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Hemiprotonated dimers of cytosine derivatives, implicated in the formation of the i-motif of DNA, have been created in solution and the gas phase.
The mechanism of dimerization has been analyzed by mass spectrometry and multidimensional NMR spectroscopy.

Base pairing in DNA and RNA includes a variety of
noncanonical dimers. Under suitable conditions, G-rich
repeats within a DNA single strand may form helical
domains containing multiple G-quadruplexes consisting
of four guanine residues acting as hydrogen bond donors
on the Watson—Crick face and hydrogen bond acceptors
on the Hoogsteen face.! In double-stranded regions of
DNA, separation of the G-rich tract in forming a G-quad-
ruplex disconnects hydrogen bonding between the two
antiparallel strands.>> Opposite the G-rich strand in such
a region, the complementary C-rich strand can also self-
associate into hemiprotonated dimers and is thought to do
so in promoter regions of oncogenes.* NMR,>® X-ray
diffraction analysis,” and circular dichroism studies® have
shown that C-rich single strands of DNA form a four
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stranded complex, in which two parallel-stranded duplexes
have their base pairs completely intercalated as hemiproton-
ated dimers, a structure called the i-motif.
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Figure 1. Synthesis of soluble cytosine variants 1, 2, and 4 and a
minimized structure of [3-H"-3] (Gaussian; 6-3114++G(d,p)
forcefield, counterions removed for clarity).

Observation of protonated cytosine dimer pairs outside
self-assembling nucleotides is challenging, however. Cer-
tain charged species are capable of forming hemiproton-
ated dimers in aprotic solutions. Extremely strong



association is observed for [AAA-DDD] " pairs,” but lower
association constants for cytosine pairs can be expected
due to unfavorable secondary interactions.'” Protonation
of species displaying a DAA hydrogen bonding motif
allows conversion to the corresponding DDA™ species,
which can form heterodimers with molecules displaying a
suitable AAD motif. Cytosine itself can be crystallized as a
hemiprotonated dimer,'! but the solution-phase properties
of this dimer are unknown. The bridging proton between
two molecules of 1-methylcytosine has been reported to be
shared between the two imino nitrogens in the gas-phase
hemiprotonated dimer.'? In this work, we describe the
synthesis of protonated dimeric pairs of cytosine deriva-
tives (Figure 1) and analyze their properties in the solution
and gas phases.
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Figure 2. Solution-phase dimerization of 1 (500 MHz, CDCl;,
32 mM, 298 K). NMR data of [1-H"-1] with differing concen-
trations of CF;CO,H: (a) 1 alone; (b) 0.40 equiv; (¢) 0.50 equiv;
(d) 0.60 equiv; (e) 0.70 equiv; (f) 1.50 equiv; (g) 2.00 equiv.

To confer solubility on the dimer in aprotic solvents,
N-octylcytosine 1 was synthesized by a variant of a pub-
lished procedure.'®> Octylation of commercially avail-
able N*-acetylcytosine gives a combination of mono- and
bis-alkylation products, which can be easily separated after
saponification of the amide, giving clean 1 in 27%
yield over two steps. The electron-withdrawn counterpart,
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S-fluoro-1-octylcytosine 4, could be accessed directly from
S-fluorocytosine, albeit in low yield. 5-Fluoro-1-methylcy-
tosine 2 was synthesized according to literature proce-
dures,'* and 1-methylcytosine 3 is commercially avail-
able. DFT geometry optimizations (B3LYP/6-3114++G**,
Figure 1b) show that the bridging protons of [2-H-2],
[3-H*"-3], and [2-H" - 3] are not shared equally between the
two imino nitrogens. The barriers for the proton to traverse
from one side of the dimer to the other are 4.1, 4.4, and 5.3
kcal/mol for [2-H"-2], [3-H"-3], and [2-H"-3], respec-
tively. Gas-phase IR spectra of various heterodimeric ions
support the notion that the proton is situated on one side of
the dimer in the gas phase.'
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Figure 3. Downfield region of the 'H NMR spectrum of
[1-H*'-1] at low temperatures (500 MHz, CDCls).

N-Octylcytosine 1 is easily soluble in CDCl;. Upon
titration of CF;CO,H to a solution of 1 in anhydrous
CDCl, large changes in the chemical shift of the NH,
protons were observed. The largest shifts (A0 = 4.7 ppm)
were observed after addition of 0.7 molar equiv of
CF;CO,H (Figure 2g). Increased concentration of CF;CO,H
leads to a decreased shift for the NH, protons. At room
temperature, no additional proton resonance was ob-
served. At concentrations of CF;CO,H above 0.7 molar
equiv, [1-H"-1] is converted to 1H'. To confirm the
presence of [1-H"-1] in solution and analyze the nature
of the central proton, the titration was repeated at low
temperature. Upon cooling to 273 K, a broad peak was
observed at ~15.5 ppm, corresponding to the central H of
the hemiprotonated dimer.'® The peak sharpened consid-
erably after cooling to 233 K (see Figure 3 and the
Supporting Information).

The internal peak is sufficiently sharp at 243 K to allow
low-temperature 2D NMR analysis of the dimer (Figure 4).
A 2D NOESY spectrum of [1-H™-1] with 500 ms mix-
ing time shows the exchange processes occurring in the
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mixture. Rapid exchange occurs between the terminal NH,
protons Hy, and H,. As this exchange cannot occur rapidly
in the [1-H"-1] dimer, the exchange must occur in a
monomeric state, corroborating the rapid on/off rate of
dimer formation observed in the "H NMR spectra. The
central proton (H,, Figure 4) shows a strong exchange
crosspeak not with the terminal NH, (H,/H,), but with the
residual water in the system (from added CF;CO,H).
Small NOE crosspeaks can be observed between the
central proton H, and H,, allowing identification of
the individual NH, resonances. NOE spectra taken with
a shorter mixing time (10 ms, see the Supporting Infor-
mation) show exchange peaks between the central proton
and water, but no crosspeaks between Hy, and H,, indicat-
ing proton transfer from the cytosine NH, is far slower
than protonation and dimer formation.
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Figure 4. 2D NOESY Spectrum of [1-H - 1] at low temperature
(600 MHz, CDCl;, 233 K).

The presence of multiple species in rapid exchange with
each other from the complex equilibrium between the acid,
1, [1-H"-1], 1IH" and adventitious water in the sample
makes accurate determination of the association constant
of [1-H"-1] in solution impractical. As the uncertainty in
solution stems from the broad NH peak, gas-phase analy-
sis of the association is more useful. Further information
on the properties of the hemiprotonated dimers can be
obtained by gas-phase MS analysis of the system and
most notably the propensity for heterodimer formation
between different cytosine monomers. Hemiproto-
nated dimers were formed in the gas phase by mixing
solutions containing the individual cytosine monomers
and injecting the solution into an electrospray ioniza-
tion source connected to a mass spectrometer. N-Methyl
variants 2 and 3 were used in the MS analysis to minimize
the effect of different ionization energies in the quantita-
tive analysis.'”

Because only a small percentage of molecules are ionized
using electrospray ionization, the injection ratio can be
directly compared to the ratio of the resultant ionic
species.'® The difference in electronic energies between
the sum of isolated protonated and neutral monomers
and the hemiprotonated dimer can be used to predict the
relative abundance of the dimers in the gas phase. Density
functional theory calculations were performed on the
various hemiprotonated dimers. To account for the differ-
ence in basicity between 2 and 3, the dimers that include the
less basic monomer, 2, have been adjusted by the difference in
the calculated proton affinity between 2 and 3 (6.4 kcal/mol).
Gas-phase IR experiments suggest that only a single
tautomer of the [2-H™-3] heterodimer is present in the
gas phase following electrospray ionization.'> The relative
binding enthalpies (tabulated in the Supporting Informa-
tion) show favored formation of the [3-H™ - 3] homodimer
over the [2-H"-3] heterodimer, which is in turn more
favorable than the [2-H"-2] homodimer.

Me o Me TP
NH2 NH; o N NHy Os N
1| | Kot 1| R
+ )j (kNHN\g ‘el NHN\g\F‘i SN-H Ny .
)\ 2\ T, 1| K ,g T,
2 [3H3]* ['sz]+ [sz]*
b) [2¢H*
a) [3eH*2] [2:H*2)
[3eH*3]
1
150 200 250 m/z 300
) lan
[3eH*3]
[2:H*2]
250 260 270 280 m/z 290 T T |
125 175 225 miz 275

Figure 5. Gas phase analysis of 2-H"-2, 2-H"-3 and 3-H"-3
complexes: (a) mixture of 2 and 3; (b) 2 alone; (c) 3 alone. Minor
peaks correspond to '*C isotopes and MNa™ ions.

Stock solutions (0.05 M) of 2 and 3 were prepared in
50:50 CH3;OH/water to determine the equilibrium con-
stants between the various hemiprotonated dimers con-
taining 2 and 3. Five monomer ratios (70/30, 60/40, 50/50,
40/60, and 30/70) were prepared and analyzed by ESI-MS
(see Figure 5 and Table 1). Five ions are observed in the
mass spectrum: two correspond to the protonated mono-
mers 2-H" and 3-H', two correspond to the hemi-
protonated homodimers [2-H"-2] and [3-H"-3], and
one corresponds to the hemiprotonated heterodimer
[2-H"-3]. The peak intensity ratios of the dimers can be
used to determine the relative equilibrium constants (K.q)
via the scheme shown in Figure 5. The average ratio of the
hemiprotonated dimer intensities observed in the mass
spectrum relative to that of the [2-H"-2] homodimer is
shown in Table 1 for each of the five ratios. As expected,
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ing Information for spectra.
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the relative intensity of the hemiprotonated dimer peak
containing that monomer also increases. The intensity
ratios of the dimers from the mixtures of 2/3 reflect the
relative basicities of the monomers. In the case of the 50/50
mixture of 2/3, the signal for [3-H" - 3] homodimer is over
6 times more intense than [2-H™-2]. This agrees with the
analysis of the calculated binding enthalpies of the two
homodimers that predicts the [3-H" - 3] homodimer to be
6.9 kcal/mol more stable.

K.q(a) is measured to be 0.94 (for graphical plots, see the
Supporting Information), indicating a slight preference for
[3-H"-3] under electrospray conditions, but indicating
that heterodimer formation is energetically accessible.
K.q(b) is much lower, measured to be 0.18, indicating
the strong favorability of [2-H'-3] over homodimer
[2-H"-2]. This supports the notion that the basicity of
the cytosine ring nitrogen plays a major role in the stability
of the dimers. The hemiprotonated dimers containing 3 are
more stable (and more abundant in the gas phase) because
this increased basicity stabilizes the cationic dimer. The
relative intensities of the dimers in the ESI-MS support this
notion as the abundance of the [2-H"-2] ion is less than
that of the other dimers under all injection ratios. At lower
concentrations of 3, heterodimer [2-H™'-3] has a higher
observed abundance due to the fact that the equilibrium
between [2-H"-3] and [3-H"-3] is close to unity and the
equilibrium constant from [2-H'-3] and [2-H"-2] is
small.

Table 1. Average Peak Intensity Ratios in the ESI-MS Spectra
of the Hemiprotonated Dimers Containing 2 and 3, Normalized
to the Ratio of the 2-2 Homodimer

3/2 intensity intensity intensity
ratio ([3-H"-31) ([2-H"-3]) ([2-H"-2])
70/30 24.4 15.6 1.0
60/40 12.0 9.8 1.0
50/50 6.1 7.0 1.0
40/60 2.6 4.3 1.0
30/70 1.0 2.5 1.0
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To determine whether the relative affinities of the het-
erodimer mixtures could be analyzed in solution, 5-fluoro-
1-octylcytosine 4 was combined with 1-octylcytosine 1 and
CF;CO,H in CDCI; (for spectra, see the Supporting
Information). Formation of the [4-H'-4] homodimer
occurs under similar acidic conditions as for the formation
of [1-H"-1]. The 4, [4-H"-4], 4H" equilibrium exchange
is rapid as before, and the central proton can be observed
as a very broad peak at ~16 ppm at 243 K. This peak is far
broader than for [1-H" 1] at the same temperature, how-
ever, which is consistent with the lowered favorability of
dimerization of fluorinated cytosine species in the gas
phase. Dimer formation is observed in solution upon
combination of 4 with 1 in the presence of 0.5 mol.-equiv.
CF;CO,H in CDCl;, but the broadness of the NH peaks
prevents any observation of individual heterodimers.

In conclusion, organic soluble cytosine derivatives have
been synthesized, and their hemiprotonated dimers ob-
served in chloroform solution upon treatment with strong
acid and in the gas phase by ESI-MS. Dimer formation is
controlled by the basicity of the cytosine derivative, with
the 5-fluoro counterparts showing a lower affinity for
acidic self-assembly. This is the first observation of cyto-
sine hemiprotonated dimers in solution outside DNA
strands, and provides a greater understanding of the
formation of uncommon architectures in biological hydro-
gen bonded systems. Further study of targeted self-assem-
bly of these derivatives is underway in our laboratory.
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