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Electron capture dissociation (ECD) studies of two modified amyloid � peptides (20 –29 and
25–35) were performed to investigate the role of H• radicals in the ECD of peptide ions and the
free-radical cascade (FRC) mechanism. 2,4,6-Trimethylpyridinium (TMP) was used as the fixed
charge tag, which is postulated to both trap the originally formed radical upon electron
capture and inhibit the H• generation. It was found that both the number and locations of the
fixed charge groups influenced the backbone and side-chain cleavages of these peptides in
ECD. In general, the frequency and extent of backbone cleavages decreased and those of
side-chain cleavages increased with the addition of fixed charge tags. A singly labeled peptide
with the tag group farther away from the protonated site experienced a smaller abundance
decrease in backbone cleavage fragments than the one with the tag group closer to the
protonated site. Despite the nonprotonated nature of all charge carriers in doubly labeled
peptide ions, several c and z• ions were still observed in their ECD spectra. Thus, although H•

transfer may be important for the NOC� bond cleavage, there also exist other pathways, which
would require a radical migration via H• abstraction through space or via an amide superbase
mechanism. Finally, internal fragment ions were observed in the ECD of these linear peptides,
indicating that the important role of the FRC in backbone cleavages is not limited to the ECD
of cyclic peptides. (J Am Soc Mass Spectrom 2008, 19, 1514 –1526) © 2008 American Society
for Mass Spectrometry
In contrast with slow heating fragmentation methods
such as infrared multiphoton dissociation (IRMPD)
[1] and collisionally activated dissociation (CAD)

[2], electron capture dissociation (ECD) [3] of multiply
charged peptide/protein ions is often considered
as a “directed” tandem mass spectrometric (MS/MS)
method since it nonspecifically cleaves many backbone
bonds while frequently leaving the more labile groups
[4–8]  and noncovalent interactions [9 –13] intact. Be-
cause of these unique properties, it has significant
applications in both top-down and bottom-up sequenc-
ings for protein identification [3, 7, 14 –16], as well as in
post-translational modification (PTM) characterization
[4, 17, 18]. The ECD process is the dissociative recom-
bination of multiply charged peptide/protein ions with
low-energy electrons [3, 17, 19]. The major products of
the electron capture are often the charge-reduced spe-
cies, [M � nH](n�1)�•, and the H• loss product, [M �
(n � 1)H](n�1)� [20]. There are two backbone fragmen-
tation pathways: the major one produces c and z• (or c•

and z) ions via NOC� bond cleavage and the minor
pathway generates a• and y ions [3, 17, 19]. In addition,
ECD may also produce some amino acid side-chain
cleavages [21–23] and secondary fragment ions [24 –26].
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Currently, two primary mechanisms have been
proposed to explain the abundant c- and z• -type
ions observed in the ECD spectra of peptides. In the
dissociation–recapture mechanism, the initially cap-
tured electron in a high-lying Rydberg state may land in
one of the protonated sites and the resultant H• from
the dissociation of the neutralized ammonium group
(or other charged groups) can be recaptured by a
nearby carbonyl oxygen atom, yielding an aminoketyl
intermediate that dissociates via the NOC� bond cleav-
age [17]. Since the cross section for gas-phase peptide
ions to capture a free hydrogen atom is low [19, 27], it
was argued to be unlikely that the abundant backbone
cleavages were induced by the mobile hot hydrogen
from the neutralization of a charged amino or guani-
dine group. Such cleavages were probably initiated by a
concerted dissociation–recapture process upon electron
capture arising from the extensive solvations of the
charged sites by multiple backbone carbonyls, which
may also be followed by secondary fragmentations [26].
The low selectivity in backbone cleavages and preser-
vation of labile groups during ECD were attributed to
the nonergodic nature of this process, i.e., the NOC�

bond cleavage occurs before the approximately 6-eV
recombination energy was randomized among the 3N-6
normal vibrational modes in the peptide molecule via
intramolecular vibrational energy redistribution (IVR),

which would result in millielectronvolts of energy per
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mode, clearly far below the normal adiabatic bond
dissociation energies [3, 17]. The nonergodic premise
has been scrutinized heavily as of late [19, 28], and the
necessity of the presence of a hydrogen atom to initiate
NOC� bond cleavages was also under debate [8, 29]. In
the recently proposed amide-superbase mechanism, it
was argued that the electron is first captured in the
remote-charge (Coulomb) stabilized �* orbital of a
backbone carbonyl, generating an aminoketyl anion (a
super base), which abstracts a nearby proton, and the
resultant aminoketyl radical undergoes facile cleavage
of the adjacent NOC� bond with a very low (or nonex-
istent) energy barrier, thus eliminating the need to
evoke the nonergodic hypothesis, as well as the neces-
sary presence of a hydrogen atom [19, 30]. Furthermore,
many H• abstraction reactions in peptides, in addition
to having low activation barriers, are also net exother-
mic reactions, as the radical moves to a more stable site.
It was further suggested that both mechanisms might
be at work depending on the electronic states of the
peptide ions [19, 31].

Either of these two mechanisms addresses only the
formation of the c- and z•-type ions, but does not
explain the many other types of fragment ions also
present in the ECD spectra. In particular, in the ECD
spectra of doubly charged cyclic peptide ions, many
backbone fragment ions were observed, which requires
multiple backbone cleavages by a single electron cap-
ture. It was proposed that these ions resulted from the
free-radical cascade (FRC), i.e., the radical site on the
initially produced z• ion could initiate secondary frag-
mentations via hydrogen abstraction and/or loss of
neutrals such as diketopiperazines [26]. For linear pep-
tides, hydrogen atom migrations within the post-ECD
complex are also frequently observed. In an ECD study
of peptides with all glycine alpha hydrogens replaced
by deuterons, many fragment ions showed extensive
H/D scramblings [32]. Moreover, c•- and z-ion forma-
tions are common in peptide ion ECD spectra [33],
which has been demonstrated to be the result of the
intracomplex hydrogen transfer between the originally
formed c/z• ion pair [13, 33, 34]. A double-resonance
(DR)–ECD experiment showed that a long-lived free-
radical intermediate existed in the ECD process [11],
and that its lifetime was often much longer than the
time it took for the intracomplex hydrogen transfer [13].
However, evidence for multiple backbone cleavages
resulting in the formation of internal ions in the ECD of
linear peptide ions was lacking to date, most likely as a
result of the location of charges near the termini for the
tryptic peptides studied. Experimental evidence linking
the formation of smaller z• ions to the FRC of larger
ones was also lacking because the resonant ejection of
the latter during ECD did not lead to an appreciable
decrease in smaller z•-ion abundances [11]; thus, if the
FRC is to account for some of the smaller z•-ion
formation, it must have taken place on a timescale
shorter than the ejection time (typically milliseconds).

Nevertheless, the FRC may still play an important role
in the ECD of linear peptides, as evidenced by the
abundant secondary side-chain cleavages and radical
rearrangement, particularly when there is extra energy
deposited in the precursor ions [13, 24, 25, 35, 36].

The importance of the radical in ECD was investi-
gated further by several research groups with added
radical trap moieties in the peptide [37, 38]. In one
study, coumarin labels were attached to the N-terminal
and/or lysine side-chain amine groups to serve as
radical traps, which appeared to inhibit the c/z-ion
formation while enhancing the side-chain cleavages in
ECD [37]. In another study, a 2-(4=-carboxypyrid-2=-yl)-
4-carboxamide group (pepy) moiety was used as the
stable trap for both the electron and the hydrogen,
which resulted in abundant electron capture without
backbone dissociation. When the precursor ions were
preheated by an IR laser near the dissociation threshold,
subsequent electron capture did trigger backbone dis-
sociation, but produced only b-type ions [38]. These
studies demonstrated the instrumental role of the mo-
bility of the radical in peptide ion ECD.

In this study, a different radical trap, 2,4,6-
trimethylpyridinium (TMP), was used. In addition to its
potential of being a stable radical trap, TMP also
functions as a fixed charge that inhibits the H atom
formation upon electron capture and does not form
hydrogen bonds with backbone carbonyls in the pre-
cursor ions. This may shed light on our understanding
of both the primary and secondary ECD mechanisms.
Charge derivatization methods using both positively
and negatively charged derivatives have been used in
mass spectrometry research to control the type of frag-
ment ions generated from peptides and to facilitate the
interpretation of the mass spectral data [39–44]. In
several recent ECD and the related electron-transfer
dissociation (ETD) [45] studies, fixed charge derivatiza-
tion was used to increase the sequence coverage, inves-
tigate the role of excited electronic states, study the
effects of cation charge-site identity, and examine the
mechanism of disulfide bond cleavages [31, 46–48].

Experimental

Materials

Amyloid � peptides (20–29, FAEDVGSNKG, hereafter
abbreviated as A� 20) and (25–35, GSNKGAIIGLM,
hereafter abbreviated as A� 25) were purchased from
Bachem AG (Philadelphia, PA, USA) and used without
further purification. 2,4,6-Trimethylpyrylium tetraflu-
oroborate was purchased from Alfa Aesar (Ward Hill,
MA, USA). Poros 50 R1 material was purchased from
Applied Biosystems (Foster City, CA, USA). All other
chemicals were purchased from Sigma (St. Louis, MO,

USA).
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Peptide Derivatization

Potassium carbonate buffer solution (0.1 M K2CO3

and 0.1 M NaHCO3) containing about 0.05 M 2,4,6-
trimethylpyrylium tetrafluoroborate was prepared, the
pH of which was adjusted to about 9 using approxi-
mately 10 �L of HCl. A 20 nmol aliquot of each peptide
was dissolved in 50 �l of this buffer solution, respec-
tively vortexed and purged with nitrogen gas. The
reaction was allowed to proceed for 18–24 h at room
temperature. The final reaction solutions were dried
and the peptide derivatives were purified by Poros 50
R1 material in custom solid-phase microextraction
(SPME) tips. Each fraction of the eluate was analyzed,
and unlabeled, singly labeled, and doubly labeled frac-
tions were identified by electrospray ionization (ESI)
Fourier-transform ion cyclotron resonance mass spec-
trometry (FT-ICR-MS or FTMS).

ECD Experiments

Unlabeled, singly labeled, and doubly labeled model
peptides were analyzed by ECD at about 10�5 M
concentration in 49.5:49.5:1 methanol:water:formic acid
spray solution. The ECD analysis was performed in a
custom qQq-FT-ICR-MS equipped with an external
nanospray source and a 7 Telsa actively shielded super-
conducting magnet as described previously [49, 50].
Multiply charged precursor ions were isolated by the
front-end quadrupole (Q1) followed by external accu-
mulation in the collision cell (Q2) for about 100–600 ms,
before they were transferred via two rf-only hexapoles
and trapped in the ICR cell using the gated trapping.
These trapped ions were then irradiated with low-
energy electrons (�0.2 eV) for 50–120 ms, generated by
the indirectly heated dispenser cathode (Heatwave,
Watsonville, CA, USA). A chirp excitation/detection
sequence was used and the signal was averaged for 20
scans. All spectra were zero filled once without apo-
dization and Fourier transformed to give the magnitude
mode spectra. Internal calibration using the molecular
ion and the charge reduced species gave a typical mass

Scheme 1. The �-amino group of the lysine
trimethylpyridinium salt.
accuracy of �2 ppm for most of the peaks identified.
Results and Discussion

The derivatization reaction of peptides with TMP was
previously used to convert the �-amino group of the
lysine side chain to the charged TMP group (Scheme 1)
[51–53]. Even though each of the A� peptides studied
here has only one lysine residue, some doubly tagged
peptides were also produced, where the second tag
must have gone to the N-terminal amino group. The
singly tagged peptides may exist in one of the two
forms, with either the lysine side chain or the N-
terminal amino group modified. Since the TMP tagging
causes a mass shift of approximately 104 Da (from the
charged amino group as it introduces a fixed charge) per
modification, it was possible to localize the TMP group
in the lysine residue rather than at the N-terminus (see
following text). The TMP group also fixed the charge at
the nitrogen atom on the pyridinium ring, eliminating
the existence of (relatively) free protons in the doubly
tagged peptides, which allows study of the role of
hydrogen atom in the ECD process. Furthermore, the
aromatic structure of the pyridinium ring could trap the
radical generated near the TMP group, making it un-
likely to propagate and induce further reactions.

Before analyzing the results obtained in the ECD
studies of these modified peptides and attempting to
draw conclusions on the ECD mechanism, it is impor-
tant to point out that the modification also significantly
changes the peptide conformational and electronic
structures, which may influence the outcome of the
electron capture, such as the preferential neutralization
site and the ECD product branching ratios for different
fragmentation channels.

Backbone Cleavages

The ECD spectra of the unlabeled and both singly and
doubly labeled amyloid � peptides are shown in Figure 1
(A� 20) and Figure 2 (A� 25), with the insets showing
the cleavage patterns for the corresponding peptides.
ECD of the unmodified A� 20 gave rise to many c- and

chain was selectively converted to a 2,4,6-
side
z-type ions (Figure 1a), reflecting the charge locations
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near both the N- and C-termini, as well as the similar
recombination energy of the charged N-terminal amino
group and the lysine side chain. On the other hand,
ECD of the unmodified A� 25, with both charges
located near the N-terminus, produced mostly N-terminal
(b- and c-type) ions, with the only z ion (z8) being the
one that contains the lysine residue (Figure 2a). Some a
and y ions were also present, likely the products of the
minor channel in ECD that produces a- and y-type ions
[54]. In addition, abundant b ions were observed in both
spectra, a phenomenon that was previously investi-
gated by Copper et al., who found that the b-ion
formations were common in ECD of peptides, particu-
larly those containing lysines but not arginines [25, 55].
Such would be the case if the electron capture deposited
sufficient energy into the precursor ion that resulted in
the formation of the excited [M � (n � 1)H](n�1)� ion

Figure 1. ECD spectra of the (a) unlabeled, (b
peptide (20–29). * marks the electronic noise pea
ion, peaks marked with “–amino acid residue”
partial side-chain losses were represented by
Tagged precursor ions were labeled as [Mt1 �
peptides, respectively. Cleavage patterns are sh
(the hydrogen atom loss product), which was an even-
electron species that could follow the mobile proton
dissociation pathway to produce b-type ions.

ECD spectra of the singly labeled A� 20 and A� 25
are shown in Figures 1b and 2b, respectively. For A� 20
peptide, all z ions and the c9 ion displayed a roughly
104-Da mass shift from those produced in the ECD of its
unmodified counterpart, but smaller c ions that do not
contain the lysine residue showed no such mass shift;
thus, the TMP tag was added to the lysine residue
rather than at the N-terminus. Likewise, for A� 25
peptide, all fragment ions containing the lysine residue
displayed the characteristic nominal 104-Da mass shift,
whereas those without the lysine residue showed none,
unambiguously locating the TMP tag at the side chain
of the lysine residue.

The addition of a single TMP tag appeared to greatly
reduce the abundance of the backbone fragments, but

gly labeled, and (c) doubly labeled amyloid �
marks the first harmonic peak of the precursor
lting from cleavage at the C�OC� bond, and
olecular formulas of the departing group(s).

and [Mt2]2� for the singly and doubly labeled
as the insets.
) sin
k, �2

resu
the m
H]2�
not the number of cleavages. The intrinsic recombina-
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tion energy of the pyridinium ion (4.71 eV) [56] is much
greater than that of the N-terminus protonated peptide
(3.71 eV) [57]. After the initial electron capture in a
high-lying Rydberg state, the pyridinium is far more
likely to be the eventual neutralization site than the
protonated N-terminal amino group. This resulted in
the formation of a stable radical that was unlikely to
undergo the typical c/z dissociations. However, it ap-
peared that there was still a small but significant
probability that the electron ended up at the N-termi-
nus, leading to the observed NOC� cleavages (see
following text).

Both the abundance and frequency of the backbone
NOC� cleavages were greatly reduced with the addi-
tion of a second TMP tag at the N-terminus (Figures 1c
and 2c), as one would expect from the dissociation–
recapture mechanism, since both charges were “fixed,”
and no H atom formation was initially expected upon
electron capture. However, NOC� cleavages were not

Figure 2. ECD spectra of the (a) unlabeled, (b
peptide (25–35). Peak labeling follows the sam
shown as the insets.
completely eliminated from the ECD of these doubly
tagged peptides, and there were also some H loss
products present, albeit in much lower abundance.
These H atoms were probably lost from the methyl
groups on the pyridinium ring after it was neutralized,
as shown in Scheme 2, leading to the formation of stable
even-electron species, which could not undergo further
radical driven reactions. Since the recapture cross sec-
tion of a free H atom by a gas-phase peptide ion was
very low, and the solvation of the TMP group by
backbone carbonyls leading to the concerted H atom
transfer from the methyl group to the carbonyl oxygen
appeared unlikely, there must exist a second pathway
to account for the observed c/z ions in the ECD spectra
of these doubly labeled peptides.

One possibility is that the electron was first neutral-
ized near the TMP moiety, and the resulting radical at
the alpha carbon on the pyridine ring could abstract a
hydrogen atom from a nearby (through space) amino
acid residue side-chain beta carbon, generating a beta

gly labeled, and (c) doubly labeled amyloid �
vention as in Figure 1. Cleavage patterns are
) sin
e con
radical that could lead to c/z and a/x ion formations
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(Scheme 3). Free-radical-driven backbone cleavages
have been reported by Beauchamp and colleagues in
their free-radical-initiated peptide sequencing (FRIPS)
studies [58] and were recently applied in the radical-
directed dissociation of whole proteins in the gas phase
[59]. In this study, however, the initially produced
alpha radical on the pyridine ring was supposed to be
fairly stable and unlikely to propagate; more importantly,
the FRIPS mechanism (Scheme 3) calls for the formation
of c• ions and z•-H ions, whereas in the ECD spectra,
only the even-electron c ions and odd-electron z• ions
were observed. Thus, the FRIPS-like mechanism cannot
account for all the backbone fragment ions observed
here. A second possibility is that an amide superbase
mechanism could be at work, where coulomb-assisted
dissociative electron attachment at the backbone car-
bonyls generated an aminoketyl anion radical that
abstracted a nearby proton to produce an aminoketyl
radical that could undergo facile NOC� bond cleavages.

Scheme 2. H loss from the
Scheme 3. One possible mechanism for c/z io
The proton most likely came from the methyl group on
the pyridinium ring because its acidity was increased by
the positive charge on the nitrogen atom. Further experi-
ments using a deuterium-labeled TMP tag would be
helpful in determining the origin of the protons.

Although the number of the fixed charge tags ap-
peared to have a profound effect on the abundance and
frequency of the backbone cleavages, the position of
these tags seemed to have a less dramatic influence. For
the doubly tagged A� 20, either of the two TMP tags
could be the neutralization site or the site that provided
the proton during ECD, as substantiated by the obser-
vation of the c3, c8 ions, which must have retained the
charge at the N-terminal TMP tag, and the z4, z7 ions,
which must have had the lysine side-chain TMP tag as
the charge carrier (Figure 1c). For the doubly tagged A�
25, the N-terminal TMP tag was a possible neutraliza-
tion site, as indicated by the presence of z8 and x8 ions
(Figure 2c), but it was unclear whether the tag on the

tag upon electron capture.
n formations in doubly tagged peptides.
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lysine side chain could also contribute to provide the
proton necessary for backbone cleavages, given that all
observed fragments contained the lysine residue. More-
over, the cleavages did not appear to be limited to
regions that were adjacent to the charged sites in the
sequence. This would certainly be true for remote
charge-assisted electron capture at backbone carbonyls,
and it would also be expected if these cleavages were
the results of the through-space radical propagation.
Previously, cleavages occurring spatially but not neces-
sarily sequentially close to the initially formed radical
site have been observed [60].

The singly tagged peptides did show some differ-
ences in backbone cleavage abundances. When the tag
was far away from the protonated site as in the case of
the A� 20 peptide, only moderate drops in z-ion abun-
dances were observed (Figure 1a and b). The c ions
showed slightly more abundance decrease because their
formations required the TMP tag site to be neutralized,
which did not easily lead to NOC� bond cleavages. For
the A� 25 peptide (Figure 2a and b), almost all fragment
ions showed a significant decrease in abundance in the
ECD spectrum of the singly labeled peptide. This might
be a result of the close proximity of the protonated site
and the TMP-tagged site in the A� 25 peptide, which
would greatly reduce the probability that the electron
capture occurred on the protonated N-terminal site. In
addition, tag locations also seemed to influence the
abundances of various side-chain loss and tag loss
products (see following text).

Aside from backbone cleavages, fragment ions that
resulted from small molecule losses, single or multiple
side-chain cleavages, or a combination of backbone,
side-chain cleavages and small molecule losses were
also observed in the ECD spectra of all A� peptides
studied here. These fragment ions were labeled in
Figures 1 and 2, with their observed and theoretical
masses listed in the Supplementary Tables S1–S6, which
can be found in the electronic version of this article. All
observed cleavages were also summarized in Figures 3
and 4.

Tag and Alkyl Group Losses

It was previously shown in a neutralization–-reionization
study of gas-phase pyridinium ion that the pyridinium
radical preferentially lost the N-bound H or D atom to
re-form the aromatic ring [56], which competed favor-
ably over the hydrogen rearrangement within the pyri-
dinium ring. For the doubly TMP-tagged peptides
studied here, this implied that loss of the whole tag
should be a favored process upon electron capture
(Scheme 4). However, as can be seen from Figures 1c
and 2c, the tag loss peaks were much weaker (by as
much as an order of magnitude in the latter case) than
the corresponding peaks with loss of the tag and an
additional methyl group. Scheme 5 represents two
possible pathways to generate the tag loss product with

the additional methyl loss, which led to the formation of
a charged even-electron species that was detected and a
stable radical species with the radical residing on the
alpha carbon, which may also exist in several other
possible resonance structures. Scheme 5a is a McLaf-
ferty rearrangement, which is both highly likely and a
rearrangement with very low activation barrier.

Alternatively, the lost methyl group could come
from elsewhere on the peptide such as the valine side
chain (Scheme 5b). The loss of the TMP tag left the
radical site on the �-carbon of the lysine side chain,
which was an unconjugated primary radical, a fairly
reactive species prone to further radical rearrange-
ments. This radical may abstract a hydrogen atom from
the alpha carbon of the valine residue, leading to the
additional loss of a methyl group (Scheme 5b). This
mechanism was actually supported by the following
observations. First, the relative abundance of the tag
loss product with additional methyl group loss to that
without was much higher for the doubly labeled A� 25
than that for the doubly labeled A� 20. Since the A� 25
has several leucine and isoleucine residues that could
also lead to methyl loss from the tag loss product upon
H atom abstraction from the alpha or beta carbon, this
observation lends same support to the model in Scheme
5b, whereas in the case of the A� 20, for this model to
be correct, the H atom abstraction would have to take
place at the alpha carbon of the single valine residue.
Second, and more importantly, fragment ions corre-
sponding to additional loss of other alkyl groups such
as the ethyl and propyl were observed only in ECD of
the A� 25, corresponding to the presence of multiple
leucine/isoleucine residues. Had Scheme 5a been the
major pathway for the combined loss of tag and methyl
groups, tag plus ethyl loss would have been observed
only if the originally abstracted H atom was from the
beta rather than from the gamma carbon of the lysine
side chain.

For singly labeled peptides, the methyl loss peaks
were much stronger than the tag loss peaks, particularly
for the singly labeled A� 20, where it was the most
abundant fragment ion (Figure 1b). The methyl group
did not appear to come from the TMP tag, since the
addition of a second tag greatly reduced the abundance
of the methyl loss product for both peptides. Once
again, the most likely source of the methyl group was
the side chain of the valine residue, where the initially
formed radical could abstract a hydrogen atom from the
alpha carbon of the valine residue, and the resultant
alpha radical could lose one of the two methyl groups to
form a stable even-electron species (Scheme 6). Selec-
tively deuterating the TMP tag or the valine residue
would help to identify the source of the lost methyl
group. For A� 25, the alpha radical on one of the
isoleucine residues or the beta radical on either the
isoleucine or leucine residue could also lead to the loss
of a methyl group (Scheme 6), although the methyl loss
peak there was much weaker than in the ECD spectrum
of the A� 20. This might be attributable to the different

conformations of the two peptides, with the A� 20
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having the valine residue closer to the TMP tag on
lysine, and the A� 25 having the tag farther away from
the isoleucine/leucine residues. Likewise, the dramatic
abundance drop of the methyl loss product ions when a
second TMP tag was added to the N-terminus may also
be a result of the conformational changes.

Other Small Molecule and Side-Chain Losses

Small molecule and side-chain losses are common in ECD
of multiply protonated peptides [21]. The hydrogen atom
generated from the neutralized protonated site plays an
instrumental role in the proposed mechanism. Such was
also the case for the ECD of the unlabeled peptides
studied here, where ammonia and water losses as well as
side-chain losses from serine, asparagine, lysine, isoleu-

Figure 3. All observed ECD cleavages of the (a
A� peptide (20–29).
cine, leucine, and methionine residues were observed.
In a previous study, ECD of substance P modified
with coumarin tags produced far more side-chain cleav-
ages than the unmodified peptide, and the abundances
of these side-chain cleavage products appeared to in-
crease with the number of the tags [37]. It was believed
that the presence of radical traps inhibited the backbone
cleavage pathways, thus redirecting the radical to the
side chains, possibly by changing the gas-phase confor-
mation of the peptide. A closer examination revealed
that the great majority of the side-chain loss products
from the ECD of the tagged substance P were also
accompanied by tag loss. The (singly) lysine-tagged
substance P did produce some “pure” side-chain loss
products, albeit in lower abundances. Similar trends
were observed here, where most enhanced side-chain
cleavages were primarily observed when they were also

beled, (b) singly labeled, and (c) doubly labeled
) unla
accompanied by tag loss. One notable difference is the
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abundant solo methyl loss peak observed in singly
tagged amyloid peptides and the doubly tagged A� 20.

These trends can be explained by the number of
available protonation sites and the tag’s ability to sta-
bilize a racial. For the singly tagged substance P, the
likely charged sites were the arginine side-chain guani-
dine group and the remaining untagged amino group,

Figure 4. All observed ECD cleavages of the (a
A� peptide (25–35).
Scheme 4. Tag loss after
which upon electron capture could produce the hydro-
gen atom initiating side-chain cleavages. For the doubly
tagged substance P, one of the charge carriers was the
protonated guanidine group and the other most likely
was the protonated amide nitrogen on the tagged site.
The latter would be the favored neutralization site upon
electron capture, which led to the loss of the neutral tag

beled, (b) singly labeled, and (c) doubly labeled
) unla
the electron capture.
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and left the radical site on the peptide lysine side chain,
capable of inducing secondary side-chain cleavages. As
a result, for doubly tagged substance P, all observed
side-chain cleavages were from the tag loss products [37].

Unlike the singly tagged substance P, all tagged A�
peptides studied here contained at least one nonproto-
nated charge carrier (the fixed charge tag), which also
happened to be the preferred neutralization site be-
cause of its larger recombination energy. As discussed
earlier, the electron capture at the TMP tag resulted in
the loss of the neutral tag as a primary product (al-
though not necessarily the most abundant product),
which could undergo secondary side-chain losses be-
cause the radical site remaining on the peptide was a
primary radical with relatively low stability (Scheme 4).
Consequently, in the ECD spectra of the TMP-tagged
peptides, whether with one or two tags, most observed
side-chain loss products were secondary fragment ions

Scheme 5. Methyl group
Scheme 6. Methyl loss from the valine (R � CH
from the tag loss product, just like what was observed
in the ECD of the doubly tagged substance P. However,
in the ECD spectra of singly labeled A� peptides, some
side-chain losses without accompanying tag loss were
also observed. These were often accompanied by NH3

loss instead, such as the OCH3ONH3 peaks in Figures
1b and 2b, and the ONH3OCH2SCH3 peak in Figure
2b. Thus, the protonated N-terminal amino group may
also be a possible neutralization site, even though it
may not be the favored one, in accordance with the
observation of multiple z ions in Figure 1b.

Secondary and Internal Fragment Ions

Both d- and w-ion formations resulting from secondary
side-chain cleavages after the primary NOC� bond
cleavage were common in ECD of multiply protonated
peptide ions. Their abundances were often dramatically

from the tag loss product.
3) and isoleucine (R � CH2CH3) side chains.
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increased with increased precursor ion internal energy,
such as in hot ECD or AI-ECD, which was very useful
in differentiating the isomeric leucine and isoleucine
residues [24, 36]. Other types of secondary fragments
requiring radical migration from the alpha carbon at the
cleavage site before secondary side-chain cleavages
have also been observed previously [13, 25]. For the
unlabeled peptides studied here, many z ions experi-
enced secondary side-chain cleavages (Figures 1a and
2a and Supplementary Tables S-1 and S-4), but none of
the c ions displayed any secondary side-chain losses
because the latter did not contain a radical site. Some
secondary fragment ions resulted from loss of different
groups from the same side chain. Thus, the hydrogen
atom abstracted did not appear to be limited to those on
the backbone alpha carbons; some of the ions observed
would require the hydrogen atom on the side chain to
be abstracted before secondary cleavages. For example,
the z8 ion from the ECD of the A� 25 peptide could lose
either the even-electron CH3OSOCH¢CH2 molecule or
the odd-electron CH3OSOCH2

• radical (Scheme 7a, b).
Complete side-chain loss from the leucine or isoleucine
residue was also apparent, which left the radical on the
peptide backbone that could initiate further cleavages.
This was evident in Figure 2a and Supplementary Table
S-4, where z8 ion with multiple side-chain losses was
observed.

The ECD spectrum of the singly tagged A� 20
peptide contained many similar secondary fragment
ions as seen in that of the unlabeled peptide. These [z �
R] ions (where R denotes a side chain) were almost
certain to result from the electron capture by the pro-
tonated N-terminal amino group because the lysine
TMP tag must retain its charge so that they could be
detected. Furthermore, several methyl loss peaks from
Scheme 7. Methionine side-ch
various z ions were present in the ECD spectrum of the
singly labeled A� 20 peptide, but were absent in that of
the unlabeled peptide. No z ions smaller than z6 expe-
rienced the methyl loss; thus, the methyl group was
most likely lost from the valine side chain, instead of
from the TMP tag. It was unclear, however, why the
presence of a TMP tag enhanced the methyl loss from
both the charge-reduced molecular ion and the primary
z ions, given that it did not appear to be directly
involved (i.e., the methyl was unlikely to come from the
TMP tag). For the singly tagged A� 25 peptide, neither
z ions nor secondary fragment ions from z ions were
observed. This was probably a result of the close
proximity of the N-terminus and the TMP tag, which
made the electron capture at the N-terminus less likely
than when they were farther apart, as in the case of the
singly tagged A� 20 peptide. However, extensive sec-
ondary fragmentation was observed on the molecular
ion that had lost the neutral tag only or the neutral tag
along with partial or complete loss of the lysine side chain
(Figure 2b and Supplementary Table S-5), provided that
the radical still resided within the peptide after the tag
or lysine side-chain loss. ECD of both doubly tagged
peptides produced plenty of secondary side-chain loss
products after the initial tag or lysine side-chain loss,
just like the singly tagged A� 25 peptide. In the absence
of a protonated site, the electron capture was certain to
take place at the TMP-tagged site, generating a radi-
cal upon neutral tag loss, which can initiate further
cleavages.

Finally, some internal fragments were observed with
high mass accuracy in both the unlabeled and labeled
peptides (Figures 1a and 2a–c, and Supplementary
Tables S-1 and S-4–S-6). These have not been previously
reported, most likely because of the charge locations
ain losses from the z8 ion.
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near the termini for substance P and the tryptic peptides
commonly studied. The two peptides studied here have
one of the charge carriers, the lysine residue, in the
middle of the sequence, thus making possible the
detection of internal fragment ions generated, particu-
larly when the charge was fixed on the lysine residue.
Their abundances were fairly low compared with those
of the terminal fragment ions, probably because of the
many other channels (such as the secondary side-chain
loss channels) present that were more favorable because
of low activation energies or less stringent conforma-
tional requirements. Nonetheless, the presence of these
internal fragments demonstrated further that the free-
radical cascade mechanism could play an important
role in the backbone cleavages during ECD of linear
peptides as well.

Conclusions

The addition of fixed charge groups (TMP) significantly
changed the ECD behavior of two amyloid � peptides.
In general, a higher number of TMP tags correlated
with fewer backbone cleavages and more abundant
side-chain cleavages. The TMP tag was chosen because
of its ability to stabilize (trap) the originally formed
radical upon electron capture, as well as its nonproto-
nated nature, which was postulated to inhibit the hy-
drogen atom formation that was essential for the NOC�

bond cleavage in the dissociation–recapture mecha-
nism. Although low-abundance H loss products were
observed in the ECD spectra of doubly tagged peptides,
the H atoms generated there were not expected to play
an important role in backbone cleavages because of the
small cross section for its recapture by the peptide and
the unlikelihood of the fixed-charge site to form a
hydrogen bond with backbone carbonyls to initiate
concerted hydrogen atom transfer for NOC� bond
cleavages during ECD. Still, some c- and z-type ions
were observed in the ECD of doubly tagged peptides,
demonstrating that there existed other, non-H atom–
mediated pathways for c/z-ion formations in ECD,
which may be radical driven, or resulted from the
coulomb-assisted dissociative electron transfer. How-
ever, because the modified peptides often have elec-
tronic and conformational properties very different
from those of the unmodified ones, these results did not
necessarily undermine the importance of the hydrogen
atom in the ECD of peptides. In fact, the opposite might
be true because the doubly tagged peptides without a
protonated site produced far fewer and less abundant
backbone cleavages.

The apparent blocking of the backbone fragmenta-
tion channels seemed to open up new channels for
side-chain cleavages, possibly as a result of the redirec-
tion of the radical site toward side chains. Most side-
chain cleavages from the TMP-tagged A� peptides were
accompanied by the tag loss. This reaffirmed that the
charge neutralization predominantly occurred at the

TMP tag, which could easily lose the tag and generate a
primary radical that can initiate further side-chain
cleavages. Secondary fragment ions were abundant in
the ECD spectra of both A� peptides, with or without
the TMP tags. Frequently, these ions were the result of
secondary cleavages following through-space hydrogen
atom abstraction. Future experiments using selectively
deuterated TMP tag or amino acid side chains can help
to explain different processes in the ECD of these
modified peptides. Finally, several internal fragments
were observed in the spectra, which provide strong
support to the free-radical cascade mechanism.
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