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Abstract. We report a comprehensive study of collision-induced dissociation (CID)
and near-UV photodissociation (UVPD) of a series of tyrosine-containing peptide
cation radicals of the hydrogen-rich and hydrogen-deficient types. Stable, long-lived,
hydrogen-rich peptide cation radicals, such as [AAAYR + 2H]+● and several of its
sequence and homology variants, were generated by electron transfer dissociation
(ETD) of peptide-crown-ether complexes, and their CID-MS3 dissociations were
found to be dramatically different from those upon ETD of the respective peptide
dications. All of the hydrogen-rich peptide cation radicals contained major (77%–

94%) fractions of species having radical chromophores created by ETD that
underwent photodissociation at 355 nm. Analysis of the CID and UVPD spectra

pointed to arginine guanidinium radicals as the major components of the hydrogen-rich peptide cation radical
population. Hydrogen-deficient peptide cation radicals were generated by intramolecular electron transfer in
CuII(2,2′:6′,2″-terpyridine) complexes and shown to contain chromophores absorbing at 355 nm and undergoing
photodissociation. The CID and UVPD spectra showed major differences in fragmentation for [AAAYR]+● that
diminished as the Tyr residue was moved along the peptide chain. UVPD was found to be superior to CID in
localizing Cα-radical positions in peptide cation radical intermediates.
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Introduction

Whereas isolated peptide molecules and ions are inherent-
ly stable species with closed-electronic shells, perturba-

tion of their electronic structure results in novel and often
unexpected chemistry [1]. There are now several ways of
generating peptide radicals and cation radicals in the gas phase
to be investigated bymass spectrometry. Resonant multiphoton
ionization of gas-phase peptide molecules is the most direct
method that was reported as early as in 1986 [2–4]. One-
electron oxidation of peptide ligands upon collision-induced
dissociation of ternary complexes of transition metal ions rep-
resents another useful method for generating peptide cation
radicals [5–9]. Thermal [10] or light-induced [11] homolytic

bond dissociations in suitably derivatized peptide ions have
also been developed into methods of peptide cation radical
generation. All these techniques produce peptide cation radi-
cals that are stoichiometrically equivalent to neutral peptide
molecules and because they do not contain additional hydro-
gens from protonation, they are called Bhydrogen deficient^
[1]. Of note is that the structures of hydrogen-deficient peptide
cation radicals, wherever the charge and radical sites are
known, depend on the particular activation method.

A fundamentally different method of generating peptide
cation radicals relies on electron attachment to multiply pro-
tonated peptides via capture of a slow free electron [12] or
collisional transfer from a suitable neutral [13–18] or anionic
donor [19]. Peptide cation radicals of this type are called
Bhydrogen rich.^ They are often unstable and undergo exten-
sive dissociations by multiple channels forming backbone
fragment ions and providing sequence information for protein
analysis [1]. The majority of cation radical fragment ions
produced by electron attachment arise by cleavage of bonds
between an amide nitrogen and the Cα atom of the adjacent
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amino acid residue, N–Cα cleavage for short, retaining the
radical site in C-terminal residues (z-type ions) [20]. When
singly protonated z ions are stoichiometrically equivalent to
deaminated hydrogen-deficient peptide cation radicals, they
have been considered as representing a connecting bridge
between the chemistries of both types of peptide cation radicals
[21].

Selected peptide cation radicals of either type have been
studied with the aim of determining their structure and eluci-
dating dissociation mechanisms [22–32]. However, despite
there being a large body of data on peptide cation radicals
and substantial progress in understanding their chemistry, there
has not been a study exploring side by side the properties of
both hydrogen-deficient and hydrogen-rich peptide cation rad-
icals derived from the same peptide molecules. Here, we report
a comparative study of the generation and unimolecular disso-
ciations of a series of tyrosine containing peptides in their
hydrogen-rich and hydrogen-deficient radical forms. We adopt
the standard approach of systematically varying the amino acid
sequence in Ala-Ala-Ala-Ala-Tyr-Arg (AAAYR) to generate
and study both types of derived cation radicals, as well as those
from sequence isomers AAYAR, AYAAR, and YAAAR. The
C-terminal arginine residue is employed throughout to anchor
the charging proton at a specific site. Substitution of Val for Ala
is used in AVAYR, AAYVR, AYAVR, and YAAVR to aid
fragment ion identification through predictable mass shifts.
Specific methods of generating these peptide cation radicals
are reported, and their dissociations are studied in ground
electronic states using collisional activation and in excited
electronic states using UV-VIS photodissociation at wave-
lengths targeting the radical chromophores.

Experimental
Materials and Methods

All peptides were synthesized on Wang resin (Bachem
Americas, Torrance, CA, USA) using commercially available
Fmoc peptides (Life Technologies, Rockford, IL, USA) and
purified by ion-exchange chromatography. Fmoc-(O-methyl)-
L-tyrosine was purchased from Santa Cruz Biotechnology
(Paso Robles, CA, USA) and used in standard solid-state
peptide synthesis of AAY(OCH3)R. 2,2′:6′,2″-Terpyridine
and Cu(NO3)2 were obtained from Sigma-Aldrich (St. Louis,
MO, USA). When generating peptide radicals using metal
complexes, 600 μM CuII(tpy)(NO3)2 was added to the peptide
stock solutions, without acetic acid, such that peptide radical
ions (M+●) would be generated through one-electron transfer
from the neutral peptide to the metal center in the metal–tpy–
peptide ternary complex. For the experiments performed with
the triple-quadrupole instrument, [CuII(tpy)M]2+● was first in-
troduced to the ion source by the electrospray with an ion spray
voltage of 3.5 kV. TheM+● species was then generated through
in-source fragmentations of the complexes using N2 as the colli-
sion gas under a declustering potential of 35 eV. The resulting
M+● species was selected in the first quadrupole (Q1) and

further dissociated in the collision cell under the MS2 mode
[33]. The specific α-carbon-centered radicalswere formed through
multistage CID of [CuII(tpy)(M)]2+●, in which peptide canonical
radical cations M+● were generated in the first stage of CID of
metal–tpy–peptide complexes and then underwent a subsequent
stage of CID to generate the α-carbon-centered radical through
tyrosine side-chain loss. For the experiments performed with the
LTQ-XL linear ion trap mass spectrometer, electrospray ioniza-
tion with a home-built microspray source was used to generate
gas-phase [CuII(tpy)peptide]2+● ions according to the above-
described procedure. The 65Cu or 63Cu isotopologues were select-
ed by mass and subjected to collision-induced dissociation (CID)
at collision energies that were tuned to optimize peptide cation-
radical formation, typically at normalized collision energies
(NCE) set to 15–18 instrument units. The [peptide]+● ions at the
correspondingm/zwere selected bymass and subjected to CID or
photodissociation (UVPD). Electron transfer dissociation mass
spectra were obtained and carried out on a modified LTQ-XL
linear ion trap mass (LIT) spectrometer (ThermoElectron Fisher,
San Jose, CA, USA) equipped with a laser system. Doubly
charged peptide ions or their crown-ether complexes were pro-
duced by electrospray ionization, mass-selected in the ion trap and
allowed to react with fluoranthene anions at typical reaction times
of 200 ms. The CID and UVPD mass spectra of mass-selected
peptide cation radicals were measured on the LTQ-XL. High-
resolution mass spectra were measured on an LTQ-Orbitrap
(ThermoElectron Fisher, San Jose, CA, USA). The peptide
cation-radicals were prepared by CID in the LTQ and transferred
to the Orbitrap for high-resolution measurements using Fourier-
transform treatment of the time-domain signal. The mass resolu-
tion was set to 100,000.

Photodissociation

Photodissociation of trapped ions in the LIT was performed as
reported previously [34]. The typical experimental setup con-
sists of selecting the ion to be photodissociated and storing it in
the LIT for a chosen time period. For example, 400-ms storage
time can accommodate up to seven laser pulses spaced by 50
ms. This allows one to vary the number of pulses, which are also
normalized as the number of pulses used is varied depending on
the degree of dissociation. The pulse-dependent UVPD mea-
surements were performed with the 355 nm line from the laser
source at 15 mJ/pulse laser power, as described previously [34].

Calculations

Standard ab initio and density functional theory (DFT) calcu-
lations were carried out using the Gaussian 09 suite of pro-
grams [35]. Ion structures were gradient-optimized with the
B3LYP [36], M06-2X [37], and ωB97X-D [38] hybrid DFT
methods all using the 6-31 + G(d,p) basis set, and local energy
minima were confirmed by harmonic frequency analysis.
Single-point energy calculations were conducted with DFT
and Møller-Plesset perturbational treatment [39] (MP2, frozen
core) using the 6-311++G(2d,p) basis set.

E. Viglino et al.: Peptide Cation Radicals 1455



Note on Nomenclature

To describe in a uniform way the fragment ions originating
from different types of peptide cation-radicals, we adopt the all-
inclusive nomenclature system introduced recently [40]. Brief-
ly, this uses the original Biemann system of naming peptide
fragments according to the backbone bond being broken [20],
but explicitly assigning the charge, radical, and number of
hydrogen atoms included in the fragment ion [40]. The equiv-
alent names for singly charged fragment ions are as follows
(n = number of residues): [an]

+ = an, [bn]
+ = bn, [cn + 2H]+ = cn,

[cn + H]+● = cn − 1, [xn + H]+● = xn, [yn + 2H]+ = yn, [yn]
+ = yn

− 2, [zn + H]+● = zn, [zn + 2H]+ = zn + 1. Residues in fragment
ions arising by side-chain loss from Tyr are named Gα

●.

Results
Hydrogen-Rich Peptide Cation-Radicals

Electron transfer dissociation of the doubly charged tyrosine
peptide ions resulted in extensive dissociation, forming abun-
dant [z1-z4 + H]+● sequence fragment ions, but leaving very
weak survivor [M + 2H]+● peptide cation radicals that over-
lapped with residual 13C isotope satellites of the [M + H]+

fragment ions (Figure S1a–d, Supplementary Material). To
increase the [M + 2H]+● yield upon ETD, we resorted to a
previously developed technique in which doubly charged
noncovalent peptide 1:1 complexes with 18-crown-6-ether
(CE) were treated by ETD [41, 42]. This resulted in charge-
reduction and loss of the CE ligand, forming [M + 2H]+● cation
radicals at relative abundances that allowed them to be further
investigated by tandem (MSn) experiments. In addition to the
ligand loss upon reduction, ETD also produced CE-
coordinated backbone fragment ions of the N-terminal (c) and
C-terminal (z) type (Supplementary Figure S2a–d). These
allowed us to estimate the populations of peptide complexes
in which the crown ether was attached to the arginine
guanidinium and N-terminal ammonium, which are the
charged groups in these ions. The data (Supplementary
Table S1) indicated somewhat preferential coordination to the
arginine charged group (56%–73%) except in AAYAR and
AAYVR where the N-terminal coordination was slightly more
prevalent (57% and 52%, respectively). The figures for N-
terminal coordination should be regarded as lower limits be-
cause the ETD spectra of the complexes showed very abundant
[M + 2H − NH3]

+● fragment ions that could originate from
charge-reduced N-terminal CE-H3N- complexes. More discus-
sion of this aspect will be given later in the text.

Collision-induced dissociation of [M + 2H]+● ions generat-
ed by ETD of the CE complexes showed a marked dependence
on the amino acid sequence (Fig. 1). In general, the MS3/ETD-
CID spectra were substantially different from the ETD spectra
of [M + 2H]2+ ions as is obvious from the comparison of the
Supplementary Figure S1a–d and Fig. 1a–d spectra. The CID
fragmentation pattern of [AAAYR+ 2H]+● (m/z 552) showed a
dominant loss of a hydrogen atom (m/z 551) (Fig. 1a). The

other abundant dissociation channels were loss of water
(m/z 534), loss of CH5N3 from the arginine side chain (m/z 493),
and the formation of the [z1 + 2H]+ backbone fragment ion atm/z
160. In contrast, backbone fragment ions of the standard
[zn + H]+● type (n=1-4) were not formed. The minor presence
of a fragment ion at m/z 444, which corresponds to a loss of 106
Da from the tyrosine side chain (–C7H6O, neutral fragment) is also
seen. This loss is commonly observed for hydrogen-deficient
tyrosine-containing peptide cation radicals [5–9], and the ion is
denoted as [AAAGα

●R + H]+, indicating a conversion of the Tyr
residue to a glycine Cα-radical [40].

As tyrosine was moved away from the C-terminus by one
residue, the resulting [AAYAR + 2H]+● cation radical showed
a different fragmentation pattern upon CID (Fig.1b). In addi-
tion to the same four major channels observed for [AAAYR +
2H]+●, the [AAYAR + 2H]+● fragmentation displayed a greater
complexity in the formation of backbone fragments. The major
ones were identified as [b3]

+ and [b4]
+ ions along with [y3 +

2H]+ and [y2 + 2H]+ ions, a prominent [y1 + 2H]+ ion, as well
as [z2]

+ and [z3]
+ ions, and a [a4]

+ fragment ion. The dominat-
ing dissociation pathways for this sequence were loss of water
(m/z 534), the formation of [z1 + 2H]+ (m/z 160), loss of an H
atom (m/z 551), and loss of CH5N3 from the arginine side
chain. Also worth noting is the presence of the fragment ion
at m/z 444 that results from the tyrosine side chain loss
(–C7H6O), which is significantly more abundant than for
[AAAYR + 2H]+●.

The dissociation patterns of [AYAAR + 2H]+● and
[YAAAR + 2H]+● lack backbone fragments. CID of [AYAAR
+ 2H]+● resulted in five distinct reactions, with a dominating
loss of an H atom and formation of prominent fragment ions at
m/z 444, 493, 160, and 534, which were analogous to those
described above (Fig. 1c). The same dissociations were ob-
served for [YAAAR + 2H]+●, which showed a more abundant
elimination of C7H6O compared with the above-described
sequences (Fig. 1d). This dissociation is usually associated
with the presence of a tyrosyl-O radical moiety [9, 43]. How-
ever, the CID spectra do not allow us to distinguish if Tyr-O
radicals were present to a different extent in the stable [M +
2H]+● cation radicals or if they were produced as reactive
intermediates in the course of dissociation. The identity of the
peptide cation radicals and the assignments of their fragments
following CID were corroborated by mass shifts in the CID
spectra of cation radicals derived from AVAYR, AAYVR,
AYAVR, and YAAVR. The pertinent spectra are presented
in the Supplement (Supplementary Figure S3a–d).

UVPD of hydrogen-rich peptide cation radicals was stud-
ied at 355 nm, which is a wavelength selectively targeting
excitation of peptide radical chromophores [34]. UVPD of
[AAAYR + 2H]+● through [YAAAR + 2H]+● (Fig. 2a–d)
gave rise to two major fragment ions, one (m/z 551) being
formed by photo-induced loss of a hydrogen atom and the
other (m/z 160) corresponding to a backbone [z1 + 2H]+ ion
(see inset structure in Fig. 2a). Again, no standard backbone
fragment ions of the [z + 2H]+● type were formed, indicating
that even the excited electronic states of the long-lived
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cation-radicals were different from the electronic states
accessed by electron transfer to the doubly charged ions in
the ETD mode. The UVPD fragment ions were photostable
at 355 nm and their relative intensity reached a steady state
after four laser pulses (Supplementary Figure S4a–d). Pho-
todissociation of the peptide cation radicals at 355 nm must
be associated with a chromophore formed by electron at-
tachment, as the natural amino acid residues Ala, Tyr, and
Arg do not absorb light at this wavelength. Likewise, the
even-electron fragment ions at m/z 551 and 160 were trans-
parent at 355 nm and did not undergo further photodissoci-
ation. The slight decrease of the m/z 160 relative intensity at
long trapping times needed to accommodate multiple laser
pulses (Supplementary Figure S4a–d) is probably caused by

a less efficient trapping at the edge of the LTQ stability
region corresponding to 160/552 = 0.29 of the selected pre-
cursor ion m/z.

UVPD showed a substantial depletion of the precursor
cation radical populations after one laser pulse that exceeded
50% for all four peptide ions. However, all of them showed
populations of residual photo-inactive cation radicals that did
not undergo dissociation, asymptotically converging to 23%,
23%, 16%, and 6% for [AAAYR + 2H]+●, [AAYAR + 2H]+●,
[AYAAR + 2H]+●, and [YAAAR + 2H]+●, respectively
(Supplementary Figure S4a–d). Hence, the pulse-dependent
experiments indicated that the populations of each of these
cation radicals were not homogeneous and contained isomers
of different light absorption properties.

Figure 1. CID-MS3 mass spectra of hydrogen-rich peptide cation-radicals (m/z 552) generated by ETD of crown-ether complexes:
(a) [AAAYR + 2H]+●, (b) [AAYAR + 2H]+●, (c) [AYAAR + 2H]+●, (d) [YAAAR + 2H]+●
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The valine peptide analogues showed a similar behavior.
UVPD resulted in a loss of H as the predominant fragment ion
(Supplementary Figure S5a–d). Formation of the [z1 + 2H]+

ion, albeit expected, could not be confirmed because the ion’s
m/z was below the low-mass cutoff of the LTQ, 160/
580=0.276. UVPD of [YAAVR + 2H]+● also produced a
minor fragment by loss of C7H6O from the Tyr side chain.
The pulse dependence of the charge-reduced AVAYR,
AAYVR,AYAVR, andYAAVR cation-radicals (Supplementary
Figure S6a–d) showed bimodal behavior consisting of rapid
exponential depletion of the precursor ion within four laser
pulses and leaving a substantial fraction of photo-inactive ions.

The nature of the photoactive and photo-inactive isomers will be
discussed later in the text.

Hydrogen-Deficient Peptide Cation Radicals

Peptide cation radicals of the hydrogen-deficient type were
generated by CID of [Cu(tpy)(peptide)]2+● complexes, accord-
ing to the previously reported method [6]. The hydrogen-
deficient peptide cation radicals are denoted as [M]+● to distin-
guish them from the hydrogen-rich analogues. Further colli-
sional activation of [M]+● was accomplished under a variety of
conditions, including slow heating by resonant excitation in 3D

Figure 2. UVPD-MS3 mass spectra of hydrogen-rich peptide cation-radicals (m/z 552) generated by ETD of crown-ether com-
plexes: (a) [AAAYR + 2H]+●, (b) [AAYAR + 2H]+●, (c) [AYAAR + 2H]+●, (d) [YAAAR + 2H]+●
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and linear ion traps and acceleration of a mass selected ion
beam in a tandem quadrupole mass spectrometer. These CID
experiments yielded qualitatively similar results; the LTQ spec-
tra are presented and discussed in the main text, the other data
are in the Supplement (Supplementary Figure S7a–d). Ion
assignments in the CID spectra were corroborated by accurate
mass measurements (Supplementary Table S2).

CID of [M]+● produced MS3 spectra that showed depen-
dence on the position of the Tyr residue in the peptide sequence
(Fig. 3a–d). As the Tyr residue was moved toward the
N-terminus, CID loss of C7H6O from the Tyr side chain formed
fragment ions of increasing prominence that amounted to 8%,
39%, 75%, and 77% of the total ion intensity for [AAAYR]+●,

[AAYAR]+●, [AYAAR]+●, and [YAAAR]+●, respectively.
The loss of C7H6O is usually associated with the presence of
a Tyr O-radical [7], and a recent UV-action spectroscopy study
has identified a Tyr O-radical moiety in [YAAAR]+● [43].
Sequence fragment ions were observed for [AAAYR]+●where
the [y4 + 2H]+ ion (m/z 480) was a dominant product, accom-
panied by ions of the z-series (m/z 159, 322, 392, and 464). It is
of note that some fragment ions of the c and z series from
[AAAYR]+● are exactly isobaric; for example, both the [c4]

+

and [z3]
+ ions have the same theoretical m/z of 392.1928

for C18H26N5O5, consistent with the experimental m/z
(Supplementary Table S2). A definite assignment of the
fragment ion type was achieved by considering mass shifts in

Figure 3. CID-MS3 mass spectra of hydrogen-deficient peptide cation-radicals (m/z 550) generated from Cu(tpy) complexes: (a)
[AAAYR]+●, (b) [AAYAR]+●, (c) [AYAAR]+●, (d) [YAAAR]+●
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the homologous series, [AVAYR]+● and [AAAYR]+●, where
there is no shift in the [z2]

+ (m/z 321) and [z3]
+ (m/z 392) ion

masses (Supplementary Figure S8a–d), whereas a 28 Da shift
would be expected for the equivalent [c3]

+ and [c4]
+ ions.

Sequence ions of the z type were also observed for
[AAYAR]+● (e.g., [z2 + H]+●, [z3]

+, and [z4 + H]+●) that were
assigned by appropriate mass shifts in the spectrum of
[AAYVR]+● (Supplementary Figure S8b).

UVPD of [M]+● showed some novel features. All sequence
variants of [M]+● were photoactive at 355 nm, pointing to
radical-associated chromophores (Fig. 4a–d) [34]. UVPD of

[AAAYR]+● and [AAVYR]+● showed dominant loss of H,
which was accompanied by minor loss of C3H4NO and forma-
tion of the [y4 + 2H]+ fragment ions. Upon moving the Tyr
residue to the next position in [AAYAR]+● and [AAYVR]+●,
photodissociation resulted in loss of H and C7H6O. Loss of
C7H6Owas dominant in the UVPD spectra of [AYAAR]+● and
[YAAAR]+● (Fig. 4c, d) as well as in the spectra of their valine
homologues (Supplementary Figure S9a–d). In addition to
differences in the photofragmentation patterns, the isomeric
peptide cation radicals also differed in the photodepletion effi-
ciencies, as illustrated by the pulse-dependent UVPD spectra

Figure 4. UVPD-MS3mass spectra of hydrogen-deficient peptide cation-radicals (mnz 550) generated fromCu(tpy) complexes: (a)
[AAAYR]+●, (b) [AAYAR]+●, (c) [AYAAR]+●, (d) [YAAAR]+●
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(Supplementary Figure S10a–d). Thus, [YAAAR]+● showed
the most efficient photodepletion of the precursor ion at 50%
after the first laser pulse (Supplementary Figure S10d). The
main primary product ion, [Gα

●AAAR]+ undergoes further
photodissociation by loss of H and forming the [y4]

+ fragment
ion as the main sequence product. Note that [y4]

+ in the current
notation corresponds to a (y4 − 2H)+ species by the previously
used nomenclature and represents a common photodissociation
product of peptide Cα-radical ions [34]. The formation of
[AGα

●AAR]+ and [AAGα
●AR]+ intermediates is also seen in

the photodepletion curves of the pertinent [AYAAR]+● and
[AAYAR]+● ions (Supplementary Figure S10b, c) and their
Val homologues (Supplementary Figure S11a–d). The isomer-
ic Gly Cα-radical ions (m/z 444) were further investigated by
CID and UVPD.

Effects of Gly Cα Radical Position

The Gly Cα radicals were generated by CID-MS3 of [M]+●,
isolated by mass and subjected to CID-MS4 and UVPD-MS4.
The UVPD-MS4 spectra showed dissociations that were highly
specific of the position of the Gly Cα radical site (Fig.5a–d).
Starting with [AAAGα

●R]+, UVPD resulted in the formation of
[y2]

+ (m/z 230, GR) and [y3]
+ (m/z 301, AGR) sequence

fragment ions in addition to loss of H, which was another
abundant dissociation channel (Fig. 5a). The formation of the
[y2]

+ ion proceeds by β-fission of the CO−NH bond adjacent to
the Glyα radical and does not require a hydrogen migration. To
form the [y3]

+ ion, the Hα from the adjacent Ala residue must
migrate to form an Alaα radical that promotes CO−NH bond
dissociation at the adjacent position [34]. Hydrogen atom mi-
gration in [AAAGα

●R]+ to the Gα radical from the proximate
Arg Cα or Cβ positions can also be considered to explain the
loss of H forming a product with ion an α,β-dehydro-Arg
moiety. Loss of H is either absent or much less abundant in
the other isomers where the Gα radical is flanked by Ala
residues. The laser pulse-dependent measurements of
[AAAGα

●R]+ (Supplementary Figure S12a) indicated an ex-
ponential depletion of the [AAAGα

●R]+ ion intensity, whereas
the [y2] to [y3] abundance ratio was essentially constant at
4.1:1.

UVPD of the [AAGα
●AR]+ ion was even more specific,

inducing CO–NH bond cleavage in the position adjacent to the
Glyα radical and producing the [y3]

+ ion (m/z 301, GAR) as the
major product (Fig. 5b). Noteworthy is the absence of loss of H
in this case. These features are reflected by the photodepletion
curve that shows rapid decrease of the [AAGα

●AR]+ relative
intensity and formation of the [y3]

+ (GAR) fragment ion (Sup-
plementary Figure S12b).

UVPD of [AGα
●AAR]+ also showed substantial specificity

in breaking the CO−NH bond adjacent to the Gα radical and
forming the [y4]

+ ion (m/z 372, GAAR) (Fig. 5c). As a side
reaction, Ala Hα atom migration moved the radical and trig-
gered CO−NH bond dissociation between the Gly and Ala
residues to produce the [y3]

+ (AAR) fragment ion at m/z 315.
The overall photodepletion curve for AGα

●AAR]+ showed an

exponential decay resulting in virtually complete dissociation
after seven laser pulses (Supplementary Figure S12c).

Finally, UVPD of [Gα
●AAAR]+ was the least efficient of

the four isomers (Supplementary Figure S12d) and resulted in
loss of H, C2H2NO, and C2H4NO neutral molecules (Fig. 5d).
These minor backbone fragmentations indicate an H atom
migration to and from the adjacent Ala residue, followed by
CO−NH bond dissociations forming the [y4 + 2H]+ and [y4]

+

ions. Loss of H can proceed by β-fission from the N-terminal
amine group without need for H-atom migration.

In contrast to UVPD, CID-MS4 was much less specific of
the radical position. The CID-MS4 spectra (Fig. 6a–d) show the
dominant formation of the [y4 + 2H]+ ions from all four
isomers, appearing atm/z 374 for [AAAGα

●R]+, [AAGα
●AR]+,

[AGα
●AAR]+, and m/z 388 from [Gα

●AAAR]+, indicating
hydrogen atom migrations and preferential cleavage of the
CO−NH bond between the N-terminal and adjacent residues.
In spite of this dominant general feature, the CID-MS4 spectra
show some differences in the fragment on relative intensities. A
conspicuous feature is the formation of even-electron [z1]

+-
[z3]

+ ions by N—Cα bond cleavage accompanied by H atom
migration onto the neutral fragment. In contrast, N—Cα cleav-
age of the bond connecting the N-terminal residue leads to
[z4 + H]+● cation-radical fragments in all sequences. In the
absence of more detailed mechanistic investigation, these
effects are difficult to relate to the ion structure.

Mechanistic Study of Hydrogen Loss

The prominent loss of H upon UVPD of [AAAYR]+● and its
virtual absence in CID raised the question of the ion structure
and origin of the hydrogen atom. To address these topics, we
resorted to use deuterium labeling in a smaller homologue,
[AAYR]+●, which showed a quite analogous behavior upon
CID and UVPD, namely, abundant photo-induced loss of H,
(Supplementary Figures S13, S14a), indicating that the main
structure and reactivity features of [AAYR]+● were similar to
those governing the dissociation of [AAAYR]+●. The advan-
tage of using [AAYR]+● was due to its lower number of
exchangeable protons in H/D exchange experiments. UVPD
of completely H/D exchanged [d11-AAYR]

+● showed a highly
specific (94%) loss of D from one of the exchangeable posi-
tions (Supplementary Figure S14b). However, distinction
among hydrogen atoms in the exchangeable positions is a
daunting task that has been achieved using special techniques
[44, 45] that are not applicable to peptide ions. An alternative
method is to block bymethylation a specific position in the ion,
as previously applied in a study of peptide electron transfer
dissociations [46]. To this end, we synthesized a
AAY(OCH3)R peptide in which the Tyr residue was replaced
by O-methyl tyrosine, thus blocking the phenol hydroxyl
group. UVPD of the [AAY(OCH3)R]

+● ion (m/z 493, Supple-
mentary Figure S15a) showed abundant loss of H in contrast to
CID of the ion that generated backbone [z1 + H]+●, [z2]

+, and
[y3 + 2H]+ fragment ions, as well as an ion from CO2 loss
(Supp lementa ry F igure S16) . H/D exchange in
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[AAY(OMe)R]+● produced a d10 isotopologue (m/z 503),
which upon UVPD showed a major loss of D forming the
fragment ion at m/z 501 (Supplementary Figure S15b). These
experiments indicated that the photo-induced loss of H from
[AAYR]+●, and, by implication also from [AAAYR]+●, can
originate from exchangeable positions other than the Tyr hy-
droxyl. It should be noted, however, that methylation of the Tyr
residue changes its electronic and chemical properties in addi-
tion to blocking the phenol hydroxyl. This is indicated by the

UVPD spectrum of [AAY(OMe)R]+●, which shows a specific
formation of the [y1]

+ fragment ion (m/z 158, Supplementary
Figure S15a), which is much less abundant when produced
from [AAYR]+● (Supplementary Figure S14a). A pulse depen-
dence experiment showed exponential depletion of the
[AAY(OCH3)R]

+● intensity (Supplementary Figure S17), in-
dicating that all the components of the ion population absorbed
light at 355 nm. We note that the absorption spectra of peptide
cation radicals depend on the position of the Cα radical and ion

Figure 5. UVPD-MS4 mass spectra of (a) [AAAGα
●R]+, (b) [AAGα

●AR]+, (c) [AGα
●AAR]+, (d) [Gα

●AAAR]+
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conformation [34, 43], and elucidating this effect would require
a dedicated study.

Discussion
The experimental data using CID and UVPD showed distinct
features that can be related to the nature of the peptide cation
radicals and the mode of activation. It is useful to first reiterate
the differences in the activation modes because they apply to
both hydrogen-rich and -deficient peptide cation radicals. CID
in the ion trap is performed by resonant translational excitation
of the mass-selected ion under slow heating conditions [47],

which upon collisions with the bath gas (He at 3 mTorr in the
LTQ) results in vibrational excitation of the ground electronic
state of the precursor cation radical. The fragment ions are not
accelerated and their collisions with the bath gas result in
cooling that occurs on the 10–20 ms time scale [48]. In con-
trast, UVPD is a Bsudden^ excitation method that generates an
electronically excited state of the peptide ion with an internal
energy (Eint) given by the sum of the photon energy (3.493 eV,
337 kJ mol–1) and the thermal rovibrational energy (Hrovib) of
the ion at the ion trap temperature. For [AAAYR + 2H]+● and
related ions, Hrovib has a mean value of 105 kJ mol–1 at 310 K,
giving Eint = 337+105=442 kJ mol–1. The photoexcited pep-
tide ion can dissociate on the same potential energy surface,

Figure 6. CID-MS4 mass spectra of (a) [AAAGα
●R]+, (b) [AAGα

●AR]+, (c) [AGα
●AAR]+, (dn [Gα

●AAAR]+

E. Viglino et al.: Peptide Cation Radicals 1463



utilizing the electronic part of the excitation energy, or undergo
vibronic conversion to a vibrationally excited ground electronic
state with Eint. Both these processes compete with collisional
de-excitation of the excited electronic state and vibrational
cooling of the hot ground state.

Starting with the hydrogen-rich cation radicals, both the
CID and UVPD spectra indicated that the stable, long-lived
cation radicals were distinctly different from the reactive inter-
mediates produced by electron attachment to peptide dications.
This raises the question of the cation radical structure and
formation upon ETD of the CE complexes. Crown ethers bind
to charged groups by forming strong hydrogen bonds in gas-
phase ions [49]. The ETD spectra of the doubly charged
peptide–CE complexes indicate rather nonspecific binding to
the N-terminal ammonium and Arg guanidinium charged
groups. This finding is at odds with the bonding energies of
18-crown-6-ether to singly protonated amino acids, reported by
Chen and Rodgers [50], where N-terminal bonding was found
to be stronger than side-chain bonding in arginine. The proba-
ble reason for this apparent discrepancy is that the competitive
binding of 18-crown-6-ether to a charged group in a doubly
protonated peptide disrupts this group’s internal solvation, and
this loss of attractive interactions can compensate for the the
stronger binding to the ligand. In addition, disruption of inter-
nal solvation of the charged group by the peptide amide groups
affects the ion conformation [34].

Another large effect, which is related to electron transfer, is
that coordination with CE substantially lowers the intrinsic
recombination energy of the charged group, for example, from
4.31 eV in isolated CH3NH3

+ to 1.74 eV in the CH3NH3
+–CE

complex [51]. The calculated recombination energy of the
ethylguanidinium cation also showed a drop from 380 kJ
mol–1 (3.94 eV) in the free ion to 231 kJ mol–1 (2.40 eV) in
the CE complex (Table S3), illustrating the effect of CE coor-
dination on the electronic structure of the cation and radical.

Charge reduction by electron attachment to the charged
group substantially lowers its CE bonding energy; for example,
from 273 kJ mol–1 in the CH3NH3

+–CE complex to 35 kJ mol–
1 in its charge-reduced counterpart [51]. Similar effects were
indicated by calculations of N-ethylguanidinium ion and
radical CE complexes that stand for the Arg–CE bonding
(Supplementary Table S3). The 0 K bonding energy to CE
was calculated to decrease from ΔH0,diss =197 kJ mol–1 in the
ion to 56 kJ mol–1 in the radical. The calculated CE bonding
free energy for ethylguanidinium radical at the experimental
temperature of 310 K, ΔG310,diss =16 kJ mol–1, indicated that
binding of the CE ligand to the charge-reduced Arg
guanidinium as well as N-terminal ammonium functional
groups is weak and, hence, electron transfer targeting the
coordinated charged group is expected to result in a facile loss
of the CE ligand.

The peptide cation radicals resulting from electron attach-
ment and CE loss have the odd electron in the charge-reduced
group, which is an ammonium radical at the N-terminus or a
guanidinium radical in the Arg side chain. This electron distri-
bution is fundamentally different from that accessed by direct

electron attachment to the isolated peptide dication, where the
reactive electronic states are charge-stabilized amide π* states
[52, 53]. This interpretation is consistent with the stark differ-
ences in the peptide cation radical reactivity depending on their
mode of formation. The isomeric charge-reduced cation radi-
cals from peptide–CE complexes also have different stabilities,
whereby the ammonium radicals are only weakly bound and
can rapidly dissociate by competing losses of H and ammonia
[54]. This may account for the abundant [M + 2H−CE−NH3]

+●

fragment ions in the ETD spectra of the complexes (m/z 535,
Supplementary Figure S2a–d). In contrast, arginine
guanidinium radicals are intrinsically stable [45, 55]. Vibra-
tional excitation, as in CID, results in competitive loss of H and
guanidine [56], accounting for the pertinent fragment ions, m/z
551 and 493, respectively, in the CID spectra (Fig. 1). Arginine
radicals formed by electron transfer have been shown to be
moderately efficient hydrogen atom acceptors [55, 57]. This
may account for the formation of the [z1 + 2H]+ fragment ions,
as sketched for [AAYAR + 2H]+● in Scheme 1, as well as loss
of C7H6O, which is triggered by transfer of the phenol hydro-
gen. Detailed mechanisms of the hydrogen transfer and bond
cleavage steps leading to these ions have not been established
yet.

Guanidinium radicals are strong chromophores absorbing
light at 320, 341, and 357 nm, with the corresponding oscillator
strength factors of 0.07, 0.18, and 0.01 [58]. This is consistent
with the efficient photodepletion of the charge-reduced
hydrogen-rich cation radicals at 355 nm (Supplementary
Figure S4a–d). Excited states of arginine radicals have been
shown to undergo extremely fast loss of hydrogen [56], which
is consistent with the dominant photodissociation channels in
the UVPD spectra.

The 6%–23% fractions of photo-inactive hydrogen-rich
peptide cation radicals (Supplementary Figure S4a–d) belong
to ion structures that are difficult to directly assign and likely
differ for the sequence isomers. Based on the analysis of
peptide radical chromophores [58], dihydrophenol radicals
produced by H-atom migration to the Tyr side chain, and [a
+ x]+● ion–molecule complexes are possible candidates for
structures not absorbing at 355 nm.

The hydrogen-deficient [M]+● cation radicals show
collision-induced and photodissociations that depend on both
the activation mode and position of the Tyr residue in the
peptide sequence. CID and UVPD of [YAAAR]+● are most
straightforward in that they both result in a dominant loss of the
Tyr side chain. This is consistent with the Tyr-O radical struc-
ture of this ion where loss of C7H6O is the lowest energy
process in CID and the Tyr-O radical is the absorbing chromo-
phore for UVPD [43]. We cannot distinguish whether UVPD
occurs from an excited electronic state or after vibronic transi-
tion to a vibrationally hot ground electronic state because both
are expected to display similar reactivity. In contrast, the other
peptide sequences show substantial differences between CID
and UVPD, indicating large differences in the excited-state and
ground-state reactivity. With [AAAYR]+●, CID induces hydro-
gen atom migrations forming intermediates that dissociate by
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backbone cleavages and loss of C7H6O, forming the various
fragment ions seen in the spectrum. In contrast, UVPD pro-
ceeds by only two major channels, one being loss of protogenic
exchangeable H and the other a backbone cleavage leading to
the [y4 + 2H]+ ion. The latter reaction can be interpreted as
proceeding from a hot vibrational state accessed by vibronic
transition from the excited electronic state. In contrast, the loss
of H does not have an analogy in CID and is likely proceeding
from an excited electronic state of the ion. A previous UV
photodissociation action spectroscopy study has concluded that
[AAAYR]+● was a mixture of isomeric radicals [43], and thus
it is possible that the observed photodissociations originated
from different radical isomers.

Conclusions
The results reported in this comparative study allow us to arrive
at the following conclusions.

Both the hydrogen-rich peptide cation radicals produced by
electron-transfer reduction and their hydrogen-deficient coun-
terparts produced by electron-transfer oxidation contain chro-
mophores associated with the radical moieties that result in
photodissociation at 355 nm. The hydrogen-rich peptide cation
radicals contain major fractions of structures with Arg

guanidinium radical groups. Consequently, both collision-
induced dissociation and photodissociation of the long-lived
hydrogen-rich cation radicals are diametrically different from
electron-transfer dissociation of the corresponding peptide
dications. CID and UVPD of hydrogen-deficient peptide cation
radicals show dependence on the position on the Tyr residue.
Ions in which the Tyr residue is in sequence positions remote
from the charged Arg group show larger proportions of Tyr-O
radicals that undergo collision-induced and photodissociative
loss of C7H6O from the Tyr side chain.
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