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Three nonplanar tetrads of the DNA bases (Wat3rick-type TATA, Hoogsteen-type TATA, and AGAG
tetrad) are studied at the HF/6-311G(d,p) and B3LYP/6-311G(d,p) levels of theory. Both Hoogsteen and
Watson-Crick type thymine-adenine-thymine—adenine tetrads are stable in the isolated form in which the
Hoogsteen type TATA tetrad is about 2.3 kcal/mol more stable than the Waark type. The significant
stabilization energies of over 30 kcal/mol predicted for the TATA tetrads confirm that the stabilization of
this structure plays a key role in the four stranded helices. The energy of each bifurcated H-bond in the
tetrads has been found to be about 8 kcal/mol for the planar structure and about 3 kcal/mol for the nonplanar
tetrad. The formation of bifurcated H-bonding is the main contribution to the creation of the tetrad structure.
The electrostatic potential map suggests that the presence of a cation in the system is expected to further
stabilize the TATA tetrad in both forms. However, metal ions are unlikely to be stable in the center of the
TATA tetrads. The V-shape structure of the AGAG tetrad and 3.5 kcal/mol of stabilizing energy (compared
to the two separated AG pair) revealed in this study suggest that this tetrad structure may not be important
in the tetraplexes.

Introduction depend on the interaction of isolated tetrads of the bases, the
base pairing might be the crucial factors in the formation of
tetraplexes. Details of the interactions and the base pairing could
only be explored by accurate computational studies.

In this paper, we report the first ab initio quantum chemistry
study of the stability and structure of three nonplanar tetrads:
in RNA, uracil tetradg.Recent quantum chemical study of the Watson-Crick-type TATA and Hoogsteen-type TATA and

guanine tetrad suggests that the bifurcated hydrogen bondingAGAG .tetrads (Figures 1, 2, and 8). Bgcaqse Of.the. relatively

of the 06 atom of guanine with the hydrogen attached to the large size of such systems, no theoretical investigations of the
N1 and the hydrogen from the amino group of the other guanine energy minimum structure of these tetrads based on the reliable
unite plays a central role in stabilizing the guanine tetrad in the ab initio quantum chemistry methods have been reported so far.

absence of cation interactiodhis kind of H-bonding pattern The aim of our study is to revgal the details of the ”?0'9‘3“"’”.
has also been found between guanine and cytdsiieThere geometrle_s,_the_energy properties, and_the electrostatic potential
are a number of possible structures which could be derived for characteristics involved in the formation of these nonplanar
the thymine and adenine formed tetrads. Among the varioustetrads'

types of tetrads that are expected from the considerations of

symmetry, the two which contain the bifurcated hydrogen bonds Method of Calculation

are the most important in stabilizing the poly(efigly(dA)-
poly(dA)-poly(dT) tetraplexe? Chemical probing studies of
d(G3TTAG3) and d(TTAG3) units of different lengths suggest
that N7 of adenine is inaccessible, signifying the possibility of
the formation of AGAG tetrad in the tetraplex¥s:* However,
some studies question the existence of the AGAG tetrad becaus
it has relatively higher energy and lacks the tetrad of oxygen
required for the formation of the cation site!®>To reveal the
nature and function of the bifurcated hydrogen bonds in the
tetraplexes, much attention needs to be paid to investigations
of molecular structures and bonding patterns of various tetrads.
Although the structure and stability of tetraplexes does not solely

Four-stranded DNA structures, formed upon H-bonding
interactions between two DNA duplexes, have been considered
to provide possible models for DNA strand exchange pro-
cessed:? H-bonding patterns between two nucleobases have
been observed in guanine tetr&d?thymine tetrad, and also

The local minima of the three tetrad structures have been
fully optimized by the analytic gradient techniques using the
density functional theory with Becke's three-parameter {83)
exchange functional along with the Le¥ang—Parr (LYP)
@onlocal correlation function&t18 (B3LYP). The standard
valence triple basis set augmented with six d-type and three
p-type polarization functions, 6-311Gf),1° was used in
conjunction with the DFT method. In the comprehensive
investigations, Mebel, Morokuma, and B#demonstrated that
the geometries and frequencies of the molecules calculated at
the B3LYP/6-311G(gp) level agree well with experiment. The
absolute deviations for the bond lengths and angles at the
« Corresponding author B3LYP/6-311G(cb) level are smaller than those at the ab initio
t Chinese Academy of Sciences. MP2/6-31G(d) and QCISD/6-31G(d) levels of thedtyOur
* Jackson State University. previous studies of hydrogen bonded systems involving DNA
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Tetrad Base-pair
HF  B3LYP HF B3LYP
2.251 2.062 2.140 1.967
1.965 1.804 1.962 1.799
2.157 2.044
2.781 2.538
2.840 2.707 2.952 2.805

163.67 162.06
175.36 173.70
168.27 167.60
165.56 166.24

85.13 87.84
118.91 118.68

Figure 1. Fully optimized Hoogsteen type thymir@denine-thymine—adenine tetrad (TATAH) structure. Atomic distances in angstroms and
angles in degrees. X%- -X is the folding line. Base pair parameters are also listed for comparison. Basis set used in all the calculation is 6-311G-

(d.p).

Tetrad Base-pair
HF  B3LYP HF B3LYP
r, 2.171 2.000 2.095 1.929
I, 1.994 1.817 1.996 1.822
r, 2200 2.043
r, 2807 2.559
r, 2917 2.753 3.005 2.805

A, 17255 173.29
A, 179.83 178.47
A, 147.85 148.65
A, 17222 174.86
A 84.92 87.31
A, 118.86 118.59

Figure 2. Fully optimized Watson Crick type thymine-adenine-thymine—adenine tetrad (TATAW) structure. Atomic distances in angstroms
and angles in degrees. %--X is the folding line. Base pair parameters are also listed for comparison. Basis set used in all the calculation is

6-311G(dp).

bases have shown that the B3LYP approach predicts reliableBoth are characterized by bifurcated hydrogen bonding between
interaction energies and is compatible to the MP2/6-)(d  the O4 of thymine and the protons of the amino groups of
method?223 Also, the performance of HF approximation was adenines not involved in the AT pair bonds. Thus, each thymine
examined in this study because it is cheaper than the B3LYP is simultaneously bonded to two adenines and each adenine to
method and it predicts similar stabilization energy for the two thymines. No significant geometric change has been

G-tetrad as shown in our guanine-tetrad calculatfoiiis observed inside the bases when the tetrads are formed. The
suggests that for larger H-bonded systems which are too largegptimized energy minimal structures of these two tetrads are
to apply electron correlated approaches the HF/6-31pielel depicted in Figures 1 and 2. The AT pair itself is almost in one

of theory could be a cost-effective method for the evaluation p|ane for both of the WatsoerCrick and Hoogsteen Systems as

program3* was used in the calculations. AT pairs are tilted at 138relative to each other along the folding
Resul d Di . line between the two C5 atoms of the thymines. This folding
esults and Discussion angle amounts to 139n the Watson-Crick pairs tetrad. The

TATA Tetrads. As revealed by calculations, there are optimized structures of the TATA tetrads indicate the existence
similarities between the WatseiCrick and Hoogsteen AT pairs.  of six strong hydrogen bonds in the system. The lengths of two
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TABLE 1: Energy Properties of the Bases, Base Pairs, and
Base Tetrads Calculated at the B3LYP/6-311G(d,p) and
HF/6-311G(d,p) Levels (Bold)

E BSSE AE2 AEBSSEb - AE(])BSSEC
(hartree)  (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

Bases

guanine —542.6979127 —3.02
—2.41

—539.5275126 —1.8%

—1.61

TATAH adenine —467.4392151 —1.89
—2.28

—464.6291433 —1.26

—-1.36¢

thymine —454.2646891 —2.7#
—451.6235336 —1.63

Base Pairs
ATH —921.728883 —1.86 —15.68 —12.52
—916.271366 —1.14 -11.73 —9.88
ATW —921.727955 —1.85 —15.09 —11.92
—916.270400 -1.11 —11.12 -9.24
AG —1010.162940 —1.66 —16.20 —12.95
—1004.175515 —1.01 —11.8% —9.76
TATAW Tetrads
Figure 3. Folding of the AT pairs in the tetrads where the folding GGGG :;gg'gigggg :Zgg :gg'gg
lines are perpendicular to the paper. The AT pairs in TATAW are ' ’ '
. ' : AGAG —2020.3367716 —39.23 —2941 —3.51
slightly twisted. —2008.3597579 —3213 2597 —2.39
TATAH —1843.4758559 —4270 —3266 —7.63
H-bonds in each Hoogsteen AT pair are 1.80 (N7{%4)3(T)) —1832.5558529 —31.63 —-2565 —5.95
and 2.06 A (O4(T)H6(A)), respectively. These two corre-  TATAW —1823.4722645 Thoac 3043 T8ee
sponding bond distances are 1.82 and 2.00 A in the Watson : ’ : :
Crick pairs. The O#%-H bonding in the WatsonCrick pairs is @ AE = E(tetrad) — 2E(basel)— 2E(base2)” AEPSSE = AE —

slightly shorter than that in the Hoogsteen pairs. On the other 2BSSE(basel) 2BSSE(base?) for the tetrad an& — BSSE(basel)
hand, the H-bonds linking the two AT pairs of the tetrad are _ BSSE(base2) for the base pain\E(1)®5t = Eftetrad) — 2E(base
. . _pair) — 2BSSE(base pair}.Calculated in AGAG tetract Calculated

about0.0BAshorter in the Hoo_g_steen type tetrad than those inj, ATATH and ATATW tetrads! Calculated in G-tetrad AE —
the Watson-Crick type. In addition to the hydrogen bonds  gase-pairy- E(basel)— E(base2).
mentioned above, there is one more pair of weak H-bonding
between N1 of adenine and H in the methyl group of thymine mol. As a comparison, the bonding energy of each H-bond in
(2.54 A) in the Hoogsteen type tetrad and between N7 of adeninethe G-tetrad with eight hydrogen bonds amounts to 8.6 kcal/
and the methyl H of thymine (2.56 A) in the Watse@rick. mol. In the stability study of poly(dFjpoly(dA)-poly(dA)-poly-
Although these H-bonds are weaker, they play the main role in (dT) tetraplexes, the Hoogsteen type TATA has been found to
governing the nonplanar geometry of the tetrads. The AT pairs be stabilized by 21.8 kcal/mol, while the Watse@rick type
in the tetrads are folded to adopt a conformation which favors tetrad is stabilized by 20.0 kcal/mBThe predicted stabilization
this weak bonding. This is manifested by the similar folding energies for these systems of 32.7 and 30.4 kcal/mol confirm
angles in the different TATA tetrads. In Figures 1 and 2, the that the stabilization of the tetrads plays a key role in the
main geometric parameters of AT base pairs are also listed. Itformation of the four stranded helices.
is clear that the AT base pairs do not experience significant It is interesting to compare the details of the H-bonds in
changes inside the tetrads. tetrads with those in base pairs. For the Hoogsteen type, the

The energy characteristics of the TATA tetrads are listed in O4(T):++H6(A) distance of 2.06 A is about 0.1 A longer in the
Table 1. The total energy of the Hoogsteen type TATA tetrad tetrad than in the base pair (1.97 A). However, the O2(T)
is about 2.3 kcal/mol lower than the energy of the Watson  H8(A) atomic distance decreases by about 0.1 A in the tetrad,
Crick type. The stabilization energy relative to the isolated baseswhile H3(T)--N7(A) bond length is virtually unchanged. The
of the tetrads is 32.7 kcal/mol for the former and 30.4 kcal/mol same changes can be seen in the Watgnick type tetrad.
for the latter. This amounts to about only half of the stabilization These changes imply that the formation of the second set of
energy predicted for the guanine-tetrad (66.5 kcal/mol after the H-bond in the bifurcated hydrogen bonds weakens slightly the
BSSES correction). There are eight strong H-bonds in the planar existent H-bonds of the base pairs. According to the O2(T)
G-tetrad. The significant difference of the stabilization energy H8(A) atomic distance of 2.7 A in the tetrad, it is unlikely that
between the nonplanar TATA tetrads and the planar G-tetrad the O2(T)--H8(A) interaction is of importance in the formation
suggests that the nonplanar bifurcated H-bonding is weaker. Thisof the tetrads. The energy difference of 2.3 kcal/mol between
can be attributed to the orientational preference of the H- the two tetrads is partly due to the energy difference between
bonding. The energy difference between the tetrads and the twothe WC AT base pair and the Hoogsteen AT base pair which
AT base pairs is 7.6 kcal/mol in the Hoogsteen type TATA amounts to 1.2 kcal/mol. The other 1.1 kcal/mol is clearly from
tetrad and 6.6 kcal/mol in the Watse@rick type tetrad. By the difference between the interactions of the base pairs. Since
rotating the methyl group along the €&metnyibond in thymine, ther4 type H-bonds are basically the same in both tetrads, the
we estimate that the energy of the N1{AH(T) H-bonding less lineam 3 type H-bonds in the WC TATA tetrad result in
(r4 in Figures 1 and 2) is about 1.6 kcal/mol. This indicates lower stabilization energy.
that a decrease in stabilization due to the unfavored direction The electrostatic potential (ESP) map provides a simple way
of H-bonding in the bifurcated pattern amounts to about 5 kcal/ to predict how different geometries could alter the reactivities
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Figure 4. Electrostatic potential map of TATAH (a) and AT base pair (b). The plane of the AT base pair. The thin line represents the positive part
of electrostatic potential, and the thick line is the negative parts of electrostatic potential. The contour spacing is 0.1 au for the posithv@@thart an
au for the negative part. The unit of the axes is angstroms.

@ N 0 (b)
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Figure 5. Electrostatic potential map of TATAW (a) and AT base pair (b). The plane of the AT base pair. The thin line represents the positive part
of electrostatic potential, and the thick line is the negative parts of the electrostatic potential. The contour spacing is 0.1 au for the pasitive par
0.01 au for the negative part. The unit of the axes is in angstroms.

in intact DNA. It can also be used to identify the possible metal The formation of the tetrads can be viewed as the binding
interaction sites. Figure 4 displays the electrostatic potential of between the two AT pairs as shown in the figures. The main
the Hoogsteen TATA plotted on one of the AT pairs plane. change occurring in going from the AT base pair to the tetrad
For comparison, the ESP map of the Hoogsteen AT base pairscan be seen in the bifurcated H-bonding area. The ESP related
is also shown in Figure 4. The ESP maps of the Watsorick to the other parts of the systems is virtually unchanged as the
TATA tetrad and its AT base pair are depicted in Figure 5. pairs form the tetrads. The negative electrostatic potential area
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Figure 6. Electrostatic potential map of the central area of TATAH.  Figyre 7. Electrostatic potential map of the central area of TATAW.
The top panel is the ESP on the central plane of N6O@X6atoms. The top panel is the ESP on the central plane of N6O@M6atoms.

The bottom panel is the ESP 1.2 A above the central plane. The thin The pottom panel is the ESP 1.2 A above the central plane. The thin
line represents the positive part of electrostatic potential, and the thick jine represents the positive part of electrostatic potential, and the thick
line is the negative parts of electrostatic potential. The contour spacing jine is the negative parts of electrostatic potential. The contour spacing
is 0.05 au for the positive part and 0.005 au for the negative part. The js 0,05 au for the positive part and 0.005 au for the negative part. The
unit of the axes is angstroms. unit of the axes is in angstroms.

above O4-04 in the maps suggests the potential cation hosting of the TATA tetrads because of the influence of the H bonded
position for the tetrads. Figures 6 and 7 show the ESPs of thehygrogen atoms.

central area of both TATA tetrads. The center of the tetrads ~AGAG Tetrad. The geometries of the bases are basically
has a small negative electrostatic potential area due to theynchanged during the formation of the AGAG tetrad. The details
presence of the H-bonded hydrogen atoms. The influence of of the geometry of the energy-minimum structure of AGAG
the hydrogen atoms becomes less important in the area abovehow that this tetrad is formed by two AG pairs through two
the center of the tetrads as shown in the figures. The presencayeak hydrogen bonds in between. Each AG pair is strongly
of a cation such as NaK*, and NH;" in the system is expected  bonded with the binding energy of 16.2 (13.0 after BSSE) kcal/
to further stabilize the TATA tetrad in both forms when the mol. There are some interesting geometrical features of this
cation is located above the central area. However, unlike the structure. First, the AG pairs in the tetrad are not planar as can
guanine tetrad in which a cation (Necan be host in the center  be seen from the figure. Two guanines are tilted by an angle of
of the tetrac®~> metal ions are unlikely to be stable in the center 92° along the NZN7' axis, while two adenines are folded at
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Tetrad Base-pair
HF  B3LYP HF B3LYP
r, 2105 1.957 2.034 1.876
r, 2.085 1.906 2.066 1.901
r, 2198 2.044

165.09 165.88
172.13 172.73
157.79 155.74
118.15 118.01
83.30 88.25

Figure 8. Fully optimized adenineguanine-adenine-guanine tetrad (AGAG) structure. Atomic distances in angstroms and angles in degrees.
X- —-X is the folding line. Base pair parameters are also listed for comparison. Basis set used in all the calculation is 6-311G(d,p).

an angle of 109along the same axis. These two AG pairs are compared to those obtained at the DFT level. However, the

connected by the 06 of guanine and the protons linked to the bifurcated hydrogen bond lengths are about-@2 A longer

N6 of the adenines. The lengths of the bifurcated H-bonds in the HF calculations than those in the DFT. The longer H-bond

between the O6 of guanine and the H6 of the two adenines aredistances and the smaller stabilization energies of these tetrads

1.96 and 2.04 A, respectively. The total binding energy of 29.4 suggest the importance of the electron correlation effects in

kcal/mol of this tetrad is smaller than those of TATA tetrads, forming bifurcated hydrogen bonds which govern the stabiliza-

while the binding energy in the AG base pair is about 1 kcal/ tion of the tetrads.

mol stronger than both WatseiCrick and Hoogsteen AT base

pairs. Clearly, the weakness of the bifurcated H-bonds in the conclusions

AGAG tetrad is due to the V-shape structure which distorts the

06—H6 bonding from their most favored directions. This The following conclusions are revealed by the present

V-shape structure of the tetrad results from the repulsive quantum chemical studies.

interactions between N1 of adenine and N7 of guanine, as can (1) Both Hoogsteen- and Watse@rick-type thymine-

be seen in Figure 8. Consequently, compared to the two zdenine-thymine-adenine tetrads are stable in the isolated form

separated AG pairs, the AGAG tetrad has only 3.5 kcal/mol of in which the Hoogsteen-type TATA tetrad is more stable than

stabilizing energy. Thus, the energy of the OB(&)(A) H-bond  the Watson-Crick type. The stabilization energies of 32.7 and

(r3in Figure 8) is about 1.75 kcal/mol which is consistent with - 30,4 kcal/mol confirm that the stabilization of the tetrads plays

that Of ther3 type in the TATA tetl’adS. A |aCk Of4 type a key ro'e in the four Stranded he“ces

;]gic;\nd;nng Ilg tAhlfhoAL?ﬁ?h;e:;z?egjgrejsr?:n;tiissgggIt);l?ndegfs (2) The energy of each bifurcated H-bond in the tetrads is

th tti? A%AGt t g f di y e {jf ?O? d- about 8 kcal/mol for the planar structures and about 3 kcal/mol
at the etrad 1S favored in energy-minimized 1oldec- ¢, o nonplanar structures. The bifurcated H-bonding is the

back stru_cturgé‘,‘ the V-shape structu_r e of the AGAG tetrad_ main contribution to the formation and stabilization of the tetrad
revealed in this study suggests that it cannot be stacked with structures

the G-tetrads in the stem of the tetraplexes. Also, only 3.5 kcal/ . N 4
mol of stabilizing energy (compared to the two separated AG (3) The presence of a cation such ‘?.SFNK » O NHs™ In .
the system is expected to further stabilize the TATA tetrad in

pair) implies that this tetrad structure may not be important in both f H i likel b ble i
the tetraplexes. This result supports the conclusions of the POth forms. However, metal lons are unlikely to be stable in
the center of the TATA tetrads.

previous experimental and theoretical studf€s.
Interestingly, the stabilization energies calculated at the DFT ~ (4) The V-shape structure of the AGAG tetrad and 3.5 kcal/
level are about 10 kcal/mol larger than the HF prediction{s Mol of stabilizing energy (compared to the two separated AG
kcal/mol after the BSSE correction) for all three tetrads. The Pair) revealed in this study suggests that this tetrad structure
HF predicted relative stabilization energy of the AGAG tetrad May not be important in the tetraplexes.
is slightly larger than those of the TATA tetrads which is just
the opposite in the DFT prediction. Considering the fact that ~Acknowledgment. This work was facilitated by the NIH
there are two H-bonds less in the AGAG tetrad, this inversed Grant G12RR13459-21, by the Office of Naval Research Grant
result indicates that the H-bonding described at the HF level is NO0014-98-1-0592, and by the support of the Army High
much weaker than at the DFT level. Significant differences have Performance Computing Research Center under the auspices
been observed for the H-bond distances predicted by the DFTof the Department of the Army, Army Research Laboratory
and HF methods. Generally, the bond distances inside the basesooperative agreement DAAH04-95-2-0003/Contract DAAHO04-
predicted at the HF level are slightly shorter (less than 0.03 A) 95-C-0008, the content of which does not necessarily reflect
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