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Site-selective soft X-ray absorption as a tool to
study protonation and electronic structure
of gas-phase DNA
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The conformation and the electronic structure of gas-phase oligonucleotides depends strongly on the
protonation site. 5’-d(FUAG) can either be protonated at the A-N1 or at the G-N7 position. We have
stored protonated 5'-d("UAG) cations in a cryogenic ion trap held at about 20 K. To identify the
protonation site and the corresponding electronic structure, we have employed soft X-ray absorption
spectroscopy at the nitrogen K-edge. The obtained spectra were interpreted by comparison to time-
dependent density functional theory calculations using a short-range exchange correlation functional.
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Despite the fact that guanine has a significantly higher proton affinity than adenine, the agreement
between experiment and theory is better for the A-N1 protonated system. Furthermore, an inverse site
DOI: 10.1039/d1cp01014; sensitivity is observed in which the yield of the nucleobase fragments that contain the absorption site

appears substantially reduced, which could be explained by non-statistical fragmentation processes,
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1 Introduction

Under most circumstances, DNA in biological systems is multiply
negatively charged, because of the phosphate groups in its back-
bone. Under slightly acidic conditions, cytosine and adenine
moieties become protonated and at even lower pH, also guanine
is found protonated." Nucleobase protonation has important
structural implications. It is for instance often key to formation
of non-canonical DNA structures such as i-motifs, four-stranded
DNA structures that form in cytosine(C)-rich sequences and that
are stabilized by stacks of protonated C - neutral C base pairs.
In solution, widespread techniques for investigating oligo-
nucleotide structures (such as protonation sites) and structural
transitions are UV absorption spectroscopy’ and circular
dichroism spectroscopy.® Due to unresolved issues concerning
solvent interactions, however the exact correlation between
measured spectral features and DNA structure is still under
debate for many systems.
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localized on the photoabsorbing nucleobase.

A powerful approach for studying DNA structure in more
detail and without the influence of solvent interactions are
gas-phase studies. Electrospray ionization is an ideal tool to
transfer intact biomolecular ions from solution into the gas
phase, in particular when performed under “native” conditions,
i.e. when for instance DNA tertiary structures are conserved in
the process.” Relatively straightforward mass-spectrometric
tools such as collision induced dissociation can already deliver
valuable information on the protonation site in gas-phase
oligonucleotides.” The much more structure-sensitive ion-
mobility spectrometry has been used to determine the precise
ground-state protonation site in gas-phase protonated nucleo-
bases, and even different low-energy tautomeric forms could be
distinguished.® Infrared multiple photon dissociation action
spectroscopy techniques in combination with quantum chemical
calculations have also proven to be very useful for the determina-
tion of protonation sites in nucleosides and nucleotides.”

Over the last years, soft X-ray action spectroscopy techniques
have evolved as novel tools for studying electronic structure and
conformation of biomolecular ions in the gas phase, with some
emphasis on protein folding.* ° By soft X-ray absorption, inner
shell electrons are excited to unoccupied molecular orbitals
(MOs) or ionized to the continuum. The soft X-ray excitation is
element specific. Even more so, the absorption edge of a given
element features resonances that reflect both, the chemical
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shift of the inner shell orbital and the unoccupied final MO.
Tuning to a resonance thus allows to address a particular
transition and electronically excite a molecule in a site-
selective manner, for instance to induce scission of selected
bonds or to probe the local electronic structure and conforma-
tion. Site selective bond scission induced by resonant soft X-ray
absorption has been observed in photoion-photoelectron coin-
cidence experiments on a selection of relatively small neutral
molecules such as CICH,Br.'® Also for N-methylacetamide, a
molecule containing a peptide bond, excitation of the strongest
N-1s resonance significantly increases breakage of that peptide
bond.™ On the other hand, for 2Br-pyrimidine, a model halo-
pyrimidine nucleobase analogue, fragmentation depends on the
final electronic state of the molecule only, and not on the initial
photoabsorption site.'> Very recently, Schwob and coworkers
could demonstrate a site effect in the photofragmentation spec-
trum of the protonated S-containing peptide [Met5]-enkephalin
for soft X-ray absorption at the sulfur L-edge."?

In this study we combine high resolution soft X-ray partial
ion yield spectroscopy at cryogenic temperatures with time-
dependent density functional theory (TDDFT) using a short-
range exchange correlation functional (SRC) that is specifically
tailored for inner-shell excitation processes.'* **> The approach
involves two different types of site-sensitivity: (i) the precise
choice of soft X-ray photon energy not only allows to target a
particular element by its inner shell absorption edge, but also
to further specify the absorption site by selection of a suitable
inner-shell excitation resonance. (ii) selection of the mass of the
photoion under investigation defines a fragmentation channel,
i.e. a particular bond scission that resulted from the initial
absorption event. The two-fold site-sensitivity is employed to
distinguish between two possible protonation sites in the gas-
phase oligonucleotide 5’-d("UAG) and to investigate energy
dissipation in this molecule. The 5-d("UAG) model system
contains the nucleobases adenine (4), guanine (G) and the
nucleobase analog 5-fluorouracil (FU). The latter is employed
because its high ionization potential and very low proton
affinity render it a spectator for both, protonation and positive
charge transport. Furthermore, it features a unique F atom that
allows for selective soft X-ray targeting in future studies. The
schematic structure is displayed in Fig. 1 with the conventional
atom numbering. Note that atoms attached to a ring atom have
the same number as the ring atom itself. 5’-d("UAG) features a
decrease in nucleobase vertical ionization potential from the 5’
to the 3’-terminal ("U: 9.46 eV,'® A: 8.37 eV, G: 8.1 eV") that
favors hole migration to the 3’-terminal, i.e. charge transport.
Proton affinities follow an opposite trend, being lowest for
N atoms on FU and very similar but much higher for A-N1
(9.77 eV) and G-N7 (9.84 eV).'® By spectroscopically targeting
the N K-edge around 400 eV, the focus of the study is set on the
nucleobases (the only groups containing N atoms) and in
particular on protonation of N atoms. N atoms in nucleobases
have either amine (three single bonds, >N-) or imine (one
double bond, =N-) character with the respective N-1s electrons
being either weakly (imine) or strongly (amine) bound.'® In
X-ray absorption spectra, this manifests in a transition-energy

This journal is © the Owner Societies 2021

View Article Online

PCCP
» o]
B s O\P\ 5 O\F/< 5 3
o/%"m ) HO/ o, o HO/ 0" -
2 2 ¥
Y glycosidic”™Y o~y
e oy
OYT N bond —
8
HN 3 " 5/ <N
2
o
FU
IP,=9.46 eV IP,=8.37 eV IP,=8.1eV
PA(A-N1) = 9.77 eV PA(G-N7) =9.84 eV
_ ) E,=407 eV
) [A+H]
E
g [G+H]"
k)
2 A*\
§ [FusHr
= \ 3
e\ [Ats]
\
\ I‘lA T ll‘I T T T I
120 130 140 150 160 170 180 190 200 210 220

m/q (amu)

Fig.1 A schematic of the 5'-d(FUAG) oligonucleotide showing the site-
numbering convention as well as the vertical ionization potentials'” and
the highest proton affinities!® for the isolated nucleobases. The two most
likely protonation sites A-N1 and G-N7 are indicated in green. The bottom
panel displays a high resolution N K-edge soft X-ray photofragmentation
mass spectrum for [d(FUAG)+HI™ (Ex = 407 eV, recorded at room tem-
perature). IP,: vertical ionization potential, PA: proton affinity.

band n; (imine-N 1s-n*) and a higher transition energy band =,
(amine-N 1s-n*), that has been observed for nucleotides in
solution®® or for nucleobases in the gas-phase'” >* but not
for gas-phase DNA. In our model oligonucleotide, the ratio
between amine and imine N atoms varies (amine: FU-N1,N3,
A-N6,N9, G-N1,N2,N9; imine: A-N1,N3,N7, G-N3,N7). Protona-
tion of either A-N1 or G-N7 (the most likely protonation sites)
strongly increases the respective N-1s binding energy, as the N
character changes from imine to an imine/amine mixture.

2 Experiment

The bulk of the experiments was performed using the nano-
clustertrap apparatus,”” >> ** which is a fixed endstation at the
high-resolution soft X-ray beamline UE52-PGM of the BESSY 1I
synchrotron radiation facility. The photon energy was cali-
brated using the Ne 1s line for the first 3 monochromator
orders. For the N K-edge, the error bar of the photon energy was
4100 meV. Protonated [d(FUAG)+H]" cations where produced by
means of electrospray ionzation (ESI) from a 20 uM solution in
methanol. The mass-selected cations where accumulated in a
cryogenic (T =~ 20 K) linear radiofrequency (RF) ion trap. An
action-spectroscopy approach was employed for determination
of the soft X-ray photoabsorption cross sections, i.e. photon
energy Ex.ray was ramped in 50 meV steps across the nitrogen
K-edge (398-410 eV). For each Ex.,y, the trapped protonated
oligonucleotides were exposed to monochromatic (AE =~ 100 meV)
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soft X-rays and the entire trap content including the photo-
products were extracted into a time-of-flight (TOF) mass spectro-
meter. The relative ion yields for the different photofragments
were determined from the TOF spectra and plotted against the
X-ray photon energy to obtain N K-edge X-ray absorption spectra
for the dominant fragments. Large trap volume and high soft X-ray
resolution allowed for swift acquisition of high resolution spectra.
Three independent scans of the X-ray energy were recorded and
averaged. The variation between consecutively recorded spectra
was small. Multi-photon absorption by the [d(FUAG)+H]" precursor
cations was negligible.

The thermalization of the oligonucleotide ions with the
cryogenic He buffer gas in the trap occurs on a several ps
timescale. The relatively slow cooling process freezes out tran-
sient conformations but also reduces the number of funda-
mental conformers present in the trap. Possible effects of
molecular conformation on the recorded soft X-ray spectra
would therefore be minimized. Furthermore, the cryogenic
buffer gas quenches fragmentation processes that occur on
long (nus and more) timescales. This way, fragmentation pro-
cesses that occur long after intramolecular vibrational redis-
tribution are quenched.

3 Theory

For the theoretical part, the ground-state molecular structures
were optimized in the gas phase using density functional theory
(DFT) at the wB97X-D/cc-pVDZ level of theory. As a reference,
we first optimized the geometry of the neutral system. Subse-
quently, we optimized the geometry of the protonated oligo-
nucleotide for two different positively charged systems being
protonated on the A-N1 and on the G-N7 moiety, respectively
(A-N1 and G-N7 are long known as the most likely protonation
sites in isolated 2’-deoxyadenosine and 2’deoxyguanosine,
respectively but also for nucleotides embedded in single
stranded DNA."). All minimized structures were confirmed by
Hessian calculations and no imaginary frequency were found.
A detailed exploration of the conformational space was beyond
the scope of this study. The core-excitations were then computed
using time-dependent DFT (TD-DFT) with Tamm-Dancoff
approximation.>® Calculations were performed with restricted
single excitation subspace that involved excitation only from
the 1s orbital of a single N atom at a time. The short-range
exchange correlation functional SRC2-R1'* ** with the parameters
Conr = 0.55, pisg = 0.69ay %, Crur = 0.08 and g = 1.024, ' in
combintation with a cc-pVDZ basis set was employed. All compu-
tations were done using the Q-Chem 5.1 quantum chemistry
package.”®

4 Results and discussion

Fig. 2 displays the calculated oscillator strengths at the N
K-edge for neutral d("UAG) and for [d(*UAG)+H]", protonated
at A-N1 and G-N7 (top row, middle row, and bottom row,
respectively). The columns in Fig. 2 show the data for the
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N sites belonging to each nucleobase, separately. The insets
show isosurfaces of the canonical orbitals that dominate the
final state character of the strongest transitions (isovalue: 0.05).
It has been shown previously, that X-ray absorption spectra of
nucleobases are generally only weakly affected by DNA second-
ary and tertiary structure®® and even their direct chemical
environment®” and this is confirmed by the fact that all final
states are localized on single nucleobases and have =n*
character.

For the neutral molecule (Fig. 2, top row) in the case of U,
the two strong lowest-energy transitions around 402.5 eV are
from the "U-N1 and FU-N3 amine sites that both feature
strongly bound 1s levels. In the case of A and G, the spectra
in Fig. 2 are more complicated, as both nucleobases contain
amine and imine nitrogens, with their different N-1s binding
energies. For the neutral molecule and the case of A, transitions
from the imine nitrogens A-N1,N3,N7 to the unoccupied m*-
orbitals LUMO+1 and LUMO+3 all have transition energies
around 400.2 eV. The transition from amine nitrogens
A-N6,N9 to the LUMO+1 orbital are observed at 401.7 eV and
402.7 €eV. A similar situation is found for G, where transitions
from imine G-N7,N3 to the LUMO+5 orbital are found at
400.2 eV and 401.1 eV, whereas the transitions from amine
G-N1,N2,N9 to the LUMO+4 orbital are found at 402.3 eV,
402.7 eV and 402.9 eV.

A-N1 protonation (Fig. 2, middle row) significantly alters the
molecular electronic structure. The additional positive charge
leads to a general increase in binding energies in both, core
and valence electrons. The overall appearance of the absorption
spectra for U and for G remains unchanged, even though
protonation alters both, molecular geometry and energetic
ordering of the final states. For the protonated nucleobase A
itself, the situation is different. The LUMO is now localized on
A. Protonation of the A-N1 site increases the binding energy of
the respective 1s orbital from the lowest of all N 1s orbitals in
the molecules to the highest. Accordingly, the respective transi-
tion changes from 400.1 eV (neutral) to 402.6 eV (protonated,
see blue arrows in Fig. 2). The situation is very similar for G-N7
protonation (Fig. 2, bottom row). Despite a significant altera-
tion in geometry and electronic structure, the overall appear-
ance of the absorption spectra for fU and for A remains
unchanged. However, the LUMO is now localized on G and
protonation of the G-N7 site increases the (initially very low)
binding energy of the corresponding 1s orbital to the highest
N-1s binding energy in the molecule. As a consequence, the
only low-energy transition on the G moiety shifts from 400.2 eV
(neutral) up to 402.3 eV (protonated, see red arrows in Fig. 2).
The final state of this transition is the LUMO.

How does this compare to the experimental data? Gas-phase
protonated oligonucleotides are generally less stable with
respect to soft X-ray absorption than their deprotonated coun-
terparts. Gonzalez-Magana et al. showed that for soft X-ray
photoabsorption at the C, N and O K-edges, the doubly proto-
nated 4-mer [d(GCAT)+2H]** is subject to extensive fragmentation,
with glycosidic bond-cleavage (see Fig. 1) being a dominating
process.”® The bottom panel in Fig. 1 shows a high-resolution

This journal is © the Owner Societies 2021
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Fig. 2 Oscillator strengths for [d(FUAG)+H] at the N K-edge. Top row: neutral molecule; middle row: protonation at A-N1; bottom row: protonation at

G-N7. Initial N 1s site on FU (left column), A (middle column) or G (right co

lumn). Insets show isosurfaces (isovalue = 0.05) of the canonical orbitals that

dominate the final state of the strongest transitions. The two blue arrows indicate the transition from A-N1, the two red arrows indicate transitions from

G-N7. L + n stands for LUMO + n.

photofragmentation mass spectrum for [d(FUAG}+H]" at the N K-
edge (Ephoton = 407 €V). The spectrum is again dominated by
fragments due to glycosidic bond cleavage, in particular the
nucleobase radical cations A" and G* and their protonated counter-
parts [A+H]" and [G+H]". The corresponding *U* and [FU+H]" ions
are observed with much lower relative yields (the low-mass cutoff of
the ion trap was around m/g= 110 amu).

Fig. 3 shows the sum of all 6 nucleobase ion ([G+H]", [A+H]",
[Fu+H]", G*, A" FU") yields as a function of photon energy. For a
direct comparison, the corresponding theoretical data from
Fig. 2 both A-N1 and G-N7 protonated [d(FUAG)+H]" are shown.
For the theoretical spectra, the N atoms from all three nucleo-
bases were combined and the calculated excitation energies
and oscillator strengths were convoluted with Gaussian func-
tions of 0.5 eV full width half maximum (FWHM), to account
for the experimentally observed peak broadening. The energy
scale for the theoretical data has been shifted by —0.65 eV with
respect to the experimental data and the experimental data has
been scaled to fit the theoretical data. For the 7, band, excellent
agreement between experiment and theory is observed. For the
n, band, the agreement is markedly better for the A-N1 proto-
nated system.

For a more detailed comparison, it is useful to utilize the
final state information and plot the experimental data for each
nucleobase fragment separately. The top panel in Fig. 4 dis-
plays the recorded soft X-ray spectra for the 3 hydrogenated
nucleobase-related fragments [G+H]", [A+H]" and [FU+H]". Note,

This journal is © the Owner Societies 2021
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Fig. 3 Comparison of integral N K-edge X-ray absorption spectrum for
[dFUAG)+HI* fragments [G+HI*, [A+H]Y, [FU+HI*, G¥, A* FU* (grey sym-
bols) and theoretical data from Fig. 2, convoluted with the experimentally
observed resolution (0.5 eV) A-N1 (blue line) and G-N7 (red line) proto-
nation. Note, that the axis of the theoretical data is shifted with respect to
the experimental data by —0.65 eV. The non-resonant background has
been subtracted from the experimental data and the spectrum has been
scaled to the intensity of the theoretical spectrum.

that formation of these fragments requires glycosidic bond
cleavage and hydrogen transfer. In addition, one (singly proto-
nated nucleobase loss) or two (unprotonated nucleobase loss)

Phys. Chem. Chem. Phys., 2021, 23,11900-11906 | 11903
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Fig. 4 Top panel: Experimental N K-edge X-ray absorption spectra for
[d(FUAG)+HI* for the fragments [G+H]™, [A+H]* and [FU+H]™ (top panel)
and for G*, A* FU™ (middle panel). The intensities are relative to the non-
resonant intensity just below the N K-edge. Bottom panel: Theoretical data
from Fig. 2, convoluted with the experimentally observed resolution (0.5
eV) for the neutral oligo as well as for A-N1 and G-N7 protonation. Note,
that the axis of the theoretical data is shifted with respect to the experi-
mental data by —0.65 eV.

H atoms need to have migrated towards the nucleobase.?® The
panel below shows the results for the systematically less intense
regular nucleobase fragments G*, A" FU'. All 6 spectra are
qualitatively very similar but differ in absolute and relative
intensity. The spectra are dominated by the n} band centered at
399.5 eV and the n; band around 401.7 eV. Above 403 €V, a
broad continuum is observed for A and G that extends to higher
photon energies. Whereas for nj peak is found at identical
energy for all fragments, the n; peak appears shifted by about
0.5 eV to lower energies for G™ and [G+H]".

For comparison between experiment and theory, the bottom
panel of Fig. 4 displays theoretical X-ray absorption spectra,
obtained by plotting the *U, the A and the G data from Fig. 2 for
the neutral oligo, the A-N1 protonated oligo and the G-N7
protonated oligo, respectively (the neutral data in only shown
for comparison). The calculated excitation energies and oscil-
lator strengths have again been convoluted with a 0.5 eV
Gaussian and the energy scale of the theoretical data is shifted
by —0.65 eV.

From the theoretical data in Fig. 4 it is very clear that both
energy and relative intensity of the (n}) band are very similar for
both protonation states and even for the neutral oligo, whereas
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the 3 band is visibly influenced by protonation and protona-
tion site. For A-N1 protonation, the energetic position and the
width of the nj band resemble the experimental data rather
closely, whereas for G-N7 protonation, the nj — n; splitting is
slightly too large and the r} is significantly too narrow. This is
in line with the fact that our calculations find the A-N1 proto-
nated structure energetically favored by about 0.03 eV, in
contrast to the energetic ordering of the proton affinities of
the isolated nucleobases, which suggest G-N7 being favored
(see Fig. 1).

A deeper look into connection between photoabsorption site
and fragmentation channel can be obtained by zooming into
the n; and =n, bands of the experimental data (Fig. 5) and by
inspecting the actual transitions that contribute to the i},
bands. Fig. 2 shows that the n} band only has transitions from
A-sites (G-N7 protonation) or from A and G-sites (A-N1 proto-
nation). In the latter case, the A-contribution still is about twice
the G-contribution, so theory shows that in any case mj-band
excitations predominantly occur on the A moiety. However,
experimentally the relative intensity of the nj-band is highest
for G* and [G+H]" fragments. (The yields for U related frag-
ments are generally smaller due to the high ionization potential
of this nucleobase, but even though in the n} energy range, no
N-1s absorption is possible on the *U moiety, both FU* and
[[FU+H]'] have comparable intensities for n} and w} (see Fig. 4).)
Fig. 5 also displays the difference [G+H]'-[A+H]" (top) and
G'—A" (bottom). For the m; band, the difference spectra both
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Fig. 5 Zoom into the region of the m; and n, bands from the two top
panels in Fig. 4. Only the data [G+H]* and [A+H]* (top) and for G* and A* is
shown. The black line shows the difference between the two spectra.
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peak at 399.5 €V, as do the [G+H]', [A+H]', G" and A" peaks,
i.e. the peaks merely differ in intensity. The same is true for the
7, band and the G* and A" peaks. It is however clear that in the
[G+H]" spectrum, the m, band is markedly shifted to lower
photon energies. A look at the difference spectrum shows that
this is due to transitions at 401.1 eV, 0.6 eV below the 401.7 eV
center of the m, band.

Fig. 2 reveals that transitions on the A moiety contribute
most in this energy range. Soft X-ray photofragmentation of
protonated 5'-d(FUAG) cations thus shows a non-intuitive site-
sensitivity: Yields of fragments directly related to the absorp-
tion site appear reduced. This could be explained in a model of
competing fragmentation processes: glycosidic bond cleavage
leading to the observed fragments necessarily is a relatively
slow process, as it involves motion of a high-mass fragment as
well as hydrogen transfer to the nucleobase. It is very likely that
a large fraction of the photo-excitation energy has distributed
over the entire molecule, before glycosidic bond cleavage is
completed. However, in the photofragmentation spectra we
also observe small peaks due to nucleobase fragmentation
products. It is very likely that nucleobase fragmentation is a
faster process that occurs before the energy has equilibrated.
As a consequence, the yield of (intact) nucleobase fragments
appears reduced for the X-ray absorbing nucleobase. This is in
agreement with the thymidine XUV photoionization experiments
of Mansson et al. who found lifetimes of about 200 fs for the
glycosidic bond cleavage channel, but substantially shorter life-
times of several 10 fs for the formation of small fragments.>*

Only for Ex > 407 eV, the yields for “U" and [FU+H]" are
increasing to a similar relative intensity that is observed for
A and G. In this energy range, direct N 1s ionization becomes
the dominating channel, leading to removal of an additional
electron. Coulomb repulsion of the charges increases the
probability of finding the 3’-terminal U positively charged.

5 Conclusion

In conclusion, we have shown that the combination of TDDFT
calcuations using a short-range exchange correlation functional
and high-resolution soft X-ray spectroscopy allows for a
detailed understanding of the soft X-ray spectral features.
Careful choice of the photon energy allows for well-localized
photoexcitation, that appear to induce an increase of fast
fragmentation in the absorbing nucleobase. Protonation leads
to dramatic changes for the transisitions from the respective N
atoms but the influence on the entire soft X-ray absorption
spectrum is only moderate. As an outlook, the single F atom on
the high IP terminal of the system will allow for localized F 1s
excitation that can serve as a basis for soft X-ray pump-probe
studies on charge migration and energy transport in oligo-
nucleotides.
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