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We compare product-ion mass spectra produced by electron detachment dissociation (EDD)
and electron photodetachment dissociation (EPD) of multi-deprotonated peptides on a Fourier
transform and a linear ion trap mass spectrometer, respectively. Both methods, EDD and EPD,
involve the electron emission-induced formation of a radical oxidized species from a
multi-deprotonated precursor peptide. Product-ion mass spectra display mainly fragment ions
resulting from backbone cleavages of C,—C bond ruptures yielding 2 and x ions. Fragment ions
originating from N-C, backbone bond cleavages are also observed, in particular by EPD.
Although EDD and EPD methods involve the generation of a charge-reduced radical anion
intermediate by electron emission, the product ion abundance distributions are drastically
different. Both processes seem to be triggered by the location and the recombination of radicals
(both neutral and cation radicals). Therefore, EPD product ions are predominantly formed
near tryptophan and histidine residues, whereas in EDD the negative charge solvation sites on
the backbone seem to be the most favorable for the nearby bond dissociation. (J Am Soc Mass
Spectrom 2010, 21, 670-680) © 2010 Published by Elsevier Inc. on behalf of American Society

for Mass Spectrometry

ne of the main advantages of mass spectrome-

try for peptide and protein structure analysis is

its ability to give valuable information from
very low amounts of samples, e.g., primary structure
(amino acids sequence), number and location of disul-
fide bridges, identification, and sometimes characteriza-
tion of post-translational modifications. To provide this
information, various activation techniques are used to
fragment peptide or protein ions to yield structure-
specific product ions complementary to accurate molec-
ular mass measurements [1-6].

Different methods are available nowadays to excite
and fragment biomolecular ions. In low-energy collision-
activated dissociation (CAD) and infrared multiphoton
dissociation (IRMPD), the peptide ion is heated in a
multi-step process [7, 8]. The model of the mobile
proton can rationalize the observed fragments [9]; the
transfer of a proton weakens locally the peptide bond,
facilitating its fragmentation. Since the fragmentation
occurs after heating and vibrational energy redistribu-
tion, structural rearrangements are in competition with
fragmentation pathways. In addition and in comple-
ment to slow heating methods, reactions of polypeptide
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ions with electrons and small radical ions have become
a very useful tool for peptide structural analysis. For
instance, electron capture dissociation (ECD) [6, 10] and
electron-transfer dissociation (ETD) [11-13] may initiate
bond breaking in peptide and protein polycations pre-
sumably faster than energy redistribution over all de-
grees of freedom. Less than a decade ago, an ion-
electron interaction-based fragmentation technique for
peptide and protein polyanions termed electron detach-
ment dissociation (EDD) was proposed [14-16]. More
recently, an ion-ion interaction-based peptide and pro-
tein polyanion fragmentation, termed negative ETD,
was achieved with small radical cations [13, 17]. EDD
has been proposed for analysis of acidic polypeptides,
including peptides with labile modifications, whereas
negative ETD has not been substantially explored yet.
The ion—electron and ion-ion reactions are different
from slow heating methods by the fact that the inter-
mediate fragmenting species are odd-electron ions. The
presence of a radical site diminishes the strength of
nearby bonds. In particular, for peptide polyanions,
preferential backbone cleavages of C,~C bonds yield-
ing a and x ions were demonstrated [14, 18].

A new method, namely electron photo-detachment
dissociation (EPD), was recently developed for the
gas-phase dissociation of peptide and DNA polyanions
[19-21]. In this method, the radical anions are obtained
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by electron photo-detachment from a multiply depro-
tonated species [22]. The fragmentation of these radical
anions after collisional activation in multi-stage mass
spectrometry was explored for a number of peptides
and proteins. Similar to EDD, the dominance of back-
bone C,-C bond ruptures yielding a2 and x ions was
observed in EPD. Nevertheless, a more detailed under-
standing of the underlying processes in EDD and EPD
is needed to further enhance the efficiency of the
methods that remain rather low. A direct comparison of
EDD and EPD could provide a further insight into the
radical chemistry of these two processes and improve
our understanding of their mechanisms.

In the present study, we compare the fragmentation
patterns of a panel of peptides by EDD and EPD to
explore in more detail similarities and differences be-
tween these ion activation and dissociation methods. In
particular, the influence of the possible radical site
location on the product ion abundance distribution is
discussed.

Experimental
Chemicals

Free acid Substance P and caerulein were purchased
from Sigma-Aldrich (Saint Quentin Fallavier, France).
The wild-type and variants of a transmembrane domain
of M2 protein, M2 TMP, were synthesized by fluorenyl-
methyloxycarbonyl (Fmoc) solid-phase peptide synthe-
sis (Peptide and Protein Synthesis Facility, University of
Lausanne, Switzerland). Peptides were used without
further purification.

Activated-Electron Photodetachment Dissociation

Activated-EPD experiments were performed using a
modified linear quadrupole ion trap mass spectrometer
(LTQ; Thermo Fisher Scientific, San Jose, CA, USA)
with extension for the high mass to charge ratio range
2000-4000 Th. Peptides were dissolved in 50/50 water/
acetonitrile (vol/vol) at a concentration of 100 uM and
directly electrosprayed at a flow rate of 5 uL/min for
subsequent analysis in a negative-ion mode. A quartz
window was fitted on the rear of the LTQ chamber to
allow the introduction of a UV laser beam. The laser is
a nanosecond frequency-doubled tunable Panther EX
OPO laser pumped by a Surelite II Nd:YAG laser (both
from Continuum, Santa Clara, CA, USA). All the EPD
experiments were performed at A = 260 nm. The output
power for this wavelength was ~10 mW at a repetition
rate of 10 Hz. The laser beam passes through two
diaphragms (2 mm diameter), lenses, and a mechanical
shutter electronically synchronized with the mass spec-
trometer, after which, it is injected on the axis of the
linear trap. The mechanical shutter is used to synchro-
nize the laser irradiation with the trapping of the ions.
To perform laser irradiation for a given number of laser
pulses, we complemented the ion trap rf sequence with
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a MS" step with activation amplitude of 0%, during
which the shutter located on the laser beam is opened.
The maximum laser energy that enters the trap is ~600
wJ /pulse. Collision activated dissociation (CAD) exper-
iments were performed with the same apparatus using
helium gas. Activation time for CAD was 30 ms and
collision energy was between 15% and 20%. For activated-
EPD experiments, the oxidized species is isolated in a
MS? step and further activated by collisions. Activation
time for the MS®/CAD step was 30 ms and collision
energy was between 15% and 20%. For both CAD and
activated-EPD experiments, activation value q was set
to 0.25 and a m/z window of 5 Th was applied for
precursor ion isolation.

Electron Detachment Dissociation

A hybrid 7-T linear ion-trap Fourier transform (LTQ FT)
ion cyclotron resonance mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany) equipped with an
indirectly heated dispenser cathode as an electron
source was used for the EDD experiments. Peptides
were dissolved in 50/50 water/acetonitrile (vol/vol) at
a concentration of 2 uM. Negative ions of interest were
produced in a regular microspray ESI source with a
liquid flow rate of 10 uL/min, isolated with a window
of 5 Th and accumulated in the LTQ (AGC setting of
500,000) for further transfer to the ICR cell. The delay
period between ion injection into the ICR cell and
irradiation with an electron beam was tuned to account
for ion magnetron motion [23]. The electron energy of
~10 eV, estimated for employed ECD electron energy
parameter (Xcalibur, Thermo Fisher Scientific) of about
—13 to —16 V and ICR cell trapping potentials of ~1 V
and interaction time of ~1 s were selected to obtain
maximum signal to noise ratio for EDD fragments for
free acid Substance P employed as a reference peptide.
The optimized parameters were then used for all other
samples. The tandem mass spectra were obtained at
50,000 resolution at m/z 400 and were produced by
averaging of 200 microscans.

Methods

Both electron detachment dissociation (EDD) and elec-
tron photodetachment dissociation (EPD) are initiated
by inducing electron emission from peptide polyanion
that results in formation of a radical oxidized species
and its consequent decomposition with or without
supplemental vibrational activation. The principles and
the mechanistic aspects of these two dissociation meth-
ods are described in more details in this section.

Dissociation by Electron Photodetachment with
Supplemental Ion Activation (Activated-EPD)

As illustrated by Scheme 1 below, the EPD method
consists of an initial step of UV irradiation (around 4.6
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eV per photon) of a multiply deprotonated peptide. The
main consequence of UV irradiation of such species is
the loss of one electron resulting in an oxidized form of
the precursor ion.

For peptides that contain natural aromatic amino-
acids (i.e., tryptophan, tyrosine, and, in a lesser extent,
phenylalanine), absorption at ~260 nm is mainly due to
a resonant electronic excitation (7-7* transition) [22,
24]. The electronic excitation leads to the electron loss
that occurs after electron relaxation. The excess energy
let in the oxidized form of the precursor ion [given by
the difference between electron binding energy (~2.5-
3.5 eV) [22, 24] and the photon energy (~4.6 eV)] is
distributed between the electron kinetic energy and the
internal energy of the radical ion. This results in a
radical with low excess internal energy. The oxidized
species is isolated and further activated by collisions. In
the case of peptides, the subsequent CAD of the isolated
radical anions results in intense backbone cleavages.
EPD fragmentation patterns are characterized, for small
peptides, by dominant backbone cleavage of C,-C
bonds giving a and x-type product ions [20]. For larger
peptides, fragment ions originating from N-C, and
C,—C backbone cleavages are also observed [21].

Dissociation by Electron Detachment (EDD)

As illustrated by Scheme 2 below, EDD utilizes fast,
>10 eV, electrons to detach electrons from multiply
deprotonated peptides by electron impact. The pro-
posed mechanism involves the polypeptide chain ion-
ization leading to the creation of a positive radical
charge (hole). Mutual neutralization of the hole and the
electron results in electronic excitation that causes frag-
mentation. The recombination of the electron-hole pair
is exothermic and is approximately equal to the differ-
ence between the ionization energy of a polypeptide
chain and the electron affinity of the negatively charged
group (usually carboxylate groups), i.e.,, ~5 eV [15].
Spontaneous fragmentation occurs and additional vi-
brational energy is not necessary.

Similar to EPD, EDD fragmentation is characterized
by dominant backbone cleavage of C,~C bonds giving
a and x-type product ions [14]. The characteristic frag-
mentation patterns of both EPD and EDD allow for
efficient peptide sequencing and stand in sharp contrast
to the nonspecific fragmentation obtained with CAD in
the negative ion mode. However, EDD is a rather
inefficient process [25] due to its limited reaction cross
section between negatively charged polypeptides and
electrons of the required energy.
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Results and Discussion

This report is specifically focused on a comparison of
the product ion mass spectra using EDD on a FTMS
instrument and EPD on a linear ion trap mass spectrom-
eter. The influence of the charge location, the charge
state, and the nature of chromophore on the product ion
pattern is explored across peptide models with molec-
ular mass ranging from 1300 to 2800 Da.

EPD and EDD of Substance P-OH

EDD of the dianions [M — 2H]*~ of the free acid 1.4 kDa
peptide Substance P (RPKPQQFFGLM-OH) is shown in
Figure 1a. A series of x ions dominate the product ion
mass spectrum, with x, being the most abundant. An
extensive CO, loss is also observed. The present mass
spectrum is very similar to the one obtained in the Paul
ion trap mass spectrometer and previously reported by
Zubarev and coworkers [15]. The CO, loss results from
the facile decarboxylation of the deprotonated C-terminal
carboxylic acid group after irradiation-catalyzed oxi-
dation by energetic electrons [15]. The dominating x ion
series is in agreement with preferential charge retention
by the C-terminal carboxylic acid. Some a ions are
observed with a very low intensity compared with x
ions.

The described similarity in product ion mass spectra
between EDD in high vacuum FT-ICR MS and in much
lower vacuum of the ion trap MS is important in view
of the different experimental conditions, in particular
precursor ion internal energy values [26]. In contrast to
ECD and ETD comparison described by Ben-Hamidane
et al. [26], energy of impacting electron is substantially
higher in EDD, thus additional activation is not re-
quired for the decomposition of noncovalently bound
EDD products even in the ion trap MS conditions. In
case of EPD in ion trap MS, the activation step is
important, similarly to ETD, as described in the Meth-
ods section. Based on the comments above, we assume
that comparative analysis of total product ion mass
spectra, represented by summed up even- and odd-
electron components, of EPD and EDD described here is
justified. Nevertheless, a direct comparison of EPD in
ion trap MS and FT-ICR MS is required to conclude on
the impact of experimental parameters, e.g., vacuum,
on product ion mass spectra in general and on the
associated radical-ion involved hydrogen atom rear-
rangements processes in particular.

The EPD spectrum of the acidic form of Substance P
is dominated by neutral losses (see Figure 1b). Al-
though not the dominant neutral loss, the CO, loss is

[M -nH]™ + ejrpp = [M -nH] ("1~ 4 27
— peptide fragment ions

Scheme 2
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Figure 1. Tandem mass spectrometry of the acidic form
of doubly deprotonated Substance P (RPKPQQFFGLM-OH),
(a) EDD FT-ICR mass spectrum; double and triple harmonics are
shown with asterisk. (b) EPD LTQ mass spectrum. The insets
show the isotopic distributions of the corresponding [M — 2H] ™
ions. Activation time for the MS®/CAD step was 30 ms and
collision energy was 17%. Only the most intense fragments have
been annotated on the spectra. The insets show the sequence of
the peptide with all the fragments detected. (c) CAD LTQ mass
spectrum. Activation time was 30 ms and collision energy was
19%.

present in the spectrum and can be related to the
oxidation of the deprotonated carboxylic acid. Abun-
dant fragment ions corresponding mainly to losses of
100 and 62 Da are observed and may be a fingerprint of
the second deprotonation site. These neutral losses are
not observed by collision activation of the even-electron

NH
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species [M — H]™ (see Figure 1c). CAD experiments
performed on these two abundant fragment ions (M-
100 and M-62 ions) permit to locate the position of the
side-chain loss in the peptide sequence. CAD fragmen-
tation data show that losses of 100 and 62 Da corre-
spond, respectively, to side-chain cleavages of the argi-
nine and methionine residues. The loss of 100 Da could
be a consequence of a radical formation and recombi-
nation on the terminal amine, which is a good candidate
as second deprotonation site (as depicted in Scheme 3)
[27, 28].

The fragment ion corresponding to the loss of 62 Da
is attributed to a CH;-S-CH; side-chain loss from the
methionine residue in the vicinity of the C-terminal
carboxylic group. Note that both the losses of 62 and
100 Da are also observed by EDD, but with a weaker
intensity. This specific neutral side-chain loss at the
N-terminal side of the peptide (e.g., loss of 100 Da in
Substance P) may be used as a fingerprint of the
location of a deprotonation site at the N-terminal amine.
To probe this hypothesis, we used another nonacidic
peptide (MRFA) for which deprotonation sites are sup-
posed to be the same as for Substance P (i.e., carboxylic
C-terminal group and the N-terminal amine). This
peptide also possesses an arginine residue but not at the
N-terminal position. A negligible loss of 100 Da is
observed, but an important loss of 62 Da is observed.
The loss of 62 Da is attributed to a CH;-S-CHj side-
chain loss from the methionine residue in the vicinity of
the N-terminal carboxylic group. This last result con-
firms that a neutral loss from the N-terminal side of the
peptide can be used as a fingerprint of the location of
deprotonation site at the N-terminal amine for non-
acidic peptides.

An intense y;, ion is observed in EPD, whereas this
fragment is observed only with a weak intensity by
EDD. This fragmentation channel corresponds to the
cleavage of the amide bond between the arginine and
proline residues. It could also originate from the radical
generated on the deprotonated N-terminal amine group
mentioned above as a recombination pathway compet-
itive to the 100 Da neutral loss. However, cleavage of
N-terminal proline is facile and the y;, fragment ion
could be observed on the CAD spectrum of the non-
radical precursor ion (i.e.,, [M — H] " ions). The y;,ion is
indeed observed by collision activation of the even-
electron species [M — H]™ but with a weak intensity
(see Figure 1c). Thus, the cleavage of the amide bond
between the arginine and proline residues resulting in
the observation of enhanced y,, ions in the activated-

HoC
) NH NH o TN NH
NH

100 Da

Scheme 3
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EPD mass spectrum of substance is certainly influenced
by the presence of a radical generated on the deproto-
nated N-terminal amine group. Observation of CO, loss
on one hand, and of 100 Da loss and enhanced y,, ions
on the other hand, suggest that the electron loss in EPD
could occur both on the carboxylate group and on the
deprotonated N-terminal amine. Indeed, in EPD, elec-
tron detachment at 260 nm occurs mainly through a
resonant electronic excitation of the peptide, followed
by autoionization of the excited peptide. Therefore, the
present results suggest that in EPD of Substance P-OH,
electron loss may occur from a different deprotonation
site compared with the preferential electron loss from
the carboxylate group upon electron irradiation in EDD.

Some x ions and a series of a ions are also observed
with a significant intensity in EPD of Substance P-OH.
Although the a ions are nearly not observed in EDD,
these ions are as intense as the x ions in EPD. This
observation is consistent with the earlier observation by
EDD [14] that the less stable a ions, being radical, are
more abundant in QIT mass spectra than in FTMS mass
spectra. Presumably, the low-frequency of ion-neutral
collisions in FT-ICR MS leads to much longer relaxation
times after activation through inelastic collisions with
electrons, which results in a higher average temperature
of ions during the interval after the EDD event and
before ion detection.

o
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EPD and EDD of Caerulein

The electrospray spectrum of caerulein (pEQDYTGWMDE-
NH,), a sulphated peptide on Tyr, residue, exhibits
an intense [M — 2H]*>" ion. Five UV laser shots of the
isolated dianions give rise to the oxidized radical [M —
2H] ™ species with a yield of ~90% (see inset of Figure
2a). The high efficiency in electron photodetachment is
due to the presence of three chromophores (sulfated-
tyrosine, tryptophan, and phenylalanine residues) that
strongly absorb laser irradiation suppress of around 260
nm. The radical anion can then be isolated and sub-
jected to collision-induced excitation. The activated-
EPD spectrum is shown in Figure 2a. The most promi-
nent losses from the oxidized [M — 2H] " species are
—CO, and —SO; groups. As already discussed for
Substance P-OH, these neutral losses result from the
oxidation of CO,~ and SO;™ groups. A large peak at m/z
1288 is also observed and is attributed to losses of CO,
and NH; molecules from the oxidized [M — 2H]™
species. The loss of NH; is a very common fragmenta-
tion feature of Gln-containing peptides such as caer-
ulein [29]. Note also an important loss of 129 Da (—W),
which corresponds to a radical neutral loss of the
tryptophan side-chain (see Scheme 4a) [30]. Impor-
tantly, a- and c-type product ion series were observed
due to the backbone cleavages (see Figure 2a). Scarce y
and z ions were also observed. Most fragment ions
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Figure 2.

(a) EPD LTQ mass spectra of [M — 2H] " caerulein ions. The insert shows the photodisso-

ciation spectrum of isolated [M — 2HJ*" ions after 5 laser shots at 260 nm. (b) EPD product ion
abundance distribution of caerulein (sum of a and x fragment intensities).
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Scheme 4

retained the sulphate group. The a, fragment ion is by
far the most abundant and corresponds to the cleavage
of the peptide bond between the tryptophan and me-
thionine residue. As already reported by EDD measure-
ments [15], all observed a ions but 4, ions were radicals
(however, the analysis of the isotopic distribution of a
ions shows that minor nonradical species are also
present). The loss of 129 Da and the formation of a; ions
may be both due to the formation of a neutral Trp’
radical. The presence of the radical on the nitrogen
atom of the indole residue would increase the possibil-
ity to form a ions between the tryptophan and methio-
nine residues, as depicted in Scheme 4b.

The most intense fragments discussed above (losses
of CO,, SO;, 129 Da, and a, fragment ions) are then
thought to originate from a charge loss on the CO,™ and
SO;™ followed either by loss of —CO, and —SO; mol-
ecules or by radical migration to tryptophan.

The caerulein fragmentation pattern observed by
EPD contrasts with the previous EDD spectrum re-
ported by Zubarev and coworkers [15]. Indeed, al-
though 4, ¢, and z product ion series were observed
across the peptide backbone, the most abundant EDD
cleavages took place in the vicinity of the sulfated
tyrosine residue, one of the two most likely deprotona-
tion sites. Fragments close to the tryptophan residue
were found with only low abundance. These differences
in the product ion abundance may reflect the fact that
radical migration is favored in activated-EPD during
the collision activation stage that is not present in EDD.
One should note that the chromophore of the Trp side
chain acts as an antenna for laser-induced excitation of
peptides at 260 nm. Coupling between electronic ex-
cited states localized on Trp and autoionization states
leading to electron loss from the CO,™ and SO;™ may be
favored for conformations for which Trp and negative
charges are relatively close. Initial excitation located on
Trp and such favorable conformations may in return
induce back radical transfer to Trp.

EPD and EDD of M2 TMP Variants

To further assess the differences in the fragmentation
pattern between EPD and EDD, wild-type transmem-
brane domain M2 TMP peptide variants, whose se-
quences are given in Table 1, were studied. Wild-type
M2 TMP peptide (M2 TMP wt, SSDPLVVAASIIGILH-
LILWILDRL-OH) is a transmembrane domain of the
membrane protein M2 from influenza virus A [31]. In
M2 TMP, L13@G13, Gly,; of M2 TMP wt is replaced
with a Leu residue, whereas in M2 TMP, G7@V7, the
Val, is replaced by Gly residue. Finally, in M2 TMP,
G16@H16, the His,, is replaced by a Gly residue. These
variants have already been studied by electron capture
dissociation (ECD) and displayed the corresponding
modulation of product ion abundance distribution
[26, 32].

In the present work, experiments were performed
starting with the triply deprotonated [M — 3H]*~
species. EDD of M2 TMP, G7@V7 peptide, Figure 3a,
shows an intense loss of CO, molecules, as already
observed for the acidic form of Substance P. Mainly,
series of singly deprotonated a and x product ions are
observed due to the backbone cleavages, as summa-
rized in Figure 4a. The fragmentation is particularly
efficient near the center of the peptide between the Ile;
and Ile;, residues, where both 4,; and x,, ions are very

Table 1. Names, sequences, and molecular weights of wild-type
transmembrane domain M2 TMP peptide and its variants

Molecular
weight,
Peptide Sequence Da
M2 TMP, wt SSDPLVVAASIIGILHLILWILDRL 2727
M2 TMP, SSDPLVVAASIILILHLILWILDRL 2783
L13@G13

M2 TMP, G7@V7 SSDPLVGAASIIGILHLILWILDRL 2685
M2 TMP, SSDPLVVAASIIGILGLILWILDRL 2647
G16@H16
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Figure 3. Tandem mass spectrometry of M2 TMP, G7@V7 pep-
tide variant, performed on the [M — 3H]? "~ precursor ions (a) EDD
FT-ICR mass spectrum. (b) EPD LTQ mass spectrum. Only the
most intense fragments have been annotated on the spectra.

abundant. This result has to be contrasted with the
results obtained for the acidic form of Substance P and
is presumably due to the numerous acidic groups (Asp,
Ser, and C-terminus) in the peptide. Thus, the acidic
groups in M2 TMP and their variants can produce
fragments that accommodate negative charges either on
N-terminal or on C-terminal sides. The observation of z
ions may be due to the presence of two acidic residues
at the C-terminal side. Indeed the formation of frag-
ments with a negative charge located at the C-terminal
(e.g., z ions) may be favored.

In EPD of M2 TMP, G7@V7, intense losses of CO,
and tryptophan radical side-chain (—W) molecules are
observed, Figure 3b. Series of 4, x, and z product ions
are observed due to the backbone cleavages, with a
better sequence coverage than in EDD, Figure 4b.
However, mainly a-ions are abundant although present
in radical form and may be unstable. In particular, a;4
and a,, ions have a high intensity compared with other
a-ions. The a,, fragment ions are due to the peptide
backbone rupture at the C-terminal side of the trypto-
phan residue. As already discussed, the observation of
an enhanced fragmentation close to the tryptophan
residue in EPD may be due to the formation of neutral
radical form of the tryptophan side chain (see Scheme
4b). The important loss of 129 Da (—W) observed by
EPD is also in favor of the presence of a neutral
tryptophan radical.

Interestingly, a,¢ ions are also observed with a high
intensity and correspond to fragments that are formed
by peptide backbone cleavage at the C-terminal side of
the histidine residue. Similarly to tryptophan, the ob-
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servation of an enhanced fragmentation close to the
histidine residue may be due to preferential radical
migration close to histidine (see Scheme 5). This is
related to the recent observation that electron reduction
of imidazolium ions forms peptide imidazolium radi-
cals that can undergo backbone cleavage, side-chain
loss, or isomerization [33]. Furthermore, iodination of
tyrosine and histidine was recently used to generate
tyrosine and histidine radical peptides in the gas phase
by UV photo-cleavage of carbon-iodine bonds [34].
Furthermore, numerous z-ions are observed by EPD
of M2 TMP, G7@V7 peptide, whereas these ions are
absent in EDD. In particular, z; and z, ions have higher
intensity compared with other z-ions. These ions (and
their equivalent c-ions), in particular c- and z-ions close
to tryptophan residues, were also recently observed by
EPD of melittin peptide dianions [21]. From a mecha-
nistic point of view, the intense c and z fragment ions
resulting from a cleavage in the vicinity of Trp could
originate from the initial formation of a cationic radical
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fragment intensities) obtained by EDD of triply deprotonated M2
TMP, G7@V7. (b) Product ion abundance distribution (g, x, and z
fragment intensities) obtained by EPD of triply deprotonated M2
TMP, G7@V7.
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Scheme 5

on the indolic side group of tryptophan residue (due to
photoionization of the indole group). In this case,
electronic relaxation after photoexcitation (that occurs
mainly on Trp at 260 nm) would not lead to the loss of
an electron from one of the negative groups of the
peptide but to the ionization of the indolic residue,
leading to the formation of a radical cation residue; ¢
and z fragment formation around Trp were found to be
particularly abundant for melittin peptide [21]. The
competition between the ionization of the indole group
or the electron loss from the negative sites may depend
on the conformation. Subsequent favored recombina-
tion across the adjacent N-C, bond would leave a
neutral tryptophan (see Scheme 6).

Finally, Figure 5 displays the product ion abundance
(PIA) distribution for 3 M2 TMP peptide variants and
the wild type peptide obtained by EPD and EDD. First,
PIA distributions for 4, x, and z ions obtained by EPD
are very different from those obtained by EDD. The PIA
distribution obtained by EPD is sequence-wide: 4, x,
and z ions are observed all along the peptide sequences.
As already discussed, the collisional activation step
after radical formation and isolation may favor radical
migration and account for the wide sequence coverage.
The enhanced a,, ion is observed for all the variants by
EPD, confirming the key role of tryptophan in the
observation of this fragment. Interestingly, the a,, ion is
observed for all the variants except the M2 TMP,
G16@H16 (where the histidine residue has been re-

o] o]
P
...—”—NH*CHJ—.‘.

—_—

o)
R +

placed by a glycine residue). These results also confirm
the role of histidine in the observation of enhanced a
fragment ions close to histidine residues. The distribu-
tion of fragments for M2 TMP, G16@H16 is different
from the one observed for the other variants. Presum-
ably, incorporation of Gly at position 16 drastically
affects the overall peptide conformation. As a result,
more globular than extended a-helical conformation
can be adopted due to the additional, well-known,
flexibility of the Gly residue. Therefore, charge solva-
tion on the backbone amide nitrogens around Gly,, due
to interaction with, for example, Asps;, Asp,;, or C-
terminal carboxyl, can be enhanced. Furthermore, the
three most intense fragments considered (xy, x4y, and
z;;) are due to the backbone rupture next to Leu
residues, whereas Leu residues are known to provide
additional radical stabilization compared with, for ex-
ample, Ile. In this case, M2 TMP, G16@H16 adopts
extended « helical conformation instead of a globular
one; side-chain interaction of the Gly,, with the Trp,,
located one a-helical turn away may be responsible for
radical migration to the vicinity of Glyy, its stabiliza-
tion by Leu;s and Leu;;, and subsequent backbone
ruptures with further Leu-mediated product ion radical
stabilization.

On the other hand, in EDD, the PIA distributions are
more sensitive to the sequence of the M2 TMP variants.
For the four peptides studied, the fragments observed
for a and x ions are mainly localized near the center of

o
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—— > IZ
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Scheme 6
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EPD and EDD product ion abundance distribution for M2 TMP peptide variants, (left):

product ion abundance for a, x, and z fragment ion types generated with EPD; (right): product ion
abundance for 4, x, and z fragment ion types generated with EDD.

the peptide, specifically around Ile,;-1le;, for a-ions and
Ile;,-Gly;5 (x14) for x-ions, and characterized by a sharp
distribution. In EDD, energetic electron bombardment
of precursor ions results in an electronic excitation and
a rapid deposition of energy upon electron detachment
thus reducing time for radical rearrangement compared
with EPD. We can assume that the N- and C-terminally

located negative charges solvate the backbone amide
nitrogens in the middle of the peptide sequence, around
the Gly; residue that is known to induce a kink in the
wild type M2 TMP structure [35, 36]. Furthermore,
formation of backbone amide nitrogen radicals in the
middle of the sequence would decrease the dissociation
energy barrier for the backbone bonds in their vicinity.
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Therefore, conformation-dependent radical formation
location can be used to rationalize the data shown in
Figure 5. Without assuming these globular structures
and interpreting the data for the possible extended
a-helical structures of M2 TMP variants may lead to
the hypothesis of excitation energy relaxation along the
peptide sequence and subsequent deposition in the
area of the largest structural “defect”—a kink around
Glyy; [37].

Conclusion

In summary, we compared product-ion mass spectra
produced by electron detachment dissociation (EDD)
and electron photodetachment dissociation (EPD) of
multi-deprotonated peptides. Both methods, EDD and
EPD, involve the electron emission-induced formation
of a radical oxidized species from a multi-deprotonated
precursor peptide. While electron irradiation results in
the formation of excited radical anionic species that
fragment spontaneously, laser irradiation results in
radical ionic species with low excess internal energy
and additional vibrational activation of the oxidized
species is necessary to yield fragment ions (activated-
EPD). Product-ion mass spectra display mainly frag-
ment ions resulting from backbone cleavages of C ,—~C
bond ruptures yielding a and x ions, but ¢ and z ions
may also be observed. Although EDD and EPD meth-
ods involve the generation of a charge-reduced radical
anion intermediate by electron emission, the product
ion abundance distributions are drastically different.
This shows that the dissociation pathways are not only
driven by the initial charge locations. EPD product ions
are predominantly formed near tryptophan, tyrosine,
and histidine residues, whereas in EDD the negative
charge solvation sites on the backbone seem to be the
most favorable for the nearby bond dissociation. This
difference in product ions is attributed to the impor-
tance of radical migration in EPD. In activated-EPD, the
collisional activation step after radical formation and
isolation may favor radical migration. This would ac-
count for the wider sequence coverage than in EDD and
yield intense fragment ions close to residues that are
known to stabilize radicals. In the future, optical spec-
troscopy [30] could be used to probe the localization of
radicals and confirm this hypothesis. The advantage of
activation and radical migration for wide sequence
coverage in EPD will have to be validated for a large
panel of peptides. In EDD, energetic electron bombard-
ment of precursor ions results in an electronic excitation
and a rapid deposition of energy upon electron detach-
ment, thus reducing time for radical rearrangement
compared with EPD.
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