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Characterization of the Monovalent Ion Position and Hydrogen-Bond
Network in Guanine Quartets by DFT Calculations of NMR Parameters
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Introduction

Hydrogen bonds (H-bonds) play key roles in the formation
and stabilization of biomacromolecular structures and as
participants in enzymatic and chemical reactions.[1,2] Since
the experimental detection of spin–spin coupling constants
between nuclei on both sides of the H-bond in nucleic
acids[3–14] and proteins,[15–23] the measurement of these cou-
plings has emerged as a valuable tool to study biomolecular
structure and function. Such electron-mediated scalar cou-
plings identify H-bonding partners, and thus in favorable
cases, the H-bond network in biomacromolecules can be es-
tablished directly via a single NMR experiment. Several re-
ports have shown that trans-H-bond scalar couplings yield
quantitative information on H-bond geometries due to their
dependence on the overlap of the donor and acceptor orbi-
tals.[3,17,24, 25] Changes in the magnitude of the coupling con-
stants have been used to yield information on changes in H-
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bond geometry when biomacromolecules experience differ-
ent physicochemical environments.[26–31]

Computational studies by using density functional theory
(DFT) and ab initio molecular orbital methods have repro-
duced the trends, but not necessarily the magnitude, of the
measured trans-H-bond couplings and donor and acceptor
chemical shifts in nucleic acids[4,13,32] and proteins.[33–37] Spin–
spin couplings are recognized to be one of the most difficult
molecular observables to calculate, and increasing the size
of the basis sets has not led to the calculated couplings
matching the experimental values.[38] Most of these studies
have relied solely on calculating the dominant contribution
of the Fermi contact (FC) term to the overall coupling con-
stant, and have neglected the diamagnetic spin-orbit, the
paramagnetic spin-orbit, and the spin-dipole terms. Only a
few recent studies, examining the H-bonds in the protein
ubiquitin[39] and model peptides[40] have considered the influ-
ence of all four Ramsey[41] terms to the size of the trans-H-
bond scalar couplings.
DNA quadruplexes that form from tandem repeats of

short guanine-rich sequences found in telomeres are recog-
nized to play important biological roles, interact with a
number of proteins, and may be potential therapeutic tar-
gets against cancer.[42,43] The guanine quartet (G-quartet)
motif observed in quadruplexes is characterized by four in-
plane guanine bases hydrogen bonding together in a cyclic
arrangement. The formation of G-quartets is crucially de-
pendent on the interaction of monovalent cations with the
guanine O6 atoms, and the type of ion present influences
the stability and conformation of the quadruplexes. The lo-
cation of the monovalent ions is different between the
sodium/lithium and potassium quadruplex structures. The
observed differences in the coordination positions of the K+

and Na+ or Li+ ions are considered to be due to the differ-
ent ionic radii of the ions.[44, 45] The smaller Na+/Li+ ion is
capable of residing within the plane of a G-quartet, whereas
the larger K+ ions bind between two G-quartets. Further,
the Na+ ion is less constrained by steric clashes than K+

and can occupy a range of positions that reduce electrostatic
repulsion between the adjacent ions. Experimental,[46] mo-
lecular dynamics,[47] and DFT[48–52] studies have examined
the influence and preference of monovalent cations to the
energetic stability of G-quartets. The results revealed that
the K+ ion rather than the Na+ ion is preferred.[46,53] Appa-
rently, the preference of K+ over Na+ is primarily due to
the greater cost of Na+ dehydration with respect to K+ ,
whereas the intrinsic free energy of Na+ binding by G-quar-
tets is more favorable than that of K+ .[46,49]

Two-bond (h2JNN) and three-bond (h3JNC’) trans-H-bond
couplings have been measured for the N-H···N and N-
H···O=C H-bond moieties in the sodium-bound Oxy-1.5
DNA quadruplex which is formed by a C2-symmetric dimer
of the oligonucleotide d(G4T4G4).

[54] The Oxy-1.5 quadru-
plex contains the repeat sequence d(T4G4) found in the pro-
tozoan Oxytricha nova telomeres. The sodium and potassi-
um Oxy-1.5 quadruplexes possess the same structural topol-
ogy, where the 16 guanine bases of the two monomers build

a central core of four stacked hydrogen-bonded G-quartets
and the thymines of each monomer form ordered loops con-
necting diagonally opposed corners of the bottom and top
G-quartets. The detected trans-H-bond couplings verify the
G·G Hoogsteen hydrogen bond network found in the
NMR[55–57] and crystal structures[58,59] of the Oxy-1.5 DNA
quadruplexes.
Here, we report the use of quantum chemistry calcula-

tions to characterise the H-bond network in G-quartets of
the Na+-, and K+-bound Oxy-1.5 DNA quadruplex and in
coplanar C4h and S4 symmetric G-quartet structures with
and without ion coordination. We compute h2JN2N7 and
h3JN1C6’ couplings and the isotropic chemical shifts of the
nuclei involved in the N-H···N and N-H···O=C H-bond moi-
eties for G-quartets in the K+ and Na+ coordinated Oxy-1.5
DNA quadruplexes and the C4h symmetric structures. The
results show that the magnitudes of the trans-H-bond scalar
couplings are influenced primarily by geometric factors and
only slightly (~4%) by the presence of the ions. Calcula-
tions are performed to examine the influence of Na+ , Li+

and K+ ions on the stability and conformation of the G-
quartets. The results illustrate that at quartet–quartet distan-
ces observed in the crystal structures, the smaller Na+/Li+

ions show two shallow minima located just outside the plane
of the G-quartet, whereas the larger K+ has a single mini-
mum centered between two quartets. At larger quartet–
quartet distances the energy barrier between the two opti-
mal positions for the Na+/Li+ ions increases, and the ions
converge to a position coplanar with the G-quartet. The re-
sults show that the smaller Na+/Li+ ions have rather low
energy barriers that under physiological conditions are most
likely overcome by vibrational and thermodynamic effects.
Consequently the movement of these ions through the cen-
tral pore of the DNA quadruplex is presumably energetical-
ly unimpeded. In contrast, K+ ion G-quartet models show
much larger energy barriers for the movement of the ion
through the central cavity of the G-quartets, indicating that
the K+ ions will not move as freely through the central
channel of the DNA quadruplex.

Computational Methods

Optimization of the structure of the guanine quartet : The structure of
the guanine quartet (G-quartet) at C4h and S4 symmetry was fully opti-
mized by using NWChem,[60] with density functional theory (DFT) by
using the B3LYP[61–63] and B97[64] functionals employing basis sets ranging
from 6-31G(d) to 6-311++G(d,p). Similar calculations using Gaussian
03[65] failed to converge or converged to an alternative structure contain-
ing bifurcated hydrogen bonds, whereas using NWChem both the Hoogs-
teen H-bonded structure observed in crystallographic and NMR stud-
ies,[56–59] as well as the bifurcated structure could be optimized. The con-
vergence problems experienced with Gaussian 03 may have arisen from
the larger threshold for removal of linear dependencies (see below). The
“fine” integration procedure was used for the evaluation of the ex-
change-correlation contribution to the density functional, except for the
calculations on the S4-symmetric structures, which used the “xfine” inte-
gration grid.
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Calculation of monovalent ion position in G-quartet : The calculations on
the G-quartet/metal ion complexes were performed with Gaussian 03.[65]

Structures of the tetrad with a Li+ , Na+ and K+ ion were optimized at
the B3LYP/6-31+G(d) level of theory, using GaussianOs “ultrafine” inte-
gration grid. The interaction energy between the monovalent ion and the
G-quartet was computed employing the counterpoise procedure[66] to cor-
rect for basis set superposition error (BSSE):

DE ¼ EfG4�Mþg
G4�Mþ ðR,rÞ�EfG4�Mþg

G4 ðR,rÞ�EfG4�Mþg
Mþ ðR,rÞ þ DUdef

G4 ð1Þ

R symbolizes the intermolecular geometrical parameters and r denotes
the intramolecular geometry of the G-quartet. The subscripts indicate the
molecular system (G4 represents G-quartet, whereas M+ represents
metal ion), whereas the superscripts indicate whether the energy calcula-
tion was done in the monomer {G4} or dimer {G4-M+} basis set. The last
term is the G4 deformation energy (DU),[67] which was calculated as the
energy difference between G4 fixed at the geometry it adopts in the
complex (r), and G4 at its equilibrium geometry re (i.e., fully optimized):

DUdef
G4

¼ EfG4g
G4

ðrÞ�EfG4g
G4

ðreÞ ð2Þ

The first three terms in Equation (1) were computed with the Gaussian
03s counterpoise option. This option ensured that the proper integration
grid points were used for the ghost atoms. Care had to be taken with the
computation of the deformation energy [Eq. (2)]: Both NWChem and
Gaussian 03 encountered near-linear dependencies when employing basis
sets with diffuse functions, which was solved by removing the eigenvec-
tors belonging to the smallest eigenvalues. However, NWChem and
Gaussian 03 have slightly different thresholds for removal of these linear
dependencies, and thus, the resulting basis sets are different sizes. For ex-
ample, in B3LYP/6-31+G(d) calculations on the C4h symmetric G-quar-
tet, NWChem eliminates eight basis functions, whereas Gaussian 03 elim-
inates no functions. In general, calculations performed with Gaussian 03
eliminated fewer functions compared with NWChem. As explained in
the previous section, EfG4g

G4
(re) was computed with NWChem. Conse-

quently, to retain proper counterpoise EfG4g
G4

(r) was also calculated with
NWChem.

HF/6-31G(d), B3LYP/6-311G(d,p), and B3LYP/6-311+G(d,p) single-
point calculations were performed on the G4-Li+-G4 system, whereas
HF/6-31G(d) single-point calculations were performed for the G4-M+-
G4 model where M+ represents either Na+ and K+ and for the G4-M+-
G4-M+ model with M+ representing all three monovalent ions. For the
G4-M+-G4 model the distance between the G-quartet planes was kept
fixed at a range of distances, and the metal ion was placed at specific po-
sitions on the line connecting the midpoints of the G-quartet moieties.
The G-quartet structures were kept rigid at their C4h-symmetric geome-
tries optimized with B3LYP/6-311++G(d,p) or the C4h-symmetric G-
quartet structure optimized in the presence of a monovalent ion with
HF/6-31G(d). For the G4-M+-G4-M+ model, the quartet–quartet and
ion–ion distances were fixed at 3.3 5, and the two moieties were moved
relative to each other.

Calculation of NMR properties : NMR chemical shifts and spin–spin cou-
pling constants were computed at the DFT/B3LYP level with the 6-

311G(d) basis set using Gaussian 03. This basis set was found to yield
intra-base spin–spin couplings for guanine very close to those computed
using larger basis sets such as 6-311++G(d,p) (see Supporting Informa-
tion). Polarization functions on hydrogen atoms and diffuse functions
appear to have little influence on the computed couplings. In contrast,
the use of a triple-zeta basis set for the valence orbitals generally im-
proves the agreement between the experimental and calculated cou-
plings. For example, for the 1JN1H1 coupling the discrepancy with the ex-
perimental value decreases from 13 to 4 Hz when the basis set is in-
creased from 6-31+G(d) to 6-311+G(d) (see Supporting Information).
We did not consider the basis set dependence of the inter-base spin–spin
coupling constants. However, a recent study on the basis set dependence
of h3JNC’ couplings

[68] showed that these couplings are not as sensitive to
the size of the basis set as some other couplings previously studied.[38]

Spin–spin coupling constants were computed as the sum of the four
Ramsey terms[41] (i.e., Fermi contact, spin-dipolar, paramagnetic spin-
orbit and diamagnetic spin orbit terms). We computed the NMR proper-
ties for the C4h-symmetric quartets optimized with B3LYP/6-311++G-
(d,p), and for the same optimized G-quartets with monovalent ions
placed coplanar in the central cavity without subsequent reoptimization.
In addition, we computed the NMR parameters for C4h-symmetric G-
quartets optimized with B3LYP/6-31+G(d) in the presence of a Na+ or
K+ ion, and for G-quartets taken from the X-ray crystal structures of the
K+- (PDB accession number 1JPQ) and Na+-loaded (PDB accession
number 1JB7) DNA quadruplexes. For the inner and outer G-quartets
extracted from the crystal structures, the positions of the hydrogen atoms
were optimized with B3LYP/6-31G(d) using NWChem.

The shielding tensors were computed using the gauge-independent
atomic orbital (GIAO) method.[69,70] The 1H, 13C and 15N NMR chemical
shifts reported in this study are isotropic values, indirectly referenced to
tetramethylsilane (TMS), CH4, and liquid ammonia. The structures of
CH4 and NH3 were first optimized at the B3LYP/6-311++G(d,p) level of
theory and the shielding tensors were computed with B3LYP/6-311G(d).
The TMS (1H) magnetic shielding (32.1 ppm) was obtained from the cal-
culated shielding of gas-phase CH4 and the known experimental differ-
ence (0.13 ppm) between gas-phase CH4 and TMS.[71] The 13C magnetic
shielding (190.2 ppm) was calculated from gas-phase CH4. The liquid
NH3 (

15N) magnetic shielding (252.9 ppm) was obtained from the calcu-
lated shielding of gas-phase NH3 and the experimental difference be-
tween gas-phase NH3 and liquid CH3NO2 (399.3 ppm)[72,73] and the exper-
imental difference between liquid NH3 and liquid CH3NO2

(381.9 ppm).[74]

Results and Discussion

DFT calculated geometries of guanine quartets : The G-
quartet structure was optimized at both C4h and S4 symme-
tries. Two different C4h-symmetric G-quartet structures were
calculated. In one structure the guanine bases are linked by
Hoogsteen G·G base pair H-bonds (Figure 1b), whereas the

Figure 1. Structures of the S4 and planar C4h G-quartets optimized with DFT in the absence of monovalent ions. The S4 structure depicts Hoogsteen G·G
base pair H-bonds (a), whereas both Hoogsteen G·G base pairing (b) and bifurcated N-H···O H-bond (c) structures are calculated for the C4h G-quartet.
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second structure contains bifurcated N-H···O H-bonds (Fig-
ure 1c). In contrast, only the G·G Hoogsteen base-paired S4-
symmetric G-quartet structure was calculated (Figure 1a).
The S4-and C4h-symmetric structures are essentially iso-ener-
getic (the S4 structure is 0.43 kJmol�1 more stable at the
B3LYP/6-311++G(d,p) level) at this level of theory, in
agreement with previous results by Meyer et al.[51] The S4-
symmetric non-planar G-quartet is a true minimum on the
B3LYP potential energy surface,[51] whereas the existence of
imaginary frequencies indicates that the two C4h-symmetric
structures are transition states. In variance with the results
of Meyer et al.,[51] which showed four imaginary frequencies
for the C4h-symmetric structures optimized with B3LYP/
DZVP, we find only one imaginary frequency using B3LYP/
6-311G(d,p); this indicates that the C4h-symmetric structures
are first-order transition states at the B3LYP/6-311G(d,p)
level of theory.
The calculated structure of the Hoogsteen C4h-symmetric

G·G base-paired G-quartet is in agreement with crystal
structure data[58,59] and NMR results examining the H-bond
network of the oligonucleotide d(G4T4G4) which dimerizes
to form a C2-symmetric quadruplex with Hoogsteen G·G
base-pairs.[57] The bifurcated H-bonded G-quartet is similar
to the structure found previously by HF and B3LYP calcula-
tions on the guanine[48,52] and isoguanine[75] quartet. The
Hoogsteen G·G base paired and the bifurcated H-bonded
G-quartet are essentially iso-energetic in the absence of a
monovalent ion (Table 1). As previously observed,[52] the rel-

ative stability of the two G-
quartet structures is dependent
on the level of theory applied.
Using B3LYP with the 6-
31G(d) and 6-311G(d,p) basis
sets, the Hoogsteen G·G base-
paired quartet is favored over
the bifurcated H-bond G-quar-
tet structure. The inclusion of
diffuse functions, which has
previously been reported to be
important for calculating rela-
tive energies by DFT,[76] shifts
the energy term to favor the
bifurcated G-quartet structure.

The use of a larger basis set with diffuse functions favors the
bifurcated structure, however the energy difference
(0.06 kJmol�1) is negligible. In contrast, using the largest
basis set (6-311++G(d,p)) with a different functional (B97)
gave a DE value that favors the Hoogsteen G·G base-paired
quartet. Thus, electronic structure calculations do not un-
equivocally predict whether the bifurcated or the Hoogsteen
G·G base-paired quartet is the preferred structure. An
Atoms-in-Molecules (AIM) study[50] showed that the H-
bonds are weaker in the bifurcated arrangement than in the
Hoogsteen G·G base-paired quartet, indicating that the
greater stability (at some levels of theory) of the bifurcated
quartet structure compared to the Hoogsteen G·G base-
paired quartet likely stems from decreased repulsion of the
O6 atoms (which are further apart in the bifurcated struc-
ture), rather than from a more efficient hydrogen-bonding
network. This advantage of the bifurcated arrangement is
non-existent in a metal-containing quartet, providing a pos-
sible explanation for the observation that the addition of a
monovalent ion to the bifurcated structure induces the for-
mation of Hoogsteen G·G based-paired structure.[49] As
metal-containing G-quartets do not seem to adopt the bifur-
cated structure, a result which is in agreement with experi-
mental data that show only the Hoogsteen G·G base-paired
geometric arrangement of the G-quartets, we have not con-
sidered the bifurcated structure any further in this study.

C4h-symmetric G-quartet structures optimized with a mon-
ovalent ion positioned in the middle of the G-quartet (Fig-
ure 2a) were observed to be not true minima as indicated by
the existence of imaginary frequencies (Table 2). The mini-
mum-energy structure for the K+ G-quartet is the C4-sym-
metric geometry in which the G-quartet surface forms a
convex conformation with the apex positioned directly
below the K+ ion (Figure 2b). This indicates that the K+ ion
prefers to be positioned non-coplanar to the G-quartet. The
monovalent ion is located 1.57 5 above the plane of the O6
atoms (taken as the average of all guanine atoms). The K+-
bound C4h-symmetric structure has one imaginary frequency,
which indicates that this conformation is a transition state.
The transition state links the equivalent C4-symmetric

Table 1. Relative stability [kJmol�1] of the C4h-symmetric bifurcated H-
bonded G-quartet complex with respect to the Hoogsteen G·G H-
bonded complex.

Level of theory DE [kJmol�1][a]

B3LYP/6-31G(d) 2.51
B3LYP/6-311G(d,p) 1.74
B3LYP/6-31+G(d) �2.72
B3LYP/6-31++G(d,p) �1.84
B3LYP/6-311++G(d,p) �0.06
B97/6-311++G(d,p) 1.12

[a] Positive DE values denote that the Hoogsteen G·G H-bonded G-quar-
tet structure is more stable than the bifurcated H-bonded structure.

Figure 2. Structures of the Na+- and K+-bound G-quartets optimized using B3LYP/6-31+G(d). a) C4h G-quar-
tet with Na+ coordinated. The overall structure of the Li+- and K+-bound quartets are similar with O6–O6
distances of 4.33 and 5.13 5, respectively. Atoms involved in the two H-bonding regions of the G-quartet and
relevant trans-H-bond coupling connectivities are indicated. b) C4 G-quartet loaded with a K+ ion. The ion is
positioned 1.57 5 above the plane of the O6 atoms (taken as the average of all guanine atoms). This structure
does not exist for the other two G-quartet species. c) S4 G-quartet structure with Li+ coordinated.
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minima that have the K+ ion positioned on opposite sites of
the G-quartet. The C4-symmetric structure is 17 kJmol�1

more stable than the C4h-symmetric structure (at the
B3LYP/6-31+G(d) level of theory). This value represents
the energy barrier the K+ ion has to surmount to pass
through the G-quartet from one side to the other. The C4h-
symmetric Li+ and Na+ containing G-quartets are higher-
order saddle points, as indicated by the existence of more
than one imaginary frequency (Table 2). Consequently,
these structures do not simply connect two minima. This im-
plies that the Li+ and Na+ G-quartet potential energy land-
scapes are more complex than that of the G-quartet coordi-
nated with a K+ ion.
The minimum for the Li+ G-quartet is the S4-symmetric

structure (Figure 2c), whereas no local minimum for the K+

-bound S4-symmetric G-quartet exists.[51] The Na+ S4-sym-
metric G-quartet structure optimized to the C4h-symmetric
structure. In the S4-symmetric Li+ G-quartet, the guanine
bases are strongly twisted relative to each other and the G-
quartet is crudely reminiscent of a four-blade propeller. The
S4-symmetric structure allows optimal interaction between
the monovalent ion and the O6 atoms of the guanine
bases.[51] The O6–O6 distance (i.e., diagonal distance across
the central cavity between two O6 atoms) has decreased
from 4.33 (C4h) to 4.03 5 (S4) in the Li+ G-quartet. The S4

G-quartet structure contrasts strongly with the observed
geometric near coplanar arrangement observed in the crys-
tal structures of the DNA quadruplexes.[58,59] The observa-
tion that the G-quartet structure in DNA quadruplexes does
not correspond to the most stable calculated S4 G-quartet
structure is mainly due to steric restraints from base stack-
ing and backbone torsional restrictions in the G-quadruplex
structure, which prevent individual G-quartets from shifting
to an S4-like conformation.

Characterizing the monovalent ion position in G-quartets :
Figure 3a shows the relative energy curves for the three
monovalent ions at different positions between two G-quar-
tets that are fixed at 3.3 5, which is the average distance
measured in the crystal structures of the Oxytricha nova
Na+ and K+ DNA quadruplex structures.[58,59] Optimization
of the sandwiched quartet–K+–quartet complex has been re-
cently shown to lead to much larger inter-quartet distan-
ces.[77] The G4-Li+-G4 relative energy curves were comput-

ed at the HF/6-31G(d), B3LYP/6-31G(d) and B3LYP/6-
31+G(d) levels of theory (Figure 3b). The HF/6-31G(d) and
B3LYP/6-31G(d) results are essentially identical, whereas
the B3LYP/6-31+G(d) curve is only slightly different. As it
is too computationally expensive to calculate the large
number of points required to generate all relative energy
curves with B3LYP/6-31+G(d), all subsequent calculations
on the G4-M+-G4 and G4-M+-G4-M+ model systems were
performed using HF/6-31G(d). The energy profiles show
that the K+ , Na+ and Li+ ions prefer to be located between
two G-quartets. The energy rises much more steeply when
the K+ ion position moves out of the middle as compared to
the other two ions. The preference of K+ for the central lo-
cation between the two G-quartets is generally rationalized
by its larger size as compared to Na+ and Li+ , which is be-
lieved to prevent the K+ ion from occupying a position
within the G-quartet plane. However, our calculations indi-
cate that the preference of K+ for the central location is not
just a result of the monovalent ionOs size. In our model
system, the central cavity of the G-quartets is sufficiently
large to accommodate a K+ ion, as indicated by the contrac-
tion of the G-quartet by the presence of a K+ ion (see
below). Even when using a G-quartet geometry that is opti-
mal for K+ coordination, as in the potential energy profiles
in Figure 3b, the K+ ion still strongly prefers a position in
the middle between two G-quartets. Figure 3a shows that
the Na+ and Li+ ions also prefer a position between the G-
quartets. However, unlike the K+ ion results that show one
deep minimum, the potential energy curves for Li+ and Na+

show two shallow minima located at 0.55 and 0.95 5, respec-
tively, from the center of a G-quartet.
For the calculations on the G4-M+-G4 and the G4-M+-

G4-M+ model systems, the G-quartet structures were kept
rigid at their C4h-symmetric G4 geometries optimized with-
out the presence of an ion using B3LYP/6-311++G(d,p).
This G-quartet structure has an O6–O6 (diagonal) separa-
tion of 5.15 5. Optimizing the C4h-symmetric G4-M+ struc-
tures in the presence of the ions using the same level of
theory (i.e., HF/6-31G(d)) as used to generate the energy
profiles yields O6-O6 distances of 4.34 (Li+), 4.66 (Na+)
and 5.19 5 (K+). The O6–O6 distance in the isolated G-
quartet structure optimized with HF/6-31G(d) was calculat-
ed as 5.99 5. As such, the monovalent ion clearly causes
contraction of the G-quartet. Although at shorter G4-M+

distances the HF/6-31G(d) G-quartet geometry optimized in
the presence of the ion would be a better choice for generat-
ing the energy curves, at larger distances a more suitable G-
quartet geometry would be the HF/6-31G(d) structure opti-
mized without the ion. As a compromise, the B3LYP/6-
311++G(d,p) structure we have used gives an O6–O6 sepa-
ration intermediate between those observed in the HF/6-
31G(d) G-quartet structures optimized with and without the
ion. Figure 3b shows that using the G-quartet structure re-
sulting from HF/6-31G(d) geometry optimization in the
presence of the ion changes the G4-Na+-G4 and G4-K+-G4
curves negligibly. The effect is largest for G4-Li+-G4, in cor-
respondence with the larger change in O6–O6 separation

Table 2. Computed interaction energies [kJmol�1] between the G-quartet
and the monovalent ions.

System Sym. Method Basis set De Freq.[a]

G4-K+ C4 HF 6-31G(d) – 0
C4 B3LYP 6-31+G(d) �313.9 –
C4h B3LYP 6-31+G(d) �296.6 1

G4-Li+ S4 HF 6-31G(d) – 4
C4h HF 6-31G(d) – 0
S4 B3LYP 6-31+G(d) �516.7 –
C4h B3LYP 6-31+G(d) �507.0 –

G4-Na+ C4h HF 6-31G(d) – 2
C4h B3LYP 6-31+G(d) �430.4 –

[a] Number of imaginary frequencies.
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(0.81 5). However, for the G4-Li+-G4 system the different
G-quartet structures (i.e. , HF/6-31G(d) optimized with ion
versus B3LYP/6-311++G(d,p) without ion) does not change
the potential energy curve
qualitatively.
At quartet–quartet distances

shorter than 3.3 5, the double-
minimum potential curve con-
verges towards a single mini-
mum at R=0.0 5. At a quar-
tet–quartet distance of 3.0 5
the distance from one of the
G-quartets to the optimal posi-
tion of the Na+ ion, Ropt(G4-
Na+), is equal to 1.5 5 (Fig-
ure 4b). This shows that the
Na+ ion favors a position equi-
distant from the two G-quar-
tets. Figure 4a shows that in
the G4-Na+-G4 system the
barrier separating the two
minima becomes larger with
increasing quartet–quartet dis-
tance. The Ropt(G4-Na+) dis-
tance decreases with increasing
quartet–quartet distance. At
quartet-quartet distances
beyond ~7.0 5, at which point
the influence of the second G-
quartet has become negligible,
the Na+ ion prefers to be lo-
cated in the central cavity of

the G-quartet (i.e. , Ropt(G4-Na+) = 0 5). This is also the
optimal position for a Na+ ion interacting with a single G-
quartet. Figure 4c shows that it is unfavorable for Na+ to

Figure 3. Relative energy curves for the three monovalent ions at different positions between two G-quartets that were fixed at the average distance
measured in the crystal structures of the Oxytricha nova Na+ and K+ DNA quadruplex structures.[58, 59] The energy curves were normalized by subtract-
ing the energy at R=0 5 from all energy points. The x-axis coordinate R represents the distance of the ion from the center between the two quartets. a)
Relative energy curves computed with HF/6-31G(d). The G-quartet structures were fixed at the B3LYP/6-311++G(d,p) optimized geometry. b) The po-
tential energy profiles labeled relaxed were derived from G-quartet geometries optimized using HF/6-31G(d) in the presence of the ion, whereas all
other curves were computed with the B3LYP/6-311++G(d,p) optimized G-quartet geometry. All energy points in the plots were computed with HF/6-
31G(d), except for the lower right plot where different levels of theory were used (see Figure).

Figure 4. a) Relative energy curves for G4-Na+-G4 at different G4-G4 distances. All points were calculated
with HF/6-31G(d). The G-quartet structures were fixed at the B3LYP/6-311++G(d,p) optimized geometry.
The energy curves were normalized by subtracting the energy at R=0 5 (G4–G4=3.3 5) from all energy
points. The values for each curve represent the G4–G4 distance at which the data points were computed.
b) The distance from the optimal position of Na+ (i.e., minima in a) to one of the G-quartets as a function of
G4–G4 distance. At G4-G4 distances beyond approximately 7 5 the Na+ ion prefers to sit within the plane of
a G-quartet. c) The relative energy curve for G4-Na+ calculated with HF/6-31G(d) and the G-quartet opti-
mized with B3LYP/6-311++G(d,p). The energy curves were normalized by subtracting the energy at R=0 5
from all energy points.
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move away from its central position in the G-quartet. How-
ever, in the G4-Na+-G4 model, the ion is not only drawn to-
wards the central cavity position of one G-quartet, but is
also attracted to the second G-quartet. Consequently, these
two competing forces result in an optimal Na+ ion position
outside the central cavity at a G4–G4 distance of 3.3 5 (Fig-
ure 3a).
The preferred central position of the K+ ion at a quartet–

quartet separation of 3.3 5 could be due to the ion being
either attracted to or repelled by both G-quartets equally.
Figure 5a illustrates that when the distance between the two
G-quartets is increased to 5 5 and beyond a single K+ ion
will find two optimal positions located closer to the G-quar-
tets. This observation shows that in the absence of additional
ions, the single K+ ion is not repelled by, but attracted to
both G-quartets equally. Unlike the results for the Na+ ion,
the optimal position of the K+ ion does not converge to a
position coplanar with one of the G-quartets when the G4–
G4 separation is increased, but converges to a distance of
0.8 5 from the G-quartet (Figure 5b). This is also the opti-
mal position for a K+ ion interacting with a single G-quartet
(Figure 5c). For both G4-Na+-G4 (Figure 4a) and G4-K+-
G4 (Figure 5a), the lowest energy minimum is reached for a
quartet–quartet distance of 4.0 5. However, whereas Na+

prefers to be close to one of the G-quartets at this separa-
tion, the optimal position for K+ is equidistant from the two
G-quartets.
To provide a potentially more realistic model for the

DNA quadruplexes we modified our single ion model to in-

clude an additional monovalent ion. Figure 6 shows the rela-
tive energy profiles when both ions move simultaneously
away from the coplanar position in the G-quartets. The Na+

and Li+ ions show a clear preference for positioning in the
center of the G-quartet plane since the energy values in-
crease steeply as the monovalent ions move out of the plane
of the G-quartets. In contrast, the decrease in energy for the
K+-bound system shows that this ion favors coordination
near equidistant from the two G-quartets. In general, the re-
sults are in agreement with experimental data that have
shown that the smaller Na+ and Li+ ions can adopt a copla-
nar position, whereas the larger K+ ions are always embed-
ded between the G-quartets.[59]

The minimum in the potential energy curve of the K+-
containing system is located slightly before the central posi-
tion between the G-quartets, whereas the crystal structure
of the K+-containing DNA quadruplex shows that the K+

ions are located symmetrically between two G-quartet
planes.[59] The off-center minimum in the K+ curve is most
likely an artifact of the G4-M+-G4-M+ model. The slight in-
crease in the energy curve for the K+ ion as it reaches the
center between the two G-quartets (R=0 5) is probably
due to the loss of favorable interacting energy between the
G-quartet and the second ion, which is not compensated by
attraction with a third G-quartet. Increasing the number of
G-quartets and ions in the model may shift the energy mini-
mum for the K+ system towards an R-value of 0 5, whereas
for the Na+ and Li+ energy profiles, a maximum would be
expected at an equidistant between the two G-quartets. The

Figure 5. a) Relative energy curves for G4-K+-G4 at different G4–G4 distances. All points were calculated with HF/6-31G(d). The G-quartet structures
were fixed at the B3LYP/6-311++G(d,p) optimized geometry. The energy curves were normalized by subtracting the energy at R=0 5 (G4–G4=3.3 5)
from all energy points. The values for each curve represent the G4-G4 distance at which the data points were computed. The inset represents an expand-
ed region of the Figure at the shorter G4–G4 distances (3.3–5.0 5). b) The distance from the optimal position of K+ to one of the G-quartets as a func-
tion of G4-G4 distance. At G4–G4 distances beyond approximately 10 5 the K+ ion prefers to sit 0.8 5 outside the plane of the G-quartet. c) Relative
energy curve for G4-K+ calculated with HF/6-31G(d) and the G-quartet optimized with B3LYP/6-311++G(d,p). The energy curves were normalized by
subtracting the energy at R=0 5 from all energy points. The minimum occurs at a distance of ~0.8 5.
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use of a one-dimensional periodic model should more effec-
tively describe the movement of ions through the central
pore of DNA quadruplexes.

Dependence of spin–spin coupling constants on G-quartet
geometry : Although the S4-symmetric structure was found
to be slightly more stable than the C4h-symmetric geometry
for the Li+- and Na+-loaded G-quartets (Table 2), the calcu-
lation of NMR properties was performed using the C4h-sym-
metric G-quartets. This is because the conformation of the
S4-symmetric structure adopts a twisted non-coplanar geom-
etry (especially in the presence of ions), whereas the C4h-
symmetric structure closely resembles the near coplanar ge-
ometry observed for the G-quartets in the crystal structures
of DNA quadruplexes.[45,58] Intra- and inter-base scalar cou-
plings were calculated for the G-quartet. In general the
intra-base couplings were found to be in close agreement
with experimental[78,79] and theoretical[32,80,81] values (see

Supporting Information). Table 3 shows the calculated and
experimental scalar couplings associated with the two H-
bond moieties of the G-quartet. The h3JN1C6’ coupling for the
C4h-symmetric G-quartet optimized in the absence of a mon-
ovalent ion is significantly different to the experimental
values with an overestimation of ~0.8 Hz (~350%). The
computed h2JN2N7 coupling, however, is only slightly underes-
timated with an average deviation of ~1 Hz (15%). The ad-
dition of Li+ , Na+ , or K+ ions (without reoptimization)
does not significantly change the values of the calculated
h2JN2N7 and

h3JN1C6’ couplings; this indicates that the presence
and type of the ion has little effect on the magnitude of the
trans-H-bond couplings.
Reoptimization of the G-quartet structure in the presence

of the Na+ ion yields computed trans-H-bond couplings that
are in closer agreement with the experimental values. This is
mainly a geometric effect (see below), as removal of the
Na+ ion from this structure without reoptimization of the
G-quartet geometry has a very small influence on the h2JN2N7
(D=0.01 Hz) and h3JN1C6’ (D=0.04 Hz) scalar coupling sizes.
The slightly weaker absolute size of the h3JN1C6’ coupling in
the presence of the ion may be due to the subtraction of
electron density from the N1-H1···O6=C6 H-bond moiety
when the Na+ coordinates with the O6 atoms of the guanine
bases. Removal of the ion presumably leads to an increase
in the electronic overlap between H1 and O6 and conse-
quently results in the observed small increase (~10%) in
the size of the j h3JN1C6’ j coupling. Similarly, Sychrovský et al.
attributed the observed decrease in the 1JC6O6 coupling to
charge transfer from guanine to the monovalent cation.[82]

The 1JN1H1 coupling also shows a small absolute increase in
size of ~2.0 Hz when the couplings are calculated in the ab-
sence of the ion. Apparently the presence of the ion de-
creases the strength of the structurally proximate N1�H1
bond (Figure 2). Similar ion-dependent correlations for the
scalar couplings associated with the N2-H2···N7 H-bond
(i.e., 1JN2H2 and

h2JN2N7) are not observed. This is presumably
due to the larger distance between the ion and the N2-
H2···N7 H-bond.
Calculation of the spin–spin couplings for the G-quartet

reoptimized with a co-planar K+ ion does not yield trans-H-
bond couplings in agreement with the experimental values.
In the K+-loaded DNA quadruplex crystal structure the K+

Figure 6. Relative energy curves for the G4-M+-G4-M+ model computed
with HF/6-31G(d) and the G-quartet optimized with B3LYP/6-311++G-
(d,p). Distances between the G-quartets and between the two ions were
kept fixed at 3.3 5. The energy profiles were normalized by subtracting
the energy at R=�1.65 5 from all energy points. R=0 5 is defined as
the mid-point position between two G-quartets.

Table 3. Spin–spin coupling constants of the C4h-symmetric G-quartet (G4) and of G-quartets with a monovalent ion in the middle of the central cavity
(G4-M+ , M=Li, Na, or K). All couplings are computed with B3LYP/6-311G(d).

B3LYP/6-311++G(d,p) G-quartet geometry[a] B3LYP/6-31+G(d) G4M+ geometry

G4 G4-Li+ G4-Na+ G4-K+ G4-Na+ G4 (no Na+)[b] G4-K+ [c] Experimental[d]

1JN1H1 �89.74[e] �87.60 �87.46 �87.19 �88.59 �90.17 �88.63 90.21
1JN2H22 �88.94 �91.06 �91.03 �91.02 �89.77 �87.68 �90.78 88.05
1JN2H21 �97.22 �96.74 �96.72 �96.70 �94.75 �95.06 �96.76 88.05
h2JN2N7 5.82 5.87 5.88 5.88 7.66 7.67 5.22 7.06
h3JN1C6’ �1.13 �1.03 �1.04 �1.08 �0.33 �0.37 �0.59 0.22

[a] In the complexes of the G-quartet the monovalent ion is placed in the middle of the cavity of the G-quartet optimized with B3LYP/6-311++G(d,p).
No re-optimization is applied. [b] G-quartet geometry taken from the B3LYP/6-31+G(d) optimized G4-Na+ structure. [c] Transition state structure.
[d] Average (N=5) h2JN2N7,

h3JN1C6’,
1JN2H2 and

1JN1H1 values measured at 274 K for the Na+-loaded Oxy-1.5 DNA quadruplex.[54] The sign of the couplings
was not determined. [e] Couplings are in Hz.
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ions are positioned between quartets, and thus, the co-
planar K+-quartet is not an ideal model for this system, ex-
plaining the weak correlation between the theoretical and
experimental h2JN2N7 and

h3JN1C6’ values. The better model to
compute the h2JN2N7 and

h3JN1C6’ couplings for the K+-loaded
G-quartets would be a system in which a K+ ion is located
between two G-quartets. However, such a calculation is
computationally prohibitive.
Figure 7 shows the theoretical h2JN2N7 and

h1JH2N7 couplings
as a function of the RN2N7 distance. The experimental h2JN2N7
couplings taken from a previous study[54] are also plotted in
Figure 7a, whereas due to amino group dynamics and the
relatively small size of the h1JHN coupling, the accurate deter-
mination of h1JHN couplings was not possible. The scalar cou-
plings are computed for G-quartets taken from the crystal
structures of the Na+ (PDB accession number 1JB7) and
K+ (PDB accession number 1JPQ) coordinated DNA quad-
ruplexes, for which the hydrogen positions were optimized
with B3LYP/6-31G(d). The experimental h2JN2N7 couplings
are plotted at the average RN2N7 distance taken from the
high-resolution DNA quadruplex crystal structures for each
symmetry-related H-bond pair.
For each crystal structure, the H-bond geometries in the

two inner and two outer quartets are not identical, and
therefore 16 distinct h2JN2N7 couplings were computed
(Table 4). Conversely, in the NMR experiments only eight

h2JN2N7 correlations are visible since the two d(G4T4G4) mon-
omers are symmetry related in solution. However, due to
exchange broadening only five h2JN2N7 couplings have been
observed in the Na+-bound DNA quadruplex at 274 K.[54]

Larger variations in RN2N7 are found for the outer quartets
compared to the inner quartets, reflecting the lower steric
constraints placed on the outer G-quartets. This variation
leads to a larger range in the magnitude of the computed
h2JN2N7 couplings. In addition, significant RN2N7 differences
are observed for a particular H-bond. For example, the
G12–G4*/G12*–G4 pair RN2N7 distances are 2.88 and 3.05 5.
Theoretical calculations for other base pair moieties consid-
ering only the Fermi contact term yielded smaller h2JN2N7
couplings.[32] These differences in h2JNN coupling sizes are not
due to H-bond RNN differences since Barfield et al.[32] cov-
ered the RNN range considered in the current manuscript.
Additionally, the impact of the other three Ramsay terms is
negligible for this particular trans-H-bond coupling (i.e. ,
< 0.1 Hz). Presumably the disparity in the calculated cou-
plings is mainly due to the different density functionals ap-
plied in each study (i.e., B3PW91 versus B3LYP). To quanti-
fy the apparent difference, a comparison of the couplings com-
puted using B3PW91/6-311G(d,p) and B3LYP/6-311G(d,p)
for the C4h-symmetric G-quartet showed that B3PW91 yields
smaller (~6%) h2JN2N7 and 1JN2H2 couplings than B3LYP.
Considering these methodological differences, the h2JN2N7

couplings are in close agreement with those published
by Barfield et al.[32] The calculated h2JN2N7 couplings de-
crease exponentially with increasing RN2N7 distance.
The exponential dependence on RN2N7 arises from the
square of the overlap integrals between atomic orbitals
on the donor and acceptor groups.[83] Figure 7 shows
the exponential fit for the outer and inner quartets in
both DNA quadruplexes, which yields the following
relationship:

h2JN2N7 ¼ 2316 expð�1:96RN2N7Þ ð3Þ

with a standard deviation of 0.23 Hz and r 2=0.986.
The inverse of this equation yields:

RN2N7 ¼ 3:95� 0:51 lnðh2JN2N7Þ ð4Þ

The rms difference between the RN2N7 distances de-
rived from Equation (4) and the crystal structure data
equals 0.017 5. The equations only take the distance
dependence of the h2JN2N7 couplings into account and
ignore other geometric factors such as the N2-H2···N7
angle. Inspection of the aN2-H2···N7 versus h2JN2N7
coupling shows no apparent correlation (data not
shown). The experimental h2JN2N7 coupling data shows
a much weaker relation to the RN2N7 distance. This is
due to factors such as the dynamic nature of the DNA
quadruplex in solution or genuine geometric differen-
ces between the solution and crystalline states.

The computed h2JN2N7 couplings show a larger range
in magnitude compared with the experimental h2JN2N7

Figure 7. Calculated (filled symbols) and experimental (open symbols) a) h2JN2N7
and b) h1JHN couplings as a function of the RN2N7 distance. The theoretical cou-
pling values were calculated for G-quartet structures taken from the crystallo-
graphic data with the hydrogen atom positions optimized using B3LYP/6-31G(d).
Computed data for the different G-quartets are represented by filled circles
(outer quartets, Na+ species), filled squares (inner quartet, Na+ species), filled
triangles (outer quartet, K+ species) and filled diamonds (inner quartet, K+ spe-
cies). The experimental couplings are represented by the corresponding open
symbols. These couplings are plotted at the RN2N7 distance obtained by averaging
over the equivalent H-bonds (e.g. G1*–G9 and G1–G9*). h2JN2N7 and

h1JHN cou-
plings calculated for the C4h-symmetric G-quartet structures in the absence of an
ion and in the presence of K+ and Na+ are represented by the symbols N, P and
S, respectively. The curve in a) is the best fit exponential to the theoretical data
calculated for the G-quartets taken for the crystal structures. The continuous line
in b) represents a third-order polynomial fit to the data.
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couplings. At shorter distances, the theoretical couplings are
much larger than the experimental values, whereas at RN2N7

distances beyond approximately 3 5 the experimental
h2JN2N7 couplings are larger. All couplings were computed in
gas-phase structures at 0 K with fixed inter-nuclear distan-
ces, whereas the experimental trans-H-bond couplings are
measured at 274 K and include influences from rovibrational
averaging, environment (i.e., solvent), and inter-quartet and
sugar-backbone interactions. Though it is not known how
these factors influence the coupling constants, it is probable
that the different experimental and theoretical conditions
are responsible for the different distance dependencies ob-
served. In proteins, the consideration of dynamical effects in
the calculation of the FC term for h3JN1C6’ couplings led to an
improvement in the correlation between experimental and
theoretical values.[84] Future efforts that consider dynamical
and solvent influences may lead to an improved correlation
between the experimental and theoretical trans-H-bond cou-
plings in the G-quartets.
The shortest RN2N7 distance is found for hydrogen bonds

with the smallest difference between the N2–H2 and
H2···N7 distances (see Supporting Information). This obser-
vation is in accord with a previous study,[85] which showed
that the F···F and N···N distances in [F(HF)n]

� and
[CN···H···NC]� complexes contract when the proton is shift-
ed towards the hydrogen-bond center.
The calculated h1JHN couplings showed a maximum value

of ~4 Hz at an RN2N7 distance of ~2.8 5 (Table 4 and Fig-
ure 7b). At shorter and longer RN2N7 distances the

h1JHN cou-
plings gradually decrease in magnitude. The decrease in the
size of the h1JHN coupling as the H-bond shortens below
2.7 5 is unexpected, whereas the weakening of the h1JHN

coupling as the H-bond increases in length is due to the re-
duction in the orbital overlap associated with the H-bond.
Calculated h1JHN couplings for imino groups H-bonded to ar-
omatic acceptor nitrogen atoms showed similar trends, in
which a maximum coupling size of ~3 Hz was observed at
an RN2N7 distance of ~2.8 5.[32] This study observed that at
H-bond distances shorter than 2.6 5 the sign of the coupling
was negative. According to Figure 7b, at H-bond lengths
much shorter than 2.5 5, the sign of the h1JHN scalar cou-
pling for the N2-H2···N7 H-bond group will also be negative.
Barfield et al.[32] proposed that this decrease in the size of
the h1JHN couplings at shorter RN2N7 distances could be ex-
plained by symmetry considerations of the N-H···N H-bond
and the associated h1JHN,

1JNH and h2JN2N7 couplings. They
showed that as the RN2N7 decreases, the size of the

h1JHN cou-
pling changes from a positive to a negative value, whereas
the covalent 1JNH coupling decreases in size to a smaller neg-
ative value. In the symmetric H-bond arrangement where
the proton is centered between the two nitrogen atoms, the
h1JHN coupling will be equal (ignoring different electronic ef-
fects from donor and acceptor groups) to the covalent 1JNH
coupling, with both couplings having negative values. Bene-
dict et al. have also observed a sign change for the 1JFH and
1JNH couplings when the hydrogen moves across the center
of the F···F and N···N H-bond.[85] The results of the current
study corroborate these previous studies and indicate that
the size and sign of the h1JHN coupling is not influenced by
the chemical structure of the H-bond but primarily by the
H-bond geometry.
Figure 8a shows a strong linear correlation (r 2=0.98) be-

tween the calculated isotropic chemical shift dH of the
amino proton participating in the H-bond (1H2) and the

Table 4. Computed spin–spin coupling constants and geometric parameters related to the N2-H2···N7 H-bond in optimized G4-M+ (M=Na, K) quartets
and in G-quartets taken from the Na+ and K+ DNA quadruplexes with the hydrogen atom positions optimized using B3LYP/6-31G(d).

RN2N7 [5] a(N2H2N7) [8] 1JN2H21 [Hz] 1JN2H22 [Hz] h1JH2N7 [Hz] h2JN2N7 [Hz]
Na+ K+ Na+ K+ Na+ K+ Na+ K+ Na+ K+ Na+ K+

B3LYP/6-31+G(d) optimized C4h-symmetric quartet
with a monovalent ion in the middle of the cavity 2.94 3.12 174.7 166.9 �94.8 �96.8 �89.8 �90.8 3.3 2.3 7.7 5.2
outer quartet (donor guanine ! acceptor guanine)
1!9* 2.65 2.70 174.2 169.2 �88.1 �92.2 �82.1 �82.1 3.9 3.7 12.9 12.1
9*!12 3.09 2.88 177.1 178.9 �94.1 �91.3 �87.7 �86.2 2.6 3.6 5.5 8.1
12!4* 3.05 3.01 176.0 173.8 �90.1 �89.4 �83.8 �82.1 2.9 3.1 5.6 6.2
4*!1 2.79 2.86 170.7 170.9 �89.7 �91.1 �83.3 �83.9 4.1 3.8 9.7 8.6
inner quartet
2!3* 2.78 2.89 174.6 175.6 �89.2 �94.0 �82.6 �86.1 4.0 3.5 10.0 8.4
3*!11 3.01 2.90 175.9 175.7 �94.7 �94.3 �87.0 �87.7 3.0 3.6 6.6 8.2
11!10* 2.88 2.81 171.5 174.4 �95.2 �93.8 �85.7 �86.2 3.6 3.8 8.5 9.9
10*!2 2.83 2.83 168.1 178.0 �95.2 �91.0 �85.8 �87.2 3.7 4.0 9.4 9.0
inner quartet
3!11* 2.92 2.88 172.0 173.2 �94.1 �93.9 �85.8 �87.4 3.4 3.6 8.0 8.6
11*!10 2.89 2.96 170.9 178.8 �93.7 �94.0 �85.1 �89.4 3.6 3.2 8.4 7.3
10!2* 2.73 2.92 166.2 176.3 �93.4 �93.3 �83.8 �88.6 4.0 3.5 11.3 7.7
2*!3 2.89 2.99 170.4 176.8 �92.0 �92.6 �83.9 �89.8 3.6 3.1 8.2 6.5
outer quartet
4!1* 2.82 2.85 167.2 172.1 �92.8 �90.5 �84.3 �83.3 3.8 3.9 9.4 8.8
1*!9 2.58 2.86 176.2 175.3 �85.5 �94.1 �81.0 �86.0 3.6 3.6 14.2 8.9
9!12* 3.14 2.88 176.3 178.0 �94.6 �93.1 �87.9 �89.3 2.3 3.7 4.9 8.3
12*!4 2.86 2.84 175.2 175.6 �90.0 �89.3 �82.3 �82.1 3.9 3.8 8.3 8.7
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h2JN2N7 coupling, where a downfield chemical shift corre-
sponds to a larger h2JN2N7 value. Similar correlations have
been observed between experimentally determined trans-H-
bond couplings and isotropic chemical shifts in proteins[15,24]

and in a DNA triplex.[4] The experimental and theoretical
1H2 chemical shifts are very similar with theoretical calcula-
tions within 1.5 ppm of the experimental values (Table 6). In
contrast, there is no clear correlation (r 2=0.48) between the
isotropic chemical shift of the H-bonding 1H2 and the 1JNH
coupling constant for the N-H of the amino group involved
in H-bonding to the acceptor N7 atom (Figure 8b). This was

rather unexpected since theoretical[32] and experimental[4] re-
sults have shown a strong correlation between the imino 1H
isotropic chemical shift and the 1JNH coupling constant in
base-paired triplets.
The calculated 1JNH couplings range between �81 to

�96 Hz (Table 4) and are similar in size to previously deter-
mined 1JNH couplings in guanine bases (~91 Hz).[78] The 1JNH
coupling constants for the H-bonded N-H of the amino
group are larger, on average, by ~2 Hz compared with the
experimental values, whereas the 1JNH couplings for the non-
H-bonded N-H are smaller by ~5 Hz (Table 4). This con-

trasts previous theoretical re-
sults[32] that showed that H-
bonded imino groups generally
have smaller j 1JNH j coupling
constants compared with the
corresponding non-H-bonded
imino groups. To investigate
whether this was due to meth-
odology differences, calcula-
tions of the spin–spin cou-
plings in the C4h symmetric G-
quartet and a single guanine
base (i.e. , non-H-bonded)
using the same functional and
basis set (i.e., B3PW91/6-
311G(d,p)) as used in the pre-
vious study were performed
and compared with the calcu-
lations using B3LYP/6-
311G(d). The calculation using
B3PW91/6-311G(d,p) yielded
1JNH couplings that were

Figure 8. Correlations between a) h2JN2N7 and b) 1JNH couplings and the isotropic chemical shift of the amino
proton dH participating in the H-bond (1H2). The theoretical coupling values were calculated for G-quartet
structures taken from the crystallographic data with the hydrogen atom positions optimized using B3LYP/6-
31G(d). Computed data for the different G-quartets are represented by the same symbols as in Figure 7. The
continuous line in a) corresponds to a linear regression of h2JN2N7= (1.66 Hz ppm�1)dH � 7.75 Hz (r 2=0.98).
The linear regression in b) gives r 2=0.48.

Table 5. Computed spin–spin coupling constants and geometric parameters related to the N1-H1···O6=C6 H-bond in optimized G4-M+ (M=Na, K)
quartets and in G-quartets taken from the Na+ and K+ DNA quadruplexes with the hydrogen atom positions optimized using B3LYP/6-31G(d).

RN1O6 [5] a(H1O6C6) [8] a(N1H1O6) [8] 1JN1H1 [Hz] h3JN1C6’ [Hz]
Na+ K+ Na+ K+ Na+ K+ Na+ K+ Na+ K+

B3LYP/6-31+G(d) optimized C4h-symmetric quartet with
a monovalent ion in the middle of the cavity 2.90 2.99 129.8 141.8 164.6 174.4 �88.59 �88.63 �0.333 �0.585
outer quartet (donor guanine ! acceptor guanine)
1!9* 2.91 2.85 121.2 127.7 159.8 167.1 �89.27 �89.79 �0.086 �0.306
9*!12 2.95 2.88 126.4 121.1 159.7 160.6 �89.86 �91.16 �0.170 �0.082
12!4* 2.95 2.91 127.6 128.6 164.6 162.5 �89.59 �88.94 �0.239 �0.287
4*!1 2.91 2.80 124.1 129.2 161.2 160.5 �89.30 �87.24 �0.167 �0.368
inner quartet
2!3* 2.96 3.01 123.6 125.2 162.7 160.9 �89.93 �89.19 �0.122 �0.152
3*!11 2.93 2.82 128.5 127.4 161.9 160.6 �89.78 �88.56 �0.203 �0.345
11!10* 2.82 2.85 131.7 126.3 166.4 162.4 �89.03 �89.10 �0.492 �0.286
10*!2 2.86 2.84 132.8 126.2 170.6 162.5 �88.99 �92.43 �0.510 �0.307
inner quartet
3!11* 2.91 2.90 129.8 133.2 164.6 165.3 �89.68 �90.40 �0.341 �0.519
11*!10 2.74 2.96 132.7 122.2 165.7 158.1 �88.07 �86.27 �0.718 �0.101
10!2* 2.81 2.86 133.0 131.4 172.0 162.5 �88.73 �90.56 �0.600 �0.522
2*!3 2.86 2.87 132.6 126.6 166.9 161.9 �89.41 �87.46 �0.510 �0.302
outer quartet
4!1* 3.02 2.86 128.5 129.9 169.5 159.7 �90.00 �88.32 �0.228 �0.366
1*!9 2.85 2.81 116.4 127.2 155.6 162.3 �89.04 �91.31 0.045 �0.364
9!12* 2.93 2.85 129.5 128.5 162.2 162.4 �89.89 �89.55 �0.297 �0.423
12*!4 2.70 2.85 129.1 125.2 164.6 160.8 �87.54 �87.08 �0.583 �0.282
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~5 Hz smaller compared with the same coupling calculated
using B3LYP/6-311G(d). Closer examination reveals that
this difference arises mainly from the Fermi contact term,
and not from the other three contributing terms. In addition,
both calculations show the same trends for changes in the
size of the 1JNH coupling constants upon guanine base pair-
ing in a G-quartet. Consequently, the use of different func-
tionals and basis sets to calculate the coupling constants
does not account for the discrepancy between the 1JNH
trends observed for imino versus amino groups.
The computed couplings using B3LYP/6-311G(d) for the

guanine monomer yielded two 1JNH couplings that are near
identical in magnitude (i.e. , �93 
 0.24 Hz). In the opti-
mized C4h-symmetric guanine quartet, the calculations yield-
ed �97 Hz for the H-bonded compared with �89 Hz for the
non-H-bonded N-H moiety of the amino group. In apparent
disagreement with the couplings, the H-bonded N–H dis-
tance is longer (1.0195 5) compared to the non-H-bonded
N–H distance (1.0060 5). As the geometries of the isolated
and H-bonded guanines are identical, the changes in 1JNH
must be purely electronic structure effects and the contrast-
ing trends calculated for 1JNH couplings in imino and amino
groups are based on the chemical differences between these
two H-bond donor groups.
Compared with the experimental values, the computed

15N2 donor and 15N7 acceptor isotropic chemical shifts are
overestimated by approximately 20 and 40 ppm, respectively
(Table 6). The theoretical 1H2 isotropic chemical shifts for
the amino proton involved in the N2-H2···N7 H-bond are
only slightly overestimated, whereas the isotropic chemical
shifts for the non-H-bonded amino proton are underestimat-
ed by ~3 ppm. The disparities between the experimental
and computed chemical shifts are reasonable considering
the calculations were performed for isolated G-quartets. As
such, the calculations do not reflect the electronic environ-
ments produced by the intricate intra- and intermolecular
interactions from solvent and other structural features of
the DNA quadruplex. For example, the stacking of the G-
quartets in the DNA quadruplex structure would lead to
ring current effects that are not considered in the theoretical
calculations. The underestimation of the 1H2 chemical shift
of the non-H-bonded amino proton is partly due to the ab-
sence of solvent molecules H-bonding with this free donor
N–H group. In the presence of solvent, the H-bonding of
this free donor group with water would lead to electron de-
shielding of the amino proton nucleus and a consequent 1H
downfield shift. Clearly DFT calculations that include ex-
plicit water molecules or water continuum models may pro-
vide information on the influences of solvent on the sizes of
the trans-H-bond couplings and isotropic chemical shifts.
As for the h2JN2N7 couplings, the H-bond geometries in the

two inner and two outer quartets for the crystal structure
are not identical, and therefore 16 distinct h3JN1C6’ couplings
were computed. Experimental h3JN1C6’ couplings of the Na+-
bound DNA quadruplex at 298 K were taken from a previ-
ous study.[54] Only six out of a possible eight h3JN1C6’ cou-
plings were measured for the Na+-bound DNA quadru-

plex.[54] The corresponding couplings in the K+-bound DNA
quadruplex have not been determined experimentally.
The computed h3JN1C6’ couplings are all negative in sign

except for the G1*–G9 H-bond (0.04 Hz) in the outer quar-
tet of the Na+-coordinated DNA quadruplex (Table 5). The
explanation for this positive h3JN1C6’ coupling observed for
the G1*–G9 N1-H1···O6=C6 H-bond is presumably due to
the exceptionally non-linear H···O=C angle (1168). Exami-
nation of the geometric dependencies of the computed
h3JN1C6’ couplings (Figure 9a) shows that there is a reasonable
correlation between the h3JN1C6’ couplings and the aH···O=C
values which were obtained from the G-quartet crystal
structures with B3LYP/6-31G(d) geometry optimized hydro-
gen positions. In contrast, a much weaker correlation is ob-
served between the aN-H···O and h3JN1C6’ coupling con-
stants (see Supporting Information). This observation cor-
roborates DFT studies examining the N-H···O=C H-bond
moiety in formamide dimers.[35,36] Here, a very weak de-
pendence of h3JN1C6’ on the aN-H···O in the range of 150–
2108 was found, whereas a substantial dependence of h3JN1C6’
on the aH···O=C values in the range of 120–2408 was calcu-
lated. There is a decrease in the size of the j h3JN1C6’ j cou-
plings with decreasing aH···O=C values, which can be ex-
plained by a reduced orbital overlap between the donor and
acceptor groups in more non-linear aH···O=C. Geometric
considerations using a simple N-H···O=C-N model system
which uses atomic and trigonal hybrid-type orbitals[36]

showed that there is a cos2 dependence of h3JN1C6’ on the
H···O=C angle. A linear regression between cos2(aH···O=
C) and h3JN1C6’ for the outer and inner quartets in both DNA
quadruplexes yields:

h3JN1C60 ¼ �2:43 cos2ðqÞ þ 0:59Hz ð5Þ

where q represents aH···O=C. The standard deviation is
0.18 Hz and r 2=0.78.

Figure 9a shows that the sign of the coupling changes at
an aH···O=C value of 119.58. Equation (5) only takes the
aH···O=C dependence of the h3JN1C6’ couplings into account
and ignores other geometric factors such as the H-bond
length (i.e. , RN1O6). A plot of h3JN1C6’ couplings (Figure 9b)
versus RN1O6 shows no exponential correlation (r 2=0.09).
This is partially due to the positive coupling for the G1*�G9
H-bond, as indicated by the much better correlation (r 2=
0.46) obtained by excluding this point from the fit (Fig-
ure 9b). Although this observation suggests that this point is
an outlier, the G1*–G9 h3JN1C6’ coupling corresponds well
with the angular dependency (Figure 9a). The poor correla-
tion observed for the h3JN1C6’ couplings versus RN1O6 contrasts
the exponential correlation between experimentally ob-
served h3JN1C6’ couplings and H-bond lengths in the B1 im-
munoglobulin binding domain of protein G.[17] However, as
shown in Figure 9b, a plot of the data[17] for protein G over
the RN1O6 range found in the G-quartets gives a much
poorer correlation (r 2=0.46) than previously reported. Ap-
parently, the wider spread of the H-bond lengths in protein
G coupled with the more linear aH···O=C and aN-···O
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values gives rise to a stronger distance dependence of h3JN1C6’
couplings in proteins compared to the data presented for
the G-quartets. These observations are supported by theo-
retical calculations that have shown that at substantially
non-linear aH···O=C values the H-bond distance depend-
ence of the h3JN1C6’ coupling is the weakest and the H···O=C
angle dependence is the strongest.[36] As such, it appears
that the presence of rather non-linear aH···O=C values in
the G·G Hoogsteen base pairs is the principal geometric
factor influencing the size of the calculated h3JN1C6’ couplings.
The size of the h3JN1C6’ couplings in proteins is significantly
larger compared with the h3JN1C6’ couplings computed in this
study for G-quartets. As previously reported,[54] the
aH···O=C values in protein G range between 137–1728,
whereas in the G-quartets this range is 116–1238. As more
linear aH···O=C values yield larger j h3JN1C6’ j couplings
(Figure 9a), the larger h3JN1C6’ values observed in protein G
can be partially attributed to the differences in the aH···O=
C between protein G and the G-quartets. Barfield[36] noted
that for coplanar formamide dimers the size of the h3JN1C6’
coupling is independent of the H···O=C-N dihedral angle.
Since the guanine bases in the G-quartets are nearly copla-
nar, the h3JN1C6’ couplings are essentially independent of the
H···O=C-N dihedral angle (data not shown).
Clearly, the calculated NMR parameters related to the

N1-H1···O6=C6 H-bond in G-quartets are not well correlat-
ed with an individual geometric property, but depend on a
combination of these structural features. Although limited
by the data set size, a three-dimensional plot of the h3JN1C6’
couplings as a function of both the RN1O6 and aH···O=C
shows that the couplings are correlated to both the RN1O6

and aH···O=C geometric properties (see Supporting Infor-
mation). Similar dual correlations have been observed for
N-methylacetamide,[33] protein–nucleotide models,[86] and
formamide[35] dimers in which the size of trans-H-bond cou-
pling is influenced by both distance and angular dependen-
cies. Although it is feasible that the chemical character of
the N1-H1···O6=C6 H-bond may play a role in influencing
the relations between the NMR parameters and the H-bond
geometry, this and previous studies[4,32,54] have shown that
the chemical moiety of the H-bond has a minor effect on
the size of the scalar couplings in nucleic acids.
The theoretical h3JN1C6’ couplings compare well with the

experimental h3JN1C6’ couplings determined for the Na+-
bound DNA quadruplex (Figure 9a). There is no clear geo-
metric dependency observed for the measured h3JN1C6’ cou-
plings. This is presumably due to the dynamics of the solu-
tion structure averaging out any small aH···O=C and RN1O6

geometric influences on the magnitude of the couplings or
genuine differences between the crystal versus solution
structures. The inability to experimentally determine the
h3JN1C6’ coupling size for the G1–G9* H-bond is probably
due to its unusually bent aH···O=C which apparently de-
creases the absolute size of the coupling to the extent that it
is unobservable in the NMR spectra.
The calculated 1H1 and 13C6 isotropic chemical shift

values are in very good agreement with the experimental
values (Table 6).[54] Neglecting different physicochemical
conditions, the average difference between the theoretical
and experimental (data taken at 298 K) results for the 1H1
and 13C6 chemical shifts are 0.6 and 1.4 ppm, respectively.
Additionally, the theoretical 13C chemical shifts for the C2,

Table 6. Computed chemical shifts in optimized G4-M+ (M=Na, K) quartets and in G-quartets taken from the Na+ and K+ DNA quadruplexes with
the hydrogen atom positions optimized using B3LYP/6-31G(d).

1H21[a] 1H22[a] 15N2[a] 15N7[a] 1H1[a] 15N1[a] 13C6[a]

Na+ K+ Na+ K+ Na+ K+ Na+ K+ Na+ K+ Na+ K+ Na+ K+

C4h-symmetric quartet with an ion (Na+ ,
K+) in the middle of the cavity, opti-
mized with B3LYP/6-31+G(d)

9.5 8.0 4.3 4.3 106.6 103.6 277.2 180.5 11.3 10.3 176.4 175.1 166.7 165.6

outer quartet (donor guanine)
1 12.6 12.0 3.6 3.5 106.8 106.2 277.1 283.2 11.5 12.2 176.5 177.7 163.2 163.4
9* 8.0 9.5 3.6 3.7 99.0 105.2 276.7 277.1 11.4 12.1 177.4 177.1 161.9 162.3
12 8.0 8.4 3.5 3.5 99.4 100.0 279.1 278.1 11.6 11.8 179.7 180.7 162.6 162.9
4* 10.5 9.8 3.6 3.6 104.0 102.9 281.3 275.9 11.6 12.2 177.2 178.4 163.2 162.2
inner quartet
2 10.7 10.1 3.6 3.7 104.5 100.1 278.8 275.0 11.3 11.5 178.1 173.9 163.7 164.3
3* 8.7 9.5 3.6 3.7 100.9 99.9 277.3 278.4 11.4 12.4 178.1 173.1 161.7 162.8
11 9.6 10.6 3.5 3.7 101.8 103.3 278.1 278.5 12.0 12.0 177.2 176.2 153.5 164.7
10* 10.1 9.8 3.6 3.8 103.6 105.7 278.8 276.7 12.0 12.5 177.0 178.6 161.4 163.9
inner quartet
3 9.3 9.9 3.7 3.7 100.6 101.8 277.2 280.9 11.1 11.7 176.8 177.3 160.2 165.3
11* 9.6 9.1 3.6 3.8 102.2 100.7 274.8 278.5 12.9 11.2 180.0 169.8 163.5 162.0
10 10.7 9.3 3.8 3.8 107.3 101.3 278.7 281.7 12.1 12.1 175.3 178.2 161.8 165.6
2* 10.0 8.6 3.7 3.9 104.3 99.5 278.0 277.8 12.1 11.8 179.5 171.5 162.4 161.6
outer quartet
4 10.8 10.2 3.7 3.6 101.0 104.0 283.4 273.7 11.0 12.3 176.6 176.2 163.7 161.9
1* 13.2 10.0 3.6 3.6 106.8 102.8 281.4 279.0 11.5 12.7 175.5 174.7 164.2 164.2
9 7.9 9.6 4.0 3.9 99.8 105.7 275.3 279.5 11.9 12.2 176.3 175.8 160.8 162.0
12* 10.0 9.8 3.5 3.5 102.5 101.2 278.0 275.3 13.3 11.9 184.3 178.1 163.9 164.1
experimental[b] 8–11 6–8 79–84 229–240 11–12 140–150 161–163

[a] Chemical shifts are in ppm. [b] Chemical shift ranges are taken from published data on the Na+ DNA quadruplex.[54]
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C4, C5, and C8 atoms in the guanine base are also in very
good agreement with the experimental values (data not
shown). In contrast, all the calculated 15N chemical shifts are
generally overestimated by approximately 35 ppm (Table 6).
The most likely explanation for this discrepancy is the un-
certainties introduced from the indirect way that the 15N ref-
erencing is determined. However, the possibility that the dif-
ferences between the theoretical and experimental 15N
chemical shifts are not due to other factors such as the ab-
sence of interactions from solvent and other structural fea-
tures cannot be currently excluded. Weak correlations are
observed between the H-bond length and the isotropic
chemical shifts of the donor nuclei of the N1-H1···O6=C6
H-bond, whereas much stronger correlations are observed
between the RN2N7 of the N2-H2···N7 H-bond and the 15N2
and 1H2 chemical shifts (see Supporting Information). An
examination of the dependencies of the various H-bond
angles on the 1H and 15N chemical shifts shows no correla-
tion. These results support the observed weaker correlations
between the scalar couplings associated with the N1-
H1···O6=C6 H-bond and the H-bond geometric parameters.

Conclusion

Hartree–Fock and density functional theory calculations
were used to examine the energetic preferences of Na+ , Li+

, and K+ ions in C4h and S4 symmetric G-quartets. The
presence of a monovalent ion in the center of the G-
quartet led to the contraction of the G-quartet O6–O6
distance. This effect was largest for the smallest ion,
thus showing that the contraction of the G-quartet fa-
cilitates the optimal coordination of the monovalent
ion with the O6 atoms of the guanine bases. The re-
sults for the G4-M+-G4 model showed that at quartet–
quartet distances observed in the DNA quadruplex
crystal structures, the smaller Na+ and Li+ ions have
two shallow minima located at 0.55 and 0.95 5 outside
the plane of the G-quartet, respectively. The larger K+

ion has a minimum centered between successive G-
quartets. At increasing quartet–quartet distances the
Na+ and Li+ ions converged to a position coplanar
with the G-quartet, whereas the optimal K+ ion posi-
tion converged to a location just outside the G-quartet.
Apparently at shorter quartet–quartet distances the
Na+ and Li+ ions are weakly attracted to the second
G-quartet and therefore do not favor a coplanar posi-
tion with the G-quartet. Increasing the quartet–quartet
distance reduces this weak attraction to zero and the
Na+ and Li+ ions shift to an energetically favored co-
planar position. The attraction of the ion to both G-
quartets at quartet–quartet distances observed in DNA
quadruplex structures may facilitate the transport of
the ions through the DNA quadruplex central channel.
The K+ ion never energetically favored a coplanar po-
sition at any quartet–quartet distance examined. Pre-
sumably in a dynamic system, the G-quartets expand

and contract to accommodate the movement of the K+ ion
through the G-quartet. Evidence for this comes from the
differences in the geometries of the calculated coplanar K+

G-quartet and the crystallographic data. In the crystal struc-
ture, the K+ ions are located between the planes of two G-
quartets with an O6–O6 distance of ~4.5 5, whereas a
larger O6–O6 distance of 5.1–5.2 5 is observed at the HF/6-
31G(d) and B3LYP/6-31+G(d) levels of theory for the C4h-
symmetric coplanar K+ G-quartet. Thus, the G-quartet
needs to expand from the geometry it adopts in the DNA
quadruplex to allow passage of the K+ ion through the cen-
tral cavity.
To allow movement of ions through the central channel of

the DNA quadruplexes, the ions must overcome the energy
barriers separating the minima. As the energy barriers are
rather low for the Na+ and Li+ models, vibrational and ther-
modynamic effects will likely be able to overcome these bar-
riers. The energy barriers separating the minima become sig-
nificantly larger with increasing quartet–quartet distances
for the Na+ and Li+ models, thus suggesting that the quar-
tet–quartet distances found in DNA quadruplexes are near
optimal for the flow of the Na+ and Li+ ions through the
central pore of the DNA quadruplex. The K+ ion models
showed much larger energy barriers for the movement of
the ion through the central cavity of the G-quartets. Conse-
quently, the K+ ions will not be able to move as easily
through the central channel of the DNA quadruplex. The

Figure 9. Correlations between h3JN1C6’ couplings and the a) aH···O=C and
b) RN1O6 of the N1-H1···O6=C6 H-bond moiety in G-quartets. The theoretical
couplings were calculated for G-quartet structures taken from the crystallograph-
ic data with the hydrogen atom positions optimized using B3LYP/6-31G(d). Com-
puted data for the different G-quartets are represented by the same symbols as in
Figure 7. The six experimental couplings determined previously[54] from the Na+

DNA quadruplex (G12-G4*, G4*-G1, G2-G3*, G3-G11, G11-G10*, and G10*-
G2 H-bonds) are represented by the corresponding open symbol. Open circles in
b) represent h3JN1C6’ couplings determined for protein G.[17] The RN1O6 values are
averaged over the three protein G crystal structures (1PGB, 1IGD, and 2IGD).
The continuous line in a) corresponds to linear regression (r 2=0.78) using
Eq. (5), whereas the curves b) represent the best-fit exponentials to the G-quartet
theoretical data (r 2=0.09) and experimental data for protein G (r 2=0.46). The
dashed line represents the exponential fit to the G-quartet data (r 2=0.46) that
excludes the G1*–G9 H-bond h3JN1C6’ coupling (labeled).
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possible expansion and contraction of the G-quartets may
facilitate the lowering of these energy barriers. The results
herein support the observation that the ion movement
through DNA quadruplexes for the smaller Na+ ion is
three-orders of magnitude faster than for the larger NH4

+

ion (mimics the size of K+).[53,87]

Theoretical calculations of spin-spin couplings and iso-
tropic chemical shifts in the N1-H1···O6=C6 and N2-H2···N7
H-bonding regions of G-quartets extracted from the K+-
and Na+-coordinated Oxy-1.5 DNA quadruplexes and the
C4h symmetric structures were performed. The results
showed that the sizes of the trans-H-bond couplings were in-
fluenced primarily by the geometry of the H-bond and only
slightly by the presence of the monovalent ion. The calculat-
ed h2JN2N7 couplings decrease exponentially with increasing
N2-H2···N7 H-bond length. The h3JN1C6’ couplings are shown
to be dependent on both the RN···O and aH···O=C geometric
properties. An increasing RN···O value leads to a decrease in
the size of the h3JN1C6’ coupling, whereas a linear H···O=C
angle gives the strongest coupling. At more bent aH···O=C
values the angular dependency is the principal geometric
property influencing the magnitude of the h3JN1C6’ couplings.
The computed trans-H-bond couplings are shown to corre-
late with the experimentally determined couplings however,
the experimental values do not show such strong geometric
dependencies. A strong correlation was found between the
h2JN2N7 and the donor amide proton isotropic chemical shift.
Conversely, a weak correlation between the h3JN1C6’ and the
imino proton isotropic chemical shift was observed. This
weak correlation counters previous results in which a strong
correlation between the h3JN1C6’ couplings and amide proton
chemical shifts was measured in proteins,[15] and indicates
that the imino chemical shift in the G-quartets is influenced
by other factors not directly related to the H-bond moiety.
The results show that the distance, rather than angle, of the
N2-H2···N7 H-bond can be characterized by strong correla-
tions to both the isotropic chemical shifts of the donor
group atoms and the h2JN2N7 couplings. In contrast, the NMR
parameters for the N1-H1···O6=C6 H-bond show weaker
correlations to single geometric parameters related to this
H-bond. This observation indicates that for a full interpreta-
tion of the h3JN1C6’ couplings dependency on the geometry of
the H-bond a combined distance–angle relation is required.
The results provide the framework for further theoretical
characterization of the ion dependent stability and structure
of the H-bonding network of the G-quartet motif.
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