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Formation of hydrogen bonds is an important stabilization
mechanism during biomolecular folding.!"! In DNA, specific-
ity in hydrogen-bond formation is essential for the transfer of
genetic information. The geometry of hydrogen bonds in
Watson—Crick base pairs is well characterized. Besides
canonical Watson—Crick base pairing, DNA can also adopt
non-canonical structures for which special hydrogen bonds
are found. A particular class of non-canonical structures
involves protonated cytidine nucleotides: for example, C'-G—
C base triplets with one protonated cytidine interacting with
the Hoogsteen side of the guanosine nucleotide are found in
triplex DNAP and hemiprotonated cytidine-H*--cytidine
base pairs (abbreviated as C-C*)F! are formed in DNA i-
motifs at slightly acidic pH values. In these C-C* base pairs,
the nitrogen atoms in the 3-positions of the two cytidine
residues on opposite strands share a single proton (Sche-
me 1b).

The DNA i-motif structure is stabilized by the formation
of C:C* base pairs. The arrangement of this four-stranded
structure is induced by the intercalation of the protonated
base pairs. Cytidines in one base pair are arranged in parallel
strands (Scheme 1c). In general, hydrogen bonding in an
hemiprotonated N--H--N moiety can be described in either
one of the following two ways: as 1) a symmetric hydrogen
bond with a single-well potential or as 2)a double-well
potential with a delocalized proton that oscillates between the
two wells with associated transition rate constants k, and k,
(Scheme 1a).4

C-C* base pairs (Scheme 1b) were first observed in
crystals of cytidine-5-acetic acid.’! Their incorporation into
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Scheme 1. a) Symmetric (1) and asymmetric (2) N---H"---N hydrogen-
bonding schemes in singly protonated C-C* base pairs in DNA i-motif.
b) N--H"---N hydrogen bonds in hemiprotonated C-C* base pairs.

¢) The intercalated, four-stranded DNA i-motif structure.

a d(TC;) tetramer leads to DNA i-motif formation at pH =6,
which has been thoroughly investigated by Leroy et al.l
Based on line-width analysis, Leroy et al. postulated a hydro-
gen bonding with a double-well potential with a transition
rate of 8 x 10* s as upper limit for the proton transfer. From
the NMR spectroscopy-based structure of an intramolecular
i-motif (protein data bank (PDB) code: TELN)™ it can be
deduced that the C-C" base pairs are presumably planar with
a maximal deviation of 18° and an N-N distance of 2.6—
28 AL

Herein, we performed a combined NMR spectroscopy
and quantum chemical investigation of the N--H"---N bond in
the C-C" hemiprotonated base pairs of the 21 nucleotide (nt)
DNA with sequence d(CCCTAA);CCC. By utilizing NMR
spectroscopy of selectively isotope-labeled DNA strands,
'J(NH) coupling constants, '"H and "N chemical shifts, as well
as solvent exchange parameters have been measured and
quantum chemical calculations have been performed to
obtain information about hydrogen bonding geometry and
strength in solution. From our combined NMR/QM
approach, we infer that N--H"--N bonds in the C-C" hemi-
protonated base pairs have to be described as hydrogen bonds
with asymmetric double-well potentials ((2) in Scheme 1a).
The DNA structure of the i-motif introduces local asymme-
tries resulting in two distinct wells for the proton transfer and
different rates for back and forward transfer. The fast hopping
rate leads to a single 'H chemical shift and to two distinct °N
chemical shifts (Table 1). The 'J(NH) coupling constants are
averaged and from the measured couplings for the individual
nitrogen atoms the populations of the conformations can be
derived (Table 2).

For our investigations, we utilized selectively labeled
DNA sequences of the 21 mer DNA with sequence
d(CCCTAA);CCC in which only a single cytidine was 50 %
13C and "N enriched at a time, resulting in 12 different DNA
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Table 1: 'H and °N chemical shifts derived from "N-HMQC- and 1D
N-filtered HMQC experiments.

Base pair O('H) [ppm]  O("N) [ppm]  AS("N) [ppm]
("*N)C7-C19 15.31 193.40 292
C7-("N)C19 15.32 190.48 :
(®N)C3-C15 15.46 190.73 0.61
C3-("N)C15 15.47 190.12 :
("*N)C8-C20 15.73 191.11 045
C8-("N)C20 15.74 191.56 :
(®N)C2-C14 15.62 192.60 273
C2-(®*N)C14 15.60 189.87 :
("®NyCo-C21 15.53 191.51 4
Co-("N)C21 n.d. ndH n-d-
("N)C13-C1 15.49 190.20

C13-(®*N)C1® 1547 191.52 132

[a] n.d.: not determined. [b] The sequence of C1* was extended by
a thymine nucleobase at the 5’-end for synthesis reasons.

samples. This labeling strategy enabled us to measure
1J(N3,,H3) and 'J(N3,,H3) coupling constants separately for
all cytidine residues as the through space *"J(N3,,N3,) and
"J(H3,N3) coupling constants that interfere with the mea-
surement in uniformly labeled samples are largely sup-
pressed. NMR resonance assignment for this sequence has
been published elsewhere® and all the imino proton signals
can be resolved by heteronuclear '"H-""N spectra in combi-
nation with selectively labeling of every nucleotide within the
molecule (Supporting Information, Figure S1). Figure 1
shows 2D contour plots and extracted 1D rows of w,-""N-
coupled heteronuclear 'H,""N NMR correlation experiments
(*N-HMQC, Supporting Information, Figure S2) as typical
examples for two DNA samples, 50% "*C and N enriched in
either nucleotides C3 or C15, respectively. The spectra show
that the "H chemical shift of the shared proton is identical in
both samples (within AS('H)=0.01-0.02 ppm, see Table 1),
while the N chemical shifts are different (within Ad("*N)
~0.45-2.92 ppm, Table 1). From the splitting along w, the

/C3 C15

g 1901
S
Q
= 1911
Z -
< 1921 .
l "J(NH)= 42Hz | Y(NH)= 44Hz

193 |

15.8 15.6 15.4 15.2 15.8 15.6 15.4 15.2
«~— &('"H)/ ppm «— 5('H)/ ppm

Figure 1. " N-HMQC spectra of DNA sequences C3 and C15 and
coupled 1D "N-filtered HMQC spectra with deconvolution lines (gray)
and a schematic C---H"...C base pair are shown. Spectra were recorded
at 800 MHz and 288 K.

1J(NH) coupling constants can be measured by deconvolution
of the doublet; they range from 36 to 46 Hz (Table 2).

For some sequences, namely those with C2, C14, and C20
isotope labeled, two sets of NMR resonances are observed
arising from the two conformers of the DNA i-motif
(Supporting Information, Figure S1).®! The 'J(NH) coupling
constants of both conformations are in the same range. For all
six C-C" base pairs of the i-motif, the 'J(NH) coupling
constants are in the range 36-46 Hz which is in contrast to the
1J(NH) coupling constant (of ca. 90 Hz) for a donor nitrogen
atom and its covalently bound imino hydrogen atom. More-
over, it is surprising that two different 'J(NH) coupling
constants are observed for some base pairs (C7-C19, C3-C15,
and C2-C14), one for each cytidine, when only one of the two
cytidine residues is labeled, whereas the coupling constants
are identical in the pairs C8-C20 and C1-C13 regardless of
which nucleobase is N enriched.

For further characterization, we performed hydrogen-
exchange experiments to obtain insights into hydrogen-bond
strengths. The hydrogen exchange properties of imino pro-
tons and the free energies of C-C* base pairs have already

Table 2: Computed relative energies and 'J(NH) coupling constants of the proton binding situations in the different C-C* base pairs of the i-motif and

the experimentally determined values.

Base pair AE [kcal mol~"#! Relative population®®! YJ(NH) [Hz] A'J(NH) [Hz]
theory expt theory! (c/h/m) expt theory expt
15 .
o - oo mE fov
((EEN(;SC’\QS?) 0.099 0.85 0.95 g;zg?ﬁﬁ j; 53 2
%f,\l(;z\;)gg 0.027 0.96 1.00 222358:1%22 ‘;g 1.4 0
i, N -~ A
Co-(*N)C21 0.091 0.86 nd. 64.3/0.3/34.7 nd. 4.8 nd.
Sga o 082 100 G0y a7 0"

[a] Total energy differences between the different protonation states obtained from DFT calculations. Since all nucleobases are the same, AH and AG
will exhibit the same difference, because the partition functions will be practically identical. [b] The theoretical value of the relative population is
calculated as p1/p2 =exp(AE/kT) (T=300 K), while the experimental one is deduced from the coupling constants as J1/)2. [c] The calculated coupling
constants are given for the proton bound covalently (c) and hydrogen-bonded (h) to the respective base, and the population-weighted mean

value (m). [d] The difference is computed with respect to the population weighted mean values. [e] The experimental value has a large error arising
from experimental uncertainties (see Supporting Information). n.d. = not determined.
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been investigated for several i-motif structures.”! In agree-
ment with the reported values, we find exchange half times ¢,,,
in the range of seconds in the investigated i-motif.®) Exchange
in i-motifs is slower than in DNA duplexes,” resulting from
a higher base-pair stability of the C-C" base pairs.

To develop a model for the dynamics and electronic
structure of the hydrogen bonds in hemiprotonated C-C* base
pairs, we performed quantum chemical calculations with
density functional theory (DFT), which is sufficiently accu-
rate to draw qualitative conclusions (see Supporting Infor-
mation). In a first set of these calculations, we assumed
a symmetric C-C* base pair. The calculations showed the
barrier for proton transfer between the cytidines to be
strongly dependent on the N-N distance (Figure 2a). For
distances smaller than 2.5 A, the proton is shared between the
two cytidines and is located precisely in the midpoint between
the nitrogen atoms. With increasing N-N distance the proton
localizes at one nitrogen atom and undergoes fluctuations in
a typical double-well potential. The barrier increases with
larger N-N distance and determines the rate of proton
transfer (Figure 2a). For N-N distances between 2.6 and
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Figure 2. a) Dependence of the barrier height and resulting proton
exchange rates on the separation between the proton-sharing nitrogen
atoms of a C-C" base pair within a DNA i-motif. b) Slightly enhanced
proton population at cytidine residues (marked in red). c) Energy
diagram of N--H*---N hydrogen bonding in the singly protonated C-C*
base pairs in a DNA i-motif. The potentials for the six investigated
C-C" base pairs lie within the gray shaded region resulting in

a maximum barrier height of 6 kcalmol™ and minimum proton trans-
fer rate of 10%s™
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2.8 A as found in the PDB structure (PDB code: 1ELN), the
barrier is at most 6 kcalmol ' relating to a proton transfer rate
between the cytidines of about at least 108 s™!, which has been
calculated using the Arrhenius formalism for the C-C* base
pair C9-C21 with the largest N-N distance. A mechanism
involving proton tunneling would increase the rate further.

The NMR parameters have been computed for the six
different C-C" base pairs of the i-motif individually in the gas
phase, again employing DFT. The corresponding models were
constructed by extraction of the coordinates from the NMR
structure (PDB code: 1ELN), addition of non-resolved
hydrogen atoms and constraint geometry optimization of all
intramolecular geometrical parameters, while the relative
orientation of the base pairs was retained. Following this
procedure, only the environmental effects on the relative
orientation of the nucleobases are taken into account, but not
the direct environmental effects on the NMR parameters.
With these calculations we thus rather aim at a proof-of-
principle of the asymmetries than at a quantitative agree-
ment, also because exact hydrogen-bond geometries in the
experimental solution structure are also likely to be depen-
dent on the force field employed for structure determination.

In Table 2, total energy differences and computed relative
Boltzmann populations for protonation of the different
cytidine residues of all the base pairs are listed. The 'J(NH)
couplings are given for each nucleobase, when the proton is
covalently (c) bound to the base or hydrogen bonded (h) as
well as its population-weighted mean (/) value. For all the
base pairs, different J couplings are obtained in the calcu-
lations. The differences are small and quite similar for all the
base pairs and follow the experimental trend.

Experimentally, the 'J(NH) couplings were found to be in
the range of 45 Hz, half the expected coupling constant for
a covalent N—H bond in nucleobases. The shared proton is
therefore not localized at one nitrogen atom. In addition, the
IJ(NH) coupling constants, measured for the two N atoms in
the 3-positions in each C-C* base pair and the two nitrogen
chemical shifts vary for each base pair along the i-motif core.
Notably, the relative differences of the "N chemical shifts
within a C-C* base pair correlate with the differences in the
scalar 'J(NH) coupling constants. The quantum chemical
calculations reproduce these small differences. Sequence-
dependent effects, as derived on the basis of structural
information from the solution structure, can be detected for
the six different C-C" base pairs. Both NMR experimental
data and quantum chemical calculations show that the proton
localization is slightly higher at cytidine residues C14, C15,
C19, C20, and C21 (Figure 2b). We attribute this asymmetry
to the small structural asymmetries in the st-stacking of the six
C-C" base pairs as well as from electrostatic repulsion.

In general, in the preferred position a proton in one C-C*
base pair will adopt the position with the largest distance to
the proton of the next C-C* base pair. This is the case when
the next proton is located at the cytidine residue across the
major groove. Interestingly, the preference for these positions
would suggest some degree of cooperativity in proton jumps
along the i-motif, a hypothesis that can, however, not be
verified herein.
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The hemiprotonated base pairs found in DNA i-motifs are
similar to cationic hydrogen bonds detected in small mole-
cules. Schah-Mohammedi et al. studied a symmetric bis(colli-
dinium) cation and reported a 'J(NH) coupling constant of
40 Hz.™ In addition, Pietrzak et al. detected cationic hydro-
gen bonds in hemiprotonated 1,8-bis(amino)naphthalenes;
bonding in this organic model compound is described by fast
intramolecular tautomerism.”] For the DNA i-motif, the
potential for the proton transfer is a double-well potential,
and the proton is located with a short NH bond at one of the
two involved cytidine residues (Figure 2¢). Moreover, com-
putation of the activation energy AG™ provides a lower limit
for the rate of proton transfer between the bases of one C-C*
base pair to be at least 10%s~".

In summary, we describe in detail non-canonical hydrogen
bonds in a biological macromolecule. The bonds resemble the
hydrogen bonding observed in basic organic molecules
including bis(collidinium) cations. Fast hopping, with low
barriers, potentially involving also tunneling, provides a mean
to fine tune shared hydrogen-bonding patterns in natural as
well as non-natural DNA oligomers by modulating the N-N
distances through optimization of the overall structure of the
biomolecular complex.
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