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Chapter 4

Fragmentation or— andf—alanine
molecules by ions at Bragg—peak
energies

The interaction of keV He, HE and O™ ions with isolatedy andf isomers of the amino
acid alanine was studied by means of high resolution cogmad time—of—flight mass spec-
trometry. We observed a strong isomer—dependence of ¢bagtic fragmentation channels
which manifests in strongly altered branching ratios. DXesihe ultrashort initial perturba-
tion by the incoming ion, evidence for molecular rearrangetfeading to formation of H
was found. The measured kinetic energies of ionic alaniagnfients can be sufficient to
induce secondary damage to DNA in a biological environment.

published:

S. Bari, P. Sobocinski, J. Postma, F. Alvarado, R. Hoek&tr&ernigaud, B. Manil, J. Rangama,
B. Huber, and T. Schlatholter,
J. Chem. Physl128 074306 (2008).
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Figure 4.1: Molecular structure oti— (top) andB—alanine (bottom, red: O, blue: N, light grey: C,

white: H). In the left column, the spin density of the catmmiolecule is indicated as shaded area,
in the right column, the electron density difference maphef dication with respect to the cation is

displayed. The double lines indicate bond scission leattirtge dominating fragments.

4.1 Introduction

Biological effects of ionizing radiation are known to be migidue to direct or indirect dam-
age of cellular DNA. To understand biological radiation @da® on a molecular level, a num-
ber of recent studies have focused on ionization and fratatien of isolated DNA building
blocks. It was for instance found that very low energy (sel@op) electrons can efficiently
damage nucleobases [1-3] or deoxyribose [4] and eventiealiito DNA single and double
strand breaks [5—7]. The interaction of keV ions with DNA fayajor biological relevance
in the context of the recent advances in proton and heavyuimot therapy. When the ions
are decelerated to sub MeV energies, the so—called Braggipeached where the induced
damage is maximum. It has been observed that nucleobask] [8rd even more so de-
oxyribose molecules [13] are very sensitive to keV ion inip&trrthermore, secondary ions
produced in such collisions can have kinetic energiesyeasideeding 10 eV [9, 10] which is
sufficient to cause subsequent DNA damage [14, 15].

In the nuclei of eukaryotic cells, DNA is wound around praotspools — the so—called
histones. The radiation action upon these proteins is efést since secondary particles
formed during the interaction might in turn damage the nieaging DNA. We have studied
the singly and multiply charged ion (MCI) induced ionizat@nd fragmentation of a common
protein building—block, the amino acid alanine. Collisare studied at keV (Bragg—Peak)
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Figure 4.2: Sketch of the experimental setup.

projectile energies with emphasis on the determinatiorobsdary ion energies.

Alanine (CH—CH(NH,)-COOH) is the only amino acid which naturally occurs in two
different isomers¢— andf—alanine). The two alanine isomers are depicted in fig. 4th wi
the molecular structure of their lowest energy gas—phastoomer, as experimentally iden-
tified by Alonsoet al. [16, 17]. This availability of two stable isomers allowed tasalso
address the fundamental question whether there is a stalisensitivity of biomolecular
fragmentation pathways following collisions with muliptharged ions. It is known e.g.
from MCI collisions with Gy that electron capture at large impact parameters can beya ver
gentle ionization process accompanied by only small ansooftarget excitation [18, 19].
Distinct isomer effects in the ionization and fragmentatiynamics following MCI interac-
tions with alanine would indicate fragmentation patterrighhalso contain structural infor-
mation for other amino acids and possibly even for peptid@saieins. This could ultimately
be interesting for potential application of keV MCI impastatool for protein sequencing.

In addition, very recently Det al. observed K formation in collisions of keV A¥* ions
with methanol molecules [20] — a process which is importagt éor interstellar gas—phase
chemistry. The H could only be formed via fast bond rearrangement followimgniek—
Condon type double ionization processes. In this paper we gt Hj formation following
MCI collisions is not limited to methanol but also occurs mtlva— andfB—alanine and thus
seems to be a more general phenomenon.

4.2 Experiment
The experimental setup has been described in detail beBpreA sketch is displayed in

fig. 4.2. Briefly, He", HE?" and @' ions were extracted from the electron cyclotron reso-
nance (ECR) ion source located at the ZernikeLEIF faciity(in Groningen).
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For the present experiments, the source was operated ontiptgdetween 4 and 20 kV.
The ion beam was pulsed with a repetition rate in the 10 kHgeamd an ion—pulse length
of about 10 ns. In the setup, the ion beam was collimated byymetwo 1 mm diaphragms
(205 mm apart) and focused into the collision region.

In the collision chamber, the ion beam pulses crossed a gasamet obr— or B—alanine,
evaporated from an oven resistively heated to 420 K. Thigerature ensured sufficient
target densities without thermal dissociation of the males. The molecules then effused
through a 500um nozzle placeds 20 mm from the collision region. A liquid nitrogen
cooled stainless steel plate opposite to the oven nozalesas a trap for the alanine as well
as residual gas components. This way the base pressurg @xperiments is kept around
1 x10~8 mbar and contributions of the residual gas to the experiateiata are negligible.

Two extraction plates located 10 mm apart provide a stagictet field. For most experi-
ments, an electric field of 150 V/cm was used. To avoid covetdghese plates by adsorbed
layers of alanine, which would distort the homogeneous fietith plates were resistively
heated tox~ 100° C. Due to the electric field, ions generated in the collisiegion were
extracted through a diaphragm and a lens system into a refietatne—of—flight (TOF) spec-
trometer (resolutionit =1500 atm=720 amu [21]) and detected on a multi-channel-plate
(MCP) detector. The signal sent to the ion—beam pulser wed as a start for the TOF mea-
surement and for each start, several fragmentions couldteetgd in coincidence (dead time
~ 50 ns) and analyzed in an event—by—event mode. Electropnittas was accomplished by
using a multi-hit time—to—digital converter (TDC, FAST B8 ns resolution).

4.3 Results and Discussion

A typical mass spectrum of positively charged products fraotlisions of 40 keV Hé"
with the two alanine isomers is shown in fig. 4.3. Fofalanine, the probability of non—
dissociative ionization is negligible but also fBralanine, the contribution of the parent
cation is weak. For both isomers, the fragmentation spewaparticularly rich and for
a—alanine a qualitative resemblance with data obtained lafteenergy electron impact [22]
and core—excitation [23] is obvious. A list with the yieldstbe most dominantr—alanine
fragments and their tentative assignment can be found ia #ab. Data for He and G* are
given for comparison.

One issue to address here is the formation pffthgment ions. This process has been
observed recently for MCl induced double ionization of i and the H was confirmed
to exclusively stem from the methyl group [20]. We observefbrmation as a weak channel
in all collision systems (see inset in fig. 4.3), being st@stgfor 50 keV O projectiles
(a—alanine: 0.1% of the Hion yield, B—alanine: 0.05%) and about a factor of two smaller
for 10 keV He" and Hé* at different kinetic energiegi—alanine does not have a ggroup
and Hj formation therefore requires proton migratioa—alanine on the other hand has a
CHjs side chain. H formation in this case does not necessarily require protiyation.
However, when using—alanine with a fully deuterated side chain we observed atwoce
as much DH* as Dj. Also for a—alanine, the tri-hydrogen cation is therefore primarily
formed in a process requiring proton migration.

For a—alanine, the dominant fragment cations are fournd/at= 1 (H") and atm/q=44
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Figure 4.3: Mass spectrum of product ions from 40 keV%ecollisions witha—alanine (top) and
B-alanine (bottom)A andB label the main interaction products IQIBHZ+ and NHCH3CH™", formed
by cleavage of the C—bond @r—alanine) and of the £&-Cg bond B-alanine), respectively.

(NH,CH3CHT, referred to a8 in fig. 4.3). The latter fragment is formed by a single rupture
of the C-G bond indicated in fig. 4.1Ab initio calculations on fragmentation channels of
the a—alanine cation find this channel to be energetically masirible [25].

For B—alanine, H is again found to dominate the spectrum, together with tagrfrent
atm/q=30 (NH,CHJ, referred to as\ in fig. 4.3). The latter fragment is formed by a single
rupture of the G—Cg bond indicated in fig. 4.1. FragmeAtis almost absent for—alanine
whereas fragmerB is almost absent fof—alanine. Qualitatively the same results are ob-
served for the other projectile ions and ion energies withetkception of Hé projectiles,
where channelé andB are less dominant. Similar findings have been reported éutren
impact ionization [26] and for photoionization studies][24

Compared to these techniques, single electron capturednmlecule by a MCl is very
selective i.e. restrained to capture from the highest decumolecular orbital (HOMO).
In the keV energy range single electron capture also is thegss with the largest cross—
section, dominating the fragmentation pattern in fig. 4.8.mentioned in the introduction,
single electron capture from MCI is furthermore known to besatremely gentle process,
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Table 4.1: Relative yields of the dominant cationic fragments (yidldt % or more with the exception
of H3+ ) of a—alanine formed in collisions with 10 keV He 20 keV HEé* and 50 keV OF. ¥ Jabels
fragment ion assignments following the work of Jochihal. [24].

m/q ion Het | He*t | O°F
(amu) assignment (%) (%) (%)
1 HT 324 | 419 | 448
2 Hy 17 | 06 | 1.6
3 Hi 0.07 | 0.02 | 0.9
12 ct 25| 40 | 5.9
13 CH* 23| 20 | 13
14 CHJ, N* 41 | 28 | 43
15 CH; @ 69 | 27 | 32
16 NH*, OF 35| 35 | 5.2
17 NH3, OH* 23| 13 | 17
18 NH, H,0* @ 34 | 39 | 30
24 cy 07 | 1.2 | 09
25 CoH* 12 | 1.0 | 05
26 CoHy 25| 15 | 1.2
27 CoHy @ 38 | 1.7 | 16
28 HCNH* @ 102 | 59 | 57
29 NH,CH* @ 34 | 1.7 | 24
30 NH,CHj & 03 | 03 | 04
36 (o3 02| 03 | 02
37 CaH* 02| 02 | 01
38 CgHj, CoN* 1.0 | 08 | 05
39 CgHJ, CoNH* 09 | 05 | 05
40 CsH,, CoNHy 1.8 | 07 | 08
41 CsHgz, CoNH3 21| 06 | 07
42 NH,CH,C* @ 33| 14 | 12
42 NH2CH,CHT @ 07 | 05 | 04
44 NH,CHsCH* @ 33 | 141 | 7.7
45 COOQH" @ 3.7 | 21 | 27
46 HCOOH* 01| 01 | 01
52 01| 01 | 01
53 02| 01 | 01
54 01| 01 | 01
55 CsNHZ 01| 01 | 01
56 01 | 01
75 | NH,CHCOOH® | <0.1| 0.2 | 0.1

accompanied only by weak excitation of the target molecle 19]. This is stressed by the
fact that the isomer specificity of the obtained mass spéstadbsent for Hé impact (see
table 4.1, 4.2) which is known to cause most violent fragraton in biomolecules [9, 13].
For O°* the isomer specificity is weakened due to the fact that geiritgle electron capture
competes with gentle multi—electron captures, the lagiing to more severe fragmentation.

For a qualitative understanding of the isomer—selectagrfrentation pattern, we consider
the spatial spin densities of the two alanine radical caticDverlaid on the lowest energy
conformer structures, fig. 4.1 shows the spatial distrdsutif thea— andf—alanine cation
spin—densities, as obtained by density functional theatgutations on the B3LYP level
using a 6-311++G(d,p) basis set [27]. Since the interadiioe between ions and amino
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Table 4.2: Relative yields of the dominant cationic fragments (yidldt % or more with the exception
of H3+ ) of B—alanine formed in collisions with 10 keV Fle 20 keV H&+ and 50 keV &". @ labels
fragment ion assignments following the work of Jochihal. [24].

m/q fragment Het | He?t | O°
(amu) ion (%) (%) (%)
1 HY 275 383|375
2 Hy 13 | 1.1 | 1.2
3 H 0.03 | 0.02 | 0.05
12 ct 22 | 37 | 6.0
13 CH* 23| 1.7 | 14
14 CH*t, Nt 41 | 27 | 44
15 CHJ @ 42 | 17 | 1.7
16 NH*, OF 35| 38 | 53
17 NH3, OH* 25| 16 | 20
18 NHj, H,Ot @ 1.7 | 15 | 14
19 HsO™ 03| 01 | 0.2
24 Csy 10 | 15 | 11
25 CoHT 16 | 1.2 | 07
26 CoHZ, CN, 28 | 16 | 15
27 CoHy @ 42 | 19 | 1.9
28 HCNH* @ 106 | 55 | 6.1
29 NHoCHT @ 34 | 18 | 26
30 NHCHj @ 6.6 | 185 | 12.3
31 05| 03 | 03
37 CaH™ 05| 01 | 0.2
38 CgHy, CoN* 12 | 07 | 06
39 11| 04 | 06
40 19 | 06 | 09
41 24 | 07 | 10
42 | NHaCHp, =C** @, CH,CO'™ | 43 | 1.8 | 22
43 NH,CHCH; @ 13 | 15 | 1.2
44 NH2(CHp); & 1.2 | 1.1 | 11
45 COOH" @ 35 | 1.7 | 25
46 02 | 03
50 0.2
51 0.1
52 02| 01 | 01
53 03| 01 | 01
55 01| 01 | 01
60 CH3COOH" @ 01 | 01
70 NH,CHCHCO" @ 03 | 02
89 NH2(CHz),COOH" 01| 07 | 06

acids is on the fs time—scale, we assumed a vertical iobizafihe geometries have thus
been optimized for the neutral molecules. In agreement thighstudy of Simoret al. [25]

the spin density foo—alanine is centered around the Ntamino) group. We find similar
results forB—alanine. In both cases, weaker contributions of spin tkease also found on
the respective COOH groups. However, éeralanine where the amino—group is bound to the
central C atom, the ionization substantially weakens th€bond whereas foB—alanine
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Figure 4.4: Correlation plot for H/C™, HT /Nt and H"/O" ion pairs from 40 keV H&" collisions
with a— andf—alanine. On the right, kinetic energies are given for eagfimhent ion in eV (see text).

the Co—Cg bond is weakened (see fig. 4.1). This is in agreement withxtperémental data
in which scission of these bonds is preferentially observed

Fragmentation patterns as the ones shown in fig. 4.3 mogthaitoinformation on possi-
ble endpoints of the ion—induced dissociation processe®hss on their respective branch-
ing ratios. When only examining those ionization proceaseghich the alanine molecules
are at least doubly ionized, two or more fragment cationastag from the same molecular
fragmentation event can be detected in coincidence and matepth information on the
fragmentation dynamics can be obtained. In the following,will focus on the analysis of
those fragmentation channels that involve the most aburidegment ions from fig. 4.3, i.e.
NH>CH3;CH' (a—alanine), NHCH; (B—alanine) and F (both).

Fragment—fragment correlations involving protons are idatng the correlation dia-
grams for both isomers. Furthermore, protons are often th&t energetic secondary ions
observed in ion—induced biomolecular fragmentation [9Y. B.4 exemplarily displays the
correlation plots for Ff (TOF1) with Ct, N* and O™ (TOF2) formed after multiple ioniza-
tion of a— andB—alanine by 40 keV He ion impact. Note that the double—island structure
is due to the transmission of the extraction system. In thlesimm center fragment ions with
a specific kinetic energy are produced. The static electtiaetion field applied to the col-
lision region accelerated the ions towards a diaphragm i fihameter. Depending on the
diaphragm diameter, its distance from the collision ceatet the strength of the extraction
field, a cutoff ion energy exists. lons with kinetic energigseeding this cutoff energy have
transmissions smaller than 100 %. For a single ion the treséom depends on the ions mo-
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Figure 4.5: Correlation plot for fragment ions from 40 keV He collisions witha—alanine with in-
tensities given in logarithmic scale. Only the regions esponding tan/q=15-18 andn/q=27-29
coincidences with COOH are shown, with the number indicating the respective istdaple.

mentum vector. If the angle between ion momentum and detexi®is 90 the ion will reach
the diaphragm at maximum distance from the center. If thigeais zero, the ion will reach
the diaphragm at the diaphragm center. For fragment iors kilitetic energies exceeding
the cutoff, therefore only the ones emitted parallel orgartllel to the spectrometer axis are
detected. In case of 100 % transmission, parallelogranpeshialands would be observed.
In fig. 4.4 for the protons a structure with two maxima is olbedrandAt; is defined as the
distance between these maxima. For the heavy ions, no dpealestructure is observed. As
a measure for their kinetic energies we use the tifig) between those TOFs at which the
peak intensity dropped to 10 %. For a given extraction fgltagment charge statgand
fragment ion mass the ion kinetic energy is given b = £2q?At?/8m. The determined
energies for fragments @— andf—alanine are given on the right of fig. 4.4 (in eV).

It is obvious that the fragment ion kinetic energies depdrmhgly on the fragment ion
type, being largest for Oand H" and smallest for €. The isomer dependence is relatively
weak. For G projectiles qualitatively the same trends are observedinge on average
fragmentation involves higher initial alanine chargeestafragment kinetic energies exceed
15 eV (H", most probable energy) and 17 eV{(QGenergy at 10 % cutoff). On the other hand,
for He' ions for which resonant electron capture is unlikely [8]r@st) isomer dependence
is observed.

In case of double ionization af—alanine, the dominating large fragment pGH3sCH™
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formed by scission of the CCbond is not seen as a strong fragmentation channel in the
correlation data. Apparently, two electron removal quesdhis fragment and leads to more
extensive fragmentation of this ion. Somewhat weak butasrtbst intense feature at larger
fragment masses, we observe the corresponding COf&yment atm/q = 45 which is
only a minor channel in single ionization (see table 4.1)e Télevant parts of the respective
correlation plots are displayed in fig. 4.5. The COOldn is observed strongest in coinci-
dence with the NHCH™ ion (m/q = 29) and to a weaker extent with HCNHm/q = 28)
and HCN™ (m/q = 27), note that Jochimet al. [24] assign thisn/q to C;H3. Our results
indicate that the threm/q differ in hydrogen content favoring the HCNassignment. A
second group of islands represent coincidences of CO®@ith CHJ (m/q = 15) and NH
(m/q = 18).

The slope of islands in TOF/TOF correlation plots carriderimation on the momentum
balance of the respective fragment ions. If the two ions stemm a two—body breakup,
conservation of momentum implies a -1 slope of the respealand in the correlation plot.
Non-conservation of mass obviously rules out two body hipaind a two—step process has
to be invoked.

In fig. 4.5 the islands have a much steeper slope indicatieg@slary decay mechanism
[28] subsequent to the first step in which the G—ond is broken. In the second step,
the NH,CH3CH™ ion fragments e.g. along the,€Cz bond (pair (45,29)) according to the
following scheme:

NH,CH,CH,COOH'+ — NH,CH3CH' + COOH" (4.1)
— NHoCH" + CH3 4+ COOH" (4.2)

If no kinetic energy is released in the second step, then thgOW™ cation leaves with
the same velocity as the initial NlEHsCH™ cation. The slope of the island has to be
-m(NH2CH3zCH™)/m(NH,CH")=-44/29=-1.51, which is in line with the experimental data
(see fig. 4.5). A similar fragmentation sequence leads t@éires (45,28) (slope=-1.57) and
(45,27) (slope=-1.63) in which either one or two hydrogemat are lost in the second step.
In case the charge stays on the smalles@dgment, the pair (45,15) (slope=-2.93) is ob-
served. The last channel seen in fig. 4.5 corresponding tgdire(45,18) (slope=-2.44)
leads to formation of an N]Hion. This channel involves rearrangement of thel8H3CH™
cation [26].

The kinetic energy release in step 1 amounts ta-B.2 eV (pair (30,45)). In the single—
stop spectra (fig. 4.3) the dominating fragment cationFealanine is NHCH; (m/g=30).

In the coincidence spectra (fig. 4.6), the strongest cdfoeladf m/gq=30 is with m/q=42
(CH,CO"). Loss of one or two H atoms from NA€H; leads to the pairs (29,42) and (28,42).
All these islands have a slope very close to -1.

The three pairs (28,42), (29,42) and (30,42) are obvioustyhe result of a pure 2—body
breakup, because a neutral OH fragment is produced in add&ince two—body breakup is
ruled out the -1 slope is an indication for so—called deficlgarge separation [28], i.e. loss of
a neutral fragment without appreciable energy releasef(&)and subsequent fragmentation
of the remaining dication under conservation of momentum 4e4):

NH,CH,CH,COOH"™ — NH,CH,CH,CO* " + OH, (4.3)
— NH,CHj + CH,CO" + OH. (4.4)
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Figure 4.6: Correlation plot for fragment ions from 40 keV Hecollisions withB—alanine with inten-
sities given in logarithmic scale. Only the region corresging to NH CH2+ (-Hn) (due to cleavage of
the G—Cg bond) coincidences with COOH(due to cleavage of the Cx(hond) and CHCO" (due
to cleavage of the C-0O single bond) are shown, with the nurmbiézating the respective island slope.

The kinetic energy released in the second step can be obtaora theAt of the respec-
tive island and amounts to 3t®.2 eV for the fragmention into the pair (30,42). A weaker
group of islands involving the most prominent NEH, (m/g=30) cation is due to correla-
tions withm/g=45 (COOH"). This channel is also observed accompanied by loss of 2 or 3H
atoms from the lighter fragment, leading to pairs (28,4%) &v,45). Here, the islands have
a much steeper slope indicating a secondary decay mechf2g8sm

NH2CH,CH,COOH™* — NH,CH; + CH,COOH" (4.5)
— NH,CH; 4+ COOH' + CH; (4.6)

Again, if no kinetic energy is released in the second stegn thhe COOH cation leaves
with the same velocity as the initial GEOOH" cation. The slope of the islands has to be
-m(CH,COOH)/m(COOH)=-59/45=-1.31, which agrees very well withat/is observed in
fig. 4.6. The kinetic energy release in step 1 amounts ta-@.2 eV (pair (30,45)). This
value is clearly smaller than the 3.5 eV observed for the @iing process. The reason
might be that the charge separation occurs in the first sepfrom the intact molecule. In
the deferred charged separation process, the intact nielkas already lost an OH group.
Coulomb explosion than occurs in a smaller system where idtardtes are smaller and
Coulomb repulsion is accordingly stronger.

The fragmentation dynamics following alanine double iatian can be interpreted by
looking at the electron density difference maps for digatiand cations (see fig. 4.1). The
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major bond scission following single ionization is markedidiack lines. Subsequent bond
scissions in the case of double ionization are marked byimed.|

For a—alanine the main fragmentation process after single &iaa is scission of the
C-C4 bond leading to a neutral COOH fragment. This is also the cmsimon first step after
double ionization (see eq. 4.2) with the only difference @@H being formed in cationic
form. From fig. 4.1 this can be expected, since substantéabehis removed from the COOH
group upon the 2nd ionization. Furthermore, thes@irbup is again only weakly affected by
removal of the second electron. It is this group, which isfset in the second step, either
neutral or in cationic form.

Formation of the COOH cation is also an important channel in double ionization of
B—alanine (see eq. 4.6). Itis obvious from the electron dgd#ference mapsin fig. 4.1 elec-
tron removal from thg3—alanine cation changes the electron density througheutvtiole
molecule. In particular, the CCbond is affected and in case of the Gr8ond scission,
the COOH is released in the second fragmentation step.

A peculiarity of theB—isomer is the OH-loss channel (eq. 4.4) which is stronger the
COOHT" production. Here, théirst step is the scission of the C-0O single bond (indicated by
dotted lines in fig. 4.1) followed by scission of thg&Cg bond. This process is probably
facilitated by a stronger intramolecular hydrogen bondiegiveen the Nkl group and the
second O atom.

4.4 Conclusion

To conclude we have observed a pronounced isomer depeniteMc& induced fragmen-
tation of isolated alanine molecules. These results asgdnting for future studies on MCI
induced protein fragmentation with the ultimate goal of @leping a new complementary
tool for protein structure determination. Fragment iorekio energies were found to exceed
6 eV (HEt impact) and 15 eV (& impact) implying that ion-induced damage of histone
proteins might produce sufficiently energetic secondang ito induce further damage to
neighboring DNA. Formation of K ions from botha— andB—alanine was observed. This
relatively weak process requires substantial rearrangeafeéhe molecule before fragmen-
tation. Thus, formation of K cations in MCI induced fragmentation, as first observed by De
et al.[20], seems to be a more general phenomenon, which is alsrwaasin biomolecular
fragmentation.
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