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Abstract. Here, we study the metastable decay of 5 -d(TTGCTT) in the presence of 0–6 alkaline metal ions
(Li+ , Na+ , K+ , Rb+ ) and 0−3 alkaline earth metal ions (Mg2+ and Ca2+ ), which replace the corresponding
number of protons in the oligonucleotide. We ﬁnd that all ions studied here stabilize the oligonucleotide
with respect to simple 3 -C–O backbone cleavage, but at the same time these metal ions promote a central
oligonucleotide deletion accompanied by a concomitant recombination of the terminal d(TT) groups. We
ﬁnd that the quenching of the 3 -C–O backbone cleavage is not ion speciﬁc, since it is due to the removal
of the phosphate protons upon replacement with the respective metal ions. The central nucleotide deletion
competes with the 3 -C–O backbone cleavage channels and is thus promoted through the replacement of
the exchangeable protons against metal ions. However, with increasing positive charge density of the metal
ions the yield of the central nucleotide deletion further increases. We attribute this eﬀect to the necessity
of suﬃcient proximity of the terminal d(TT) group to allow for their recombination on this reaction path.
Hence, the formation of a reactive conformer is mediated by the metal ions.

1 Introduction
The role of cations in stabilizing DNA and RNA structures, as well as their role in the respective reaction kinetics and catalytic activity of these biologically essential macromolecules is currently a very active research
ﬁeld [1]. The most important cations in biological media
are diﬀerent polyamines, the monovalent alkaline metal
ions Na+ and K+ and the bivalent alkaline earth metal
ions Mg2+ and Ca2+ . In solution, the solvated metal ions
can bind unspeciﬁcally with the phosphate groups through
diﬀuse electrostatic interactions and stabilize the DNA
through shielding of the abundant excess charge of a DNA
strand. The metal ions can, however, also bind sequence
speciﬁcally to the DNA or RNA strands, stabilizing certain conﬁgurations and inﬂuencing the overall reactivity
of the respective macromolecules. Examples of such speciﬁc binding to DNA molecules are the increased Na+
concentration at the ApT site of the minor groove of the
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Dickerson-Drew dodecamer [2–4], and the role of cations
in the stabilization of the A-, B- and Z-DNA [1]. Furthermore, in RNA particular structural motives, such as
loop E motives and AA platforms have been correlated
with speciﬁc metal ions. In the former case these are Mg2+
ions [5–7] and in the latter case K+ ions [8]. Furthermore,
the bivalent cation Mg2+ is found to be critical for the
formation/stabilization of certain helical junctions [9] and
the monovalent cations Na+ and K+ are found to be critical in stabilizing diﬀerent conformers of guanine quadruplexes [10,11]. The screening of the negative charges of
the DNA backbone by mono- or divalent cations is also
exploited to fabricate dense artiﬁcial DNA origami nanostructures [12] and to electrostatically anchor them onto
a substrate, e.g., to study sequence-speciﬁc radiation induced processes in DNA at the single-molecule level [13].
Until fairly recently the studies of secondary and tertiary structures of native DNA and RNA components and
their metal adducts were limited to solution studies or
crystallographic examination. In the meanwhile, however,
electro spray ionization (ESI) and matrix assisted laser
desorption/ionization (MALDI) mass spectrometry have
made gas phase studies of quite large DNA and RNA
components feasible. In many cases such studies, performed on the isolated molecular species, provide detailed
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information on the mechanisms of the unimolecular reactivity of these species. However, in the absence of the
shielding eﬀect of solvent molecules, secondary and tertiary DNA and RNA structures obtainable in solutions
will not necessarily prevail in the gas phase. A number of
studies on double stranded oligonucleotides (ONT) have
shown that the double strands are conserved in the gas
phase and strong indications exist that Watson-Crick base
pairing is at least partly preserved [14–16]. Furthermore,
through the recent combination of ESI with ion mobility
(IM) measurements, it was shown that ONT ions generated in ESI, can at least partly maintain their helical solution structure in the gas phase [14]. Also, in mass spectrometric studies, guanine rich sequences have been shown
to aggregate to quadruplexes in the gas phase [17,18] and
ESI/IM measurements in combination with MD calculations show strong indications that these maintain their solution structure in the gas phase (at least for the duration
of these experiments (1 ms)) [14].
In previous work, we have studied the inﬂuence of
sodium ions on the stability of hexamer (and octamer)
ONTs of the general sequence 5 -d(TTXYTT) with X =
Y = A, G or C [19–23]. Hence, two central high PA
base nucleotides are surrounded by terminal, more stable d(TT) chains (d(TTT) for the octamers). In these
studies it was established that replacing the exchangeable protons against sodium ions stabilizes the ONTs by
gradually quenching the 3 -C–O bond cleavage generally
observed in PSD of protonated ONTs. These fragmentation channels were attributed to an initial loss of a high
PA base in the 3rd or 4th position, respectively, followed
by a proton transfer from the central phosphate group to
the second high PA base and subsequent cleavage of either the third (w3 ) or fourth (a4 – B4 ) 3 -C–O bond (see
Figs. 1a and 1b). However, in addition to this stabilization
eﬀect it was found that replacement of the exchangeable
protons against sodium ions also gradually opens up a
new, intriguing fragmentation channel. This channel constitutes a central nucleotide deletion and a recombination
of the terminal fragments. The extend of this channel was
found to increase with increasing number of protons exchanged against sodium ions up to 5 sodium ions, but to
be abruptly turned oﬀ when the 6th proton was exchanged
against a sodium ion. In these studies, no qualitative difference was found for diﬀerent central bases as long as
these were the high PA bases A, G or C, but the extent of
fragmentation through the w3 and a4 – B4 channels was
found to be critically dependent on the proton aﬃnity of
the central bases. Furthermore, when the higher PA base
was in the 3rd position the w3 channel dominated, but the
a4 – B4 channel dominated when the higher PA base was
in the 4th position.
In the current study we extend this work to encompass the alkaline metal ions Li+ , Na+ , K+ and Rb+ , as
well as the alkaline earth metals Mg2+ and Ca2+ . The
sequences 5 -d(TTGCTT) and 5 -d(TTCATT) were considered, but as these show very similar behavior we limit
our discussion here to 5 -d(TTGCTT) as an illustrative
example. In particular, we seek to de-convolute the eﬀect

simply brought by through the removal of the exchangeable protons and the eﬀects brought by through the inﬂuence of the metal ions. While the ﬁrst is independent
of the properties of metal ions the latter is expected to
depend critically on these. Mainly we expect the radius of
these ions, their positive charge density and their coordination to play a role. While the coordination is expected to
be clearly diﬀerent for the alkaline and alkaline earth ions,
the radius of the ion within each group increases gradually
with increasing atomic number: Li+ (0.59−0.92 Å), Na+
(0.99−1.39 Å), K+ (1.51−1.78 Å), Rb+ (1.52−1.83 Å),
Mg2+ (0.71−1.03 Å) and Ca2+ (1.00−1.34 Å) [24].

2 Experiment
The experimental setup and the measurement procedures
have previously been described in detail [23]. In brief,
the metastable decay measurements were carried out with
a commercial MALDI time of ﬂight mass spectrometer (TOF-MS); REFLEX IV (Bruker Daltonics, Bremen,
Germany) that is operated in post-source decay (PSD)
mode. The REFLEX IV is a reﬂectron type UV-MALDITOF equipped with a 400 µJ/pulse N2 -laser operating at
1−10 Hz and 337 nm. The experiments were performed in
positive ion, pulsed delayed extraction mode with 400 ns
delay time. The total acceleration voltage was 25 kV resulting in about 30 µs ﬂight time through the ﬁeld free
linear region of the TOF-MS. Protonated parent ions are
mass selected with an ion gate placed about 75 cm downstream from the acceleration region. The width of the
mass gate was set to be ±3 u when measuring lithium
adducts and ±5 u when measuring the sodium adducts,
but was set to ±10 u in all other experiments. After the
linear ﬂight, the ions were mass analyzed with the reﬂectron and detected on a double micro-channel plate detector. The reﬂectron voltage was stepped down in seven
segments to assure for observation of all fragment masses
from the precursor mass, down to m/z = 600. Each segment is the sum of 500 laser shots and is recorded by
using the FlexControlTM software provided by the manufacturer. The segments are combined and calibrated to
create one PSD mass spectra, using the FlexAnalysisTM
software, also provided by the manufacturer. In all experiments, the laser power was kept about 10% above
the detection threshold of the respective molecular ions.
Mass accuracy was veriﬁed by comparing the measured
mass of the precursor and that of the w2 and w3 fragments (nomenclature by McLuckey et al. [25]) with the
calculated masses.
Sample preparation with sodium chloride was carried
out as described previously [22]. In brief, a 0.1 mM ONT
solution was mixed with 0.5 µL of 10 mM NaCl solution
and mixed with 2 µL of saturated aqueous solution of
2,5-dihydroxybenzoic acid (DHB). The solution was then
spotted on a polished stainless steel sample plate and allowed to dry in air. For sample preparation with LiCl, KCl,
RbCl, MgCl2 and CaCl2 salts, 2 µL of saturated aqueous
solution of 2,5-dihydroxybenzoic acid (DHB), was spotted on a polished stainless steel sample plate and allowed
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Fig. 1. Reaction scheme showing the molecular structures of 5 -d(TTGCTT) and the most important fragmentation products
observed in their metastable decay, namely the w3 (a), a4 – B4 (b) and (R – H2 O)dT4 (c), which is due to the central nucleotide
deletion. The formation of (R – H2 O)dT4 , reaction channel (c), opens up after the exchange of two protons against metal ions
and is abruptly “turned oﬀ” when six protons are exchanged against metal ions. The backbone cleavage channels (a) and (b),
on the other hand, are gradually quenched with increasing number of protons exchanged against sodium ions and are generally
close to quantitatively quenched when four protons have been exchanged against metal ions.

to dry in air. Subsequently the respective salt solutions
were added to the dried matrix and the spot was allowed
to dry again. The reproducibility with diﬀerent salt concentration was rather poor, but in general post spotting
the matrix with 0.5 µL of 10 mM salt solution gave reasonable intensities of parent ions containing 0−6 alkaline
metal ions or 0−3 alkaline earth metal ions. After spotting and drying the matrix with the K and Rb salt solutions, 0.5 µL of a 0.1 mM aqueous solution of the ONTs
was added and allowed to dry in the air. For preparations of samples containing Li, Mg and Ca salts, on the
other hand, 0.5 µL of the 0.1 mM aqueous ONT solutions
r
were desalted prior to spotting by following the ZipTip
(Millipore, Billerica, US) procedure for ONTs and eluted
with 0.5 µL of a 50% mixture of isopropanol and deionised
water. The ONTs isopropanol/water elute was then spotted on the dried matrix/salt spot and allowed to dry again.
The hexameric ONTs TTGCTT and TTCATT were
synthesized and puriﬁed in-house as previously described
in detail [22].

3 Results and discussion
Figure 1 shows the molecular structure of the parent
hexameric oligonucleotide 5 -d(TTGCTT) and the structure of the most important fragmentation products observed in metastable decay. These are the w3 , a4 – B4
and the fragment resulting from the central nucleotide
deletion, which in the following is referred to as (R –
H2 O)dT4 , where (R – H2 O) signiﬁes the rest of the ribose that remains from the two nucleotides eliminated.
The w3 and a4 – B4 fragments, channels (a) and (b), are
the main 3 -C–O backbone cleavage channels while the (R
– H2 O)dT4 fragment formation, channel (c) constitutes a
central nucleotide deletion and recombination of the terminal d(TT) groups. The backbone cleavage channels (a)
and (b), are gradually quenched with increasing number
of protons exchanged against sodium ions and are generally close to quantitatively quenched when four protons
have been exchanged against metal ions. The formation of
the (R – H2 O)dT4 fragment, on the other hand opens up
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Fig. 2. PSD spectrum of protonated 5 -d(TTGCTT) in
the m/z range 550−1900.

after the exchange of two protons against metal ions and
is abruptly “turned oﬀ” when six protons are exchanged
against metal ions.
3.1 Quenching of w3 and a4 -B4
fragmentation channels
The PSD spectrum of protonated 5 -d(TTGCTT) is
shown in Figure 2. It is characterized by the loss of
G and/or C, initiated by protonation of one of these
bases, and cleavage of the 3 -C–O bond subsequent to
the base eliminating (w3 and a4 – B4 ). For detailed
discussion on the mechanism behind these channels we
refer to references [21,22] and literature cited therein.
The PA of the DNA nucleobases increases in the order
T < A < C < G [26] and correlates directly with their stability in PSD of the protonated ONTs [22]. The loss of
these bases, rather than thymine, is thus attributed to
their high PA. For 5 -d(TTGCTT) the w3 fragmentation is the most dominant channel, since the higher PA
base (G) is located at the third position. In the case of
5 -d(TTCGTT), on the other hand, (not considered here),
the a4 – B4 channel dominates [21].
Figure 3 shows PSD spectra of 5 -d(TTGCTT) after
exchange of the phosphate protons with 1−6 alkaline ions
(Li+ , Na+ , K+ , Rb+ ). The spectra are shown in the m/z
range covering the w3 and a4 – B4 fragments and the
central nucleotide deletion discussed above. Further fragments rooting from diﬀerent backbone cleavage channels
are also visible in the spectra. Most noticeable of these is a
fragment that appears 112 mass units below the respective
a4 – B4 fragments. This fragment, which we attribute to
a 5 -P–O bond rupture after the third nucleoside, is most
obvious in the traces where protons have been exchanged
against potassium or rubidium ions. The backbone cleavage channels all show qualitatively the same trend when
protons are exchanged against alkaline or alkaline earth
metal ions and we thus limit our discussion to the most
pronounced w3 and a4 – B4 channels. Also, in the traces
where 3 protons have been exchanged against alkaline ions
in the parent molecule, signiﬁcant satellite peaks due to
a fraction of the w3 contribution that contains only two
alkaline metal ions are present. This eﬀect is also visible in
the traces where 4 protons have been exchanged against
alkaline ions, but to a much lesser extent.

Since the backbone cleavage depends critically on the
availability of a phosphate proton, the reaction is gradually quenched when the phosphate protons are replaced by
the metal ions. To enable a comparison of the signal intensities between the spectra, the intensity scale is normalized
to the sum of the signals representing the precursor ions
for the backbone cleavage reactions, i.e., the protonated
parent ions MH+ and the protonated parent ions after
loss of G or C ([MH+ – G] and [MH+ – C]), respectively
(M represents the molecular precursor with the respective
metals). The PSD spectra shown in Figure 3 demonstrate
that the quenching of the backbone cleavage (w3 , a4 – B4
fragments) occurs to a similar extent for all alkaline ions.
In the presence of four Li+ or Na+ ions the quenching
of the backbone cleavage is complete, whereas one more
ion is required in the case of K+ and Rb+ . The quenching of these channels is also observed with alkaline earth
metal ions, as is shown in Figures 4a and 4b, which display the PSD spectra of protonated 5 -d(TTGCTT) where
exchangeable protons have been replaced with the doubly charged ions Mg2+ and Ca2+ , respectively. The backbone cleavage is in these cases already suppressed by two
Ca2+ or Mg2+ ions, compared to the alkaline metal ions
where at least four ions are required for complete quenching of these channels. This is readily understandable as
two of these alkaline earth metal ions replace four protons.
Hence, the quenching of the w3 and a4 – B4 channels is
solely the result of the removal of the exchangeable protons and does not depend on the nature of the metal ions.
This is also concordant with the ﬁrst step in the mechanism behind the formation of these fragments (after the
base loss) involving a proton transfer from a neighboring
phosphodiester group [22].
3.2 Central nucleotide deletion
Apart from the quenching of the 3 -C–O backbone
cleavage the replacement of the exchangeable protons with
alkaline or alkaline earth ions induces a remarkable deletion of the two central nucleotides less a dehydrated ribose rest that remains with the charged fragment. This
channel gives rise to the formation of the fragment ion
(R – H2 O)dT4 , which is composed of all the two terminal thymidine units and thus requires a recombination of
these. As described previously [21], the loss of the high
PA base is the initial step for this reaction. The base loss
is then anticipated to be followed by a nucleophilic attack
of an adjacent phosphate at the positively charged sugar
residue that results from the base loss. This leads to an
elimination of the second high PA base as a neutral fragment and a recombination of the terminal d(TT) groups.
The initial step in the formation of (R – H2 O)dT4 , i.e., the
base loss, is thus the same as the initial step leading to the
w3 and a4 – B4 fragments. From Figure 3 it can be seen
that the formation of (R – H2 O)dT4 apparently starts to
be operative in the presence of 1−3 alkaline ions. For Li+
ions the signal is already discernable when one proton has
been replaced, for Na+ ions when two protons have been
replaced, for K+ when one proton has been replaced and
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Fig. 3. PSD spectra of protonated 5 -d(TTGCTT) with 1−6 protons exchanged against alkaline metal ions Li+ (a), Na+ (b),
K+ (c), and Rb+ (d). The respective m/z range shown is chosen for convenient comparison of the backbone cleavage (w3 , a4
– B4 ) and central nucleotide deletion channels ((R – H2 O)dT4 ). Intensity scales were normalized to the sum of the intensities
recorded for the respective protonated parent ions MH+ , and the MH+ – G and MH+ – C base loss peaks.

for Rb+ when three protons have been replaced. However, due to the gate width of about 6 Da the Li+ ion
coordinated ONTs cannot be unambiguously assigned to
a single species and we attribute the occurrence of the (R
– H2 O)dT4 fragments in the PSD spectrum with one Li+
ion to a contribution from the protonated ONT with two
Li+ ions. Similarly we attribute the weak signal of the
(R – H2 O)dT4 fragment seen in the PSD spectra for one
K+ to protonated 5 -d(TTGCTT) after exchange of two
protons against Na+ , since the presence of Na+ ions cannot be completely avoided. We are thus conﬁdent to state
that for Li+ , Na+ and K+ two protons must be exchanged
against the metal ions to initiate this channel, while three
are needed in the case of Rb+ . As described in the experimental section, individual segments of the mass spectra
are recorded sequentially. These are however recorded under identical conditions and are composed of 500 individual laser shots each. Thus, while the comparison between
diﬀerent segments is not a strict quantitative measure, it
still gives a fair picture of the relative intensity of individual fragments. From the PSD spectra with three alkali
ions in Figure 3, it can be seen that the (R – H2 O)dT4
formation is more intense than the w3 fragmentation for
Li+ and Na+ , but less intense for K+ and eventually very
weak for Rb+ . To visualize this eﬀect more clearly the intensity ratio of the (R – H2 O)dT4 /w3 signals for parent

ions with three protons exchanged against alkaline metal
ions is plotted in Figure 5. It is clear from this ﬁgure (and
Fig. 3) that the central nucleotide deletion becomes less
favorable with increasing size of the alkaline metal ions,
hence, with decreasing positive charge density.
Qualitatively the same behavior is observed in the PSD
spectra of the protonated 5 -d(TTGCTT) when the exchangeable protons have been replaced by the bivalent
alkaline earth metal ions Mg2+ and Ca2+ (Fig. 4). In
the presence of one of these ions, the intensity of the
(R – H2 O)dT4 signals is already higher than the w3 signals, and it is also clear from Figure 4, that the (R –
H2 O)dT4 formation is more eﬃcient in the case of Mg2+
than in the case of Ca2+ . This, in turn, supports our conclusion above that increasing positive charge density promotes this channel.
Figure 6 compares the PSD spectra obtained for
5 -d(TTGCTT) with four protons exchanged against four
Na+ ions and two Ca2+ ions, respectively. In both cases
the w3 fragmentation is completely quenched but the
(R – H2 O)dT4 fragment occurs to be less intense in the
case of the Ca2+ ions when compared with the G/C base
loss fragments, proceeding this channel. Na+ and Ca2+
ions possess almost the same ionic radius, but diﬀerent
positive charge density, however, a comparison as given
above is not necessarily valid as here we are comparing
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(R - H2O)dT4

(R - H2O)dT4
w3 a - B
4
4 (R - H O - 80)dT
2
4

w3 a4 - B4

(R - H2O - 80)dT4

Fig. 4. PSD spectra of protonated 5 -d(TTGCTT) with 2, 4
or 6 protons exchanged against alkaline earth metal ions Mg2+
(left panel) and Ca2+ (right panel). The respective m/z range
shown was chosen for convenient comparison of the w3 , a4 – B4
and (R – H2 O)dT4 fragmentation channels. Intensity scales
were normalized to the sum of the intensities recorded for the
protonated parent ions MH+ , and the MH+ – G and MH+ –
C base loss peaks.

the inﬂuence of four ions against that of two ions and the
coordination is thus very diﬀerent. Nonetheless, from the
comparison of these spectra as well as those shown in Figures 3 and 4 it is clear that the number of exchanged protons is the most important factor determining to which
extent the central nucleotide deletion is operative, and
that the inﬂuence of the positive charge density and the
coordination of the respective ions is of less importance.
This is concordant with a picture, in which the backbone cleavage and the central nucleotide deletion are competing channels. Both these channels are initiated through
protonation of the highest PA base and subsequent base
loss. The backbone cleavage, however, is also critically
dependent on the availability of an exchangeable proton at one of the phosphate groups and is thus gradually quenched as these are replaced by metal ions, and
is generally close to being quantitatively quenched when
four protons have been replaced. This in turn shifts the
branching ratio in favor of the (R – H2 O)dT4 formation.
This channel, however, is also dependent on the reactive
ONT conformation that enables the deletion of the central
nucleotides and concomitant recombination of the terminal nucleotides. This reactive conformation is established
through coordination to the metal ions and from Figures 3–5 it is clear that this coordination is favored with
increasing positive charge density of the ions. This interpretation is further supported by the observation that the
(R – H2 O)dT4 is abruptly turned oﬀ when the sixth proton is exchanged against a metal ion. Hence, the ﬁrst ﬁve
ions replace the protons at the phosphate groups, whereas
the sixth charge must be coordinated to the highest PA
base. The quenching of the (R – H2 O)dT4 fragment after
complexation with six charges can thus be explained by
the inhibition of the initial fragmentation step, i.e., the
protonation and subsequent elimination of the highest PA

Fig. 5. Plot of the ratio of signal intensities of the (R
– H2 O)dT4 fragment to that of the w3 fragment ((R –
H2 O)dT4 /w3 ) in the presence of three alkaline ions.

Fig. 6. Comparison of PSD spectra of protonated
5 -d(TTGCTT) with 4 protons exchanged against four sodium
ions Na+ (upper spectrum) and two calcium ions Ca2+
(lower spectrum). Intensity normalization was performed as
in Figure 2.

base. The weak signals in the case of three Ca2+ or Mg2+
ions, respectively, is most likely due to a limited coordination of the third ion to both a phosphate group and the
central nucleobase.
Finally we note that the minor fragmentation channel
(R – H2 O-80)dT4, that is obviously related to the central
deletion, was discussed previously [22], where it was tentatively ascribed to an additional loss of either HPO3 or
C5 H4 O. This fragment is signiﬁed in the mass spectra for
the sodium, calcium and magnesium ions, where it is most
apparent.

4 Conclusion
The present study demonstrates that the substitution of
the exchangeable protons with metal ions has a profound
eﬀect on the PSD reactivity of protonated ONTs, and that
such substitution can both quench reactions and open up
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new fragmentation channels. It is also clear that these
eﬀects are not restricted to the previously studied Na+
complexes, but are generally observed in PSD of complexes of the hexamer 5 -d(TTGCTT) with alkaline and
alkaline earth metal ions. It is also clear that the main
channels, i.e., the backbone cleavage leading to the w3
and the a4 – B4 fragments and the central nucleotide deletion leading to the (R – H2 O)dT4 fragment, are critically
dependent on the availability of a proton at one of the
high PA bases. Hence, both these channels proceed after an initial high PA base loss (see also Refs. [21,22]).
The formation of the w3 and a4 – B4 fragments through
a phosphodiester bond rupture, however, is also critically
dependent on the availability of a proton at one of the
phosphate groups, as is clear from the gradual quenching
of these channels with increasing number of phosphate
protons exchanged against metal ions. As the central nucleotide deletion leading to the (R – H2 O)dT4 formation
and the backbone cleavage leading to the w3 and a4 – B4
fragments are competing channels (after the initial base
loss), the sequential quenching of the backbone cleavage
through substitution of the phosphate protons by metal
cations gradually favors the central nucleotide deletion
leading to the (R – H2 O)dT4 formation. The extent of
this eﬀect depends merely on the number of removed protons and is thus only dependent on the number of charges
carried by the respective cations. However, for the (R –
H2 O)dT4 formation, a certain proximity of the recombining terminal d(TT) groups is necessary, hence, the formation of this fragment requires a folding of the ONTs
that must be stabilized through the respective cations involved. This eﬀect is, in turn, much more subtle than the
simple removal of the phosphate protons and depends on
the nature and the coordination of the cations within the
respective DNA strands. The fact that both these eﬀects
contribute to increasing appearance of the (R – H2 O)dT4
fragment in the mass spectra makes it diﬃcult to entangle
the role of the individual cations in enabling the folding
required for the (R – H2 O)dT4 formation. Nevertheless, it
is clear from the current study that this folding is favored
with increasing positive charge density on the cations.
In this context it is worth noting that such folding is
a dynamic process that has been associated with T base
stacking and was observed for octamers; TTTGCTTT,
even in the absence of substituting metal ions [21]. Hence,
the higher ﬂexibility of the octamers allows for T base
stacking of the terminal groups without any stabilization
through metal cations while such stabilization is essential
for the more rigid hexamers.
To elucidate further details of the coordination of the
diﬀerent metal ions to the protonated hexameric oligonucleotides and the resulting shape of the metal ion-DNA
complexes further investigations will be needed. A promising technique is ion mobility spectrometry, where conformation changes may be elucidated.
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