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Abstract

This chapter deals with nucleic acid ions and their interactions with electrons
and photons in the gas phase based on the many different experiments that have
been performed relating to this topic within the last 10 years. The fragmentation
caused by electron attachment to anions is discussed, and the role of hydration is
touched upon. Photoelectron spectroscopy has established the electron binding
energies of mononucleotide anions, dinucleotides and larger strands. These are
significantly lower than the thresholds for electron-induced electron detachment
from anions. Thresholds were measured from electron scattering experiments
and product ion masses from mass spectrometry. The site of electron removal is
either the base or the phosphate group, and it is likely different for
photodetachment and electron detachment. Work has not been limited to anions
only, but cations have also been studied. Neutral reionisation of protonated
nucleobases has shed light on the lifetime of the neutral intermediate species,
which was found to be significantly different to that of the temporary nucleobase
anion formed in collisional electron transfer to nucleotide anions. Dissociative
recombination experiments involving oligonucleotide monocations have
demonstrated that there are certain electron kinetic energies where the cross
section for the formation of neutral species is high (resonances), and in closely
related electron-capture dissociation experiments on multiply charged cations,
the actual fragmentation channels were obtained. Both for oligonucleotide
anions and cations, formation of radicals by loss and capture of electrons,
respectively, largely governs the dissociation patterns. This is of high relevance
for sequencing. Finally, gas-phase absorption spectroscopy has revealed
differences in absorption between mononucleotides, single strands, double
strands and quadruplexes, which is related to the electronic coupling between
two or more bases.

S. Brgndsted Nielsen (D<)
Department of Physics and Astronomy, Aarhus University, 8000 Aarhus C, Denmark
e-mail: sbn@phys.au.dk

V. Gabelica (ed.), Nucleic Acids in the Gas Phase, Physical Chemistry in Action, 77
DOI 10.1007/978-3-642-54842-0_4, © Springer-Verlag Berlin Heidelberg 2014


mailto:sbn@phys.au.dk

78 S. Brondsted Nielsen

Keywords

Storage ring experiments ¢ Absorption spectroscopy ¢ Photoelectron spectros-
copy ¢ Electron detachment ¢ Transient species * Repulsive Coulomb barrier ¢
Nucleobase dehydrogenation

Abbreviations

DEA Dissociative electron attachment

DR Dissociative recombination

DSB Double strand break

ECD Electron capture dissociation

EDD Electron detachment dissociation

EPD Electron photodetachment dissociation
ETD Electron transfer dissociation

FTICR  Fourier transform ion cyclotron resonance
HOMO Highest occupied molecular orbital

1C Internal conversion
SSB Single strand break
uv Ultraviolet

VDE Vertical detachment energy

4.1 Introduction

Ultraviolet (UV) light or ionising radiation can be hazardous for living organisms,
either directly or indirectly. Nucleic acids strongly absorb UV light in the UVC
range of the solar spectrum (<290 nm) with a maximum at 260 nm, the excitation
being a direct nn* transition in the base [1-3]. However, they are surprisingly
photostable except for the formation of cyclobutane pyrimidine dimers [4—6] that
can lead to cancer if not enzymatically repaired. Photoexcited single bases rapidly
convert electronic energy into harmless heat which may have been important for
their evolutionary selection as the carriers of genetic information [7-9]. Photodisso-
ciation of isolated mononucleotide ions in vacuo occurs on the microsecond
timescale [10] and can therefore not compete with vibrational cooling in water
(few picoseconds) [7]. The situation is, however, more complicated and less
understood for strands due to electronic coupling between two or more bases in
the excited state [7-9, 11-13]. Indeed, the quantum dynamics for photoexcited
strands is up for much current debate, with the role of charge-transfer states and
their lifetimes being particularly unclear. It is an open question whether DNA
affords self-protection against UV light.
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Another cause of radiation damage is the formation of secondary species by
ionisation of, for example, water. Thus, ionising radiation (B-, x- or y-rays)
produces free secondary electrons in living cells with energies between ~1 eV
and 20 eV [14, 15] that are able to induce genotoxic damage such as single and
double DNA strand breaks. This was first demonstrated by Huels, Sanche and
co-workers [16] from exposing plasmid DNA on a surface held under ultrahigh
vacuum to an electron beam of variable and well-defined energy (Fig. 4.1). The
DNA samples were relatively dry and contained only structural water molecules,
and the phosphate groups likely had counter ions or protons closely bound to them
(overall the samples were neutral). At energies well below the ionisation threshold,
it is evident that the electrons induced substantial damage to the DNA caused by
rapid decays of transient molecular resonances localised on the DNA’s basic
components.

In other work, Sanche and co-workers [17] found that even lower-energy
electrons produced single strand breaks (Fig. 4.2) with a sharp peak at 0.8 eV and
a broader feature centred at 2.2 eV. The shape of the curve is very similar to those
obtained from dissociative electron attachment (DEA) cross section measurements
on nucleobases in vacuo reported by several researchers [18—24]. Radiation damage
of DNA and RNA seems therefore to originate from attachment of low-energy
electrons to nucleobases. The formed radical anions induce chemical reactions that
lead to strand breaks. In agreement with this, Simons and co-workers [25-29]
concluded based on extensive theoretical calculations that the most likely pathway
is electron attachment to base ©* orbitals followed by sugar—phosphate C—O ¢ bond
scission as this dissociation process occurs with the lowest barrier height (ca. 0.5
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eV) compared to those for others (e.g. sugar-base N-C bond breakage). As the C-O
bond stretches, the electron promptly moves via a through-bond transfer process
from the base n* orbital through the vacant orbitals of the intervening deoxyribose
to the C-O o* orbital [28]. Interestingly, base n-stacking was found to increase the
barrier thereby lowering the rate of SSBs [26]. Both the theoretical and experimen-
tal data relate to neutral samples in which there are no negative charges from
ionised phosphate groups. Taken together, the studies nicely demonstrated how
the interpretation of results obtained on solid DNA samples was aided by results
from gas-phase experiments and theory on simple model systems.

A full understanding of the interactions between nucleic acids and light or
electrons is nontrivial because of the large complexity of DNA and the
complicating role of the nearby environment (water molecules or counter ions). A
reductionist approach has therefore been taken by many and resulted in studies on
small DNA building blocks such as single bases (as mentioned above),
mononucleotides or smaller oligonucleotides isolated in vacuo. In this chapter
results from such experiments will be presented, and the focus is on charged species
that can easily be made by electrospray ionisation (see Chap. 2) and investigated by
mass spectrometry techniques. While a connection or importance of many of the
results to “real” biology is still to emerge, they are of immediate relevance for the
determination of the sequence of bases in oligonucleotides, are of fundamental
interest to physical chemists and are used to benchmark theoretical calculations.
The hope is that isolated strands in vacuo will serve as good models to bridge the
gap between gas-phase studies of single bases and solution-phase studies on DNA.

This chapter is organised in the following way: First, results on electron attach-
ment to nucleotide ions (both anions and cations) are presented. This section is
followed by a description of electron scattering and electron detachment
experiments on negative ions. Next photoelectron spectroscopy and absorption
spectroscopy on negative ions are discussed. Finally, the status of the results
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obtained so far is given. It should be said that the chapter focuses more on electron
interactions than on light interactions, which will be covered by Chap. 5 in this
volume and in another volume in the same series (by J.M. Weber, J. Marcum and
S. Brgndsted Nielsen) dedicated to spectroscopy of the nucleic acids in gas phase.
Also fragmentation reactions of nucleic acids in gas phase are only briefly discussed
here, as they are presented in Chap. 6.

4.2 Electron Attachment to Nucleotide lons

Experiments have been done for both anions and cations, the former possess one or
more negatively charged phosphate groups and neutral bases while the latter have
one or more protonated bases and phosphoric acid groups. The two polarity cases
are discussed separately.

4.2.1 Anions

The attachment of free electrons to nucleotide anions in vacuo is prevented by the
long-range Coulomb repulsion between the two collision partners. It relies on
electron tunnelling through the repulsive Coulomb barrier, which occurs with low
probability (Fig. 4.3). To circumvent this obstacle, Hvelplund, Brgndsted Nielsen
and co-workers [30, 31] instead did high-energy collisions between monoanions
and alkali metal atoms, e.g. sodium and caesium. The latter act as electron donors
due to their weakly bound s electrons. An ion accelerated to 50 keV kinetic energies
moves with a velocity of about 10° m/s and passes by an atom within a few
femtoseconds. In this interaction time, there is a finite probability for electron
transfer to occur. The energy levels of the anion are Stark shifted as a result of
the electric field of the sodium (or caesium) cation facilitating resonant electron
transfer at large impact parameters. The collisional electron transfer process is to a
good approximation vertical as the nuclei do not have time to move during the brief
encounter. Popularly speaking, the so-formed fast-moving dianion leaves the
sodium ion behind before the electron realises that it is unfavourable for it to be
on the anion. However, now it is trapped as it has to tunnel out through the repulsive
Coulomb barrier, which occurs with low probability, just as for the opposite process
discussed earlier for the interaction between the anion and a free electron. A similar
more well-known situation is alpha particle decay.

In this way, electron transfer to mononucleotide and larger oligonucleotide
anions was successfully done [32]. An example illustrating the product ions pro-
duced in collisions between AMP anions (adenosine 5’-monophosphate,
i.e. deprotonated AMP molecule) and sodium is shown in Fig. 4.4. For comparison
the spectrum obtained with neon as the collision gas is also included in the figure.
Neon has a similar geometrical cross section to that of sodium, but its high
ionisation energy prevents it from participating in electron transfer; hence, peaks
of similar magnitude seen in both the Na and Ne spectra are due to collision-
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Fig. 4.3 Potential energy
between a monoanion and an
electron as a function of their
separation. At short distances
there may be either stable
(<0) or unstable (>0)
electronic states due to the
favourable attraction between
the electron and the nuclei. At
larger distances, the curve
follows Coulomb’s law,
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Fig. 4.4 Spectra obtained
after high-energy collisions
between AMP anions (m/z
346) and neon (a) and sodium
(b) and between dAMP
anions (m/z 330) and sodium
(¢). The inset in (¢) shows the
region around half the m/z of
the dAMP anion for collisions
between dAMP anions and
neon (blue curve) or sodium
(red curve). Taken from [32]
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induced dissociation not involving electron transfer. Evidently, the oxygen loss
channel significantly increases in importance from Ne to Na, which is indicative of
dissociative electron capture. It is unclear which oxygen is lost, and whether the
loss is due to electron attachment to a base n* orbital or to the phosphate P=0 r*
orbital, though the latter is highly unfavourable due to the Coulomb repulsion from

the negative charge.
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There is a small but discernible sharp peak at about half the m/z of the parent ion,
which is only seen in the Na spectrum. A similar result was found for the dAMP
mononucleotide (deoxyadenosine 5'-monophosphate) (Fig. 4.4c). These findings
indicate that dianions are formed. The extra electron is located in an antibonding
covalent orbital on the nucleobase and is predicted to be unbound. Experiments
done with higher mass resolution and accuracy show that the dianions are actually
dehydrogenated. Hence, electron capture is followed by rapid loss of a hydrogen
atom (within the few microsecond travel time to the analyser). Experiments on
deuterated ions confirmed this conclusion and revealed that the origin of the
hydrogen is a heteroatom (Fig. 4.5) [33], either a nitrogen (NH,) of the adenine, a
sugar oxygen (OH) or a phosphate oxygen (POH). Deuterated ions were formed by
dissolving the nucleotide in a solution of D,O, CD3OD and CH;COOD for
electrospray ionisation and carefully saturating the region around the electrospray
needle with heavy water to prevent back exchange during electrospray. Only
hydrogens bound to heteroatoms are exchangeable in such experiments. Loss of
hydrogen from the phosphoric acid group seems highly unlikely as doubly
deprotonated AMP cannot be made by electrospray ionisation because the Coulomb
repulsion between two nearby negatively charged oxygen atoms would be too large.
Furthermore, experiments on all eight mononucleotides (AMP, CMP, GMP, UMP,
dAMP, dCMP, dGMP, dTMP) revealed strong differences in the cross section for
formation of dehydrogenated ions from transient dianions, which indicates that the
base plays a key role. Cross sections were determined by varying the pressure of
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sodium atoms. A clear linear correlation between the cross section and the number
of NH hydrogens in the base was found, and an extrapolation to zero NH hydrogens
gave a zero cross section (Fig. 4.6), which is in strong support of the hydrogen loss
originating solely from the NH base groups. Thus, nucleotides with thymine or
uracil bases have the lowest cross sections while those with guanine have the
highest, and nucleotides with cytosine or adenine are in between. Also there is no
difference between RNA and DNA nucleotides, which implies that substitution of
the OH on C2’ with H is unimportant.

These findings are in full agreement with the work done by Desfrancois, Scheier,
Farizon, Mirk, Illenberger and co-workers [18-24]. They measured the outcome of
resonant attachment of low-energy electrons (0-3 eV) to isolated nucleobases as a
function of electron energy and found that electron attachment promptly led to
hydrogen loss in addition to the formation of a multitude of small fragment anions.
Several resonances were identified. From isotope-labelling studies, it was
established that NH was the site of dehydrogenation (Fig. 4.7) [24]. The reaction
is driven by the large electron affinity of the dehydrogenated radical. Finally, it is
worth mentioning that dissociative electron attachment to deoxyribose leads to
dehydrogenation but as a minor channel [34].

Next, the role of hydration on nucleotide anions was considered from collisional
electron transfer experiments on nanosolvated AMP anions [35]. Spectra for
AMP~(H,0),¢ and AMP™ (H,0)¢ are shown in Fig. 4.8. Peaks that correspond to
a distribution of hydrated [AMP — H]*~ dianions are clearly seen. In all cases,
electron transfer induces loss of hydrogen and loss of some or all of the water
molecules. Careful calibration experiments were carried out to confirm that hydro-
gen loss had indeed occurred. Interestingly, the cross section for formation of
dehydrogenated dianions increased with the number of water molecules m in the
initial cluster (Fig. 4.9). Hence, the damage of the nucleotide was smallest for the
bare nucleotide (7 = 0) and more than fifty times larger for m = 16. This contrasted
with high-energy collision-induced dissociation experiments that showed that the
intact AMP anion would survive when surrounded by enough water molecules as
evaporation of the water molecules would cool the ion [36]. On the other hand, for
electron capture the energy of the dianion state is lowered by hydration thereby
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Fig. 4.7 Dissociative
electron attachment to
deuterium-labelled thymine
(C-D) induces selective loss
of hydrogen from NH at low
electron energies. Taken from
[24]. Copyright (2004) by
The American Physical
Society

Fig. 4.8 Mass spectra
obtained after collisions
between sodium atoms and
either AMP™ (H,0O),( or
AMP™ (H,0);6. The numbers
label the number of water
molecules attached to the
dehydrogenated dianion,
[AMP — H]*>~. Reprinted with
permission from

[35]. Copyright 2008, AIP
Publishing LLC
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lowering the energy defect of the collisional electron transfer process rendering it
more likely.

Finally, it is worth to point out that nucleobase anions can be generated by a
supersonic expansion nozzle ion source or through electron transfer collisions
between the bases and laser-excited Rydberg atoms as demonstrated by Bowen
and co-workers [37] and Desfrangois and co-workers [18], respectively. The extra
electron is dipole bound by about 0.1 eV or less and is located in a huge and diffuse
orbital at the positive end of the molecule’s permanent dipole moment. However, as
beautifully shown by Bowen and co-workers [38] through photoelectron spectros-
copy of the uracil anion, a dipole bound-to-covalent state transformation occurs
after just one water molecule is bound to the anion (Fig. 4.10). Dipole-bound anions
exhibit a single, strong, narrow feature at very low electron binding energies in
contrast to valence anions that give broad bands due to structural differences
between the anion and its corresponding neutral. The water molecule stabilises
the covalent anion more than the dipole-bound one as the former has a denser
excess electron distribution. With xenon attached both dipole-bound and covalent-
like features were seen while in the case of argon and krypton only dipole-bound
forms are present (Fig. 4.10).

4.2.2 Cations

Collisional electron transfer experiments have also been performed for protonated
nucleobases. Since neutrals are produced, reionisation in a second collision is
necessary for mass spectrometric detection. This is done after deflection of all
ions from the beam by an electric field, cf., neutral reionisation (NR) mass spec-
trometry. Figure 4.11 shows *NR™ spectra obtained by Wyer et al. [39] using
caesium and molecular oxygen as electron-donating and electron-stripping gases,
respectively, for the five protonated nucleobases. While dehydrogenated cations
were clearly observed, intact cations were also measured. It implies that some
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Fig. 4.10 Photoelectron
spectra of (a) U™, (b) U (Ar),
(¢) U (Kr), (d) U (Xe) and
(e) U™ (H,O) recorded using
2.540 eV photons. U uracil.
Reprinted with permission
from [38]. Copyright 1998,
AIP Publishing LLC
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neutralised species survive the 2 ps flight time between the two collision cells. This
is in clear contrast to the fact that neutral bases in nucleotides promptly lose

hydrogen after electron capture.

Multiply charged oligonucleotide cations have also been subjected to electron
capture dissociation (ECD) [40—43] and electron transfer dissociation (ETD) [44]
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experiments. The former ions recombine with low-energy electrons in the cell of a
Fourier-Transform Ion Cyclotron Resonance (FTICR) instrument while the latter
ions react with atomic or molecular anions, often fluoranthene anions, in an ion trap.
The preferred site of neutralisation is the protonated nucleobase and not the P=0
bonds [43, 45]. Schultz and Hakansson [40] showed that ECD followed by infrared
heating caused extensive fragmentation of charge-reduced oligonucleotide cations.
Of particular importance cleavage of carbon—oxygen bonds at different sides of an
inter-residue phosphate group occurred to produce sequence-specific fragment ions.
Likewise, Smith and Brodbelt [44] found that ETD followed by low-energy CID
provided better sequence coverage than CID alone and a decrease of base loss and
internal fragments. Base loss is a low-energy dissociation channel, and it therefore
dominates CID. For large oligonucleotides base loss is rather uninformative and
undesired, at least when it comes to establishing the oligonucleotide sequence.
Similar experiments on oligonucleotide duplexes resulted in specific backbone
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Fig. 4.12 Rates for the formation of neutral species for singly protonated mononucleotides and
dinucleotides versus electron energy. Reprinted from [46], Copyright 2006, with permission from
Elsevier

cleavages with conservation of weak non-covalent bonds, which is of importance
for probing higher-order structures [44].

Finally, Tanabe and co-workers [46] have bombarded mononucleotide and
oligonucleotide cations with electrons in an electrostatic ion storage ring (vide
infra). Here the rate of formation of neutrals is measured at well-defined electron
kinetic energies (Fig. 4.12). The authors found an increased yield in the formation
of neutrals at a collision energy of about 4.5 eV in the case of d(A,), d(G,), d(Cy), d
(GA) and d(AC) DNA dinucleotides and longer strands, and to a lesser extent for d
(T,), whereas no such resonances were observed for mononucleotides and for
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Fig. 4.13 Rates for production of neutral particles in collisions between electrons and [M +n Na
— (n—1) H]* dinucleotide cations where M is d(G,) (a), d(A») (b), d(T5) (¢) and d(C;) (d). The rates
for protonated dGMP and dAMP are also included. Reprinted from [47], Copyright 2008, with
permission from Elsevier

dinucleotides containing one thymine base. These results indicate that the incoming
electron excites an electronic state at 4.5 eV that involves two stacked bases, i.e. a
delocalised state. The electron thereby loses its kinetic energy and gets captured by
the cation. Molecular dissociation likely follows (cf., dissociative recombination,
DR). These bumps in the production rates of neutrals become even more pro-
nounced when one or more protons are replaced by sodium ions (Fig. 4.13) [47],
which is likely ascribed to conformational differences between protonated and
sodiated nucleotides.

4.3  Electron Scattering and Detachment Experiments

Mononucleotide and oligonucleotide anions have been subjected to electron scat-
tering experiments using electrostatic ion storage rings that benefit from easy
storage of heavy ions. In such experiments, ion bunches are injected into a ring
where they circulate due to bending in electrostatic deflectors. In one side of the
ring, the ions interact with an electron target, either in crossed beam (ELISA set-up)
[48, 49] or in merged beam (KEK set-up) [50, 51] configurations (see Fig. 4.14).
The advantage of using a storage ring for these experiments is that the ions move
with high velocities so that the relative energy (E;) between the two collision
partners can be finely controlled and varied. Best resolution is obtained in the
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merged beams configuration. At high enough relative energies between the two
collision partners, electron detachment may occur to produce neutral fragments, or
the ions may become electronically excited also leading to dissociation. The
interaction between the incoming electron and the anion is much shorter than
vibrational or rotational periods, and the detachment process is therefore vertical.
The electron must overcome the Coulomb repulsion to cause detachment, which
implies that there is an effective threshold two to three times larger than the vertical
detachment energy of the anion. For atomic anions, the relation between the
threshold energy and the VDE is Ey, = 24 yDE¥* (in atomic units) [52].

The yield of neutral species is measured as a function of relative energy to
produce curves like the ones shown for AMP™ and UMP™ in Fig. 4.15 [48]. The
cross section has a smooth energy dependence and can be described by a simple
classical model introduced by Andersen and co-workers [53] for atomic anions,
oc=o0y (1 — E4/E,) where o is a constant. The model assumes the anion to be
spherically symmetric and hence has its limitations for molecular anions. As it is
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Fig. 4.15 Cross sections for 2.0
the production of neutral )
species in interactions

between mononucleotide 15
anions and electrons as a
function of the electron
energy. Top: AMP adenosine
5'-monophosphate. Bottom:
UMP uridine
5'-monophosphate. The
curves are based on a simple
classical model that only
depends on the vertical
detachment energy of the
anion and the electron energy.
Taken from [48]. Copyright 2.0
(2004) by The American UMP”
Physical Society 15
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evident from the figure, curves based on this model can be reasonably well fit to the
data. The larger polarisability of molecular anions compared to atomic ones
implies, however, that the threshold is at higher energies than that predicted from
the equation above. In other words, the electrons of the molecular anion avoid the
incoming electron by relocating themselves in the electric field set up by the
incoming electron, and as a result more energetic incoming electrons are needed
to induce detachment [54]. This is seen for the mononucleotides where the
measured threshold energy is 12+ 1 eV while the predicted value based on the
equation above is about 10 eV (VDE = 6.05 eV for dAMP [55]).

Resonances are sometimes superimposed on the simple detachment curve and
are signatures of the population of short-lived dianion states [56]. The electron
tunnels through the Coulomb barrier with a higher probability if there happens to be
a state at the kinetic energy of the electron. The dianion lives for a very short time
(femtoseconds) before it breaks apart, thus higher cross sections for neutral produc-
tion are seen. Such resonances were, however, not identified for the two
mononucleotides.
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Fig. 4.16 Production rates of
neutral species formed after
interactions between 6F 1- (a) 2-mer ;
oligonucleotide anions and 4E _f Jw‘—. E
electrons as a function of the 3 3;'_ :
electron energy. The charge “F & E
states of the x-mers are given o J|.||||
on the figure, where x is the E

number of nucleotides.
Sequences are (a) d(TG),
(b) d(ATG), (c) d(ATGC),
(d) d(ATGCTG), (e),

(f) dA(ATGCATGO),

(g) d(ATGCATGCTG), 30k
(h) d(ATGCATGCATGC),
(1) dA(ATGCATGCATGCAT). 20E
Taken from [57]. Copyright &
(2004) by The American 10 £
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Tanabe and co-workers [57] studied oligonucleotide anions, both singly and
multiply charged, up to four negative charges and reported production rates of
neutral species as a function of electron energy (Fig. 4.16). They found that the
threshold for electron detachment increased in steps of about 10 eV starting from
about 10 eV for the singly charged ion. The thresholds seen for the monoanions are
similar to those measured for the mononucleotide anions described above. The
authors explained their findings based on the collective excitation of all valence
electrons of the bases and the sugar-phosphate backbone (plasmon state), and this
excitation energy was calculated to be about 10 eV somewhat dependent on the
length of the oligomer. The authors noted that the experimental threshold energies
approximately agree with the 10 eV excitation energy multiplied by the charge
state, which implies that the electron would excite a larger number of plasmon
quanta the higher the charge state. Further support for this idea was not given.

It is, however, clear that the larger the charge state of an anion, the more difficult
it is for the electron to approach and penetrate the repulsive Coulomb barrier, and
higher electron energy is therefore needed to cause excitation or electron detach-
ment. Brgndsted Nielsen, Andersen and co-workers [58] also did electron scattering
experiments on doubly charged anions, Pt(CN),>~ and Pt(CN)4>~, and found that
the threshold is simply shifted up by a factor equal to the square root of the charge
state (i.e. 2'/%) compared to that of corresponding monoanions. This does not seem
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to be enough by itself to explain the increase in threshold with charge state for the
oligonucleotide anions.

The storage-ring experiments did not provide information on the dissociation
channels after electron detachment or excitation. Mass spectrometric identification
of the product ions formed after electron detachment dissociation (EDD)
experiments on multiply charged oligonucleotide anions was done by Hakansson
and co-workers [42, 43] using a FTICR instrument. They found that more informa-
tion on the sequence of nucleobases is obtained from such experiments than from
collision-induced dissociation due to cleavages of the phosphodiester backbone
with no preceding base loss. Complete sequencing is achieved and has enhanced
sensitivity compared to ECD of oligonucleotide cations under similar conditions.
There is no apparent nucleobase effect, and as direct detachment occurs, it is
therefore likely from the deprotonated phosphate backbone. This contrasts with
photodetachment  experiments, which are described below. Electron
photodetachment followed by collision-induced dissociation (EPD) also provides
good sequence coverage [59]. Similar to ECD, EDD and EPD may disrupt covalent
bonds and preserve non-covalent ones in the dissociation of duplexes containing
two non-covalently bound strands.

Work by McLuckey and co-workers [60, 61] suggests that odd-electron oligo-
nucleotide anions gives less base loss than even-electron species under similar
activation conditions. However, the fragmentation behaviour may depend on how
the radical anions are produced (ETD, EDD, photodetachment or collisional elec-
tron detachment [62]) due to differences in whether the electron is detached from
the backbone or from the nucleobase [61].

4.4  Photoelectron Spectroscopy

Wang and co-workers [55] reported the first photoelectron spectra of singly charged
DNA nucleotide anions (Fig. 4.17). The spectra of dAMP~, dCMP™ and dTMP™
are similar: They have a spectral onset at about 5.4 eV with broad and continuous
spectral features. The spectrum of dGMP™ on the other hand displays a weak and
well separated band at much lower binding energies while the spectrum at higher
energies is similar to those of JAMP™ and dCMP™. Mononucleotides of adenine,
thymine and cytosine have electron binding energies slightly above 5 eV while that
of [dGMP-H]  is 0.7 eV lower. Likewise, di- and trinucleotides containing guanine
had lower electron binding energies than other strands. The HOMO is therefore on
the guanine base (m orbital) and not on the phosphate group. In contrast, it was
concluded that electron detachment takes place from the phosphate group for the
other three mononucleotides. Dinucleotides and trinucleotides were found to have
higher adiabatic detachment energies than mononucleotides. The work clearly
established that guanine has the lowest ionisation energy in oligonucleotides, and
therefore that guanine would serve as the oxidation site in DNA damage.

Weber et al. [63] did photoelectron spectroscopy experiments on multiply
charged oligonucleotide anions (dB5)4_ (deprotonated four times), where B=A
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Fig. 4.17 Photoelectron
spectra of deprotonated
2/-deoxy-
5'-deoxymononucleotide
anions at 157 nm (7.866 eV).
(a) JAMP", (b) dCMP,
(¢) dGMP™ and (d) dTMP™
(d). Taken from

[55]. Copyright (2004)
National Academy of
Sciences, USA
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or T, and they observed that the adenine strand was much less stable with respect to
electron loss than the thymine one. (dAs)* ™ actually has a negative electron binding
energy, and its existence is due only to the repulsive Coulomb barrier that prevents

immediate electron loss.

In recent exciting work, Vonderach et al. [64, 65] have developed a new
instrument that allows for conformer-selective photoelectron spectroscopy by com-
bining an electrospray ionisation source, an ion mobility cell, a quadrupole mass
filter and a magnetic bottle time-of-flight photoelectron spectrometer. In the case of
highly negatively charged oligonucleotides, their work provided evidence for two
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classes of structures: one where the excess electrons are localised at the
deprotonated phosphate backbone sites and the other where there is at least one
deprotonated base in addition to several deprotonated phosphate groups. Ions
belonging to the latter class were shown to have the lowest electron binding energy
ascribed to the deprotonated base.

4.5 Gas-Phase Absorption Spectroscopy

Absorption spectroscopy of isolated mononucleotide anions in vacuo has been done
by Weber and co-workers [66], and similar experiments on oligonucleotide anions
were done by Brgndsted Nielsen [67], Gabelica [59, 68, 69] and their co-workers.
As an example the spectra of the dAMP mononucleotide and (dA,4) oligonucleotide
anions are shown in Fig. 4.18. These were obtained from the yields of
photofragment ions in the case of dAMP and photoneutrals in the case of (dA),
as a function of excitation wavelength. The spectral shapes are quite similar, but the
monomer displays an absorption band with maximum at 253 nm while that of the
oligomer is slightly blueshifted (by 3 nm) to 250 nm. Such a blueshift has been
predicted by theory and is ascribed to the electronic coupling between stacked
adenine bases [71]. Thus, the electronic coupling of two bases leads to two new
excited state wavefunctions (exciton states) that have energies that are shifted up
and down by the same amount relative to the excited state of an isolated monomer.
According to theory, the higher exciton state has a larger oscillator strength
compared to the lower one, explaining the blueshifted absorption. Excitation to
such states may be involved in the DR of oligonucleotide cations as discussed
earlier, demonstrating a link between photoexcitation and electron bombardment
experiments.

It is also noteworthy that the two gas-phase absorption bands are shifted towards
the blue by about 10 nm compared to the recorded spectra of the ions dissolved in
water. A similar shift has been observed for the adenine base itself [72], and the
shift is therefore not linked to screening of the negative charges in bulk water.

Gabelica and co-workers [59, 66, 67] studied larger multiply charged DNA
strands and obtained absorption spectra based on electron photodetachment cross
sections, that is, they recorded the yield of the product ion with one less electron as
a function of excitation wavelength. Their work indicated that the base is the site of
detachment. Guanine has the lowest ionisation energy of the bases, and indeed,
guanine strands were found to have the highest electron detachment yields. Theo-
retical calculations on dinucleotide monophosphates show that the HOMO is
located on the base not only for guanine but also for adenine, cytosine and thymine
[66]. Hence base excitation triggers electron detachment, clearly demonstrating a
link between absorption and electron detachment. Interestingly, the authors also
found that internal conversion (IC) could compete with electron detachment, which
was evidenced from the formation of fragment ions that are typically formed from
vibrationally excited ions. Brgndsted Nielsen and co-workers [67] also
demonstrated ultrafast IC even for singly charged strands where the photon energy
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Fig. 4.18 Absorption
spectra of (dA)4 and dAMP in
vacuo and in aqueous
solution. Blue circles: (dA),
anions in vacuo [67]. Grey
points: dAMP anions in vacuo
[66]. Blue curve: (dA), in
solution. Red curve: dAMP in
solution. Each spectrum is
normalised to the band
maximum at ca. 250 nm (gas
phase) and ca. 260 nm
(solution phase). Reproduced
from [70] with permission
from The Royal Society of
Chemistry
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was higher than the electron binding energy; hence, it seems important to establish
the competition between electron detachment and IC as a function of excitation
energy as the absorption spectrum based on electron detachment would be skewed
if this ratio changes with wavelength.

In other work also based on electron photodetachment, Rosu et al. [69] found
that duplexes and quadruplexes displayed redshifted absorption bands compared to
the corresponding single strands, and such spectroscopy could therefore be useful to
obtain information on folding motifs.

4.6 Conclusion and Outlook

The study of DNA/RNA ions, isolated in vacuo, and their interactions with
electrons and photons has been a very active research area in the last 10 years.
Detailed information at the molecular level has been obtained on, e.g. base dehy-
drogenation and the origin of the lost hydrogen, electron binding energies, absorp-
tion band maxima and the electronic coupling between two or more bases in the
excited state. The role of hydration was investigated for the formation of
dehydrogenated mononucleotide dianions and for the dipole-bound-to-covalent-
state transition in nucleobase anions. The field has taken advantage of the develop-
ment of new advanced instrumental set-ups such as electrostatic ion storage rings
that were used by physicists and chemists in collaborative work. Threshold electron
energies needed for electron detachment of singly and multiply charged anions
were measured in electron scattering experiments, while dissociative recombina-
tion experiments on cations revealed a high formation of neutral species at certain
electron energies (resonances). Advances in mass spectrometry and electron-
induced dissociation methods have shown that nucleic acid sequencing is best
achieved by the formation of radical species that undergo breakages of
phosphodiester bonds. These methods also hold great promise for the elucidation
of conformational structures as non-covalent bonds can be preserved while covalent
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ones are broken. More work in the future on partially hydrated nucleic acid ions
would be interesting to bridge the physics of bare ions with that of solvated ones
and thereby increase the relevance to the biophysical situation. Further studies on
the importance of counter ions would be useful to better mimic the real biological
environment. Finally, the link between geometric structure and electronic structure
is one that deserves much more exploration.

4.7 Summary of Key Concepts

General Concepts

» The Repulsive Coulomb Barrier prevents direct electron attachment to anions.

e Electron attachment or electron detachment results in radical-driven
fragmentation.

» Electronic structure is linked to the folding motif.

« Instrumental set-ups used are mass spectrometers, electrostatic storage rings and
ion mobility spectrometers.

Concepts Specific to Nucleic Acids

¢ Electrons induce damage to nucleotide ions.

¢ Electron attachment to nucleobases causes dehydrogenation.

» Solvation of bare ions results in spectral shifts in the absorption.

¢ Microhydration and counter ions play roles on electron attachment and/or
detachment.

» Photoelectron spectroscopy provides information on electron binding energies
and location of highest occupied molecular orbital.

e There are differences in the absorption between single bases, single strands,
duplexes and quadruplexes isolated in vacuo.
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