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Abstract. Peptide cation radicals of the z-type were produced by electron transfer
dissociation (ETD) of peptide dications and studied by UV-Vis photodissociation
(UVPD) action spectroscopy. Cation radicals containing the Asp (D), Asn (N), Glu
(E), and Gln (Q) residues were found to spontaneously isomerize by hydrogen atom
migrations upon ETD. CanonicalN-terminal [z4 + H]+● fragment ion-radicals of the R-
C●H-CONH- type, initially formed by N−Cα bond cleavage, were found to be minor
components of the stable ion fraction. Vibronically broadened UV-Vis absorption
spectra were calculated by time-dependent density functional theory for several
[●DAAR + H]+ isomers and used to assign structures to the action spectra. The
potential energy surface of [●DAAR + H]+ isomers was mapped by ab initio and

density functional theory calculations that revealed multiple isomerization pathways by hydrogen atom migra-
tions. The transition-state energies for the isomerizationswere found to be lower than the dissociation thresholds,
accounting for the isomerization in non-dissociating ions. The facile isomerization in [●XAAR+H]+ ions (X =D, N,
E, and Q) was attributed to low-energy intermediates having the radical defect in the side chain that can promote
hydrogen migration along backbone Cα positions. A similar side-chain mediated mechanism is suggested for the
facile intermolecular hydrogen migration between the c- and [z + H]●-ETD fragments containing Asp, Asn, Glu,
and Gln residues.
Keywords: Peptide cation radicals, Electron transfer dissociation, UV-vis action spectroscopy, Ab initio calcula-
tions, RRKM kinetics

Received: 19 November 2017/Revised: 6 December 2017/Accepted: 14 December 2017/Published Online: 16 January 2018

Introduction

Electron transfer dissociation (ETD) of multiply charged
peptide and protein ions proceeds by homolytic dissocia-

tion of bonds between the amide nitrogen and Cα position of
the adjacent amino acid residues, N−Cα bond cleavage for short
[1, 2]. N−Cα bond cleavage is orthogonally complementary to

the heterolytic and proton driven cleavage of peptide amide
CO-NH bonds [3]. N−Cα bond cleavage produces N-terminal
even-electron fragment ions of the [cm+2H]

+ type and C-
terminal odd-electron fragment ions of the [zn+H]

+● type,
where m and n are the respective numbers of amino acid
residues in the fragment ions, that provide important informa-
tion on the peptide sequence [4, 5]. For an all-inclusive nomen-
clature of peptide radical ions see ref [6]. The currently accepted
Utah-Washington mechanism of ETD [7–9] describes the for-
mation of the [cm+2H]

+ and [zn+H]
+● fragment ions as sketched

in Scheme 1. The [cm+2H]
+ ions can be formedwith C-terminal

enolimine groups or as the substantially more stable amide
isomers [10]. The [zn+H]

+● fragment ions are usually presented
as N-terminally deaminated radicals, R-C●H-CONH-, with the
charge being carried by a protonated basic residue (Lys or Arg).
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We call such structures the canonical [zn+H]
+● ions. The actual

structures of a few [cm+2H]
+ and [zn+H]

+● fragment ions
formed by electron-based dissociation have been studied by
action spectroscopy [11–16]. This technique is based on reso-
nant absorption of one or multiple photons over a range of
wavelengths, which leads to dissociation and formation of
fragment ions. A wavelength-dependent profile of the fragment
ion intensities can be produced and used to track absorbance of
the ion under study for comparison with its calculated absorp-
tion spectrum [17, 18]. The few [cm + 2H]+ ions studied so far
by infrared multiphoton dissociation action spectroscopy
(IRMPD) have been found to have C-terminal amide groups
[11, 12]. This is consistent with computational studies that
indicated very low activation energies for proton-enabled enol
imine-amide isomerizations in {[cm+2H]…[zn+H]}

+● com-
plexes formed by N−Cα bond cleavage [19–21]. In contrast,
[zn+H]

+● ion structures appear to depend on the constituent

amino acid residues. For example, the authors of an IRMPD
study of [zn+H]

+● ions (n = 1–4) produced by ETD of
(AAHAR+2H)2+ concluded that the ions had canonical, N-
terminally deaminated radical structures [13]. In contrast, a
UVPD study of [z4+H]

+● ions, corresponding to [●AHAR+H]+,
has found ca. 6% of non-canonical isomers [14]. Further amino
acid residue effects have been reported for [z4+H]

+● ions cor-
responding to [●AWAR+H]+ and [●AFAR+H]+ for which
UVPD action spectroscopy indicated the presence of non-
canonical isomers [15]. The non-canonical fractions were com-
posed of respective Trp and Phe β-side chain radicals of the
benzylic type, and backbone Cα radicals at the inner residues,
although the contributions of the individual isomers have not
been quantified [15]. In a yet contrasting result, UVPD studies
of [●ASAR+H]+ and [●ATAR+H]+ ions led the authors to
conclude that these ions chiefly consisted of canonical struc-
tures [16, 22]. A survey UVPD study of a library of [●AXAR +

Scheme 1. Formation of [cm+2H]
+, [zn+H]

+●, [cm+H]
+●, and [zn+2H]

+ peptide fragment ions upon electron attachment, dissociation,
and hydrogen migrations
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H]+, [●AXAK + H]+, and [●XAR + H]+ ions pointed out the
tendency of the Phe and Asp residues to promote ion isomeri-
zation upon ETD [14]. These results have indicated that the
degree to which canonical structures isomerize depends on the
amino acid residues, both those initially carrying the Cα radical
and those in adjacent positions.

Hydrogen atom migrations between complementary ETD
fragments are known to produce radical [cm+H]

+● and even-
electron [zn+2H]

+ ions [23] that can complicate sequence as-
signment for residues differing by 1 Da (Asn/Asp and Gln/
Glu). In a survey study, Savitski et al. analyzed the relative
[zn+2H]

+ and [zn+H]
+● fragment ion intensities in electron

capture dissociation mass spectra of tryptic peptides [24]. Sta-
tistical analysis indicated the propensity of Gly-terminated
[zn+H]

+● ions to abstract a hydrogen atom from their [cm+H]
neutral or [cm+2H]

+ charged counterparts. Studies [25, 26] of
ETD of specific nona- and decapeptides identified the Asp and
Asn residues as most inductive for hydrogen transfer accom-
panying N−Cα bond cleavage between Asp-Asp, Asn-Asn,
Asp-Asn, and Asn-Asp residues [26]. The Glu and Gln resi-
dues were less effective, and the [zn+2H]

+ ion formation rap-
idly diminished in backbone fragmentations occurring farther
away from the Asn, Asp, Gln, and Glu residues [26]. Compu-
tational studies [19–21] of {[cm+2H]…[zn+H]}

+● complexes
formed by N−Cα bond cleavage indicated low energy barriers
for inter-fragment hydrogen atom transfer that were lower than
or comparable to the energy barriers to intramolecular H-atom
migrations in peptide cation radicals, as studied for several
systems [27–32]. Thus, it was of interest to study structures
of [zn+H]

+● fragment ions containing Asp, Asn, Glu, and Gln
residues to elucidate possible connections between inter-
fragment and intra-molecular H-atom migrations triggered
spontaneously upon ETD.

Experimental
Materials and Methods

Peptides QDAAR and QNAAR were custom made at >90%
purity by GenScript (Piscataway, NJ, USA). Peptides
QQAAR and QEAARwere synthesized onWang resin using
standard solid-phase methods. The sequences of all peptides
were checked by electrospray ionization mass spectra. The
ETD mass spectra were measured on a ThermoElectron
Fisher LTQ-XL-ETD linear ion trap mass spectrometer with
a fluoranthene anion reagent and ion reaction times of 100–
300 ms. UVPD action spectra were measured as described
previously [33]. Briefly, the [z4+H]

+● ions were generated by
ETD in the ion trap, selected by mass and exposed to laser
pulses (3–6 ns pulse width, 20 Hz repetition rate) generated
by an EKSPLA NL301G (Altos Photonics, Bozeman, MT,
USA) Nd:YAG laser source equipped with a PG142C optical
parametric oscillator. This provided wavelength tuning in the
range of 210–700 nm with a laser power of 0.52–12.69 mJ
per pulse. The intensities of the resulting UVPD MS3 frag-
ment ions were monitored as a function of wavelength,

normalized to the laser output power at each wavelength,
and plotted to provide action spectra.

Calculations

Cation-radical structures were obtained at several levels of
theory, starting with conformer analysis and followed by full
gradient geometry optimization, transition state search, and
intrinsic reaction coordinate analysis [34]. Conformer analysis
was performed by Born-Oppenheimer Molecular Dynamics
(BOMD) calculations using the semi-empirical all-electron
PM6 method [35] supplemented with dispersion corrections
[36], PM6-D3H4, and run by MOPAC [37] under the Cuby4
platform [38], as described previously [16]. Selected low-
energy conformers from the BOMD runs were re-optimized
by density functional theory (DFT) calculations in a spin-
unrestricted formalism using the B3LYP [39], ωB97X-D
[40], and M06-2X [41] hybrid functionals with the 6-
31+G(d,p) basis set. The structures were confirmed as local
energy minima by harmonic frequency analysis. Energy rank-
ing was based on single-point energy calculations with DFT
and Møller-Plesset [42] (UMP2, frozen core) using the 6-
311++G(2d,p) basis set. Higher spin states in UMP2 energies
were annihilated by spin projection [43, 44], providing spin
expectation values of <0.78 for local energy minima and <0.9
for transition states. Additionally, restricted open-shell single
point MP2 calculations (ROMP/6-311++G(2d,p)) [45] were
performed to check the effect of spin contamination [46].
Excitation energies and oscillator strengths were obtained for
25 excited states by time-dependent DFT calculations [47] with
ωB97X-D and M06-2X/6-31+G(d,p), according to a previous
benchmarking study [48]. Vibronically broadened absorption
spectra were obtained by multiple TD-DFT calculations of 16
excited states over 200–300 random ground state vibrational
configurations generated by Newton-Xspace software (ver.
2.0, www.newtonx.org) [49, 50] and weighted according to
their Boltzmann factors at 310 K. All the electronic structure
calculations were performed with the Gaussian 09 (Revision A.
02) suite of programs [51]. Rice-Ramsperger-Kassel-Marcus
(RRKM) calculations [52] of unimolecular rate constants were
performed using the QCPE program [53] that was recompiled
for Windows [54]. The RRKM calculations were run with
direct count of quantum states and molecular rotations were
treated adiabatically. The k(E, J, K) rate constants were
Boltzmann averaged over the rotational state distribution at
300 K.

Results and Discussion
Ion Formation and Photodissociation

ETD of doubly charged (XDAAR+2H)2+ (X = A, Q),
(QNAAR+2H)2+, (QQAAR+2H)2+, and (QEAAR+2H)2+ pep-
tide ions produced the respective [zn+H]

+● ions (Supplementa-
ry Figure S1a–d, Supporting Information). The [z4+H]

+● ions
from each sequence were selected by mass and further
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analyzed by CID and UVPD-MS3 spectra, as illustrated for
[●DAAR+H]+ (Figure 1a, b). The CID-MS3 spectrum of the
[●DAAR+H]+ ion at m/z 416 displayed a dominant fragment
ion by loss of CO2 that was accompanied by a [z3+H]

+● ion at
m/z 301 (Figure 1a). In contrast, UVPD-MS3 spectrum at
355 nm resulted in a backbone amide cleavage at the Asp
residue, forming the [y3]

+ fragment ion at m/z 315. Another
amide backbone cleavage produced the [y2]

+ fragment ion at
m/z 244 (Figure 1b). Analogous backbone dissociations have
been previously observed for UVPD of other [zn+H]

+● ions
[14–16, 22]. The pulse dependence experiments at 355 nm
(Figure 1c) showed a complete depletion of the [●DAAR+H]+

ions fitting the single-exponential decay equation: I(n) = I0e
−αn,

where I(n) is the residual ion intensity after n pulses normalized

to the initial ion intensity I0, and α = 0.537 is the photodisso-
ciation efficiency at 355 nm. The fit gave a root-mean square-
deviation of 1.3%. The profiles of the UVPD fragment ions
showed an asymptotic increase of the [y2]

+ and [y3]
+ ion

intensities at a constant ratio of [y2]
+/[y3]

+ = 0.29 ± 0.03. These
are even-electron ions that do not absorb light at 355 nm. The
cation-radical fragments atm/z 372 (loss of CO2) and [z3+H]

+●

(m/z 301) showed an initial increase followed by depletion,
which was complete for the latter ion after ca. 10 laser pulses.
In contrast, a fraction of them/z 372 ions persisted even after 10
laser pulses. The complete exponential decrease of the
[●DAAR+H]+ ion intensity indicated that the ion population
produced by ETD consisted of species that absorbed light at
355 nm, whereas non-absorbing isomers were absent or very

Figure 1. (a) ETD-CID-MS3 and (b) ETD-UVPD (355 nm, 3 pulses)-MS3 spectra of [z4+H]
+● ions from (QDAAR + 2H)2+. (c) Laser

pulse dependence of [z4+H]
+● ion relative intensity at 355 nm
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weak (<1%). We note that this result is different from photo-
dissociation of the homologous [●DAR+H]+ ions that revealed
41% of residual non-dissociating species [14].

UVPD Action Spectra

The [z4+H]
+● ions were further characterized by photodis-

sociation action spectra in the 210–700 nm region. The
action spectrum of [●DAAR+H]+ showed several bands in
the mass-resolved dissociation channels with maxima at 212,
270, 335–350, and 395 nm (Figure 2). The signal of the [y2]

+

fragment ion was compromised by photodesorbed ions from
the ETD reagent fluoranthene [33] that became prominent at
shorter wavelengths and therefore was not plotted in
Figure 2. No photodissociation was observed above 500
nm. The main channel producing the [y3]

+ fragment ion
was prominent in the 210–370 nm region. Note that the
even-electron [y3]

+ ion is not expected to undergo
photodepletion in this region. In contrast, the profile of the
[z3+H]

+● fragment ion is affected by photodissociation at
355 nm (Figure 1c). The 395 nm band was represented in
the channels for the CO2 loss and [z3+H]

+● fragment ions.
The CO2 loss ion disappeared below 300 nm, possibly be-
cause of subsequent photodissociation. This was ascertained
by obtaining the action spectrum of them/z 372 fragment ion
formed by CO2 loss from [●DAAR+H]+ upon CID-MS4

(Supplementary Figure S2). The action spectrum of the m/z
372 fragment ion showed absorption bands at 330, 270, and
230 nm, consistent with the photodepletion of this channel in
the 210–300 nm region of the [●DAAR+H]+ precursor action
spectrum.

The action spectrum of [●NAAR+H]+ (Figure 3a) differed
from that of [●DAAR+H]+ in that it did not show strong
absorption bands above 360 nm. The main bands were repre-
sented by the m/z 371 fragment ion (assigned to a loss of
CONH2 radical from Asn) that showed broad bands with
maxima at 240 and 275 nm (Figure 3a). Loss of CONH2 was
also prominent in the ETD-CID-MS3 spectrum of
[●NAAR+H]+ (Supplementary Figure S3a). The [y3]

+ ion

channel (m/z 315) was weaker in the UVPD spectrum, showing
absorption maxima at 230 and 275 nm (Figure 3a). The
[z3+H]

+● channel (m/z 301) showed a broad band with a
maximum at 260 nm.

The action spectra of [●EAAR+H]+ and [●QAAR+H]+

showed some similarities (Figure 3b, c). In both spectra, the
dominant photodissociation channel was at m/z 371 for loss of
59 Da and 58 Da neutral fragments, corresponding to the
CH2COOH and CH2CONH2 radicals from the Glu and Gln
side chains, respectively (Figure 3b, c). These dissociations
were also prominent in the ETD-CID-MS3 spectra of the cor-
responding [z4+H]

+● ions (Supplementary Figure S3b, c). The
backbone [y3]

+ fragment ions atm/z 315 were only minor upon
UVPD. Both spectra showed weak absorption bands at 390–
400 nm and broad bands with maxima at 340–350 and 270 nm.
The main absorption bands were at 230 and 220 nm for
[●EAAR+H]+ and [●QAAR+H]+, respectively.

Excited-State Calculations of UV-Vis Absorption
Spectra

Interpretation of the UV-Vis action spectra of gas-phase pep-
tide ions relies on calculations providing electronic excitation
energies and oscillator strengths of several valence bond iso-
mers, each being represented by multiple low-energy con-
formers. This generates vibration-less (0 K) absorption spectra
for each species that are further expanded by accounting for
transitions starting from multiple vibrational states of the ion
ground electronic state at the temperature of the action spec-
troscopy measurement. We applied this combined approach to
analyze the action spectrum of [●DAAR+H]+. Conformational
analysis of canonical [●DAAR+H]+ ions produced low-energy
conformers that are represented by structures 1a-1f (Figure 4,
Table 1). All these low-energy structures showed hydrogen
bonding between the charged Arg guanidine group and the
Asp amide carbonyl. The narrow range of free energies within
this group, along with the estimated ±10 kJ mol-1 inaccuracy of
the DFT relative energy calculations, indicated that any of these
structures could be present under equilibrium conditions in the

Figure 2. UVPD action spectrum of the [DAAR+H]+● ions from ETD of (QDAAR + 2H)2+. No photodissociation was observed above
500 nm
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gas phase. Structure 1b was the lowest free-energy isomer by
M06-2X and ωB97X-D calculations (Table 1) and was there-
fore selected as a reference in further calculations (vide infra).

The ωB97X-D TD-DFT spectra of 1a-1f showed an elec-
tronic transition at 330–371 nm corresponding to the second
(B) excited state (Supplementary Figure S4). This state arises
by electron excitation from an underlying doubly occupied Asp
amide πz molecular orbital (MO110) to the semi-occupied πz
molecular orbital at the -Cα

●H-CONH group (MO111) of the
same symmetry. Analogous excitations have been found for
other peptide canonical [z4+H]

+● ions [16, 22]. The πz → πz

excitation energy was sensitive to the ion conformation affect-
ing the geometry at the Asp Cα atom (Supplementary
Figure S4). Conformers 1a-1c, 1e, and 1f in which the -C●H-
CO group was distorted by 4–11 degrees out of the plane at the
Cα atom showed the B-state transition below 350 nm. This
puckering at Cα was forced by hydrogen bonding of the Asp
COOH and amide groups to the Arg guanidinium (Figure 4). In
contrast, conformer 1d had nearly planar -C●H-CO group that
resulted in a red shift of the B state excitation energy to 371 nm.
Accordingly, the dipole disfavored πxy → πz excitation corre-
sponding to the first (A) excited state at 406 nm had a zero

Figure 3. UVPD action spectra of (a) [NAAR+H]+● ions from ETD of (QNAAR + 2H)2+, (b) [EAAR+H]+● ions from ETD of (QEAAR +
2H)2+, (c) [QAAR+H]+● ions from ETD of (QQAAR + 2H)2+
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intensity in 1d,whereas it was apparent in the other conformers
with a higher degree of out-of-plane distortion, e.g., the 366 nm
line for 1b (Supplementary Figure S4 and Figure 5a). The
vibronically broadened absorption spectra of 1b and 1d
(Figure 5a, b) showed bands in the 300–450 nm region that
weakly appeared in the same region of the action spectrum. In
addition, a prominent narrow band at 230 nm in the calculated
spectra had a matching counterpart at 220 nm in the action
spectrum. However, a conspicuous feature of the absorption
spectra of 1a-1f was the absence of a strong band in the 270–
320 nm region whereby the action spectrum showed strong
absorption. To account for these bands, it was necessary to
consider [●DAAR+H]+ isomers other than the canonical ions
1a-1f. The calculated vibronically broadened spectra of several
Cα and Cβ radical isomers are shown in Figure 5a–f.

Structure 2 is an isomer derived from 1 by a 1,2-H shift
moving the radical site to the β-position of the Asp side chain
next to the COOH group (Figure 5c). The vibronically broad-
ened TD-DFT absorption spectrum of 2 showed bands with
maxima at 260 and 300 nm and a shoulder extending to 350
nm. The spectrum of the Ala-2 Cα radical isomer 3 showed

several bands peaking at 255 and 285 nm and extending as a
broad shoulder to 400 nm (Figure 5d). Another isomer showing
absorption in this region was the Ala-3 Cα radical 4 (Figure 5e)
showing intense absorption bands with maxima at 240 and
265 nm and a weaker band at 325 nm. Finally, the Arg-4 Cα-
radical 5 displayed several bands in the 245–300 nm region that
were vibronically broadened to longer wavelengths (Figure 5f).

A comparison of the action spectrum with the calculated
absorption spectra of 1-5 indicates that the [●DAAR+H]+ ions
produced by ETD did not consist of a single species but
comprised a mixture of radical isomers. Evidence for a con-
former of 1 is provided by the 220 and 400 nm bands that are
unique to the canonical ion structure. The other isomers
showed overlapping vibronic spectra in the 250–350 nm region
and could not be distinguished in the action spectrum taken at
ambient temperature. Of note is that the absorption spectrum of
radical 2 displayed a reasonable fit to the 250–350 nm region of
the action spectrum. However, the pertinent bands for 2 had
low oscillator strengths, and so this isomer could contribute to
the action spectrum only if it was a major component.

Potential Energy Surface for [DAAR+H]+●

The spontaneous formation upon ETD of [z4+H]
+● isomers

other than the canonical structure (1) raised the question of the
energetics and kinetics of unimolecular isomerizations of 1.
These can occur in vibrationally excited [z4+H]

+● ions in a
unimolecular fashion after fragment separation [55] or in a
[{[cm+2H]…[zn+H]}

+● complex following N–Cα bond cleav-
age. Here we focus on unimolecular isomerizations. Using
calculations at several levels of theory (Table 2), we obtained
the relevant parts of the potential energy surface for 1, several
of its isomers, interconnecting transition states (TS), and dis-
sociation products. The optimized intermediate and TS struc-
tures are compiled in Supplementary Schemes S1–S5 of the
Supporting Information. The potential energy surface, based on
combined B3LYP and PMP2/6-311++G(2d,p) calculations,
referred to as B3-PMP2, [56, 57], is plotted in Figure 6. The
lowest TS energy for isomerization of 1 pertains to an Asp

Figure 4. Greek omega B97X-D/6-31+G(d,p) optimized structures of low-energy [●DAAR+H]+ ions. The atom color-coding is as
follows: green = C, gray = H, blue = N, red = O

Table 1. Relative energies of canonical [●DAAR+H]+ ion conformers

Ion Relative energya,b

B3LYP M06-2Xc ωB97X-Dd

1a 0.0 0.0 (0.0)e 0.0 (0.0)e

1b −2.1 6.7 (−9.7)e 6.6 (−9.8)e
1c −4.2 9.1 (−3.2)e 9.0 (−3.3)e
1d −6.9 15 (2.8)e) 16 (3.9)e

1e 0.1 3.3 (−2.4)e 4.6 (−1.1)e
1f 4.8 3.3 (−3.2)e 6.2 (−0.3)e

aIn kJ mol-1.
bIncluding B3LYP/6-31+G(d,p) zero-point vibrational energies and referring to
0 K.
cSingle-point energy calculations with the 6-311++G(d,p) basis set onM06-2X/
6-31+G(d,p) optimized geometries.
dSingle-point energy calculations with the 6-311++G(d,p) basis set on ωB97X-
D/6-31+G(d,p) optimized geometries.
eRelative free energies at 298 K.
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amide trans-cis rotation (TS1) forming cis-1, followed by
transfer of the Ala-2-Hα via TS2 forming cis-3 (Scheme 2).
The cis-Ala-2 Cα radical can readily stabilize by amide rotation
through a low-lying TS3 to form the trans isomer 3. Compet-
itively, cis-3 can undergo isomerization by Asp β-H migration
(TS4), forming cis-2,which can stabilize by amide rotation via
TS5 to the trans amide isomer 2. This seemingly complicated
pathway to 2 is energetically more favorable than a direct 1,2-H
migration in 1 via TS6 (Figure 6, Supplementary Scheme S3).
Significantly, all these isomerization TS energies are lower
than the TS or threshold energies for dissociations. This con-
cerns the CO–NH bond cleavage via TS7 and complex 6 to
form the [y3]

+ ion and the complementary HOOCCH2CH2CO
●

neutral fragment (Supplementary Scheme S4). Likewise, a
Cα−CO bond dissociation in 2 (TS8), proceeding to a complex
(7) and further to [x3+H]

+● and [z3+H]
+● fragment ions, re-

quires a threshold energy that is above the TS for isomeriza-
tions (Supplementary Scheme S5). A relatively high-energy

transition state (TS9) and dissociation threshold also apply to
the loss of COOH from 1, forming ion 8 (Supplementary
Scheme S6). Rather unexpectedly, the carboxyl hydrogen mi-
gration to Asp Cα was calculated to have a relatively high TS
energy (TS10) for isomerization to COO radical 9, followed by
loss of CO2 via TS11 and forming ion 10 (Supplementary
Scheme S6). The high energy for TS10 contradicted the very
facile loss of CO2 upon CID (Figure 1a).We did not investigate
this point in more detail, although we note that Chu and
coworkers obtained a similar B3LYP energy for a TS of an
analogous Asp carboxyl hydrogen atom migration in a
tripeptide cation radical [32]. Overall, the loss of CO2 is exo-
thermic (Table 2) and thus irreversible, which may contribute
to its kinetic prominence compared with competing dissocia-
tions involving stable ion-molecules complexes 6 and 7. The
unambiguous conclusion of the PES analysis is that 1, 2,
and 3 can undergo isomerizations at internal energies that
do not result in dissociation. Furthermore, the 1, 2, and 3

Figure 5. Vibronically broadened (310K) absorption spectra fromGreek omegaB97X-D/6-31+G(d,p) TD-DFT calculations of (a) 1b,
(b) 1d, (c) 2, (d) 3, (e) 4, and (f) 5. The black bars represent the calculated electronic transitions at 0 K. The green lines are error bars
from Newton-X vibronic transition calculations at 310 K
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energies are very close on the PES, indicating these iso-
mers can be comparably populated if an isomerization
equilibrium was achieved.

This assumption was supported by RRKM kinetic analysis
of the pertinent reaction steps in Scheme 2. Isomerization of 1
via TS1, cis-1, and TS2 is illustrated by the conversion of 1,
which represents the fraction that passed through TS2 at reac-
tion times ranging from 0.01 to 0.05 s (Figure 7a). These
reaction times were considered with regard to fast collisional
cooling in the ion trap that proceeds on a similar time scale
[55]. The internal energies needed to achieve 50% conversion
of 1 ranged from 322 to 359 kJ mol-1 for the 0.05 and 0.01 s
reaction times, respectively. This is to be compared with the
TS2 energy shown by an arrow in Figure 7a (111 kJ mol-1,
Table 2), indicating a substantial kinetic shift for the isomeri-
zation. The ion energies needed to achieve kinetically relevant
isomerization are compared with the estimated excitation en-
ergy of 1 produced by ETD from (QDAAR+2H)2+. In making
the estimate, we included the thermal distribution of vibrational
enthalpy in the precursor ion (QDAAR+2H)2+ at the ion trap
temperature of 310 K, exothermicity of electron transfer from
fluoranthene, ΔE = RE[(QDAAR+2H)2+] – EA(fluoranthene)
= 434 – 58 = 376 kJ mol-1, and energy partitioning between the
c1+H and [z4+H]

+ fragments according to their heat capacities
[55, 58]. This yielded the mean vibrational energy of 1, Emean =
382 kJ mol-1, with a distribution shown in Figure 7b. The
estimated internal energy distribution in 1 fits the kinetically
relevant energy interval for isomerization (Figure 7a) and is
consistent with the experimental data showing spontaneous
isomerization upon ETD.

The product distribution among 1, 2, and 3 was treated
using a simplified kinetic scheme, 1 → TS2 → 3 → TS4 →
2, where all steps were treated as reversible reactions with

Table 2. Relative energies of DAAR cation radicals

Species Relative energya,b

B3LYPc ωB97X-Dd M06-2Xe PMP2c ROMP2c

1b 0.0 0.0 0.0 0.0 0.0
1d −5 10 9 5 6
1e 4 −2 −3 −6 −6
cis-1 23 24 25 28 29
2 −7 −8 −8 −2 −1
cis-2 40 48 52 50 51
3 −5 −13 −6 −12 −13
cis-3 10 13 13 16 16
4 −24 −19 −17 −18 −19
5 −52 −46 −48 −44 −46
6 77 91 88 77 75
7 63 95 104 98 96
8 + COOH 116 154 154 142 141
9 58 77 72 67 43
10 + CO2 −8 14 23 −3 −3
[y3]

+ + C4H5O3
● 138 180 180 169 166

[x3+H]
+● + C3H4O2 114 161 160 155 154

TS1 76 94 95 101 100
TS2 112 112 126 111 104
TS3 54 69 67 73 73
TS4 89 98 107 91 82
TS5 100 - - 95 96
TS6 133 143 151 144 138
TS7 129 172 162 143 136
TS8 102 126 129 125 128
TS9 123 147 147 141 142
TS10 122 148 168 176 188
TS11 65 88 97 68 65

aIn kJ mol-1.
bIncluding B3LYP/6-31+G(d,p) zero-point energies and referring to 0 K.
cFrom single point energy calculations with the 6-311++G(2d,p) basis set on
B3LYP/6-31+G(d,p) optimized geometries.
dFrom single point energy calculations with the 6-311++G(2d,p) basis set on
ωB97X-D/6-31+G(d,p) optimized geometries.
eFrom single point energy calculations with the 6-311++G(2d,p) basis set on
M06-2X/6-31+G(d,p) optimized geometries.

Figure 6. B3-PMP2/6-311++G(2d,p) potential energy surface for [●DAAR+H]+ ions. Energies are in kJ mol-1, including zero-point
vibrational corrections and referring to 0 K
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pertinent RRKM rate constants. Figure 8 shows the energy-
dependent molar fractions of 1, 2, and 3, indicating 2 as a major
isomerization product, but also revealing a substantial reverse
isomerization to 1. Note that the order of ion potential energies
was 1> 2 > 3, making 1marginally least stable according to the
ΔH0 values. The finding that 1 was kinetically preferred can be
attributed to its high vibrational entropy and density of vibra-
tional states that lowered the rate constant for the 1→TS2→ 3
isomerization relative to the reverse reaction. It should be noted
that we did not investigate further isomerizations of 2 to the
more remote Cα positions of Ala-3 (4) and Arg-4 (5). However,
both these radicals are thermodynamically more stable than 1-3
(Table 2) and, if kinetically accessible, would represent cul-de-
sac traps of the non-dissociating isomer group.

[NAAR+H]+●, [EAAR+H]+●, and [QAAR+H]+●

Isomers

The previous analysis of the [DAAR+H]+● action spectrum can
be extended to the other sequences with the caveat that we did
not have detailed theoretical absorption spectra for all isomers
of these ions. The conserved feature in the absorption spectra of
the canonical [XAAR+H]+● ions [15, 16] is the prominent
bands at 220 and >350 nm and lack of absorption between
250 and 330 nm. The action spectrum of [NAAR+H]+●

(Figure 3a) showed a prominent band at 275 nm that indicated

the presence of non-canonical isomer(s) formed by spontane-
ous isomerization upon ETD. An analogous band at 270 nm
also appeared in the action spectra of [QAAR+H]+● and
[EAAR+H]+●, (Figure 3b and c, respectively) albeit at a lower
intensity than for [NAAR+H]+● and [DAAR+H]+●. This
allowed us to conclude that these [XAAR+H]+● ions (X =
Asn, Glu, and Gln) also underwent partial isomerization upon
ETD.

Internal Versus Inter-Fragment Hydrogen
Migration in [zn+H]

+● Ions and Ion-Molecule
Complexes

The high propensity of the Asp residue to promote spontaneous
intramolecular isomerization of [DAAR+H]+● ions can be
related to the facile hydrogen migration to Asp-terminated
[zn+H]

+● fragment ions accompanying backbone cleavage in
ETD [25, 26]. Migration of a Hα from a c-type amide fragment
to a [zn+H]

+● radical in an ion-molecule complex is exothermic
and faces a low energy barrier [20] that was calculated to
depend on the ion charge state [19, 21]. The range of calculated
TS energies is comparable to the typical binding energies of the
[c + z]+● complexes [2, 59, 60], making the hydrogen transfer
energetically competitive. However, the hydrogen transfer ki-
netics is affected by the entropically disfavored reorientation of
the reactants in the complex to reach the transition state [21].

Scheme 2. Isomerization of [DAAR + H]+● ions
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This can slow down the hydrogen transfer, which is a tight
transition state reaction, in competition with fragment separa-
tion, which is a continuously endothermic process that can be
realized in a multitude of configurations. The Asp effect can be
understood as involving a facile isomerization to an Asp β-
radical, analogous to 2, whereby the side-chain radical can
access a Cα–H on the c-type fragment for exothermic hydrogen
transfer. This is essentially a steric effect [19, 21] analogous to
the well documented tendency of primary Cα radicals in
glycine-N-terminated [zn+H]

+● ions to undergo inter-fragment
hydrogen transfer [24].. Experimental verification of [zn+H]

+●

ion isomerization in ion-molecule complexes can potentially be
achieved by the following sequence. First, ETD of a suitable
peptide dication is used to form charge-reduced cation radicals,
presumably {[cm+2H]…[zn+H]}

+● ion-molecule complexes.
Next, [zn+H]

+● ions are produced by CID-MS3 of the com-
plexes and probed by action spectroscopy. Further

Figure 7. (a)Energy and time-dependent isomerization of 1b. The green arrow indicates the TS2 energy. The purple arrow indicates
the maximum in ion internal energy distribution. (b) Internal energy distribution in [●DAAR+H]+ ions formed by ETD

Figure 8. Energy and time-dependent fractions of 1b, 2, and 3
from RRKM calculations of rate constants for reversible
isomerizations
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experimental studies are needed to address this approach and
resolve potential difficulties with assigning the charge-reduced
cation radical structure [61].

Conclusions
Results from this combined experimental and computational
study allow us to arrive at the following conclusions. Asp, Asn,
Glu, and Gln residues facilitate hydrogen atom migrations in
[zn + H]+● cation-radicals occurring spontaneously upon elec-
tron transfer dissociation of peptide dications. The isomeriza-
tions produce stable intermediates with the radical defect in the
side chain at the alpha position to the carbonyl group. Analo-
gous isomerizations are proposed to facilitate inter-fragment
hydrogen atom migrations forming [zn + 2H]+ ions in ETD of
peptide ions.
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