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Abstract

The isotopic enrichment of nucleic acids with nitrogen-15 is often carried out by solid-phase
synthesis of oligonucleotides using phosphoramidites precursors that are synthetically
demanding and expensive. These synthetic challenges, combined with the overlap of chemical
shifts, explain the lag of nitrogen-15 NMR studies of nucleic acids behind those of proteins. For
the structural characterization of DNA and RNA-related systems, new NMR methods that exploit
the naturally occurring 99.9% abundant nitrogen-14 isotope are therefore highly desirable. In this
study, we have investigated nitrogen-14 spectra of self-assembled quartets based on the
nucleobase guanine in the solid state by means of magic-angle spinning NMR spectroscopy. The
network of dipolar proton-nitrogen couplings between neighboring stacked purine units is probed
by 2D spectra based on *H—>*N—!H double cross-polarization. Interplane dipolar contacts are
identified between the stacked G quartets. The assignment is supported by density functional
theory (DFT) calculations of the anisotropic chemical shifts and quadrupolar parameters. The
experimental spectra are fully consistent with internuclear distances obtained in silico. Averaging
of chemical shifts due to internal motions can be interpreted by semiempirical calculations. This
method can easily be extended to synthetic G quartets based on nucleobase or nucleoside analogs

and potentially to oligonucleotides.
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Introduction

Playing a fundamental role in the structural organization of macromolecular assemblies
such as the DNA double helix, double-stranded RNA, proteins, protein complexes, and virus
capsids, self-assembly processes lay at the very heart of biochemical systems. The possibility to
utilize a small number of building blocks that undergo self-organization to form superstructures
with complex functionalities is very interesting from a synthetic perspective.l> The understanding
of how intermolecular interactions such as H-bonds, m—m stacking or coordination to metal
centers guide self-assembly processes is crucial for a rational design of novel supramolecular
machines.® The quest to rationalize and purposely exploit these interactions and recognition
motifs is particularly evident in crystal engineering, where one seeks to predict the packing of

single molecules to achieve a specific self-organized and functional solid-state structure.*>

In this context, nucleic acids are prime examples of biopolymers that can self-assemble
into a broad range of three-dimensional structures, including hairpins, bulges, cruciform and four-
strand Holliday junctions, and of course double- or triple-stranded helices.® Of the different
conformations that can be adopted by nucleic acids, G-quadruplexes that comprise four guanine
bases play a major role in a number of critical biological processes such as DNA replication, gene
recombination, translation, transcription, and genome and telomere maintenance.’~® Due to their
omnipresence and biological relevance, the structural investigation of RNA®1! and DNA%13 G-
quadruplexes is of particular interest.'**> Besides their biological relevance, nucleoside analogs
capable of forming short synthetic G quartets have attracted increased interest for the

development of novel materials such as organic frameworks or hydrogels.16-1°

The structural diversity adopted by nucleic acids calls for the development of potent and
reliable methods for their structural characterization at atomic resolution. In this context, CD
spectroscopy, X-ray crystallography, Small Angle X-Ray Scattering (SAXS), 'H and '3C NMR, and
most recently cryo-electron microscopy (cryo-EM) are the main biophysical methods used to
study conformational changes and structural features of nucleic acids,?® in order to better

understand their biological relevance and roles. However, the chemical nature of nucleic acids
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imposes a certain number of limitations and challenges to each of these methods. For instance,
nucleic acids may be difficult to crystallize due to their rather flexible nature?! while the repetitive
structural motives reduce the efficiency of crystal packing and often complicate molecular
replacements protocols, so that the outcome of X-ray crystallography is fraught with
uncertainties.?? One of the advantages of NMR compared to other biophysical methods is that it
permits not only the elucidation of the structure of the ground state?3 but also the structures of
conformers and short-lived intermediates,?* thus giving valuable insight into the dynamics of
nucleic acids in solution.?> However, the structural elucidation of longer DNA and RNA sequences
by 'H NMR, or even of *H/*3C or 'H/*>N correlation spectra, is impaired by severe signal overlap
in proton spectra due to signal degeneracy, the narrow range of the chemical shifts of non-
exchangeable protons, low overall proton density and, when exploiting Overhauser effects, the
limited number of long-range H contacts.?®?® Hence, structural studies of longer
oligonucleotides heavily rely on the labeling of these biopolymers with stable 3C and N
isotopes.?®3! However, the isotopic °N/'3C enrichment of nucleosides incorporated into
oligonucleotides by solid-phase synthesis is complex, labor-intensive and expensive, particularly
in longer sequences. Indeed, the introduction of these isotopes into nucleosides requires either
modified phosphoramidite building blocks for solid phase synthesis or nucleoside triphosphate
analogs for enzymatic DNA or RNA production.3?73¢ Since the preparation of these isotope-
enriched building blocks requires multistep synthetic protocols, the possibility of characterizing
nitrogen environments by exploiting the naturally abundant 99.9% *N isotope without recourse

to isotopic enrichment is particularly appealing.

Magic-angle spinning (MAS) NMR spectroscopy has become an invaluable tool for
structural investigations in either ordered or amorphous solid materials. A wealth of information
about chemical environments on the atomic scale is accessible by monitoring anisotropic
interactions such as those due to the chemical shift anisotropy (CSA), dipole-dipole (DD) or
quadrupolar couplings.3” This is particularly useful when dealing with amorphous or
heterogeneous samples where diffraction techniques are not straightforward.3® In combination

with density functional theory (DFT) calculations of CSA and quadrupolar tensors, MAS-NMR has
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emerged as a new field of research that has been tentatively termed ‘NMR crystallography’.3° In
this context, DFT methods have proven to be extremely helpful in NMR studies aimed at the
elucidation of the structure and dynamics in solids.**** We have successfully utilized this
combined approach in a variety of studies of self-assembly ranging from boroxoaromatics for
crystal engineering,** benzene-1,3,5-tricarboxamide for columnar discotic systems,* to arene-

ruthenium rectangles stabilized by H-bonding and coordination interactions.*®

Nitrogen-14 is a highly abundant nucleus that occurs regularly in all biological
macromolecules, i.e., in DNA, RNA and proteins. Unfortunately, besides being a low-y nucleus
(Y(**N)/y(*H) = 0.07, which may be compared with (y(**N)/y(*H) = 0.10), it has a quadrupolar spin
with / = 1 and a quadrupolar coupling wq/2m that can be as large as 5 MHz. In solution state, *N
spectra are therefore so severely broadened that they cannot be observed, except in a few highly
symmetrical molecules with a nearly tetrahedral structure where the quadrupole coupling is
small. In solids, nuclei with spin /=1 are particularly challenging for NMR spectroscopy. In contrast
to nuclei with half-integer spins | = 3/2, 5/2, etc., that have a central transition

m, = +1/2 <> m, = F1/2 which is not affected by the quadrupolar interaction to first order, nuclei
with integer spins / = 1 only have two allowed single-quantum transitions m, =+1<>m, =0 that

are displaced by twq with respect to the center of the spectrum, which is itself affected by a
second-order quadrupolar term. Nonetheless, NMR methodologies for the acquisition of N
spectra in the solid state have been developed over the past 15 years for both static and spinning
samples.*’=%3 Techniques involving overtone irradiation have been explored.®*72 The use of signal
enhancement by DNP has also been evaluated.®%7%73 Structural investigations of guanosine self-
assemblies utilizing HMQC techniques have also been reported.”*”> However, NMR studies
exploiting the 1N isotope are far from routine applications. We have recently investigated the
performance and efficiency of H—“*N—>'H double cross-polarization (DCP) schemes for the
indirect detection of N spectra, and found these methods to be remarkably straightforward
compared to earlier techniques.”® We have illustrated the power of this DCP technique by
investigating networks of (*H,**N) dipole-dipole couplings in powders of the cyclic undecapeptide

cyclosporin, an important immunosuppressant drug.”’
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In this work, we focus on (*H,*N) dipole-dipole couplings that offer a means to probe
internuclear spatial proximities in powdered samples of G quartet self-assemblies formed by the
nucleobase guanine by means of DCP experiments. Both intra- and inter-plane dipolar contacts
can readily be identified when comparing short- and long-range 2D correlation experiments.
Inter-plane dipolar contacts provide direct evidence for stacking interactions which drive the self-
assembly of guanine monomers. DFT calculations support spectral assignment and result in good
agreement with the experimental evidence. The dynamics of amino groups and chlorine
counterions lead to averaging of the NMR observables that can be rationalized by means of single-

point energy (SPE) calculations performed at the semiempirical level.
Results and discussion

The structure of a single layer of a guanine quartet, shown in Fig. 1(a) and (b), was
optimized with DFT methods by means of the B3LYP-D functional’®2% so as to take long-range
dispersion forces into account. Subsequently, the three-layer stack of Fig. 1(c) and (d) was
optimized at the same level of theory and utilized for the calculation of NMR parameters with the
GIAO method.?8 As these computations were carried out in vacuum, where enantiomeric
structures vyield equivalent NMR parameters, the handedness of the self-assembly was not
considered in this study. The first and third layers have the sole purpose of mimicking the n—n
stacking environment of the central layer, and the quadrupolar parameters of the outer layers
have not been taken into account in our analysis. The contribution of the stacking interactions to
the total energy of the assembly is expressed by the quantity AEstacking = (E3ca/3)—Eca = 8.0 kcal/mol
obtained by our geometry optimizations at this level of theory, where Egs and Ezgs are the
energies of a single layer and of the entire three-layer stack, respectively. It is interesting to notice
that the isolated guanine quartet seen in Fig. 1(b) shows a marked convexity with respect to the
position of the K* cation. When the three-layer stack is formed (Fig. 1(c, d)), this convexity is
greatly attenuated, resulting in a quasi-planar configuration of each layer, where the K* ions are
sandwiched between the planes. Such a structure is in good agreement with those reported for
G quartets®® of nucleosides and nucleotides and for RNA%* and DNA® sequences that contain G

quartets.8® The NMR parameters calculated for the central layer of Fig. 1(c, d) allow one to assign
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the experimental (*H,'*N) correlation spectra. Chemical shift and quadrupolar parameters
calculated by DFT methods for different NH environments in the central layer in Fig. 1(c, d) are
given in Table 1. The NMR parameters of the two non-equivalent N(2)H. proton environments
were averaged. This assumption is consistent with the experimental data presented in this study
and is justified by fast rotation of the amino group about the C(2)-N(2) bond in our experimental
conditions. It is worth noting that considerable heating may occur in samples spinning at vg > 60
kHz due to friction.®” Therefore our data is also consistent with Adrian et al.,2 who reported a
coalescence temperature of ca. 315 K for proton peaks of guanine amino groups of G
quadruplexes in solution. As discussed below, the effect of counterions on the NMR parameters
was also considered for the N(9)H environment. This was accomplished by including a single CI~
anion positioned along one of the N(9)—H vectors of the central layer. The position of the Cl~anion
was optimized while keeping all other nuclear coordinates frozen. In this structure, only proton
and '*N parameters related to the N(9)H---CI~ environment were considered, i.e., the purpose of
this structure is not to represent a physical system, but to estimate of the variations of NMR

parameters due to counter ions.

The (*H,**N) correlation spectrum of a polycrystalline sample of the G quartets obtained
by DCP is shown in Fig. 2(a). A rapid transfer with a short cross-polarization contact time == 6%
= 96 us ensures that only short-range one-bond (H,'*N) correlations can be detected. The three
expected protonated nitrogen sites are clearly identified, highlighted by dashed lines. Figure 2(b)
shows an analogous spectrum where long-range (*H,**N) correlations were detected by means of
alonger contact time 7. =10 7= 160 ps. An additional correlation signal between the C(8)H proton
and the N(9)H nitrogen is clearly detected. The assignment of this correlation is confirmed by
higher resolution F1 (}*N) projections given in Supporting Information. Furthermore, the one-bond
correlation signal due to the N(1)H site broadens towards higher frequency in the vertical F1 (**N)
dimension, indicating a long-range contact with the N(2)H; site. Moreover, the N(1)H signal
broadens towards lower frequency in the horizontal F; (*H) dimension, indicating dipolar contacts
with the N(9)H and N(2)H: sites. This may be appreciated by the two dashed red lines in 2(b) which

are closer than those of 2(a). Figure 2(c) shows a simulated (*H,*N) one-bond correlation
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spectrum (to be compared with Fig. 2(a)), constructed by assuming the shift and quadrupolar
parameters calculated by DFT methods for the central layer of Fig. 1(c, d). Analogously, Fig. 2(d)
shows a simulated long-range correlation map for comparison with the experiment of 2(b),
constructed by taking into account long-range proton-nitrogen distances between various
proton-carrying sites within a cut-off distance of 4 A, as shown in Fig. 3. Importantly, there is clear
evidence for an inter-plane correlation (blue lines). The agreement between the experiments of
Fig. 2(a,b) and (c,d) is generally good, with the exception of an inversion of the order of the proton
shifts of C(8)H and N(2)Hz. The quadrupolar coupling constant of the N(1)H nitrogen environment
is underestimated by ca. 10%. The correlation between experimental and calculated proton and
14N parameters is shown in Figs. 4(a) and (b). The white empty arrows indicate the improvements
obtained by including the CI~ anion in the structure considered in this study for data points

associated with the N(9)H proton and N environments. In Fig. 4(b), the centers of gravity (first

Q

moments M1) of the experimental *N lineshapes were correlated with the isotropic shifts v,
resulting from the second-order quadrupolar interaction calculated by DFT methods.””# The
calculated frequencies for the N(9)H proton and N result from averaging over the two N(9)H and
N(9)H---CI~ environments given in Table 1. This averaging has been assumed as it significantly
improves the correlation between experiments and calculations. Possible dynamic processes that
lead to averaging of NMR observables — like fast chemical exchange of CI~ anions — require further
investigations. Solid-sate NMR parameters calculated by DFT as in Fig. 4 must be considered with
care when they do not take into consideration packing effects via periodic conditions.
Nonetheless, effects of boundary environments on the NMR parameters can be mimicked by the
inclusion of additional ionic or molecular species such as counterions or explicit solvent

molecules, as testified by the improvement of the correlations of Fig. 4 when the CI~ anion was

considered.

The experimental evidence gathered in this study and the NMR parameters calculated by DFT
methods suggest that extensive dynamics occur in G quartets at room temperature. More
specifically, i) fast hopping of N(2)H2 groups about their two-fold axis and ii) some mobility of the

chorine counterions. In order to get insight into these processes, SPE calculations were carried
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out at the semiempirical level. Figure 5(a) shows the trimeric G quartet assembly of Fig. 1 where
an N(2)H; group in the central layer was progressively rotated about its two-fold axis in steps of
18°. Figure 5(b) shows the corresponding energy profile in red, with an activation energy of 61.2
kJ/mol. It is worth noting that the equilibrium conformation of the C(2)-N(2)H. moiety is not
planar. This results in the observed asymmetry of the energy profile. If one proton of the amino
group is allowed to relax by geometry optimization (while the other proton maintains the proper
dihedral angle), one obtains a more symmetric profile indicated by the blue data points, with an
activation energy reduced to 48.6 kJ/mol (blue arrow). These results are consistent with a fast
rotation of the N(2)H; group at room temperature and with the averaging of the chemical shifts

of the two protons observed experimentally.

Figure 5(c) shows a G quartet analogous to that of (a), where the chlorine ion was progressively
displaced along a straight path in steps of 0.859 A from its initial equilibrium position along the
N(9)H vector (d(CI---HN(9)) = 1.79 A) of the central quartet towards the closest analogous
environment in the upper quartet. The profile resulting from single-point energy calculations is
shown by a red line, with maximum activation energy of 51.4 kJ/mol (red arrow). An analogous
profile where the position of the CI~ anions in the four highest-energy geometries was slightly
displaced from the straight path is shown by a blue line. These structural adjustments
(displacements always smaller than 0.04 A) were required to i) re-establish the distance d(Cl™---
HN(9)) = 1.79 A found in the equilibrium geometry and ii) decrease electrostatic repulsion
between the chlorine anion and the lone pair of the N(3) site. Cartesian coordinates of the
chlorine ion in these structures, an electrostatic potential isosurface and further details are given
in Supporting Information. When these adjustments to the path of the chlorine ion are
considered, the rate-determining highest activation energy of the considered motion is 20.4
kJ/mol (blue arrow). The energy profiles of Fig. 5(d) indicate that the chlorine atoms are highly
mobile in G quartets at room temperature, thus supporting the averaging of DFT parameters
between two ClI™---HN(9) and HN(9) configurations assumed in this study. Further computational
investigations of the influence of packing effects on quadrupolar parameters are given in

Supporting Information.
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Conclusions

We have investigated the *N environments of guanine quartet self-assemblies in the solid
state by means of (*H,*N) correlation spectra obtained with the DCP method. Stacking between
guanine tetramers is highlighted by the experimental observation of inter-plane dipolar contacts
between a N(2)H; nitrogen in one plane and a N(9)H proton in a neighbouring plane. DFT
calculations of shielding and quadrupolar parameters agree very well with the experimental
spectra. Furthermore, the observed long-range (*H,'*N) correlations can be easily interpreted by
considering internuclear (*H,'4N) distances up to ca. 4 A, as predicted from the structure of the
triple layer optimized by DFT. Since the N isotopic enrichment of nucleic acids is cumbersome
and expensive, our (*H,**N) correlation method could be applied as a structural tool for nucleic
acids or synthetic G quartets. In addition, the microcrystalline sample preparation is
straightforward especially when compared to the lengthy protocol required for the growth of
crystals for X-ray crystallographic studies. The averaging of NMR parameters is supported by a
series of SPE calculations at the semiempirical level to model the rotation of the N(2)H2 groups
about their two-fold axis and the mobility of the chlorine counterions. Synthetic G quartets have
been suggested as novel biomaterials and this method could be used for their structural
characterization. We are currently evaluating whether (*H,'*N) correlation spectra obtained with
the DCP method could be used in biologically more relevant structures such as G quadruplexes

formed by short oligonucleotides.
Experimental details

Aqueous solutions of guanine (200 pL at 100 uM in H20) and KCI (200 pL at 5 mM in H,0)
were combined in an Eppendorf tube. The solvent was slowly evaporated over 48 hours by an air
flow in a fume hood. All DCP MAS spectra were recorded on a wide-bore Bruker 800 spectrometer
(18.8 T) with an Avance-Ill console, using 1.3 mm ZrO; rotors spinning at vz = 62.5 kHz in a double-
resonance MAS probe modified to apply 1*N pulses at 57.8 MHz. The proton rf-field strength was
v1 =179 kHz (90° pulse width 1, = 1.4 ps.) The constant rf-field strengths during both *H = N >

'H cross polarization intervals were 11(*H) = 53 and 11(**N) = 83 kHz. The lengths of the contact

10
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pulses were 1, = 160 and 640 ps (10 and 40 rotor periods), for the spectra of Fig. 2(a) and 2(b),
respectively. A recovery delay of 1 s was used in all cases. Four transients were averaged for each
of the 64 t1 increments, for an overall experimental time of 4 min 16 s. Phase cycling for coherence
pathway selection was applied to the N channel only, with phases ¢ = {0 2}, ¢, = {0 0 2 2} for
the first and second contact pulses, respectively, with a receiver phase ¢grec ={0 2 2 0}. A diagram
of the pulse sequence is shown in Supporting Information. The chemical shifts were referenced

with respect to adamantane for *H and NH4Cl for 1N; the magic angle was adjusted using KBr.

The G quartet structures of Fig. 1 were optimized in vacuo with the B3LYP-D functional’®"
80 3s implemented in Gaussian09 Rev. A01.%° The Pople basis sets®! utilized in this study were 6-
31+G(d) for C and O, 6-31++G(2d,p) for H and N, whereas the pseudopotential LANL2DZ%?~%* was
chosen for K and Cl atoms. When chlorine anions were considered, a further optimization was
performed where all atoms were fixed except for chlorine. The optimized geometries were
subsequently utilized for the calculation of magnetic shielding and electric field gradient tensors
with the GIAO method®82 at the same level of theory. The SPE calculations of Fig. 5 were
performed with the PM7°> semiempirical method as implemented in MOPAC2016.°° Calculations
were performed on a Ubuntu Linux 12.04 workstation equipped with 16 CPUs running at 2.27 GHz
and 24 GB of RAM.

The simulations of the NMR spectra based on DFT parameters were carried out with
Simpson.®” Powder averaging involved 320 x 8 crystal orientations sampled with the Repulsion
scheme.®® The time-domain signals were simulated by starting with an initial state p(0) = Ix
evolving under chemical shift and quadrupolar interactions. The offset of the carrier frequency vis
in these simulations matched the experimental conditions. The simulated 2D spectra of Fig. 2(c,d)
represent pure adsorptive correlations between ideal *N and *H lineshapes, and results from the
sum of individual 2D spectra associated with different (*H,**N) distances obtained from the DFT-

optimized structures.”” Each of these individual 2D spectra was constructed by forming the

product Re[S(a)l)]-Re[S(a)z)] , Where the column vector S (a)l) is the spectrum for an ideal

YN second-order quadrupolar lineshape simulated with Simpson assuming NMR parameters

11
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calculated with DFT methods, and the row vector S(a)z) is a simple Lorentzian lineshape

simulated with Simpson, associated with a 'H spin with an isotropic shift given by DFT methods.

The anisotropy of the shift interaction was considered only for the N spectra.
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Table 1 NMR parameters of all *N and H sites in the central layer of the trimeric G quartet
columnar assembly of Fig. 1(c,d) calculated by DFT methods. The isotropic chemical shieldings were
referenced to 200 ppm for **N and 33 ppm for *H nuclei, according to 85, = 6es—6'i5, for the i-th nucleus.

N H
Residue 8iso (ppmM) |Cal (MHz) Na Vi@ (ppm) Siso (ppmM)
N(1)H 91.3 2.96 0.43 300.6 15.3
N(2)H; 14.6 3.88 0.43 373.4 8.0
N(3) 120.8 2.88 0.95 363.0 -
N(7) 161.3 3.27 0.24 405.5 -
N(9)H 92.0 3.03 0.07 298.8 9.8
N(9)H---CI~ 137.4 2.13 0.28 242.2 19.8
C(8)H - - - - 8.7

Figure 1 (a) Structure of a G quartet comprising four guanidine bases, optimized by DFT methods
in vacuo as viewed down the stacking axis, showing numbering of all relevant nitrogen and carbon sites.
(b) Side view of the structure of (a). (c) Stack of three layers of the same G quartet, again optimized by
DFT. (d) Same structure as (c) viewed down the stacking axis. Hydrogen, carbon, oxygen, nitrogen,
potassium and chlorine atoms are shown in white, grey, red, blue, purple and green, respectively.
Hydrogen bonds are represented by dashed lines. The position of the chlorine anion was optimized at the
semiempirical level.
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Figure 2 (a) Experimental (*H,“N) correlation spectrum of a powdered sample of the G quartet

crystallized in the presence of an excess KCl, spinning at 62.5 kHz about the magic angle (MAS), obtained
with double cross-polarization (DCP) with two short rotor-synchronized cross-polarization contact
intervals of 160 ps each. Only one-bond correlations are visible. (b) Analogous spectrum obtained with
longer contacts of 640 ps, where long-range correlations can also be detected. (c-d) Spectra analogous to
those of (a) and (b) simulated assuming NMR parameters calculated by DFT methods for short and long
contacts, respectively. The overall experimental time for each of the two spectra (a) and (b) was 4 min 30
s.
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(a) (b) (c)

IN(2)H,

Figure 3 (a) The proton-carrying N(9)H nitrogen site showing the C(8)H at a (*H,'*N) distance of 2.6
A. (b) Analogous picture as (a) but showing (*H,**N) distances up to 4.0 A, including an inter-plane distance
of 3.3 A. (c) The hydrogen-bonded proton-carrying N(1)H---O site shows two N(2)H. protons at a minimum
(*H,**N) distance of 2.6 A. Color coding as in Fig. 1.
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Figure 4 (a) Correlation between experimental and calculated isotropic H shifts. (b) Correlation

between experimental *N frequencies and calculated *N isotropic shifts vigo resulting from the second-

order quadrupolar interaction. Only the proton-carrying nitrogen environments of Table 1 were
considered. The experimental data points refer to the center of gravity (first moment M;) of the
experimental lineshapes. In both cases, the arrows indicate the effect of the inclusion of the CI” anion along
the N(9)H vector at 1.8 A from the proton site (green atoms in Fig. 1 (c), (d).) The error bars correspond to
the average experimental full widths at half height. The calculated frequencies for the N(9)H proton and
14N result from averaging over the two N(9)H and N(9)H---CI” environments given in Table 1. The plotted

values of ¥ were obtained by referencing the values in Table 1 so as to match the centers of gravity of

1S0

the experimental lineshapes.
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Figure 5 (a) Stack of three layers of G quartets analogous to Fig. 1 (c), where one N(2)H; of the

central layer was progressively rotated about its two-fold axis in 10 steps of 18°. (b) Red dots: energy
profile resulting from single point energy calculations at the semiempirical level of the structures of (a). In
blue: profile derived from geometry optimization of one proton of the N(2)H, moiety, where the other
proton maintains a suitable dihedral angle. (c) Stack of three layers of G quartets analogous to Fig. 1 (c),
where the chlorine ion was progressively displaced in 10 steps of 0.859 A from its initial position in the
central quartet along a linear trajectory towards an analogous environment in the upper quartet. (d) Red
dots: corresponding energy profile. An analogous profile where the position of the CI™ anions in the four
higher-energy geometries was slightly adjusted is shown by blue line. The Cartesian coordinates of the
hypothetical path of the chlorine ions are given in Supporting Information.
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