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A Ditopic Ion-Pair Receptor Based on Stacked Nucleobase Quartets™*
Tushar van der Wijst, Célia Fonseca Guerra, Marcel Swart, . Matthias Bickelhaupt,* and

Bernhard Lippert*

Ditopic ion-pair receptors can simultaneously coordinate a
cation and an anion, and they have the potential to act, among
other things, as salt extractors and membrane transport
agents.'! Guanine quartets (G,) are well-known cation
receptors (Scheme 1, top).>® Recently, an artificial platinum
purine quartet was synthesized which binds anions strongly."!
Although nucleobase quartets are known for all natural
nucleobases and combinations of these,”®! there are, to our
knowledge, no reports of anion-binding properties of natural
nucleobase quartets. The puzzling binding of a cation to an A,
quartet (A =adenine) through the four exocyclic amino
groups in a tetrastranded RNA molecule” prompted us to
look into the possibility that what was proposed to be a
sodium cation might in fact have been a monoatomic anion
(with partial occupancy).

Herein, we present computational evidence for a viable
NaCl ion-pair receptor that consists of two stacked DNA-base
quartets, namely a G, quartet and an A, quartet. The idea is
based on the fact that the guanine quartet (G,) has an
exceptionally high stability owing to its capacity to form two
hydrogen bonds between neighboring guanine units, which is
further enhanced through cation binding (Scheme 1, top).?
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Scheme 1. G, cation receptor and A, anion receptor.

The stable G, quartet, in turn, is a template that assists,
through stacking, the formation of other quartets: in our case,
the A, quartet. The latter can, in principle, bind an anion such
as ClI” through N—H--Cl~ hydrogen bonds (Scheme 1,
bottom). This assembly constitutes a stack of two purine
quartets G,A,, with the potential to act as an NaCl ion-pair
receptor, as shown in Equation (1):

G,A,(aq) + Na'(aq) + Cl (aq) — G,NaClA,(aq) 1)

Our computations demonstrate that the G,NaClA, com-
plex is thermodynamically stable both in the gas phase and,
importantly, in aqueous solution. All calculations were
performed with the ADF!"! and QUILD!" programs using
dispersion-corrected density functional theory (DFT-D) as
developed by Grimme."” QUILD is a wrapper around ADF
and is used here for its superior geometry optimizer, which is
based on adapted delocalized coordinates.!'" Solvation
effects are modeled using the conductor-like screening
model (COSMO ;% for settings, see reference [13d,e]).

The use of dispersion-corrected DFT-D (as opposed to the
corresponding uncorrected density functionals) appears to be
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crucial for a correct treatment of the stacking interactions,
which are otherwise (erroneously) repulsive. We have
explored the performance of three DFT-D variants (BLYP-
D, BP86-D, and PBE-D) by comparing them with ab initio
results for a set of 24 systems (i.e., the S22 set by Jurecka
et al.'"* and the stacked and hydrogen-bonded GC pairl**><),
In all cases, we use a large, doubly polarized basis set of Slater-
type orbitals of triple-C quality (TZ2P).

The BP86-D and PBE-D results agree very well with the
ab initio results for the S22 set (Tables S1-S3 in the Support-
ing Information), but an even better agreement is obtained
with BLYP-D. The hydrogen-bond energy for Watson—Crick
AT and GC pairs amounts to —16.7 and —30.1 kcalmol ',
respectively, at BLYP-D/TZ2P, which can be compared with
—15.1 and —27.7 kcalmol™' at RI-MP2/aug-cc-pVQZ//RI-
MP2/cc-pVTZ."*! Also, for the stacked AT and GC pairs, the
BLYP-D energies of —11.7 and —16.9 kcalmol !, respectively,
are in excellent agreement with the CCSD(T)/aug-cc-pVQZ//
RI-MP2/TZVPP energies of —11.6 and —16.9 kcal mol~1.11%!

Next, we discuss a number of conceivable steps in the
formation of the ditopic receptor in the gas phase and in
aqueous solution. All data are based on BLYP-D/TZ2P
computations. Our overall point of reference in the energy
scheme in Figure 1 is defined as the separate 9-methyl-
nucleobases and ions: 4G +4A +Na"+Cl-. In general,
binding energies in water are smaller than those in the gas
phase by a factor of two to three. Trends, however, are similar.

The formation of the guanine quartet G, is about twice as
exothermic as formation of the adenine quartet A,. In the gas
phase, the associated bond energies amount to —79.2 and
—32.5 kcalmol !, respectively (—33.8 and —16.0 kcalmol ' in
water, see Figure 1). The reason is simply that guanine bases
in G, mutually bind through two hydrogen bonds, whereas
adenine bases in A, are connected by only one such
interaction.

As a next step, we may consider either the inclusion of an
ion into one or both quartets or the formation of a stack G,A,
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Figure 1. Relative energies (in kcalmol™") of various stages of complexation in the
formation of the ditopic receptor G,NaClA,, starting from four 9-methyl-guanines (G), four
9-methyl-adenines (A), and the ions Na* and CI” in the gas phase (in black) and in

aqueous solution (in red), computed at BLYP-D/TZ2P.

3286

www.angewandte.org

Nar + GaCAq =03

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

between the two “empty” quartets. In the gas phase, the
insertion of the ion is energetically much more favorable and
leads to an energy gain of —114.5 kcalmol ' for Na*in G, and
of —44.1 kcalmol ™' for Cl” in A,. The formation of the stack
G,A, is exothermic by 54 kcalmol™! in the gas phase.

In aqueous solution, the insertion of ions into the separate
quartets and the stacking of the two empty quartets lead,
coincidentally, to the same energy lowering of 36 kcalmol .
On the other hand, the insertion of Na* into G, proceeds with
an energy gain of —33.0kcalmol™'. Note that also the
insertion of Cl™ into A, leads to a stabilization of —2.9 kcal
mol !, although this is much smaller than the binding energy
of the cation in G,.

Finally, we consider the behavior of the overall ditopic
receptor G,4A,. The inclusion of Na* and CI™ into the G,A,
stack [Eq. (1)] and the stacking of G,;Na* with A,Cl~ to form
the complete complex (Figure 2) lead in the gas phase to
energy gains of 211 and 107 kcalmol™', respectively. In water,
the corresponding stabilization energies both amount to

S Juganhend
er *
Figure 2. Ditopic receptor G,NaClA, in aqueous solution: top view and
side view. Na™, Cl™ yellow, O red, N blue, C black, H white.

46 kcalmol'. Relative to four separate 9-
methylguanine bases, four 9-methyladenine
bases, and the ions Na" and Cl°, the
G,NaClA, complex is stabilized in aqueous
solution by 132 kcalmol~'. Thus, the overall
“121 G,NaClA, aggregate is stable with respect to
any conceivable dissociation mode. The dis-
tance between Na' and Cl™ in the ditopic
receptor is 2.75 A. Note that this separation is
significantly larger than the Na—Cl distance
of 2.40 A in molecular NaCl in the gas phase,
computed consistently at the same level of

88

—_— 278
e o theory (BLYP-D/TZ2P).
In conclusion, G,A, is a stable complex
and a potent ditopic receptor for NaCl in the
= 97T 88 phase as well as in aqueous solution. It

remains to be seen whether this feature of
G4A, also holds up for negatively charged
oligonucleotides. Given the fact that anion
binding to the DNA polyanion has indeed
been observed,!"™ the possibility of Cl~ bind-
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ing to a quartet composed of adenine nucleotides through
four hydrogen bonds appears to be anything but unrealistic.
Moreover, it has to be taken into consideration that a large
proportion of the overall negative charge of DNA or RNA is
screened by the effect of cations interacting with the back-
bone.
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