkaline ions such static potential are useful for the analysis of the hydrogen
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6-31G(0.25)//HF/6-31G(d,p) single point calculatiGhsA
similar agreement has been found for the AF pair with the T
analogue difluorotoluen®, water-mediated base pafsand
complexes with metal ion¥. BLYP calculations lead to
somewhat smaller interaction energies than B3LYP calcula-
tions1®

For the basis sets, we note that there is an excellent agreement
for the calculated interaction energies between TZVP (Table
3) and the much smaller DZVP basis (Supporting Information).
For the H-bond geometries, TZVP provides somewhat shorter
distances between the hydrogen and the acceptor atom for the
C tetrad, whereas they are longer for the T tetrad. In general,
DZVP appears to be an efficient alternative for the larger TZVP
and other established basis sets. This makes the investigation
of larger nucleic acid complexes feasible.

As the size of biopolymers is too large for DFT methods,
force field methods that are able to handle these systems are
required. As expected, MMFF94 can reproduce the pyramidal
structure of amino nitrogen atoms in the monomers. The
inversion barriers, however, are somewhat larger than the DFT
results. Therefore, MMFF94 calculations lead to larger devia-
tions from planarity as compared to DFT, for example, in the
G tetrad'®

For the GCGC, C, and T tetrads, the force field calculations
yield in a qualitative sense similar structures as the DFT
calculations (Table 1). The differences in H-bond lengths do
not usually exceed 0.15 A, and the corresponding differences
in H-bond angles are smaller than®18 substantial difference
between force field and DFT calculations among these tetrads
is found for the T tetrad. Here, the force field structures are
much more nonplanary, 97 and 94 for MMFF and AMBER,
respectively) than the DFT tetrad geometay, (39). For the
A tetrads, similar differences are found. However, AMBER
force field calculations, and fo€; symmetry also MMFF
calculations, result in A tetrad structures with an extreme
deviation from planarity no longer resembling the DFT geom-
etries (Figure 4). The only A tetrad for which AMBER and
DFT calculations result in a similar structure is tbesymmetric
conformation with N6-H---N1 H-bonds (Figures 2 and 4).
Contrary to the AMBER structures, the MMFF geometries
remain close to the ones obtained from the DFT calculations
for & symmetry. However, MMFF predicts also that the
structures obtained with AMBER are more stable, when they

. are used as input.

Figure 6. Electrostatic potential of the optimize@y-symmetric A In agreement with the DFT calculations, MMFF94 predicts
tetrad (a) and T tetrad (b). that the A tetrad N6H62---N1 is less stable than the N6
bonding pattern in tetrads. The C and T tetrad show a negativeH61-:-N7 structure, but the energy difference of 4.5 kcal/mol
potential close to the acceptor atoms, whereas the weaklyat C4, symmetry is smaller than 8.95 kcal/mol from B3LYP/
interacting A tetrad does not have this property (Figures 5 and TZVP. The energy difference of 5.4 kcal/mol between g

6). Similar to the G tetrad, there is a negative electrostatic and theS,-symmetric T tetrad structures is in better agreement
potential outside of the tetrad close to N1 that might provide with the B3LYP result of 7.08 kcal/mol. Contradicting relative

additional weak interaction sites for cations. stabilities have been obtained for the C tetrad. B3LYP/TZVP
Performance of DFT and Force Field Calculations DFT predicts that the planar structure is 10.89 kcal/mol more stable

calculations have provided recently much information about the than theS,-symmetric conformation, whereas MMFF94 predicts

structure and interaction energies in nucleic acid bgez8.30-32 the latter to be 8.3 kcal/mol more stable. AMBER energies have

The advantage of DFT calculations is primarily due to their not been taken into account since the nonplanar structures are
efficiency as compared to the MgliePlesset perturbation  distorted as compared to the DFT structures. A comparison
theory of second order (MP2), which has been used often only between the interaction energies from DFT calculations listed
as single point calculation subsequently to HartrEeck in Table 3 with the corresponding force field data given in Table
geometry optimizations. Comparative calculations have recently 5 indicates that MMFF ranks them in the same order as B3LYP.
shown a closer agreement of BALYP with MP2 calculations There is a close correspondence AE" for the A tetrad
than with Hartree-Fock calculationg! For the GC base pair, H62::-N1, the G tetrad withC4, symmetry, and the GCGC
the DZVP and TZVP interaction energies-023.99 and—25.32 tetrad. In contrastAET is about 10 kcal/mol too high for the T
kcal/mol (Table 4) are close te-23.8 kcal/mol from MP2/ and U tetrad with N3-H3---O4 H-bonds and too low for the C
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tetrad, a complex having a high cooperative energy contribution. References and Notes
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