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We studied lacticin 481, a small lantibiotic with three lanthionine bridges, by electron capture
dissociation (ECD) in a Fourier transform ion cyclotron resonance (FTICR) mass spectrometer.
Following electron capture, very little fragmentation was observed, but species formed by
nondissociative single and multiple electron capture were abundant. Ions formed by double
electron capture were subjected to sustained off resonance irradiation collision induced
dissociation (SORI-CID) to determine whether stable biradicals were formed. In the SORI-CID
spectra of the ions formed by double electron capture, some, but minor, H• radical loss was
observed, which was not observed at all for regularly protonated ions. A small part of the ions
formed by double electron capture are thus long-lived biradicals. Apart from the observed H•

loss, the SORI-CID spectra of ions that captured two electrons was similar to that of regularly
protonated ions and quite different from the SORI-CID spectra of radical ions formed by single
electron capture. This implies that recombination of the two radical sites is the dominant
process in biradical lacticin 481 ions, at least on the time scale of our SORI-CID
experiments. (J Am Soc Mass Spectrom 2005, 16, 1595–1601) © 2005 American Society for
Mass Spectrometry
Lantibiotics are currently used as preservatives in
the food industry, but have the potential to
become a new generation of antibiotics [1]. The

development of new antibiotics is driven by the fact that
(multi-) resistant bacteria are becoming a huge problem
for public health. Characteristic of lantibiotics is that
they contain lanthionine bridges consisting of a
thioether bond that intramolecularly links different
parts of the peptide backbone. To study the mechanism
of action of lantibiotics on the molecular level, it is
important to perform structural analysis. Traditionally,
Edman degradation [2, 3] has been used for peptide
sequencing. With lantibiotics, however, Edman degra-
dation can only be used to sequence the peptides from
the termini until the lanthionine bridges that are closest
to the termini. Lantibiotics have to be chemically mod-
ified to open the lanthionine bridges [4] to complete the
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Edman degradation. Nuclear magnetic resonance
(NMR) spectroscopy can be performed on unmodified
lantibiotics to retrieve information about the localiza-
tion of the lanthionine bridges, but in general it is a
time-consuming and insensitive analytical technique.
Recently we showed that electron capture dissociation
(ECD) is a specific method to rapidly localize lanthi-
onine bridges in lantibiotics [5].

In ECD, [6, 7] multiply charged cations are irradiated
with low-energy electrons to form radical cations. A
part of these ions undergoes very fast fragmentation
reactions before the 4 –7 eV energy, [8] released by
neutralization of a proton, is fully randomized [9].
Therefore, in the case of peptides and proteins, ECD
results mainly in the formation of c and z• ions [6, 10].
ECD has been particularly useful in the analysis of even
labile post-translational modifications. Fragments often
retain their modifications in this fast dissociative pro-
cess, in contrast to, for instance, collision induced
dissociation (CID). The successful application of ECD
has been demonstrated, e.g., in the analysis of methio-
nine oxidation [11], O- and N-glycosylation [12, 13],
phosphorylation [14], sulfation [15], and carboxylation
of peptides and proteins [15].

In the analysis of peptides containing disulfide

bonds, ECD is a powerful fragmentation method. When
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peptide ions containing disulfide bonds are subjected to
ECD [7, 16, 17], predominantly the SOS bond becomes
cleaved first. Single electron capture can cleave both the
disulfide bond and a backbone bond leading to frag-
mentation localized near the disulfide bond [7]. This has
been rationalized by the fact that disulfide bonds have
a very high H• affinity. In complementary CID experi-
ments, no such specific disulfide bond cleavages could
be observed. In a theoretical study performed by Ug-
gerud [18], it was suggested that the most plausible
scenarios leading to the specific disulfide bond cleav-
ages are either direct addition of a free hydrogen radical
to the disulfide bond or addition of an electron to a
disulfide bond in hydrogen-bonded contact with a
proton. In the latter scenario an H• radical is formed
close to the disulfide bond. The conformation of the
ions determines which scenario is predominant [7]. In
another theoretical study it has been stated [19] that the
electron capture induced disulfide bond cleavage is less
specific than often claimed. Radicals with a hydrogen
radical attached to a sulfur atom in the disulfide bond
dissociated by cleavages of adjacent SOH, SOC, and
SOS bonds. Hydrogen atom capture by the disulfide
bond in the studied molecule was calculated to be
substantially exothermic, explaining the high H• affin-
ity of disulfide bonds [19]. More detailed information
on general ECD mechanisms can be found in a recent
paper by Syrstad and Turecek [20].

Although electron capture induced dissociation can
lead to extensive peptide sequence coverage, products
may also arise from reduction, without subsequent
dissociation [21]. These nondissociative products are
particularly dominant in the ECD spectra of larger
proteins [22], but also appeared to be dominant in the
ECD spectra of �3.5 kDa lantibiotics [5]. Somehow,

Figure 1. Chemical structure of lacticin 481. Abu is 2-aminobu-
tyric acid and Dhb is dehydroamino-2-butyric acid.

Scheme 1. Chemical structure of (a) lanthio

lanthionine bridge in lacticin 481 has Structure b, the
lantibiotics produce very stable nondissociative radicals
when they are irradiated with low-energy electrons.
This effect was strongest for the lantibiotic lacticin 481
(Figure 1). This lantibiotic exhibits bactericidal activity
against a wide range of gram-positive bacteria and is
produced by Lactococcus lactis. Lacticin 481 contains
three lanthionine bridges (Scheme 1) that link overlap-
ping parts of the backbone. The precise locations of the
lanthionine bridges were elucidated by van den
Hooven et al. [23] by a combination of peptide chemis-
try, mass spectrometry, and NMR spectroscopy. Lacti-
cin 481 displays hardly any ECD fragmentation, ham-
pering the localization of its lanthionine bridges with
mass spectrometry. We focus this study on the nondis-
sociative species of lacticin 481, especially on the ions
formed by double electron capture. There are two
possibilities in the case of a multiply protonated ion
capturing two electrons: the induced radical sites could
recombine to form a new two-electron pair, or they will
not recombine and two fixed or mobile radical sites will
remain present in the ion. The main purpose of this
study is to investigate which of these two scenarios is
predominant. Because of the observed specificity of
ECD for SOC bond cleavage, we expect that the radical
sites in lacticin 481 are mainly localized around the
lanthionine bridges. We compare the sustained off
resonance irradiation collision induced dissociation
(SORI-CID) spectra of protonated lacticin 481 ions not
exposed to electrons to the SORI-CID spectra of the ions
that had captured one or two electrons and did not
dissociate. The SORI-CID spectra of the species formed
by double electron capture are very distinct from those
of the species that captured one electron, and show
quite some resemblance with the SORI-CID spectra of
regularly protonated lacticin 481 ions.

Experimental

The fragmentation of protonated lacticin 481 ions was
studied with three different fragmentation techniques,
namely SORI-CID [24, 25], ECD, and ECD followed by
SORI-CID in a Fourier transform ion cyclotron reso-
nance (FTICR) mass spectrometer. The FTICR instru-
ment was a modified Bruker-Spectrospin (Fällanden,
Switzerland) Apex 7.0e, equipped with a 7 tesla super-
conducting magnet. The experiments were performed
using an infinity cell. The electron gun was an indirectly
heated barium-tungsten dispenser cathode (TB-198,
HeatWave Labs Inc., Watsonville, CA) placed inside the
magnet �30 cm behind the cell. Just in front of the

and (b) 3-methyllanthionine. The N-terminal
nine

other two bridges have Structure a.
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surface of the cathode a copper control grid is posi-
tioned. The cathode was operated using a current of
1.85 A and a potential of 7.9 V, yielding a power of 14.6
W. Lacticin 481 and mellitin (15 �M) were sprayed from
a methanol:water:acetic acid 69:29:2 solution with a
flow rate of 10 �L/h and a voltage of 3 kV was applied
on the spray needle (PicoTip Emitter, New Objective
Inc., Woburn, MA) to perform electrospray ionization.
After isolation of the ions of interest, they were exposed
to low-energy electrons for 5 s. A long irradiation time
was required to get sufficient electron capture with
lacticin 481 ions. This could have been partly due to bad
overlap between the ion cloud and the electron beam.
However, we observed that the capture cross section of
lacticin 481 ions is substantially lower than that of linear
peptide ions of the same charge state and similar mass
(i.e., mellitin). During the irradiation time the grid
potential was pulsed from �100 V to 80 V and the
cathode surface potential from 25 V to �1.35 V. The
trapping plates were held at a potential of 1 V. Reduced
species were isolated again before they were subjected
to SORI-CID at a frequency 1500 Hz away from the
resonance frequency of the ion of interest. Argon was
used for gas assisted dynamic trapping and as the
collision gas. During detection, the pressure in the ICR
cell was less than 10�9 mbar. Data acquisition was
performed using in-house developed software and
hardware [26].

Results

To illustrate the predominance of nondissociative elec-
tron capture with ECD of protonated lacticin ions, we
compared the ECD spectra of the [M � 4H]4� ions of
lacticin 481 and mellitin, which has similar size but is a
regular linear peptide. The [M � 4H]4� ions of both
mellitin and lacticin 481 were isolated and subsequently
subjected to ECD using identical experimental condi-
tions. The ECD spectra of mellitin and lacticin 481 are
shown in Figure 2a and b, respectively. The differences
are obvious in that the reduced ions of lacticin 481
hardly fragment, whereas the reduced ions of mellitin
fragment extensively under the same conditions. This
means that the reduced lacticin 481 ions are much more
stable than the reduced mellitin ions. We reported
before that also other lantibiotics produce very stable
reduced species after electron capture [5]. We attributed
this behavior to the multiple internal lanthionine
bridges that are present in lantibiotics. Whereas mellitin
is a regular linear peptide and one cleavage will lead to
fragmentation, lantibiotics contain several regions
where one or two lanthionine bridges link different
parts of the backbone. One cleavage in these regions
will not lead to detectable fragmentation.

A main aim of the experiments performed in this
study was to find out whether long-lived biradicals are
formed after double electron capture. Therefore the
SORI-CID spectra of lacticin 481 ions formed from [M �

4H]4� ions by single and double electron capture and
regular triply protonated lacticin 481 ions were com-
pared (Figure 3).

First, [M � 4H]3�• ions formed by single electron
capture of [M � 4H]4� ions were fragmented using
SORI-CID (Figure 3a). The loss of an SH• radical was
the most predominant fragmentation channel. Part of
the observed SH• loss must have originated from the
C-terminal lanthionine bridge (Ala18–Ala26), because
when, subsequently, SORI-CID was applied on the [M
� 3H � S]3� ions formed by SH• loss from [M � 4H]3�•

ions, this resulted in the formation of b25
3� ions without

the sulfur atom of the C-terminal lanthionine bridge
(results not shown). Additionally, the SORI-CID spectra
of [M � 4H]3�• ions revealed H• loss. Very typical in
the SORI-CID spectra of [M � 4H]3�• ions was an
extensive series of small neutral losses. The losses of 47,
59, and 61 Da could be attributed to CH3S•, C2H3S•, and
C2H5S• loss, respectively, indicating that the [M �
4H]3�• ions have several fragmentation channels avail-
able to lose a radical. Also even-electron losses were
observed, namely the losses of 74 and 131 mass units,
corresponding to C3H6S (the side-chain of methionine)
and the loss of the side-chain of tryptophan. These
electron capture induced side-chain losses have been
observed before in ECD spectra of peptides [27–29]. The
mentioned sulfur-containing neutral losses either orig-
inate from the methionine residue or from a lanthionine
bridge. To eliminate these neutrals from a lanthionine
bridge, two bonds have to be broken, of which at least
one is a COC bond. To form these neutrals from the
side-chain of methionine only a single cleavage is
required, making this scenario more likely. Hence, we
attribute these neutral losses to dissociations in the
methionine residue. Interestingly, the spectra also dis-
played peaks 32.978 Da lower in mass than the peaks
corresponding to the radical ions formed by nonradical
tryptophan and methionine side-chain losses from [M
� 4H]3�• ions. These fragment species are thus able to
subsequently eliminate an SH• radical. Finally, two
different y-ions were observed, namely y25 as a 2� and
y26 both as a 2� and a 3�. The y-ions were 2 Da heavier
than normal y ions. For comparison, also SORI-CID
spectra of lacticin 481 [M � 3H]2�• ions formed by
single electron capture of [M � 3H]3� ions was mea-
sured, but this did not lead to the formation of many
fragment ions (results not shown). Very prominent was
the small neutral loss of 33 Da, which again is assigned
to SH• loss. H• loss was not observed, so the radical is
preferentially eliminated from the radical cation in the
form of an SH• radical.

Next, we evaluated the SORI-CID fragmentation of
regularly protonated [M � 3H]3� ions (Figure 3b),
which was very different from the SORI-CID fragmen-
tation of [M � 4H]3�• ions and [M � 3H]2�• ions.
Under exactly the same conditions, [M � 3H]3� ions
showed only NH3 and H2O small molecule losses and
additionally, z26

3�, y26
2�, and b26

3� fragment ions. The
combined loss of NH3 and H2O gives a peak 35 Da

lower in mass than the parent ion. The same type of CID
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cleavages were observed for lacticin 481 [M � 2H]2�

and [M � 4H]4� ions (data not shown). There were no
peaks in the CID spectra that could be assigned to H•

loss, SH• loss, losses from the lanthionine bridges or
from the side-chain of methionine or tryptophan. The
absence of such fragmentations was expected, as the [M
� 3H]3� ions have no radical character.

From lacticin 481 [M � 4H]4� ions also [M � 4H]2�

ions were produced via double electron capture. The
double electron capture could either induce two sepa-
rate stable radical sites in the resulting ions or the two

Figure 2. (a) ECD spectrum of mellitin [M � 4
abundant electron capture induced fragment ion
with high intensity nondissociated reduced pr
capture. Noise peaks are marked with asterisks
radical sites could recombine to form a new chemical
two-electron bond. To investigate the nature of the [M
� 4H]2� ions, we subjected them also to SORI-CID
(Figure 3c). Remarkably, these spectra showed quite
some resemblance with the SORI-CID spectra of [M �
3H]3� ions. Quite intense is the loss of NH3 and H2O,
and furthermore, y25

2�, y26
2�, and z26

2� ions are present in
the spectra. The formed y ions were both 2 Da heavier
than normal y ions. Similar as in the SORI-CID spectra
of [M � 3H]3� ions, a loss of 34 Da was present, which
corresponds to two NH3 losses. At higher collision
energies, also a 35 Da loss appeared, which corresponds

ions. The spectrum displays a wide variety of
) ECD spectrum of lacticin 481 [M � 4H]4� ions
t ions, formed by single and double electron
H]4�

s. (b
oduc
to a combined NH3/H2O loss. Interestingly, there is no
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Figure 3. (a) SORI-CID spectrum of lacticin 481 [M � 4H]3�• ions formed by single electron capture.
The inset shows a rich part of the spectrum (m/z 900–980) magnified. (b) SORI-CID spectrum of [M �
3H]3� ions. (c) SORI-CID spectrum of lacticin 481 [M � 4H]2� ions formed by double electron capture.

The inset shows the loss of an H• radical from the parent ion. Noise peaks are marked with asterisks.
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loss of 33 Da, like in the SORI-CID spectra of [M �
3H]2�• and [M � 4H]3�• ions, where it is the most
abundant fragmentation. However, minor H• loss from
[M � 4H]2� ions was observed leading to the formation
of radical [M � 3H]2�• ions.

Discussion

Although nondissociative single and double electron
capture is often observed in ECD of multiply proton-
ated peptide ions, it is usually not very abundant. In
contrast, lacticin 481 does not only exhibit single
electron capture but also abundant double electron
capture. The predominant SORI-CID fragmentation
channel observed for the radical [M � 3H]2�• ions
and [M � 4H]3�• ions is SH• loss. This SH• loss can
be explained by assuming that the radical site, in-
duced by the captured electron, relocates to near a
sulfur atom of one of the lanthionine bridges result-
ing in SOC bond cleavage. The selectivity for this
SOC bond cleavage after electron capture is sup-
ported by our earlier research on ECD of other
lantibiotics [5] and theoretically predicted to occur in
ECD by Turecek et al. [19] The second SO C bond
cleavage, needed for SH• loss, has to be induced by
collisional activation with argon because SH• loss is
absent in the ECD spectra of lacticin 481 [M � 4H]4�

and [M � 3H]3� ions. Interestingly, a study per-
formed on the much smaller distonic radical ion of a
thioether, namely •CH2-CH2-S-CH2

� revealed that
this is a stable species in the gas-phase [30]. CID
spectra of this distonic radical ion are dominated by
CH2S�• ions resulting from cleavage of an SOC
bond. Thus, also in CID of this small but related
distonic ion the SOC bond is cleaved. Furthermore,
the described SOC bond cleavage involves a mobile
radical site [30]. Also in ECD mobile radical sites can
play a role because radical site initiated secondary
cleavages are observed after capture of only one
electron [31]. A minor CID fragmentation channel of
•CH2-CH2-S-CH2

� distonic ions is the elimination of
SH•. This means that even two SOC bond cleavages
can take place in these distonic ions by collisional
activation. A theoretical study performed on the same
distonic radical ion was in good agreement with the
earlier mentioned experimental results [32].

If abundant stable biradicals would have been
formed by double electron capture of [M � 4H]4� ions,
we would expect to see extensive collision induced SH•

losses from these [M � 4H]2� ions as this was the most
important fragmentation channel of the monoradical
species. There are remarkable differences between the
SORI-CID spectra of [M � 4H]2� ions and those of the
radical [M � 3H]2�• ions and [M � 4H]3�• ions.
However, the absence of SH• loss in the SORI-CID
spectra of [M � 4H]2� ions is especially striking, and
this could indicate that there are hardly any free radical
sites in these ions. Because of the absence of SH• loss,

we believe that the two unpaired electrons must have
recombined to form two-electron bonds. One possibility
is that two S• termini, also called thiyl radicals, recom-
bine to a disulfide bond. This is an exothermic reaction
that releases about 2.2 eV energy [33]. A newly formed
bond would change the structural characteristics of the
lacticin 481 ions. The absence of b26

3� ions in the SORI-
CID spectra of [M � 4H]2� ions, which are present in
the SORI-CID spectra of [M � 3H]3� ions, might point
at such a structural change in the C-terminal part of the
lacticin 481 ions. The reason for this structural change is
a matter of speculation, but it may be that the C-
terminal lanthionine bridge opened because of a cap-
tured electron and then recombined with another rad-
ical site. The remainder of the SORI-CID fragments of
the [M � 4H]2� ions were in good agreement with those
of the [M � 3H]3� ions and thus with a nonradical
cation. This leads us to the conclusion that most of the
[M � 4H]2� ions must have recombined their two
unpaired electrons. We say most of the [M � 4H]2�

ions, because H• radical loss from [M � 4H]2� ions was
also observed to some extent (inset Figure 3c). The
intensity of the peaks corresponding to [M � 3H]2�•

ions was �25% of the peaks corresponding to the
parent ions ([M � 4H]2� ions). This indicates that at
least a part of the ion population exhibits a structure
containing two separate radical sites instead of a recom-
bined chemical bond. However, because of the absence
of SH• loss in the SORI-CID spectra of [M � 4H]2� ions,
we propose that these radical sites are not close to
lanthionine bridges. This also implies that the initial
diradical ion population is heterogeneous. Apparently
there are other sites in lacticin 481 where stable radicals
can exist, such as � carbons [34]. The conformation of
the diradical ions is very important for bringing two
radical sites in a reactive configuration. If the radical
sites are not mobile, the rate of conformational changes
and thermal structure fluctuations would be the limit-
ing factors in the rate of radical recombination into
two-electron bonds. Conformational changes and ther-
mal motions take place on time scales about hundreds
of microseconds to seconds [35] and are slow in com-
parison with the actual radical recombination pro-
cesses. The fact that not all the biradicals have recom-
bined their radical sites would then be a matter of
sterical hindrance. Leymarie et al. [31] have shown that
the radical sites induced by electron capture can be
mobile and can initiate a radical cascade. However, the
radicals formed in lacticin 481 leading to H• loss do not
seem to be very mobile because of their long lifetime.
Our main question was: will two captured electrons in
protonated lacticin 481 ions form two separate radical
sites or will they recombine to form a new chemical
bond? We find that after several seconds, i.e., the time
scale of our experiments, most of [M � 4H]4� ions that
have captured two electrons have become [M � 4H]2�

ions through radical recombination and a substantially
smaller number of ions are still [M � 4H]2�2• biradical

ions.
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Conclusions

The most important observations from the experiments
described in this article were the resemblance of the
SORI-CID spectra of the [M � 3H]3� ions and the [M �
4H]2� ions of lacticin 481 and the large differences
between the SORI-CID spectra of [M � 4H]3�• ions and
[M � 4H]2� ions. This led to the conclusion that most of
the ions formed by double electron capture must have
recombined their two unpaired electrons. However, the
fact that some [M � 4H]2� ions are able to lose a H•

radical, points to the existence of two separated radical
sites in at least part of ions formed by double electron
capture. We could, therefore, refer to these ions as
biradicals or [M � 4H]2�2• ions. In the SORI-CID
spectra of the radical [M � 3H]2�• and [M � 4H]3�•

ions very intense SH• losses are present. This specificity
further validates the strong involvement of lanthionine
bridges in electron capture dissociation processes.
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