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Irradiation of isolated collagen mimetic peptides by x rays and carbon ions
at the Bragg-peak energy
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We report on an experimental irradiation of isolated peptides by carbon ions at the Bragg-peak energy.
Collagen mimetic peptides and their noncovalent complexes undergo nondissociative ionization, but also inter-

and intramolecular fragmentation induced by internal energy transfer. We also detect nondissociative proton
detachment, an ion-specific process. The average amount of energy transferred by ions is similar to the case of
x-ray single photoabsorption, and our results indicate that it changes with the conformation and size of a given
molecular system. Our work paves the way to experimental investigation of high-energy ion collisions involving
proteins and DNA strands, to investigate the role of ion kinetic energy in internal energy deposition.

DOI: 10.1103/PhysRevA.98.062701

I. INTRODUCTION

Effects of ionizing radiation on matter have been stud-
ied for more than 100 years, in particular by William and
Lawrence Bragg during the late 19th to early 20th centuries.
The former discovered that charged particles (notably ions)
with MeV Kkinetic energies penetrate into matter and deposit
energy along a mostly linear path, making them decelerate
and stop at a depth that increases with initial kinetic energy.
Along this path, the linear energy transfer (LET) is first
almost constant, and then shows the so-called Bragg peak
right before the particles stop. This LET is mainly due to
ionization of atoms and molecules along the ion path, and the
Bragg peak can be accounted for by the evolution of electronic
stopping power while ions are decelerated. Hadrontherapy for
cancer treatment (mainly with protons but also carbon ions)
takes advantage of this ion-specific interaction with matter
to maximize energy deposition in tumors and spare healthy
tissues located along the ion path, especially deeper than the
Bragg-peak location. This precise ballistics adds to a higher
relative biological efficiency than conventional treatments to
kill cancer cells [1]. Cell death may occur following DNA
strand break, either by direct interaction with the primary
beam or by indirect effects such as radical attacks after water
radiolysis and interaction with secondary particles [2]. How-
ever, fundamental molecular processes underlying these bio-
logical effects are still poorly understood. Several groups have
tackled this task by studying the irradiation of isolated biolog-
ically relevant systems, starting with building blocks of DNA,
proteins, and lipids in a bottom-up approach. DNA bases
[3-=7], nucleosides [8—11] and nucleotides [12], amino acids
[13-16], small peptides [17,18], and carbohydrates [12,19,20]
have been ionized mainly by photons but also electrons and
ions. Moreover, the role of a molecular surrounding on the
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ionization and fragmentation of these small molecules within
clusters has been probed [21-24]. Only recently, soft sources
of gas-phase molecules allowed irradiation of larger systems
such as proteins [25,26] and DNA strands [27] stored in ion
traps. However, only a few papers report on ion collision with
a protein [28-30].

Collagen is the most abundant protein in the human
body, its triple-helix structure (see Fig. 1) being responsible
for the mechanical properties of many tissues (skin, bones,
cartilage, nails, etc.). Recently, we showed that protonated
peptide trimers known to be model systems of this triple
helix keep their condensed-phase structure in the absence of
a solvent, but only for charge states higher than 7 [31]. In
this work, we present the results of experimental collisions
between collagen mimetic triple-helix models and ions at
the Bragg-peak energy (=1 MeV/u). These (PPG);()s and
((PHypG),)3 triple-helix models consist of three noncova-
lently bound peptides, each consisting of ten repetitions of
the sequence proline-proline-glycine or its hydroxylated form
proline-hydroxyproline-glycine. We use mass spectrometry
for analyzing the main processes induced, but also for estimat-
ing the internal energy transferred to the molecular system,
thanks to comparison with the results of x-ray photoabsorp-
tion experiments.

II. EXPERIMENTAL SECTION

All experiments were performed using a homemade tan-
dem mass spectrometer that has been described in detail
somewhere else [33] and is shown in Fig. 2. Briefly, molecules
are put in the gas phase thanks to an electrospray ion
source (ESI) and guided through a funnel and an octopole.
The molecule of interest is then selected by its mass over
charge ratio (m/z) in a quadrupole mass spectrometer (QMS),
before being accumulated in a Paul trap and irradiated by the
ion or photon beam. All trapped cations are then extracted and
analyzed in a time-of-flight (TOF) mass spectrometer before

©2018 American Physical Society
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FIG. 1. Structure of the collagen triple-helix peptidic model
((PPG),y)s (Protein Data Bank ID: 1K6F [32]). Backbones are
shown as ribbons, with one color for each peptide.

being detected by a microchannel plate (MCP) detector. For
the spectra shown in Fig. 3, the latter consisted of one MCP,
a scintillator, and a photomultiplier (Bipolar TOF, Photonis).
This allowed a postacceleration voltage of —9.0 kV to be ap-
plied to the front MCP, and thus increased detection efficiency
compared to MCP detectors alone (5.0 kV), which were used
in the case of the spectra shown in Fig. 4.

Irradiation with carbon ions was performed at the GANIL
facility in Caen (France), by coupling the tandem mass spec-
trometer to the IRRSUD beamline. We used a C** ion beam
at 0.98 MeV /u, with an intensity of 25 nA. The irradiation
time was controlled by pulsing the carbon ion beam thanks
to an electrostatic deflector located after the ion source, but
before acceleration by the cyclotron. X-ray photon irradiation
was carried out at the BESSYII synchrotron (U49/2-PGM1
beamline, HZB, Berlin, Germany), and a mechanical shutter
was used to control the irradiation time. In both cases, the
irradiation time was on the order of 500-1500 ms.

The (PPG);o and (PHypG);¢ collagen mimetic peptides
were purchased from Peptides International (>95% purity)
and used without further purification. Powders were dissolved
in equal proportions of water and methanol, with 1% of
formic acid in volume. The final concentration was around
50 umol/1. For each molecular system studied, we recorded a
mass spectrum without the ionizing beam (beam off), and two
with the beam (beam on). We then subtracted the “beam off”
spectrum from the average of the two “beam on” spectra. The
result is a negative peak for the parent ion, and all positive
peaks are products of the interaction involving a change
in m/z. The resulting spectrum was smoothed by adjacent
averaging over 20 points, and calibrated in m/z. Since the
flux is about 10'3 photons/s for x rays and 4 x 10'%ions/s
for C*+, photoabsorption or collision events are independent.
Therefore, we tuned the irradiation time to induce less than
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FIG. 2. Scheme of the experimental setup.
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FIG. 3. Mass spectra of the [(PHypG),, + 3H]** peptide after
irradiation by an x-ray beam at 150 eV (top) and the C** ion beam at
0.98 MeV /u (bottom). Red dashes indicate the precursor ion (m/z =
898.0); the corresponding peak appears negative as explained in
the experimental section. NDI stands for nondissociative ionization,
M?** is the doubly protonated peptide ion, and bs,/y;, backbone
fragment ions have been assigned. In the C** spectrum, no peaks
appear below m/z = 100, due to the higher trap RF voltage and thus
m/z cutoff.

10% depletion of the precursor ion: It ensures that our mass
spectra contain more than 90% of events coming from single
interactions. We also irradiated the trap residual gas without
the molecular ion beam (by turning off the electrospray needle
voltage) to spot background peaks.

Since the MCP detection efficiency depends on ion veloc-
ity and thus m/z, all ion yields determined from the mass
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FIG. 4. Mass spectra of the [((PPG);o); + 7H]’* trimer after
irradiation by x rays at 150 and 288 eV as well as by C** ions. The
position of the precursor ion (m/z = 1085.7) is represented by red
dashes. Nondissociative ionization (NDI), monomers (M"") and the
main backbone fragment ions (b3,/y3,) are indicated in red, blue,
and green, respectively. In the C** spectrum, no peaks appear below
m/z = 100, due to the higher trap RF voltage and thus m/z cutoft.
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spectra and included in Figs. 5-7 were corrected by detector
efficiency, with the same method as reported earlier [26].

III. RESULTS AND DISCUSSION

A. Irradiation of isolated collagen mimetic peptides

First, we present our results on isolated collagen mimetic
peptides (monomers), before exploring the role of complex-
ation in the next subsection, dedicated to peptide trimers. It
is worth pointing out that we only present the results for
the (PHypG);o peptide, since we obtained very similar ones
for (PPG)o. Figure 3 shows a comparison between mass
spectra of the [(PHypG),, + 3H]** after irradiation by an
x-ray photon beam at 150 eV, and by a C*' ion beam at
0.98 MeV /u. The main observation is the striking similarity
of the two spectra: For both, the main product cations are
[(PHypG),, + 3H]*" with m/z = 673.5, due to nondissocia-
tive ionization (NDI), and backbone fragments, as we recently
reported [34]. The latter are mainly singly charged b3, and y3,
(1 < n < 4 being a positive integer) fragments coming from
glycine-proline peptide bond cleavages, but also by, y», b4, ys
and below m/z = 250, mainly internal fragments formed by
at least two backbone cleavages. Regarding photoabsorption
at 150 eV, this energy is far lower than the ones corresponding
to the electronic transitions involving 1s electrons of C, N, and
O atoms. The photon is thus absorbed by electrons of valence
orbitals, one or several electrons are ejected, and the residual
energy is redistributed in the vibrational modes of the peptide
and leads to its fragmentation. On the other hand, carbon ions
at 0.98 MeV /u are expected to interact with electrons of the
molecule, located in mostly valence but also inner orbitals,
as Tribedi et al. reported for collisions between C®F ions at
3.5 MeV /u and uracil [35]. The similarity of the mass spectra
for x rays and C** ions (cf. Fig. 3) indicates that both particles
interact with electrons, eject at least one of them and deposit
internal vibrational energy in the system. Later in this paper,
we will give an upper limit to this amount of deposited energy.

The main processes induced by carbon ions and x-ray
photons are the same, but a clear difference appears between
the spectra of Fig. 3. A peak at m/z = 1346.4 corresponding
to the [(PHypG),, + 2H]** peptide is visible only after
carbon ion irradiation. We attribute this contribution to
nondissociative proton detachment from the precursor ion.
This phenomenon was never reported after photon irradiation,
and has been observed for collisions between Xe®" ions and
multiply protonated cytochrome C [28]. It was demonstrated
that the probability of proton detachment increases with
the initial number of protons in the precursor ion. This is
consistent with our results, since we irradiated the doubly
protonated [(PHypG),, + 2H]** peptide with C** ions,
but detected no proton detachment (data not shown). A
relevant thermochemical property to consider for proton
detachment is gas-phase acidity of a given molecular system
M it corresponds to the Gibbs free energy of the gas-phase
reaction [M + nH]"" — [M + (n — DH]"~D+ 4+ H*. It has
been shown that the gas-phase acidity of peptides at 300 K
increases with the number of protons, consistently with the
previous and present results. Furthermore, typical values
for gas-phase acidity range from 8 to 11 eV [36,37]: Since
ionization energies of protonated peptides lie in the same

range [38], although slightly higher, it confirms the possible
competition of proton detachment vs ionization.

B. Irradiation of collagen triple-helix models
1. X-ray photoabsorption

Compared to the isolated peptide monomers (cf. Fig. 3),
we observe the same species in the mass spectra of protonated
triple-helix models (see Fig. 4): the intact ionized peptide
trimer due to NDI and backbone fragments. However, a no-
ticeable difference is the presence of peaks assigned to peptide
monomers with charge states 2+, 3+, and 4+. They are due to
intermolecular dissociation of the triple helix, which is mainly
composed of two M** and one M>*, as we reported earlier
[34]. Therefore, the observation of M** indicates nondisso-
ciative ionization of a M>* within the triple helix, followed by
dissociation into monomers. We previously reported that these
peptide monomers can further undergo backbone cleavage if
the photon energy is high enough, indicating that the amount
of energy transferred to the system increases with photon
energy [34].

Figure 5 presents the relative yields of NDI, monomers as
well as backbone fragments of the collagen mimetic peptide
triple helix [((PPG),(); + 7H]’" after x-ray photoabsorption
in the 100-535 eV energy range. Those relative yields are de-
fined as a proportion of all irradiation products: RY; = ﬁ,
where A; is the absolute integrated area under the peak i. Note
that areas are corrected by the detector efficiency factor. The
observed trends are consistent with those already reported for
the same system in the VUV-X range [34]. In comparison with
VUV energies, fragmentation is the main contribution after
x-ray photoabsorption, and globally increases with photon en-
ergy, confirming that the vibrational energy transferred to the
system also rises. However, this evolution is far from linear,
since all yields are mostly constant from 100 to 250 eV, and
a sudden change occurs between 250 and 288-300 eV: NDI
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FIG. 5. Relative yields of nondissociative ionization (NDI), sum
of monomers in 24, 3+, and 44 charge states, and backbone
fragments of the [((PPG);o); + 7H]’* trimer as a function of the
absorbed x-ray photon energy. The evolution of the different charge
states of the monomer is also shown in the bottom plot. Uncertainties
come from the method used for data analysis.
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strongly falls while backbone fragments follow the opposite
trend, whereas the abundance of monomers remains almost
constant. From 300 to 535 eV, yields are again constant. We
attribute this behavior to the fact that for 288 eV and above,
photoabsorption transfers more internal vibrational energy
leading to backbone fragmentation of the peptide. Indeed,
below 288 eV, only valence electrons can absorb the photon,
whereas from 288 €V, electrons located in 1s atomic orbitals
of C, N, and O are expected to be involved. Photoabsorption
at 288, 401.5, and 531.5 eV is known to target C, N, and
O 1s electrons, respectively, and induce resonant excitation
to w* orbitals of the amide groups of isolated peptides and
proteins, followed by Auger electron emission [39], while
the remaining electronic energy is converted into vibrational
energy (about 20 eV on average for 288 eV [26]). At 300 eV,
one C ls electron is brought to the continuum, and one Auger
electron is ejected, which results in double ionization and
in a larger fragmentation yield compared to 288 eV [26].
This is consistent with our results, and they also indicate that
photoabsorption by valence electrons deposits less vibrational
energy than ls electrons. Our previous study on a peptidic
sequence of type I collagen led to the same conclusion [40].
Interestingly, the total yield of 2+, 3+, and 44+ monomers
remains broadly constant over the whole energy range, which
might be due to photoabsorption of valence electrons even at
energies of 288 eV and above, the excess energy being carried
away by the ejected electron. When looking at the bottom plot
of Fig. 5, one can notice that from 288 to 300 eV, 2+ and
3+ charge state monomers slightly decrease while the 44
rises: This is attributed to double ionization of a monomer
2+ within [((PPG),(); + 7H]’*, the latter being most likely
composed of two monomers 2+ and one 3+.

To further characterize double ionization following single
photoabsorption, we studied [((PPG);o); + 6H]%* from 288
to 300 eV photon energy, with 1.5-eV steps. We chose this
charge state because double ionization of the triple helix can
be assigned unambiguously. On Fig. 6 the relative yields of
fragments, NDI, NDDI (nondissociative double ionization),
and monomers are plotted as a function of photon energy.
Over the whole energy range, the main relaxation pathway is
peptide backbone fragmentation, as for [((PPG);o); + 7H]"*
(cf. Fig. 5), and the second most abundant is intermolecu-
lar dissociation forming monomers. We can notice opposite
trends between NDI and NDDI. While the yield of NDI is
slowly decreasing between 288 and 300 eV, NDDI is constant
from 288 to 294 eV, increases from 294 to 297 eV, and
then is again constant. This trend was previously observed
for cytochrome C by Milosavljevic et al. [39]. From 294 to
297 eV, peptide backbone fragmentation slightly decreases,
while monomers increase in abundance, indicating that dou-
ble ionization does not deposit enough internal energy to
induce fragmentation of monomers formed by intermolecular
dissociation. This is consistent with a transition from excita-
tion to ionization in this photon energy range, as we reported
recently for VUV photons on the same system [34].

2. X-ray photoabsorption vs C** irradiation spectra

For each photon energy included in Fig. 5, we compared
the mass spectra of the [((PPG),(); + 7H]’" collagen triple-
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FIG. 6. Relative yields of nondissociative ionization (NDI) and
double ionization (NDDI), sum of monomers in 3+ and 4+ charge
states, and backbone fragments of the [((PPG),y); + 6H]®" trimer
as a function of the absorbed x-ray photon energy between 288 and
300 eV. The doubly charged monomer is not included since it has the
same m/z as the precursor ion and thus cannot be detected.

helix model with the one obtained after carbon ion irradiation.
The photon energy of 288 eV compares better to carbon (cf.
Fig. 4). However, it is worth noting that the abundances of
NDI and monomers, in comparison with backbone fragments,
are smaller after carbon ion than photon irradiation. We will
discuss this point more deeply in the next section. Interest-
ingly, in the C*+ spectrum, the peak corresponding to M2+ is
much more intense (taking into account detection efficiency)
than M3+, contrary to the case of x rays. This can be rational-
ized by the contribution of nondissociative proton detachment
from [((PPG),); + 7HI™*, giving [((PPG);(); + 6HI°*, as
observed for isolated peptides (vide infra). Furthermore, it was
unambiguously observed for other charge states of the peptide
trimers. Besides, this process is less probable for trimers in 54
and 6+ charge states than for the triply protonated monomers,
which might be in contradiction with the simple picture of
a process influenced by the number of protons alone, as
proposed by Martin et al. [28]. However, another explanation
could be a partial dissociation of the trimer into monomers,
after proton detachment. It would imply that this process
induces a certain amount of vibrational energy transfer.

3. Internal energy deposition by x rays and C** ions

In the case of photons, we showed in the previous section
that the amount of internal energy transferred to the molecular
system can be tuned by changing their energy. In the case of
ions, can this amount be varied and/or controlled?

First, let us consider how to calculate the stopping power
of ions of a given kinetic energy in a given material in the
condensed phase, thanks to the SRIM software [41]. For 2c
ions at 12 MeV in a polyimide of density 1.42 and containing
H, C, N, and O, it gives about 90 eV/A. Let us consider the
diameter of a disk with an area equal to the collision cross
section as an approximation of the ion path within the molec-
ular system. We recently measured this cross section for low-
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FIG. 7. Relative yields of NDI, fragments, monomers, and pro-
ton detachment after x-ray (150 eV for monomers, 150 and 288 eV
for trimers) and carbon irradiation as a function of charge state.
The results are highly similar for both (PHypG)io and (PPG)o
monomers, we thus only show the data for (PHypG),o, extracted
from the spectra of Fig. 3. For [((PPG);,); + SH]’*, NDI cannot be
separated from M>*; they both contribute to the sum of monomers.
For [((PPG),y); + 6H]**, the M>* monomers formed by dissocia-
tion of the triple helix have the same m/z as the precursor ion, and
thus do not contribute to the sum of monomers. Proton detachment
from [((PPG),o); + 7H]"* and M*" have the same m/z; they both
contribute to the sum of monomers.

energy collisions with He by ion-mobility spectrometry, and

obtained values about 1400 Az for the [((PPG);g); + 7H]*
trimer (corresponding to a triple helix shown in Fig. 1), and

425 AZ for the doubly protonated [PPG( + 2H]*>* monomer
(a folded structure) [31]. The ion path across the system
would therefore be about 40 and 20 A, corresponding to a
transferred energy of around 3600 and 1800 eV for the trimer
and monomer, respectively (note that the stopping power is
constant over the path).

Second, it is useful to recall that by measuring the frag-
mentation yield of molecular systems in the gas phase, our
collaboration reported previously that absorption of a photon
of 288 eV transfers around 20 eV to the system [26]. In Fig. 7,
we compare the fragmentation yields of collagen peptide
monomers and trimers after x ray and irradiation by C** ions
at 0.98 MeV /u. First, it is clear that these yields are hardly
influenced by the charge state. Second, for trimers, they are
similar for a photon energy of 288 eV: Therefore, C** ions
at 0.98 MeV /u may transfer about 20 eV to the system. For
monomers, the corresponding photon energy is 150 eV: Since
it is lower than 288 eV, we showed in the previous section
that the transferred energy is lower than 20 eV, but of the
same order of magnitude. Therefore, it is around 100 times
lower than what we estimated for the condensed phase in the
previous paragraph: The main reason is most probably the
kinetic energy carried away by the emitted electrons in our
gas-phase experiments.

On the other hand, with x rays, a clear effect of stabilization
via complexation is seen: For a photon energy of 150 eV, the

amount of backbone fragmentation decreases from monomers
to trimers. In our recent paper [34], we attributed this to, first,
a size effect that allows distributing the transferred vibrational
energy into about three times more degrees of freedom, and
second, to evaporative cooling that dissipates energy by break-
ing the H bonds of the triple helix. The fact that we do not
observe such an effect for carbon ion irradiation indicates that
the stabilization effect via complexation is roughly canceled
out by the increase in deposited energy due to the larger ion
path within the system.

Unfolding, complexation, and change in the size of the
system therefore influence the fragmentation yield after irradi-
ation. If our interpretation is correct, the amount of vibrational
energy transferred by the ion to a given molecular system can
be increased by unfolding its structure. It also demonstrates
the power of mass spectrometry in indirectly measuring this
amount of energy, via the fragmentation yield of the molecular
system.

IV. CONCLUSION AND OUTLOOK

We performed an interaction between peptides and ions at
a kinetic energy corresponding to the Bragg peak, where ion
beams deposit the maximum of their energy in biological mat-
ter, in order to destroy tumor cells in hadrontherapy. By means
of mass spectrometry, we analyzed the cationic products of
protonated collagen peptides and triple-helix models after sin-
gle collisions with C**: our results show that mainly electrons
are targeted, leading to nondissociative ionization, transfer
of electronic energy followed by conversion into vibrational
energy triggering inter- and intramolecular fragmentation. In-
terestingly, our results indicate that C** ions also interact with
individual protons in the peptide, leading to the detachment
of one of them, which has never been observed after pho-
toabsorption. This ion-specific proton detachment increases
with the number of protons, and probably induces vibrational
energy transfer, similarly to ionization. This amount of energy
might be varied by changing the geometrical structure and size
of the molecular system: For peptides, our results show that an
unfolded and larger system receives more transferred energy.

Our work shows that the main radio-induced molecular
processes can be analyzed and understood experimentally by
mass spectrometry techniques, but also opens up alternative
perspectives by investigating the evolution of the amount of
vibrational energy transferred to a biomolecular system as a
function of the ion beam kinetic energy in the 0.1-100 MeV /u
range.
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