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a b s t r a c t

In this paper, we compare ionization and dissociation of a series of singly and doubly protonated peptides,
namely leucine enkephalin, bradykinin, LHRH and substance P as induced by collisions with keV H+, He+

and He2+. For all peptides under study, the fragmentation pattern depends strongly on the electronic
structure of the projectile ions. Immonium ions, side-chains and their fragments dominate the spectrum
whereas fragments due to peptide backbone cleavage are weak or even almost absent for He+. Here,
resonant electron capture from the peptide is ruled out and only interaction channels accompanied by
eywords:
eptide
eptide fragmentation
on collision

much higher excitation contribute. Cleavage of the side-chain linkage appears to be a process alterna-
tive to backbone fragmentation occurring after internal vibrational redistribution of excitation energy.
Depending on the peptide, this process can lead to the loss of a side-chain cation (leucine enkephalin,
LHRH) or a neutral side-chain (substance P).
F trap
lectrospray ionization
esonant electron capture

. Introduction

In a recent article, we have introduced the technique of keV
on-induced dissociation (KID) for mass spectrometric peptide
nalysis [1]. Sequencing and protein identification by means of
ass spectrometric techniques is a powerful tool. Usually the anal-

sis is based on excitation by multiple collisions with inert gas
toms (collision-induced dissociation, CID [2–4]) or surfaces (sur-
ace induced dissociation, SID [5,6]), on electron capture (electron
apture dissociation, ECD [7–9]), on blackbody infrared radiation
10,11] and on laser light [12,13]. In KID, interactions of keV ions
ith biomolecules can lead to particularly high excitation energies,

ince collisions are governed by (multiple) electron capture (i.e.,
entle electron transfer from the molecule to the ion) and elec-
ronic stopping (i.e., projectile ion-induced electronic excitations
f the target molecule). The initial excitation is always occuring on
few fs-timescale.

Until recently, such keV ion collision studies were limited to
ffusive targets of small biomolecules which are stable with respect
o thermal decomposition. We have for instance studied keV ion
nteraction with DNA building blocks [14] and amino acids [15].
ore complex neutral systems have until now only been accesible
y investigation of keV ion collisions with biomolecular clus-
ers [16]. An opportunity to study collisions with more complex
iomolecules is the use of mass-selected biomolecular ions, as for
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instance produced by electrospray ionization [17]. Collisions of keV
ionic DNA building blocks or peptides with neutral atoms have
recently been studied [18–20], e.g., to investigate the influence
of solvation-shells on biomolecular fragmentation. In our first KID
investigation it was found that fragmentation of protonated leucine
enkephalin as induced by keV ion impact leads to mass spectra
dominated by immonium ions and their fragments [1]. Large frag-
ments due to backbone scission are observed at smaller relative
intensities and could be totally suppressed by using keV He+ ions
for which resonant electron capture at large distances is almost
blocked.

It is the goal of this study, to show that the dominance of
resonant electron capture and electronic stopping in KID of pep-
tides is a general feature. To this end we have experimentally
studied KID of three larger peptides. In the following we will
present KID spectra for interactions of keV H+, He+ and He2+

ions with the peptides bradykinin (BK, Arg-Pro-Pro-Gly-Phe-Ser-
Pro-Phe-Arg, m = 1062.21 amu), luteinizing-hormone-releasing
hormone (LHRH, pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2,
m = 1182.29 amu), and substance P (Arg-Pro-Lys-Pro-Gln-Gln-Phe-
Phe-Gly-Leu-Met-NH2, m = 1347.63 amu) which will be compared
to existing data on leucine enkephalin (leu-enk, amino acid
sequence: Tyr-Gly-Gly-Phe-Leu, m = 555.62 amu). Fig. 1 displays
schematic structures of the four peptides.
2. Experiment

A sketch of the setup can be found in Fig. 2. Briefly, singly and
multiply protonated peptide ions were generated in the in-house

dx.doi.org/10.1016/j.ijms.2010.09.019
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:tschlat@kvi.nl
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observed. With the current mass resolution of our apparatus, we
Fig. 1. Schematic structures of the four peptides under study.

uilt ESI source. The peptides were sprayed in methanol solutions
ith an addition of 1% of formic acid. Concentrations were: leu-enk:

0 �M, BK: 10 �M, LHRH: 22 �M, substance P: 15 �M. Electro-
prayed ions were then guided through a collisionally focusing
F-only quadrupole followed by an RF-quadrupole mass analyzer.
ventually, the peptide ions were collected in an RF-quadrupole
on trap which they entered through an end-cap. The base pressure
nside the trap chamber was 1 × 10−9 mbar. Trapping of the pep-
ide ions requires their collisional cooling which was induced by
nducing a He-buffer-gas pulse. With the buffer-gas pulse present,
he estimated pressure inside the trap increased to 1 × 10−3 mbar,
nd the trap was typically loaded with protonated peptides over
period of a few 100 ms. When the filling cycle was completed,

he ESI beam was blocked by 100 V skimmer bias and the solenoid
alve, controlling the He buffer-gas flow, was closed. A delay of
bout 500 ms allowed the pressure in the trap to decrease to about
× 10−6 mbar, necessary to keep charge-changing collisions by the
eV ions below 1% before reaching the trap center. A ≈100 nA beam
f keV H+, He+ or He2+ projectile ions extracted from an electron
yclotron resonance ion source intersected the Paul trap through
he ring electrode. Before crossing the trap region, the projectile
ons were mass selected by means of a 110◦ dipole magnet. The
rotonated peptides were then exposed for about 100 ms to the

on beam. The conditions were chosen such that only about 10%
f the trapped protonated peptides were dissociated by collisions
ith projectile ions. This ensures that only about 10% of the hit
olecules are subject to two or more collisions. Note, that multi-

le collisions are expected to mainly produce very small fragments.
asses lower than ≈50 amu are not trapped by the trapping poten-

ial used in this study. This implies that the formation of typical
+
mall amino acid fragments such as HCNH as e.g., observed in our

arlier studies on KID of alanine, valine and glycine [21], cannot be
bserved in this study.

After the projectile ion pulse, a second He-buffer-gas pulse was
pplied to the trap, to cool energetic dissociation products. Trapped

Fig. 2. Sketch of the exp
ss Spectrometry 299 (2011) 64–70 65

protonated peptides and their cationic dissociation products were
then extracted into a linear time-of-flight (TOF) mass spectrometer
(M/�M ∼ 200) by applying a bias voltage (Ubias ≈ 200 V, dura-
tion: 5 �s) to the RF-trap endcaps. The ions were detected by a
silhouette-type micro-channel-plate detector with the front plate
biased to −5 kV and the anode kept at ground potential. The detec-
tor signal was recorded by a 1 GHz digitizer.

Despite the low background pressure and a liquid nitrogen
cooled cryo-trap close to the RF-trap, contamination of the buffer-
gas or neutral molecules from the ESI source may contribute to the
mass spectra. To extract the mass spectrum due to peptide frag-
mentation only, the data acquisition was divided into successive
cycles of three mass scans. In each cycle, first the TOF spectrum
resulting from keV irradiation of trapped protonated peptides and
neutral residual gas was recorded (inclusive scan). To obtain the
net effect of keV ion irradiation upon the trapped protonated pep-
tides, in a second scan the ECR source was switched off and a TOF
spectrum of the initial trap content only was recorded. For the third
scan, the ESI source was switched off and the TOF spectrum result-
ing from the ion-induced ionization of residual gas molecules was
recorded. The latter two spectra were then subtracted from the
inclusive scan. A three-scan cycle took about 3 s. To obtain the final
mass spectra a series of 2000–6000 cycles was accumulated, which
assures that long term fluctuations of peptide- and projectile-ion
current were averaged out.

3. Results

3.1. Leucine enkephalin (leu-enk)

As already discussed in our previous publication [1], KID of
leucine enkephalin leads to fragment ion distributions dominated
by immonium ions and related fragments. Fig. 3 (top) displays a
low-mass region of the spectrum (50–175 amu) obtained for 5 keV
H+ collisions with leucine enkephalin. Immonium ions and related
ions for tyrosine (tyr, 136, 107, 91), phenylalanine (phe, 120, 91)
and leucine (leu, 86) dominate the spectrum. The dominance of
side-chain loss is also reflected in the fact that a, b, and c frag-
ments which lost the complete aromatic tyr side-chain (m = 107)
are clearly observable (see also Fig. 3, bottom). Furthermore, intact
amino acid residues for glycine (gly, marked with the one let-
ter code G in Fig. 3) and phenylalanine (phe, marked with F) are
observed.

The corresponding high m/z part of the mass spectrum for 5 keV
H+ collisions with leu-enk can be found in Fig. 3 (bottom). The peaks
are generally weaker than the immonium and immonium-related
ion peaks. A number of peaks due to peptide backbone scission
are observed which are due to singly charged a, b and y fragments
as well as due to an internal GF+ fragment. Furthermore, again a,
b and c fragments accompanied by loss of the tyr side-chain are
cannot resolve the b+
3 and y+

2 fragments which also overlap with
the doubly charged singly protonated parent ion. We can thus not
identify or quantify the latter. However it is likely that (M + H)2+ is
formed during KID, because of the presence of b2+

5 fragments.

erimental setup.
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Fig. 3. KID mass spectra for 5 keV H+ interactions with protonated leucine
enkephalin. Top: Mass range of immonium and related ions up to m/z = 175. Immo-
nium ions are labeled with their mass and three letter code, the respective series
of related ions are grouped by lines. Amino acid residues are labeled by their one-
letter code. Bottom: Larger fragments due to backbone scission. Internal fragments
are labeled by the one-letter code of the respective amino acids.
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m/z = 107 being strongest. For histidine, the immonium ion is strong
and related ions are observed as well (his, 126, 110, 82). Further
immonium ions are leu (86), pyro-glutamic acid (pglu, 84) and ser
.2. Bradykinin (BK)

For the larger nonapeptide bradykinin, KID of the doubly proto-
ated species was investigated. KID spectra obtained for 5 keV H+

mpact are displayed in Fig. 4. As for leucine enkephaline, the low
ass region is dominated by immonium and related ions. The argi-

ine side-chain is prone to fragmentation at a number of bonds and
ome of the intermediates cyclize before subsequent loss processes.
ccordingly this immonium ion is linked to a number of fragment

ons (arg, 129, 112, 100, 87, 70, 59). Phe (120, 91) and serine (ser,
0) immonium ions are observed as well. The by far strongest peak

s due to the proline immonium ion (pro, 70). BK contains 3 pro-
ine residues and only two residues of phe and arg, respectively.
he higher relative abundance together with the generally labile
mine bond on the N-terminal side of proline residues explain the
ominance of the proline immonium ion.

The dominating features in the larger mass range (Fig. 4, bot-
om) are the doubly protonated, triply charged BK ions, together
ith satellites due to loss of H2O and CO. All types of backbone

cission (x, y, z, a, b, c) are oberved with a preference for y, z and b
ragments. Smaller fragments are observed as protonated cations,

arger fragments as doubly protonated dications.
Fig. 4. KID mass spectra for 5 keV H+ interactions with doubly protonated
bradykinin. Top: Mass range of immonium and related ions up to m/z = 150. Bottom:
Larger fragments due to backbone scission.

3.3. Luteinizing-hormone-releasing hormone (LHRH)

Also for LHRH, KID of the doubly protonated species was per-
formed. Fragmentation spectra for 5 keV H+ collisions are displayed
in Fig. 5. LHRH has 8 amino acid residues with immonium ions in the
mass range accesible by our trap. The low mass region of the frag-
mentation spectrum accordingly appears to be more complex as
compared to the leu-enk and BK cases. As for BK, the peak at m/z = 70
which is due to the pro immonium ion and a side-chain fragment of
arginine dominates the spectrum, despite the much lower relative
abundance of proline in LHRH. A second peak of almost identical
intensity is found at m/z = 130 and belongs to the tryptophan immo-
nium series (trp, 170, 159, 132, 130, 117, 77). m/z = 130 is the intact
trp side-chain consisting of an indole ring with an attached methy-
lene group. In photodissociation studies on protonated trp, Talbot
et al. [22] have observed dominant production of this particularly
stable fragment at high UV-photon energies (≈5.6 eV). In LHRH arg
is not in a terminal position as it is for BK with the apparent con-
sequence that no intact immonium ions are formed. However, the
series of side-chain fragments shows up in the spectrum (112, 100,
87, 70, 59).

In LHRH tyr is not in an N-terminal position as in leu-enk and
only leads to a weak but still visible immonium peak and associ-
ated side-chain fragments (136, 107, 91) with the intact side-chain
(60).
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Fig. 5. KID mass spectra for 5 keV H+ interactions with doubly protonated LHRH.
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tronic stopping equaling the excitation energy dE deposited per
ragments due to backbone scission.

At larger masses, the peak due to doubly protonated triply
harged LHRH dominates (Fig. 5, bottom). Two peaks due to loss of
ither a singly charged tyr (m/z = 107) or a trp (m/z = 130) side-chain
rom (LHRH + 2H)2+ are observed as well. Furthermore, mainly
ingly charged peaks due to backbone scission into short fragments
re observed (y, z, a, b, c).

.4. Substance P

KID spectra for 5 keV H+ impact on doubly protonated substance
can be found in Fig. 6. The low mass range spectrum is very rich
ecause of the high number of different amino acid residues with

mmonium ions and side-chains. The spectrum is again dominated
y the pro immonium ion (70). The peptide contains two proline
esidues. Furthermore, the immonium ions and related ions for arg
129, 112, 87,70), lysine (lys, 129, 112, 101, 84, 70), phe ((120, 91),

ethionine (met, 104, 61), glutamine (gln, 129, 101, 84, 56) and leu
86) are observed.

The larger mass range (Fig. 6, bottom) is dominated by triply
harged ions. Interestingly, the doubly protonated substance P tri-
ation which is accompanied by the b3+

11 peak is not the strongest
eak. The triply protonated trication that lost the complete side-

3+
hain of the C-terminal met is the strongest peak (M-RM) . A
lightly weaker peak (M-RF)3+ is probably due to the loss of the
he side-chain. Due to limited statistics, less intense peaks cannot
e assigned unambiguously.
Fig. 6. KID spectra for 5 keV H interactions with doubly protonated substance P.
Top: Mass range of immonium and related ions up to m/z = 150. Bottom: Larger
fragments due to backbone scission.

4. Discussion

Characteristic for keV atomic ion interations with protonated
peptides are electron removal from the peptide – either by electron
transfer or by direct ionzation – and high energy deposition into
the peptide electronic system during fs interaction times. The two
driving interaction processes are electronic stopping and electron
capture from the peptide.

4.1. Electronic stopping

Electronic stopping refers to the electronic excitations of the
target molecule induced by the projectile ion. The concept stems
from the field of ion–solid interactions for the keV range, elec-
tronic stopping is know to be due to individual electron excitation
by long range coupling to electron–hole pairs. Collective electron
excitations only contribute weakly to electronic stopping and can
be neglected. Numerous studies have shown that the concept of
electronic stopping can also be applied to the framework of ion
collisions with small molecules [23,24], polyaromatic hydrocar-
bons [25,26] and fullerenes [27,28]. In ion–molecule collisions,
electron–hole pair production translates into exciation of valence
electrons to bound excited states or to the continuum. The elec-
trajectory interval dR can be conveniently written as a friction
force [29]: S = dE/dR = �rs v where �rs is the friction coefficient
and v is the projectile ion velocity. If the peptide valence elec-
trons are approximated as an electron gas, � only depends on the
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ne electron radius rs which is a function of the electron density
28].

For protonated leu-enk, we have determined the valence elec-
ron density distribution by summing up the electron densities of
ll valence molecular orbitals obtained by density functional the-
ry (DFT) calculations (B3LYP, 6-31+G(d,p) basis set) for the lowest
nergy conformer [1]. For 5 keV H+ impact, the maximum of the
lectronic stopping distribution is observed at 34 eV. This maxi-
um is due to ion trajectories which traverse the peptide backbone

r side-chains once and under steep angles. Grazing trajectories
hrough low electron density regions lead to much lower electronic
xcitation. The few trajectories which traverse the peptide struc-
ure more than once or which have long pathways through high
lectron density regions lead to much higher electronic stopping
ometimes exceeding 100 eV. Very similar electronic stopping fea-
ures are expected for the other peptides. Obviously for the larger
eptides the maximum deposited energy is expected to increase
ecause of the longer trajectories through the peptide valence elec-

ron distribution. Under the experimental conditions used in this
tudy only fragment ions with m/z > 50 are detected. Only graz-
ng trajectories lead to relatively weak fragmentation into larger
ragments and are thus relevant for the fragmentation patterns
bserved. Furthermore, this is also the class of trajectories where
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Fig. 7. KID spectra for collisions of H+, He+ and He2+ with leu-enk, BK, LHRH and sub
ss Spectrometry 299 (2011) 64–70

the ion-interaction is dominated by relatively gentle resonant elec-
tron capture from the protonated peptide.

4.2. Electron transfer

When trajectories are grazing and electronic stopping is weak,
electron capture is the second major mechanism relevant in KID.
In the language of atomic collisions, grazing trajectories translate
to large impact parameter collisions (with a peptide constituent
atom) where resonant electron capture is the dominant process.
Resonant electron capture also leads to a relatively gentle ioniza-
tion of a target peptide and depends strongly on the charge state
and electronic structure of the projectile ion. Electron capture dis-
tances in ion-atom collisions can be estimated from the classical
over-the-barrier model [30]. Within this approximation, the dis-
tance at which the keV ion captures an electron from the peptide
constituent it is passing, solely depends on the target ionization
energy, the charge state of the keV ion and its electronic structure.
According to the empirical formula by Budnik et al. [31] singly
protonated peptides (in this case leu-enk) have an ionization
energy IE of 10.9 eV, while for doubly protonated peptides IE = 12 eV
is expected. For substance P, Budnik et al. measured an ioniza-
tion energy as low as 11.1 eV. For IE between 10.9 eV and 12 eV
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Table 1
Fragments due to backbone scission. Left column: KID of doubly protonated
bradykinin; middle column: CID of triply charged doubly protonated bradykinin;
right column: CID of triply protonated triply charged bradykinin.

(BK+2H)2+ (BK+2H)3+ (BK+3H)3+

KID CID [41] CID [2]

a+
4

a2+
5 a+

5
a+

6
a+

7
b+

1
b+

2 b+
2 b+

2
b+

4 b+
4 b+

4
b2+

5 b+
5 b+

5
b2+

6 b+
6 , b2+

6 b+
6 , b2+

6
b+

8
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4

c2+
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x+
1

y+
1 y+

1
y+

2
y+

3 , y2+
3 y+
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3
y2+

4 y+
4 , y2+

4
y+

5
y+

6
(y7 − 2)2+ y+

7
z+

1+
S. Bari et al. / International Journal

he classical over-the-barrier model predicts distances between
.5 a.u. and 6.8 a.u. for capture into a singly charged ion. For dou-
ly charged projectile, capture distances increase to about 10 a.u.
eptide ionization can thus take place at glancing collisons.

Resonant electron capture from the peptide higher occupied
olecular orbitals (HOMOs) into the projectile ion requires the

vailability of resonant projectile levels. For H+ electron capture
nto n = 1 is a near resonant process allowing for relatively gentle
onization in grazing collisions. For He+, the n = 1 shell at −24.6 eV
s far off resonance and only becomes resonant in close collisions
n which electronic stopping is high. The n = 2 level is far above the
eptide HOMOs and thus out of reach for resonant electron cap-
ure. For He2+, the third projectile ion used, electron capture from
eptide HOMOs into the n = 2 state is a near resonant process and
elatively gentle ionization in grazing collisions is again possible.

How does the presence or absence of resonant electron cap-
ure channels influence peptide dissociation? Fig. 7 displays mass
pectra of the dissociation products for H+, He+ and He2+ collisions
ith leu-enk, BK, LHRH and substance P. The ion kinetic energies
ere chosen such that collision velocities are comparable. The over-

ll trend is identical for all four peptides: for H+ and He2+ besides
mmonium and immonium-related ions, larger fragments due to
ackbone scission are observed. For He+ in which resonant capture
hannels are absent, larger fragments are barely present in the mass
pectra. The strong influence of resonant electron capture on KID of
rotonated leu enk found in [1] thus seems to be a general feature.
his result is also in line with our earlier studies on ion-induced
issociation of nucleobases (e.g., uracil [32]) and deoxyribose [33].

Besides the relatively strong yields of immonium ions and
elated fragments, KID gives rise to a number of other remark-
ble features in the mass spectra. For KID of protonated leu-enk,
number of N-terminal fragments are observed, which are due

o backbone scission accompanied by the loss of the N-terminal
yr-side-chain ((b2 − 107)+, (c2 − 107)+, (b3 − 107)+, (c3 − 107)+,
a4 − 107)+, (b4 − 107)+). In high energy CID studies typically only
ide-chain loss of the amino acid at which the backbone cleavage
ccured is observed [3]. Moreover, even in such cases loss or frag-
entation of aromatic side-chains is typically weak or even absent

3].
For a couple of tyrosine containing peptide radical cations on the

ther hand loss of m = 106 (probably p-quinomethide) has already
een observed [34,35]. Nontheless, no leu-enk radicals could be
roduced and for the (leu-enk + H)+, loss of a m = 108 unit was
bserved [34]! For the case of (RGYALG·+H)+ later also further colli-
ion induced dissociation into a5 − 106 and a4 − 106 was seen [36].

Tabarin et al. [37] have observed loss of the neutral tyr-side-
hain from the protonated parent peptide after laser-induced
issociation (LID). In their study, wavelengths of 220–280 nm were
hosen to induce photoabsorption by the tyr and phe side-chains.
he cleavage close to the chromophore was interpreted as an indi-
ation for fast dissociation occuring before internal vibrational
nergy redistribution (IVR) [38]. In case of KID, electrons are res-
nantly captured from the HOMOs located on the tyr and phe
ide-chains which might induce non-ergodic fragmentation sim-
lar to LID, i.e., fast scission of the tyr C�–C� bond. Since in KID the
lectron is not excited but removed, the side-chain is positively
harged and appears as the dominant feature in the mass spectrum
Fig. 3). Note, that Tabarin et al. did not observe this fragment ion. In
ID resonant ionization is accompanied by excitation due to elec-

ronic stopping. After IVR this excess excitation energy apparently
eads to backbone scission according to the mobile proton model

39]: Upon an increase of vibrational excitation energy, the proton
ttached to the remaining peptide becomes mobile and samples
arious protonation sites within the molecule. This way, a frag-
entation pattern as expected for CID but shifted to lower masses

y 107 amu occurs as part of the KID spectrum. We have recently
z2
z2+

3
z2+

4

started to investigate this process in more detail by VUV photofrag-
mentation of leu-enk over a wide range of photon energies where
the same phenomenon could be studied in more detail [40].

KID of doubly protonated bradykinin gives rise to the richest
fragmentation spectrum. Nielsen et al. [41] have collided dou-
bly protonated 200 keV BK cations with O2 vapor, to produce
doubly protonated BK trication radicals which were subsequently
subjected to CID. Since resonant electron capture from doubly pro-
tonated BK results in the same trication radical, their results are
expected to be similar to our data. Tang et al. have investigated
CID of triply protonated triply charged bradykinin. The fragments
formed by backbone scission using the three techniques are com-
pared in Table 1. In all cases two protons are probably located at
the most basic sites, i.e., the two terminal arg residues. In all three
techniques, singly and doubly charged b-type fragments from b2
to b6 with the exception of b3 are formed. KID also leads to the
additional formation of b+

1 whereas CID of (BK + 3H)3+ leads to addi-
tional formation of b+

8 . Complementary y-type ions are observed
either singly or doubly charged from y1 up to y4 (KID) or up to
y7 (CID of (BK + 3H)3+). CID of (BK + 2H)3+ only leads to y+

3 and
(y7 − 2)2+. b-type and y-type fragments are usually assigned to
charge-directed cleavage, i.e., migration of a mobile proton to the
respective amide nitrogen weakening the peptide bond. The only
actual pair observed in our studies is b2+

6 /y+
3 , formed by cleavage of

the pro-6 N-terminal side.
KID and CID of (BK + 2H)3+ both lead to the formation of a rela-

tively strong c+
4 fragment. Nielsen et al. [41] attribute the occurence

of c+
4 to electrostatic arguments: phe-5 is located in the middle

of the peptide, with maximum distance to the two arginines that
carry the charges, whereas phe-8 is close to a positive charge. The
third charge is thus likely to be localized on the central phe-5 ben-
zene side-chain leading to radical cation character of this group that
weakens the phe-5 C–N bond.

Using all three approaches, one or few a-type ions are formed.

The remarkable fact is however that KID leads to formation of small
z-type ions which are usually observed in electron capture dissoci-
ation (ECD, [7]), i.e., electron capture by the peptide and not from
the peptide, or in CID of peptide radical cations [34].



7 of Ma

t
B
a
t
o
t
o
C
i

r
b
W
s
L
s

5

s
a
i
t
u
H
r
m
f
s
c
a
L
s

A

t
p

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

0 S. Bari et al. / International Journal

KID of doubly protonated LHRH seems to be dominated by elec-
ron capture from the tyr phenol ring or from the trp indol group:
oth intact groups form strong peaks in the spectrum (107, 130)
nd are also observed as loss peaks from the intact doubly pro-
onated LHRH dication. As for leu-enk, electron removal from one
f the rings followed by prompt loss of the charged group seems
o be an important channel. a, b and c N-terminal fragments are
bserved, all of which are due to backbone scission on the N and
side of trp. As C-terminal fragments, only y+

2 and z+
2 are strong,

mplying fragmentation on the N-terminal side of the pro residue.
For substance P, side-chains again seem to play an important

ole. Here, KID leads to loss of the phe side-chain (91) containing a
enzene ring as well as the met side-chain (75) containing a S atom.
e observe trications that lost the respective groups, i.e., bond scis-

ion does not involve a charge separation as it did for leu-enk and
HRH. Consequently, in the fragmentation pattern the respective
ide-chain peaks are either absent (75) or weak (91).

. Conclusion

We have studied keV ion-induced dissociation (KID) of 4
elected protonated peptides leucine enkephalin, bradykinin, LHRH
nd substance P, for 3 different projectile ions H+, He+ and He2+. The
nteraction can be understood in terms of resonant electron cap-
ure from the peptide accompanied by electronic excitation and
ltimately vibrational excitation due to electronic stopping. For
e+ projectile ions, resonant electron capture from the peptide is

uled out and accordingly only interaction channels associated with
uch higher peptide excitation are open, leading to more severe

ragmentation. For all peptides under study, immonium ions and
ide-chain fragments are dominating the mass spectrum. In most
ases, KID seems to induce prompt cleavage of a side-chain link-
ge. Ionized side-chains are either lost positively charged (leu-enk,
HRH) or in neutral form (substance P). For leu-enk, loss of the tyr
ide-chain is followed by “conventional” backbone fragmentation.
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