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ABSTRACT: Gas phase protonated guanine-cytosine (CGH+) pair was generated using an
electrospray ionization source from solutions at two different pH (5.8 and 3.2). Consistent
evidence from MS/MS fragmentation patterns and differential ion mobility spectra (DIMS)
point toward the presence of two isomers of the CGH+ pair, whose relative populations
depend strongly on the pH of the solution. Gas phase infrared multiphoton dissociation
(IRMPD) spectroscopy in the 900−1900 cm−1 spectral range further confirms that the
Watson−Crick isomer is preferentially produced (91%) at pH = 5.8, while the Hoogsteen
isomer predominates (66%) at pH = 3.2). These fingerprint signatures are expected to be
useful for the development of new analytical methodologies and to trigger isomer selective
photochemical studies of protonated DNA base pairs.

One decade after Watson and Crick (WC) discovered the
double-helix structure of DNA,1 Hoogsteen (Hoo)2

reported a crystal structure in which the base pair had a
different geometry from that reported by WC. The same year,
1963, Löwdin proposed that a proton transfer (PT) reaction
within the WC pair could give rise to point mutations by
formation of rare tautomers.3 The activation energy barriers for
the PT reaction between the bases are on the order of 58−67
kJ/mol,4 and then at room temperature, this process can only
take place by tunneling. However, it has been suggested that
these barriers are strongly reduced upon ionization4−6 or
protonation of the base pair.4

Protonation of the nucleobases is also known to induce the
formation of proton-mediated Hoo pairs.7 These protonated
species play an important role in many biological processes
because they can alter DNA structure by the formation of triple
helices, affecting its biological reactivity.8 WC isomers are more
stable than Hoo structures under physiological pH. However, it
has been shown that under specific conditions their stabilities
can be comparable or even inverted.9−11

Hoo-mediated triplexes have been shown to be involved in
the development of diseases as in the case of the Friedreich’s
ataxia12 and other human diseases recently reviewed.13 It has
been also proved that formation of a triplex can induce
mutations at specific genomic sites in somatic cells of adult
mice.14

More recently, transient Hoo pairs inside of canonical duplex
DNA and specifically bound to transcription factors and
damaged sites were observed.11,15,16 This observation opened a
new paradigm, suggesting that the DNA double helix may also
code for transient Hoo pairs as a way of expanding the genetic
code beyond that achieved based on WC base pairing.15,16

In this context, it thus seems that detailed studies at the
molecular level of a protonated DNA base pairing process is of
high importance for a better understanding of biological
chemistry of DNA. However, rare tautomers and specific
protonation sites within the pairs are hardly detectable by the
biological machinery, and very complicated and time-
consuming experiments such as X-ray crystal diffraction17 or
NMR nuclear relaxation experiments15 have been used to
structurally characterize these species. In addition, many
theoretical efforts have been done to understand these
phenomena,4,7,8,18,19 which need benchmark gas-phase exper-
imental data to prove their validity and universality.
The latest advances in tandem mass spectrometry (MS/MS)

for biological systems20 and its recent coupling to UV and/or
IR vibrational spectroscopy have allowed studying small
proton/metal-bonded complexes,6,21−26 and in this sense, the
five protonated bases27−30 and the protonated pyridine
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homodimers31,32 were characterized so far. On the other hand,
the coupling of ion mobility to MS/MS, which relies on the
interactions of ions with a buffer gas at nearly atmospheric
pressure,33 allows for the separation of isomeric species, which
can then be probed by MS/MS.34

The goal of this work is to report a method to probe the
effect of protonation on the pairing pattern of a cytosine-
guanine (CGH+) pair in solution, either in the WC or Hoo
isomeric structures using tandem mass spectrometry. CGH+

ions generated by electrospray ionization (ESI) are charac-
terized by MS/MS, infrared multiphoton dissociation
(IRMPD) spectroscopy, and differential ion mobility spec-
trometry (DIMS), and it is shown that fingerprints of each
pattern can be derived. This is a very fast method to classify
WC and Hoo pairs and determine the protonation site of the
dimer.
Two solutions containing equal concentrations of C and G

were prepared in methanol/water 50:50 solvent, as explained in
the Experimental and Computational Methods section. The pH
of solution A was 5.8, while in the case of solution B the acidity
was increased up to pH = 3.2. In both cases, the CGH+ ion (m/
z 263) was mass-selected and subsequently fragmented in a
hybrid FT-ICR mass spectrometer by collision induced
dissociation (CID) or IRMPD by irradiation with a free-
electron laser (FEL) of CLIO,35 assisted or not by a CO2
laser.36 Using IR-FEL, infrared multiple photon absorption
provides a slow heating process of molecular ions. As shown
below, the fragmentation patterns are very similar to those
observed when ions are subjected to multiple low-energy
collisions with rare gas atoms. The total intensity of parent ions
in solution B was 1.5 times higher than that in solution A.
Figure 1 shows that the fragmentation pattern upon IRMPD

strongly depended on the solution used to prepare the parent

ion. For solution A, the fragment m/z 152 corresponding to
GH+ was mainly observed with a small contribution of the
fragment m/z 112 corresponding to CH+ (<10%), while in the
case of solution B, both fragments m/z 152 (GH+) and m/z
112 (CH+) were detected at similar intensities, CH+ (49%) and
GH+ (51%) (Figure 1). The different fragmentation patterns
suggest that different structures are populated in each solution.
In order to challenge this hypothesis, DIMS experiments

have been carried out in order to separate CGH+ isomers (m/z

263) and eventually characterize the isomer specific fragmenta-
tion patterns through subsequent MS/MS.
The DIMS spectra recorded for solutions A and B are

reported in Figure 2. In panel a, the abundance of m/z 263 is

plotted against the compensation voltage (CV) and the
experimental data are fitted to Gaussian functions. For both
solutions, two peaks centered at CV (0.76 ± 0.07) and (1.92 ±
0.07) V were observed, suggesting the presence of the same
two isomers of the m/z 263 ion but at significantly different
relative populations at the two pH values of the solution. For
solution A, the relative populations of the isomers appearing at
CV 0.76 and 1.92 V were (10 ± 5) and (90 ± 5)%, respectively,
while in solution B, these populations were (70 ± 5) and (30 ±
5)%, respectively.
Figure 2b,c shows DIMS-MS/MS(CID) spectra. For each

peak, DIMS and mass-selected m/z 263 ions were subjected to
CID. For both solutions, and a CV value set at 1.92 V, the two
GH+ and CH+ fragments are observed, with relative
contributions of (91 ± 3) and (9 ± 3)%, respectively. At a
CV value of 0.76 V, however, the two GH+ and CH+ fragments
are also observed but with relative contributions of (34 ± 2)
and (66 ± 2)%, respectively, for the two solutions. The
reported yields are the averages of both solutions at each CV.
The DIMS spectra shown in Figure 2a thus provide evidence

for the formation of the same two isomers, hereafter called
CGH+(0.76) and CGH+(1.92), produced in significantly
different proportions at each pH value. In addition, the
DIMS-MS/MS(CID) spectra in panels b and c of Figure 2

Figure 1. MS/MS of an isolated CGH+ protonated pair before
fragmentation (upper panels) produced from solution A (left) and
solution B (right) and after fragmentation by IRMPD for which the
fragmentation MS was summed over the spectral range of 1600−1730
cm−1 (lower panels).

Figure 2. (a) DIMS spectra of the parent ion CGH+ (m/z 263)
generated from solution A (blue open squares) and solution B (red
filled circles). (b,c) DIMS-MS/MS(CID) spectra generated from CID
(collision voltage 0.2 V with He) of the parent ion CGH+ (m/z 263)
produced from solution A and solution B, respectively. In these two
panels, in addition to the CGH+ parent ions, ion counts for the
daughter ions GH+ (m/z 152, green diamond) and CH+ (m/z 112,
pink triangle) are also given. The solid lines are the result of the fits to
two Gaussian distributions in each spectrum. Dinitrogen is used for the
desolvation and DIMS carrier gas. The dispersion voltage is set to
1800 V.
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provide evidence for the different fragmentation patterns of
these two isomers. The CGH+(1.92) isomer is the most
abundant isomer in solution A (90%), which is selectively
(91%) fragmented into GH+. The CGH+(0.76) isomer is the
dominant isomer (70%) in more acid conditions, as in solution
B, which is fragmented into both GH+ (34%) and CH+ (66%).
The total contributions of GH+ and CH+ to the MS/MS

spectra of the parent ion obtained from solutions A and B
without DIMS selection is given by the partial contribution of
both isomers to each fragment. Considering solution A, the
total contributions of GH+ and CH+ are (85 ± 9) and (15 ±
7)%, respectively. In the same manner, the total contributions
of GH+ and CH+ in solution B are (51 ± 8) and (49 ± 5)%,
respectively. These results are in very good agreement with
those obtained by MS/MS-IRMPD (Figure 1).
In order to assign the structures of the two CGH+(0.76) and

CGH+(1.92) isomers preferentially populated at the different
pHs, the IRMPD spectra of the parent ion CGH+ (m/z 263)
were recorded.
The IRMPD spectra of the CGH+ ions produced from

solutions A and B are shown in Figure 3, together with the
simulated linear IR absorption spectra of the relevant isomers
for this work. A broad variety of CGH+ structures, generated
from the most abundant neutral and protonated tautomers of C
and G in solution (see the SI), were optimized with the hybrid
density functional theory at the M06-2X/6-311G++(d,p) level.
The solvent effect on the electronic energy was accounted for
in the Dielectric Polarizable Continuum Model (D-PCM). All
of the calculations were performed with the Gaussian 09 suite
of programs.37 All of the calculated structures and their relative
energies and standard Gibbs free energy at 298 K (ΔG298 K),
including the zero-point energy (ZPE) correction, are reported
in the SI (Table SI1).
Figure 4 shows the relevant isomers for the discussion of this

work. Among the different isomers, the two Hoo pairs are the
most stable structures of the CGH+ protonated dimer in the gas
phase, while the protonated WC-N(7)GH+ isomer lies at
higher energy, as shown in Figure 4. However, as reported in

the literature,9−11 the relative population of these isomers in
solution strongly depends on the pH.9−11

The calculated IR spectra for these isomers are in good
agreement with previous theoretical reports by other groups7,19

and are shown in Figure 3 together with the experimental
IRMPD spectra. A comparison with the calculated IR spectra of
other low-energy isomers is reported in Figure SI1. Three
regions of the IR spectra, highlighted in colors in Figure 3, are
of special interest for the discussion.
The most structurally diagnostic region is the CO

stretching modes region (1700−1900 cm−1). The IR spectrum
associated with solution A has a fingerprint band at 1786 cm−1

that is assigned to the CO stretching mode of G in the WC-
N(7)GH+ isomer (calculated at 1784 cm−1). In the case of
solution B, the band centered at 1848 cm−1 is assigned to the
CO stretching mode of C in the Hoo-N(3)CH+ isomer
(calculated at 1850 cm−1), which is the only isomer with a
predicted IR absorption band above 1800 cm−1. The strong
band at 1743 cm−1 in the case of solution B could also be
assigned to an IR absorption band of the Hoo-N(3)CH+

isomer calculated at 1749 cm−1, corresponding to the CO
stretching mode of G. It should be noted, however, that the

Figure 3. IRMPD spectra of the parent ion CGH+ (m/z 263) (upper panels) produced from solution A (left) and solution B (right) upon 250 ms of
FEL irradiation time. The pink line (upper-left panel) was recorded with a FEL irradiation time of 500 ms. The lower panels show the calculated
linear absorption IR spectra (M06-2X/6-311G++(d,p)) that best fit the experimental one: the most stable WC isomer protonated on N(7)GH+

(blue) and the Hoo isomers with the proton closer to N(3)CH+ (red) or to N(7)GH+ (green). The vibrational frequencies were corrected by a
factor of 0.983.38 The three spectral regions highlighted in color bars are discussed below.

Figure 4. Most stable Hoo and WC structures of the protonated
CGH+ dimer, calculated at the M06-2X/6-311G++(d,p) level with the
Gaussian 09 suite of programs.37 In the figure, the ΔG at 298 K is
depicted. The green marks indicate the position of the H+ in the
dimer.
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contribution of other isomers to the IRMPD spectrum of
solution B cannot be excluded. For example, the Hoo-
N(7)GH+ isomer has a band predicted at 1748 cm−1 (CO
stretching mode of C) that could also contribute to the strong
IRMPD band at 1743 cm−1. Furthermore, this band is
asymmetric, and its shoulder at 1797−1788 cm−1 could be
assigned to the CO stretching mode of G in the Hoo-
N(7)GH+ isomer (1790 cm−1) and/or to the CO stretching
mode of G (1786 cm−1) in the WC-N(7)GH+ isomer.
The spectral assignments in the NH2 bending and ring C−N

stretching modes region (1600−1700 cm−1) are consistent with
those in the CO stretching region. In the case of solution A,
the intense band observed at 1687 cm−1 nicely matches the
band of the WC-N(7)GH+ isomer predicted at 1692 cm−1. In
solution B, a double peak at 1658 and 1615 cm−1 is observed in
this region. The red shift of these features with respect to
solution A is consistent with the predicted IR absorption
spectra, and these two features could be assigned to the
presence of both Hoo-N(3)CH+ (1654 cm−1) and Hoo-
N(7)GH+ (1662 cm−1) isomers. Nonetheless, contribution
from WC isomers, such as the WC-N(7)GH+ isomer, cannot
be excluded.
Finally, the IRMPD spectrum of solution B shows a double

peak in the low-energy region. The peak at 1182 cm−1

correlates with the calculated peak at 1190 cm−1 for the
Hoo-N(3)CH+ isomer, while the most intense peak at 1217
cm−1 is assumed to be due to the peak calculated at 1215 cm−1

for the Hoo-N(3)CH+ isomer and the one calculated at 1214
cm−1 for the Hoo-N(7)GH+, resulting in a higher intensity.
IRMPD spectroscopy in the 1100−1900 cm−1 range thus

allows for structural assignment of the two isomers identified by
DIMS. A WC structure, more precisely the WC-N(7)GH+

protomer, can be assigned to isomer CGH+(1.92), which is
found to be preferentially formed from solution A. In the case
of the CGH+(0.76) isomer, which is found to be preferentially
formed from solution B, the above analysis suggests that two
Hoo structures should be considered, with the proton bounded
to N(3)C or N(7)G. These two isomers exist in a double-well
potential coupled by the proton motion whose frequency is
2526 and 2008 cm−1 for the N(3)C and N(7)G isomers,
respectively, and connected through a low-energy barrier (12.4
kJ/mol, calculated at the M06-2X/6-311G++(d,p) level).
Accounting for the ZPE of the proton motion between C
and G, the ground-state vibrational level is located at 2.8 kJ/
mol above the energy barrier (see Figure SI2). Therefore, both
Hoo isomers should coexist in their ground state, independent
of the temperature of the system.
As a conclusion, IRMPD and DIMS results provide evidence

for a change of isomer population when the pH changes. At pH
5.8 (solution A), the most abundant isomer is a WC isomer,
while at lower pH (3.2, solution B), Hoo isomers are the most
abundant.
The WC pair is stable in solution A (pH = 5.8) and the most

abundant CGH+ isomer because Hoo pairs are not expected to
efficiently compete with WC pairs, unless N(3)C (pKa = 4.5)39

or N(7)G (pKa = 3.3)39 is protonated,10,11 although transient
Hoo pairs with lifetimes of only 0.3−1.1 ms have been recently
observed at higher pH.11,15,16 The WC structure is retained
upon the ESI process, where it is probably protonated on the
available position of the dimer with the highest proton affinity
(N(7)G) (see Table S1). Then, upon fragmentation by CID or
IRMPD, the most abundant observed fragment is GH+ (91 ±
3)% because fragmentation to CH+ requires previous isomer-

ization to one of the Hoo isomers. This isomerization involves
a very large nuclear rearrangement, including the dissociation of
two H-bonds of the WC isomer and the rotation of the GH+

moiety, which is entropically disfavored. Experiments were
carried out using irradiation with the FEL at full power and
simultaneous CO2 laser irradiation, but no change in the
fragmentation pattern was observed. It thus seems that the
isomerization rate is slower than the rate of direct dissociation
to GH+, which is a simple bond breaking, and as a consequence,
the fragment CH+ is hardly observed (9 ± 3)%.
In solution B (pH = 3.2), the concentration of protons allows

the protonation of N(3)C (pKa = 4.5) and N(7)G (pKa = 3.3),
and then, an appreciable concentration of the Hoo isomer can
be produced and it becomes the most populated structure in
solution, as expected from previous reports.10,11 The Hoo
structure is kept upon the ESI process, and it is likely that two
Hoo isomers are formed because vibrational signatures from
both are observed in the IRMPD spectrum. In addition, the
ground-state vibrational level along the PT coordinate is
located above the energy barrier for this process, ensuring that
both isomers coexist in the ground state.
Finally, although the MS/MS pattern of solution B shows

equal intensities of the daughter ions GH+ and CH+, the isomer
selected MS/MS obtained from the DIMS-CID experiments
indicates that in the case of the Hoo isomer the CH+ fragment
is twice more abundant than the GH+ fragment. This is
counterintuitive because the proton affinity of N(7)G (960.1
kJ/mol) is larger than the proton affinity of N(3)C (955.5 kJ/
mol).40 However, this anomalous dissociation is in agreement
with previous results41 suggesting that the Cook’s kinetics
method42,43 for determining the proton affinity of C and G is
not completely applicable to this system.
From the results of this work, three conclusions are

highlighted:

(1) The protonated CGH+ WC or Hoo isomers can be
prepared in solution and isolated by DIMS, and their
structure is preserved upon the ESI process. This can be
significant for the experimental study of the structure and
PT reactions within the pairs, relevant in point
mutations, as suggested earlier by Löwdin.3

(2) The DIMS-MS/MS(CID) patterns and IRMPD finger-
prints of each isomer allow unequivocal assignment of
them. This is expected to be applicable as an easy
methodology based on MS/MS and/or IRMPD to
determine the existence of Hoo pairs associated with
diseases and mutations in real samples.

(3) The detailed dynamics governing the PT should be
carefully considered in application of the Cook’s kinetic
method for determination of the proton affinities of these
bases.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

Two solutions containing 400 μM C and 400 μM G were
prepared in a methanol/water 50:50 solvent. The pH of
solution A was 5.8, while in the case of solution B, acetic acid
was added to increase the acidity up to pH = 3.2.
In both cases, the CGH+ ion (m/z 263) was mass selected in

the quadrupole mass filter stage of a hybrid FT-ICR mass
spectrometer (7T FT-ICR Bruker Apex Qe), subsequently
accumulated in the hexapole trap, and finally fragmented by
CID (at 10−3 mbar of Ar and 0.5 V) in the same trap or by
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IRMPD in the ICR cell by irradiation with the FEL of CLIO,35

assisted or not by a CO2 laser.
36

By monitoring the intensities of parent (Iparent) and resulting
fragment ions (Ifragment) as a function of the laser frequency, the
IRMPD spectra were obtained as the fragmentation efficiency Y
= −ln(Iparent/[Iparent + ∑ Ifragment]).
DIMS has also been used to probe the isomeric diversity of

CGH+. A Bruker Esquire 3000+ instrument has been used, and
details can be found elsewhere.44 The DIMS device is mounted
at the place of the spray shield. Ions drift axially between two
parallel electrodes transported by a gas flow from atmospheric
pressure down to the capillary transfer. Space separation of the
ions relies on their radial oscillations induced by an asymmetric
radio frequency electric field applied on the two electrodes. A
dc offset, called the CV, is applied to one electrode and can be
adjusted allowing for the selection of specific ions.45 In the case
of DIMS-MS/MS(CID) experiments, He was used as the
collider and the collision voltage was set at 0.2 V.
The potential energy surface of the CGH+ complex was

explored by hybrid density functional calculations at the M06-
2X level using the 6-311G++(d, p) basis set for the C, H, N,
and O atoms. All of the gas-phase optimizations were
performed on a counterpoise-corrected PES because, for
relatively flat PESs, this method gives more precise geometrical
parameters and therefore more accurate vibrational frequencies
(see the SI).46 The solvent effect was accounted for the D-
PCM. All of the calculations were performed with the Gaussian
09 suite of programs.37

The relative Gibbs free energies were computed at the same
theory level and at 298 K because it has been established that
the temperature of the ions (thermalized by collisions with He)
in the 3-D quadrupole ion trap47 used for the DIMS
experiments and in the hexapole linear trap of the hybrid FT-
ICR (thermalized by collisions with Ar) used for the IRMPD
experiments48 is close to room temperature.
Spectral assignment was achieved by comparing experimental

IRMPD spectra and calculated linear IR spectra. The calculated
vibrational frequencies were corrected by a factor of 0.983.38

The IR linear absorption spectra of each minimum of energy
were computed at the same level of theory. For the sake of
comparison, calculated bands were convoluted assuming a
Gaussian profile with a 10 cm−1 full width at half-maximum
(fwhm), while the IRMPD line width intrinsically depends on
the finite laser bandwidth of 0.5% of the central wavelength
(corresponding to Δν = 5.0−10.5 cm−1 for ν = 1000−2000
cm−1). It should be noted that, as usual in IRMPD
spectroscopy, the relative calculated intensities do not
necessarily fit the experimental one due to the linear and
nonlinear character of the theoretical and experimental spectra,
respectively.
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