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The titled complex, obtained by co-crystallization (EtOH/25 °C), is apparently the only known complex of
the free bases. Its crystal structure, as determined by X-ray diffraction at both 90 K and 313 K, showed
that one A-T pair involves a Hoogsteen interaction, and the other a Watson-Crick interaction but only
with respect to the adenine unit. The absence of a clear-cut Watson-Crick base pair raises intriguing
questions about the basis of the DNA double helix.

© 2010 Elsevier Ltd. All rights reserved.

Ever since the discovery of the double helical structure of
deoxyribonucleic acid (DNA) by Watson and Crick in the early
1950’s,! the complementary base pairing scheme therein has been
a corner-stone of modern biology. In particular, the mutual recog-
nition of specific base pairs not only forms the bed-rock of molec-
ular biology,? but also resonates in key areas of chemical pathology
and medicinal chemistry, for example, virus action®” and gene
therapy.>

The Watson-Crick base pairing scheme has been extensively val-
idated, both in molecular-biological and physico-chemical studies.
The molecular-biological studies have essentially involved the
DNA polymerase catalyzed incorporation of complementary nucle-
otides into a growing oligonucleotide strand, upon a template
strand of defined base sequence.* The physico-chemical studies
have focused on stability and structure, largely involving DNA melt-
ing” and X-ray crystal structure determination of oligonucleotides.®

Interestingly, however, direct experimental evidence for spe-
cific complexation between the DNA bases themselves is scarce.
A major problem is the poor solubility of the free bases in most sol-
vents, so obtaining detectable concentrations of the base pairs (say,
for spectroscopy) is often difficult. All the bases have considerable
positive free energies of solution: ~1.5-5.0 kcals/mol in water, but
less in DMS0.7 A few early studies, based on solubility’® and IR
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spectroscopy,’c provided valuable insights into purine-pyrimidine
interactions without, however, significant structural detail.

We have been interested in preparing co-crystals of the DNA
bases, particularly with a view to determining their crystal struc-
tures via X-ray diffraction. Also, because of the above difficulty in
observing the base pair complexes in solution, a crystallization-dri-
ven approach seemed reasonable and worth exploring. Two pio-
neering studies, by Etter et al. and by Hoogsteen, report crystal
structures of equimolar complexes of 9-methyladenine and 1-
methylthymine (but not the free bases).®

We have now succeeded in forming a crystalline 2:1 complex
(3) of the complementary base pairs adenine (1) and thymine (2)
(Scheme 1),° and have determined its crystal structure by X-ray
diffraction (Fig. 1).

The crystallographic data is summarized in Table 1, and in-
cludes a variable temperature study.!'2 The rather high R, val-
ues are due to the poor quality of the crystals obtained. The
variable temperature study was undertaken to evaluate the stabil-
ity of the hydrogen-bonded network and the importance of solvent
water molecules. In this complex (3), one of the adenine units
bonds with the thymine via a Hoogsteen hydrogen bonding inter-
action,®'? involving N5-H and C,=O of thymine, and N7 and NH- of
adenine. Interestingly, another adenine molecule interacts via its
N; and NH, units with the N;-H and C,=0 units of the same thy-
mine molecule; this may be termed a ‘quasi-Watson-Crick’ inter-
action, as only the adenine engages in Watson-Crick fashion.
Four molecules of water stabilize the hydrogen-bonded network
in the unit cell.
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Scheme 1. The formation of a 2:1 hydrogen-bonded complex 3 between adenine
(1) and thymine (2) and its structure as determined by X-ray diffraction (cf. Fig. 1).
The thymine forms a Hoogsteen pair with one adenine, and a ‘quasi-Watson-Crick’
pair with the other (hydration is not shown; atom numbering differs from Fig. 1).

The lattice is composed of m-stacked layers formed by the
hydrogen-bonded bases (Fig. 2). These further generate a hexago-
nal supramolecular motif with a central void (Fig. 3); this is filled
by four water molecules (designated O, O, O3 and Oy, Figs. 1-3),
which form a channel.

Figure 1. ORTEP diagram of complex 3 (cf. Scheme 1) with 30% ellipsoidal
probability at 90 K. Hydrogen bonding interactions are shown as dotted lines (atom
numbering follows crystallographic convention).

At 90K, these are hydrogen-bonded among themselves, and
(but for O4) also with the bases, with well-defined O-H---O and
N-H---O hydrogen bonds (Tables 2 and 3). On heating to 313 K,
0,4 escapes from the lattice; this modifies the unit cell parameters,
but the space group and the void are unaltered. Further heating de-
stroys crystallinity.

The apparently preferred formation of the Hoogsteen base pair
in 3 is remarkable, in view of the established fact that the Watson-
Crick interaction is the structural basis of DNA. However, there has
been a resurgence of interest in the Hoogsteen interaction,'3*" and
the relative stabilities of the two modes of base pairing remain
contentious.'3¢ This work suggests that, between the two free
bases studied, the Hoogsteen is preferred.

Furthermore, the wide significance of these results is indicated
by the analogy between thymine (2) and pseudouridine (s, via
replacement of its sugar residue by the Cs methyl group in 2).!* In-
deed, pseudouridine also forms an elaborate three dimensional

Table 1

Crystallographic data for complex 3 (cf. Scheme 1) at two different temperatures
Property 90K 313K
Crystal size (mm) 0.35 x 0.11 x 0.05 0.35 x 0.11 x 0.05
Molecular formula 2(CsHsN5s) 2(CsHsNs)

(CsHgN202)(4H,0) (CsHsN202)(3H20)

CCDC No. 741243 739016
Formula weight (g mol~") 460.4 4444
Wave length (A) 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P 24/c P 24/c
a(A) 14.134(1) 14.114(1)
b (A) 22.365(4) 22.591(1)
c(A) 6.692(1) 6.835(6)
B(°) 100.96(1) 103.618(8)
Volume (A3) 2076.8(5) 2118.4(4)
z 4 4
Density (g cm™3) 1.47 1.39
F(000) 951.7 919.7
tmmes) 3.1, 26.0 3.1, 26.0
hmin,max (*17. 17) (*]77 11)
kmin,max (—27. 26) (—27, 27)
lmin,max (78- 8) (*Sv 8)
No. of measured reflections 16472 11621
No. of unique reflections 4067 4089
No. of parameters 299 290
Rint 0.061 0.104
R_obs:R_an 0.095, 0.188 0.146, 0.289
WR2_obs, WR2_an1 0.288, 0.32 0.322, 0.365
APmaxmin (€ A~3) 0.794, —0.490 0.453, —0.437
G.o.F 1.027 1.053
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Figure 3. Molecular stacking in the complex 3 (cf. Scheme 1), with the water channels (in red) in the hexagonal voids.

Table 2
Intra- and intermolecular interactions in complex 3 (cf. Scheme 1) at 90 K and 313 K

Crystal 3 D-H.--A D.--H/A D---A A H---AJA /D-H-- A [° Symmetry

90 K N13-H13-- N1 0.88 2.782(6) 1.90 176 X,V, 2
N10’'-H10A---019 0.88 3.178(6) 231 168 X, V, 2
N11-H11...N7 0.88 2.845(5) 1.96 177 X, V,Z
N10-H10D---018 0.88 2.845(5) 1.99 166 X,V,Z
C2'-H2'---03 0.95 3.199(1) 249 131 —x+1, —y+1, —z+1
N10’'-H10B---01 0.88 2.943(6) 2.11 157 X+1, +y, +z
N9-H9- - N3’ 0.88 2.822(7) 1.96 165 —x+1, +y+15, —z+Vs
N9'-H9'-- N3 0.88 2.879(7) 2.02 164 —X+1, +y-15, —z+V2
N10-H10C- - N7’ 0.88 2.973(5) 2.21 144 x—1, +y, +z
C8'-H8'---018 0.95 3.199(7) 2.27 165 Xx+1, +y, +z
C2'-H2'---02 0.95 3.589(1) 2.72 151 —x+1, —y+1, —z+1

313K N13-H13-- N1 0.86 2.821(6) 1.96 174 X, Y,z
N10’'-H10A---019 0.86 3.140(6) 2.29 168 X, V,Z
N11-H11---N7 0.86 2.877(5) 2.02 173 X, V,Z
N10-H10D---018 0.86 2.845(5) 2.00 166 X, V,Z
N10'-H10B- - -01 0.86 3.064(6) 2.25 157 X, Y,z
N9-H9- - N3’ 0.86 2.821(8) 1.97 167 —X+1, +y+lh, —z+15
N9'-H9'-- N3 0.86 2.934(7) 2.09 164 —x+1, +y—Vs, —z+V5
N10-H10C. - -N7’ 0.86 3.067(5) 2.34 142 x—1, +y, +z
C8'-H8'---018 0.95 3.234(1) 2.30 167 X+1, +y, +z
C2'-H2'---02 0.95 3.81(2) 2.99 147 —x+1, —y+1, —z+1
“C2/-H2'---03

" Exceeds the sum of the van der Waals radii.
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Table 3
Hydrogen bonding interactions of the water molecules in the hexagonal void in 3 (cf.
Scheme 1; the involved atoms are designated as X and Y)

Temperature XY X---Y (A)
90 K 01---04 2.583(1)
02---04 2.770(2)
03.--.04 2.872(1)
02---03 2.731(2)
02---019(T) 2.815(6)
01---N1(A) 2.788(2)
313K 01---03 2.630(2)
02---03 2.789(2)
02---019(T) 2.799(1)
01---N1(A) 2.787(1)

hydrogen-bonded network of stacked layers (involving inter-base
N-H. - -0 hydrogen bonds).!>? Although s is a modified nucleoside
occurring in minor amounts in RNA, it is apparently critical to the
structure and function of transfer RNA in particular. Hence, s is
being intensively studied by a variety of techniques, to unravel
the modes of hydrogen bonding believed to mediate its role.'”
The present results are particularly relevant as thymine and s each
possess two free NH groups, so their hydrogen bonding modes may
well be similar. Interestingly, the crystal structure of s also suf-
fered from a high R value.'>

Finally, in the context of 3 again, it is noteworthy that the 9-
methyladenine and 1-methylthymine crystalline complex also
indicated preferred Hoogsteen pairing.® These, of course, are ana-
logs of the corresponding nucleosides; thus, Hoogsteen pairing
seems to be preferred regardless of the number of free NH groups
in the bases. Therefore, there appears to be gathering evidence that
indicates that the basis of the stability of DNA may need to be re-
examined.
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