
y COREView metad

er Connector 
Electron Capture in Spin-Trap Capped
Peptides. An Experimental Example of Ergodic
Dissociation in Peptide Cation-Radicals

Jace W. Jones, Tomikazu Sasaki, David R. Goodlett,
and František Tureček
Department of Chemistry and Medicinal Chemistry, University of Washington, Seattle, Washington, USA

Electron capture dissociation was studied with tetradecapeptides and pentadecapeptides that
were capped at N-termini with a 2-(4=-carboxypyrid-2=-yl)-4-carboxamide group (pepy), e.g.,
pepy-AEQLLQEEQLLQEL-NH2, pepy-AQEFGEQGQKALKQL-NH2, and pepy-AQEGSE-
QAQKFFKQL-NH2. Doubly and triply protonated peptide cations underwent efficient elec-
tron capture in the ion-cyclotron resonance cell to yield charge-reduced species. However, the
electron capture was not accompanied by backbone dissociations. When the peptide ions were
preheated by absorption of infrared photons close to the dissociation threshold, subsequent
electron capture triggered ion dissociations near the remote C-terminus forming mainly (b11-14
� 1)�· fragment ions that were analogous to those produced by infrared multiphoton
dissociation alone. Ab initio calculations indicated that the N-1 and N-1= positions in the pepy
moiety had topical gas-phase basicities (GB � 923 kJ mol�1) that were greater than those of
backbone amide groups. Hence, pepy was a likely protonation site in the doubly and triply
charged ions. Electron capture in the protonated pepy moiety produced the ground electronic
state of the charge-reduced cation-radical with a topical recombination energy, RE � 5.43-5.46
eV, which was greater than that of protonated peptide residues. The hydrogen atom in the
charge-reduced pepy moiety was bound by �160 kJ mol�1, which exceeded the hydrogen
atom affinity of the backbone amide groups (21– 41 kJ mol�1). Thus, the pepy moiety
functioned as a stable electron and hydrogen atom trap that did not trigger radical-type
dissociations in the peptide backbone that are typical of ECD. Instead, the internal energy
gained by electron capture was redistributed over the peptide moiety, and when combined
with additional IR excitation, induced proton-driven ion dissociations which occurred at
sites that were remote from the site of electron capture. This example of a spin-remote
fragmentation provided the first clear-cut experimental example of an ergodic dissociation
upon ECD. (J Am Soc Mass Spectrom 2007, 18, 432– 444) © 2007 American Society for
Mass Spectrometry
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Dissociations of peptide cations have been of
much interest owing to their analytical utility
for peptide identification and sequencing to be

used in proteomics. Under low-energy excitation by
collisions or infrared multi-photon absorption, peptide
cations undergo mainly C(O)ON bond dissociations
producing series of N-terminal (b ions) and C-terminal
(y ions) fragments. The current mechanisms of peptide
ion dissociations consider multiple proton transfers in
the peptide ion reactant, as expressed by the so-called
“mobile proton” model [1]. Mechanistic details of pep-
tide cation dissociations and the product ion structures
have been elucidated by quantum chemical calculations
[2–4] and appear to provide a coherent model of the
peptide gas-phase ion chemistry [5]. Inherent to the
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University of Washington, Bagley Hall, Box 351700, Seattle, WA 98195-1700,
USA. E-mail: turecek@chem.washington.edu

© 2007 American Society for Mass Spectrometry. Published by Elsevie
1044-0305/07/$32.00
doi:10.1016/j.jasms.2006.10.005
mechanistic model of peptide ion fragmentations is the
concept of efficient internal vibrational energy redistri-
bution (IVR) in the dissociating peptide ion [6], so that
the dissociation can be treated as an ergodic process by
appropriate kinetic schemes, such as the Rice-
Ramsperger-Kassel-Marcus [7] or transition-state theo-
ries [8]. The concept of IVR has received experimental
support by time-resolved photodissociation studies [9],
and is consistent with the mode of excitation upon
collisional activation at low kinetic energies (�100 eV)
or upon absorption of infrared photons [10].

The current understanding is less definite concern-
ing the dissociations of peptide cation-radicals pro-
duced by electron capture or transfer [11]. In electron
capture (ECD) and electron-transfer dissociations (ETD)
[12], multiply charged peptide cations are partially
discharged by receiving one or more electrons and thus
are converted from even-electron, closed-electronic
shell species to cation-radicals. Peptide cation-radicals

are reactive and undergo a variety of dissociations on
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the time scale of the experimental measurements in
ion-cyclotron resonance, which is typically �100 ms.
The bond dissociations observed upon ECD mainly
concern the peptide NOC� bonds [13], but also include
various NOH, NOC, and COC bonds in the amino
acid side chains [14].

Multiply protonated peptide cations have substantial
recombination energies that are estimated at 5.5 eV [15]
based on the intrinsic recombination energies of the
charge-carrying groups, such as lysine ammonium [16],
arginine guanidinium [17], histidine imidazolium [18],
and through-space Coulomb effects [15]. The latter act
pair-wise, and the electron stabilization energies per
positive-charge-electron interaction (in eV) depend on
the charge distance rij (in angstroms) according to eq 1,
where the dielectric separating the charges is presumed
to be vacuum:

Ecoulomb�eV� �
�14.3996

rij

(1)

The substantial electron recombination energies cause
the energy gained upon electron capture or transfer to
exceed the typical bond dissociation energies in peptide
ions. This raises the question of whether the electronic
energy is redistributed by internal conversion among
the vibrational degrees of freedom before bond disso-
ciation. It was postulated early on that ECD was a
nonergodic process [11], because the vibrational excita-
tion gained upon electron capture was deemed insuffi-
cient to cause dissociation if the energy was random-
ized among the many degrees of freedom in the ion.
However, ab initio theoretical analysis of bond dissoci-
ation and transition-state energies in charge-reduced
peptides and a number of simple peptide model sys-
tems revealed those energies to be extremely low [16,
19–21]. This suggested that dissociation can be expected
to be fast even in fully thermalized charge-reduced ions,
and thus it was concluded that there was no need to
invoke nonergodic behavior [16, 19]. Recently, excited
electronic states in charge-reduced peptide cation-
radicals and their simple models have been analyzed
[22, 23], and another mechanism, termed “amide super-
base”, has been suggested to account for ECD and ETD
occurring at peptide bonds that are remote from the
charge-carrying group [22]. However, in spite of the
continuing debate [16, 19, 24], experimental evidence
supporting or excluding nonergodic dynamic effects in
ECD has been absent. We now report an experimental
ECD study of peptide conjugates that clearly shows that
internal energy gained upon electron capture is ran-
domized in these peptide ions before dissociation. To
the best of our knowledge, this is the first direct evi-
dence of IVR following electron capture in a multiply

charged peptide.
Experimental

The peptide conjugates used in this study, pepy-AE-
QLLQEEQLLQEL-NH2 (P1) pepy-AQEFGEQGQK-
ALKQL-NH2 (P2), pepy-AQEGSEQAQKFFKQL-NH2

(P3) were synthesized and characterized previously
[25]. The corresponding peptides, AEQLLQEEQLLQEL
(p1), AQEFGEQGQKALKQL (p2), and AQEGSEQAQK-
FFKQL (p3), were synthesized as free acids using an
automatic peptide synthesizer (ResPep MicroScale, In-
tavis AG, Köln, Germany) according to the F-moc
synthesis strategy. The peptide identity and amino acid
sequence were confirmed by MS/MS collision-induced
dissociation and infrared multiphoton dissociation, as
described below. Peptide solutions in 50:50 methanol-
water at 10 to 50 �M concentrations were electros-
prayed to form mainly doubly and triply protonated
cations that were selected by m/z ratios and used for
collision-induced dissociation (CID), infrared multipho-
ton dissociation (IRMPD), and electron capture dissoci-
ation (ECD) studies.

CID spectra were obtained on an Esquire LC ion trap
mass spectrometer (Bruker Daltonics, Billerica, MA)
equipped with an electrospray ion source. The sample
solution was directly infused into the ion source at a
flow rate of 1.5 �L/min. The parameters for the ion
source and mass spectrometer were as follows: capillary
voltage, �4000 V; end plate, 500 V; capillary offset, 70 V;
skimmer 1 set at 30 V; skimmer 2 set at 4 V; octopole, 3
V, trap drive, 55 to 80 V; ion charge control on with
target 25,000 ions; nebulizing gas (N2), 9.0 psi; drying
gas (N2), 3 L/min; drying temperature, 250 °C. MS/MS
spectra were collected with an isolation width of 4 mu
and the fragmentation amplitude set to 1 V. The mass
accuracy of the data were �0.3 �.

ECD and IRMPD spectra were obtained on an ac-
tively shielded 4.7-T Fourier transform ion-cyclotron
resonance (FT-ICR) mass spectrometer (APEX-III,
Bruker Daltonics) upgraded with a mass-selective
quadrupole (Q) front-end. Positive ions were produced
by direct infusion into an external Apollo electrospray
ion source (Bruker Daltonics) at a flow rate of 1.5
�L/min with the assistance of N2 nebulizing gas (8.0
psi). The ESI source was operated under the following
conditions: cylinder, 0 V; capillary, �4490 V; end plate,
�4080 V; cap exit, 90 V; skimmer 1, 20 V; skimmer 2, 5.8
V; offset, 3 V; trap and extract, 7.4 V and �6.7 V,
respectively; drying gas (N2), 3 L/min; drying temper-
ature, 150 °C. The generated ions were accumulated in
the first hexapole for 0.1 s, transferred into the mass-
selective quadrupole, and the mass-selected ions were
accumulated for 1 to 3 s in the second hexapole. Ion
optics further transferred ions into an Infinity ICR cell
[26] where they were trapped by gating the trapping
potentials. All spectra were acquired using XMASS
software (Bruker Daltonics) with 512 k data points over
a m/z range of 250 to 2000 and summed over 25 to 50
scans. ECD experiments were performed with an indi-

rectly heated cathode (Heatwave, Crescent Valley, BC,
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Canada) operated at 1.7 A of heater current. During the
ECD event, ions were selected by the external quadru-
pole mass filter then transferred into the ICR cell where
they were irradiated by a pulse of 3 to 5 eV electrons for
a duration of 50 to 300 ms. The electron energy was
optimized for maximum conversion. IRMPD experi-
ments were performed using a 25-W infrared CO2 laser
(Synrad, model 48-2-2, Mukilteo, WA). During the
IRMPD event, ions were selected by the external quad-
rupole mass filter then transferred into the ICR cell
where they were irradiated by a pulse of 10 to 35% laser
power for a duration of 10 to 300 ms. The m/z values
from both instruments are reported as rounded-off
integer numbers. Accurate mass measurements were
also carried out on the Bruker Apex FT-MS instrument
to verify the elemental composition of the ions under
study. The measured accurate m/z values were within 1
millimass unit of the theoretical ones.

The neutralization-reionization mass spectrum of
protonated 2,2=-bipyridine was measured on a tandem
quadrupole acceleration-deceleration instrument de-
scribed previously [27]. 2,2=-Bipyridine was electro-
sprayed from 80 �M solution in methanol, the (bpy �
H)� ions at m/z 157 ions were transmitted to the
vacuum system by a special interface [28], accelerated
to 8250 eV kinetic energy, and discharged by glancing
collisions with dimethyl disulfide as electron donor that
was admitted to the collision chamber at pressures to
allow 70% transmittance of the ion beam (83% single
collisions). The residual ions were stopped by a �250 V
potential and the radicals were allowed to drift 60 cm to
a down-beam collision chamber where a fraction was
nonselectively reionized to cations by collisions with O2

at 70% beam transmittance. The lifetime of the radical
intermediates was 6 �s [29]. The resulting ions were
decelerated to 75 eV kinetic energy, energy filtered, and
mass-analyzed by a quadrupole mass spectrometer that
was floated at 72 V and operated at unit mass resolution
[30]. The reported �NR� mass spectrum is weighted
average of 50 repetitive scans obtained at a scan rate of
200 points/mass unit.

Calculations

Standard ab initio calculations were performed using
the Gaussian 03 suite of programs [31]. Optimized
geometries were obtained by density functional theory
calculations using Becke’s hybrid functional (B3LYP)
[32] and the 6-31 � G(d,p) basis set. Complete opti-
mized structures of all local minima and transition
states can be obtained from the corresponding author
(FT) upon request. Spin unrestricted calculations were
performed for all open-shell systems. Stationary points
were characterized by harmonic frequency calculations
with B3LYP/6-31 � G(d,p) as local minima (all real
frequencies) and first-order saddle points (one imagi-
nary frequency). The calculated frequencies were scaled
with 0.963 and used to obtain zero-point energy correc-

tions, enthalpies, and entropies. The rigid-rotor har-
monic oscillator (RRHO) model was used in thermo-
chemical calculations except for low-frequency modes,
where the vibrational enthalpy terms that exceeded 0.5
RT were replaced by free internal rotation terms equal
to 0.5 RT. It has been shown previously that enthalpies
and entropies based on the RRHO and free rotation
approximations bracket the more accurate values calcu-
lated with the hindered internal rotor model [33], and
the small differences cancel out in calculations of rela-
tive enthalpies and entropies. Improved energies were
obtained by single-point B3LYP and Møller-Plesset
calculations [34] with valence-electron excitations
(MP2[frozen core]) and the larger 6-311 �� G(3df,2p)
split-valence, triple-� basis set furnished with polariza-
tion and diffuse functions. The B3LYP and MP2 ener-
gies calculated with the large basis set were combined
according to the B3-MP2 scheme, as described previ-
ously [35]. This correction has been shown by us [36]
and others [37] to provide accurate relative energies
that are comparable to those from correlated ab initio
calculations.

Results

Pepy-Peptide Conjugates P1, P2, and P3

Electrospray ionization of pepy-AEQLLQEEQLLQEL-
NH2 (P1) produced mainly doubly-protonated ions de-
noted as (P1 � 2H)2� at m/z 955.0, accompanied by (P1

� H � Na)2� at m/z 966.0, and a fragment (P1 � 2H �
NH3)2� at m/z 946.5. The identity of these ions was
ascertained by accurate mass measurements on the
ICR-FT-MS instrument. CID of mass-selected (P1 �
2H)2� ions in the quadrupole ion trap formed a series of
singly charged b and y ions that provided practically
complete amino acid sequence coverage of the peptide
(Figure 1a). The sequence ion assignment that is used
hereinafter counts the pepy moiety as a pseudoamino
acid residue; for example, the b3 ion in Figure 1a
comprises pepy-AE and likewise for the other b ions.
Also observed were doubly charged fragments of (P1 �
2H � NH3)2� at m/z 946.5 and b14

2� at m/z 891.0.
Noteworthy is the dominant b-ion series, b3–b14, which
indicates that one of the ionizing protons is located at or
near the pepy-capped N-terminus. The second proton is
probably close to the C-terminus, as judged from both
the presence of the dominant b14

2� fragment and absence
of other doubly charged sequence fragments. Similar
results were obtained by IRMPD in the ICR cell of mass
selected (P1 � 2H)2� (Figure 1b), which also showed
dominant b-type ions.

ECD of mass-selected (P1 � 2H)2� showed depletion
of the doubly charged ion population and formation of
charge-reduced (P1 � 2H)�· ions at m/z 1910 and their
dissociation products (P1 � 2H � NH3)�· at m/z 1893
(Figure 2). The (P1 � 2H)2� signal depletion was
measured as a function of the electron irradiation time
and found to follow first-order kinetics (Figure 2, inset).

At 250 ms irradiation time, �50% of (P1 � 2H)2� was
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converted to singly charged (P1 � 2H)�· and (P1 � 2H
- NH3)�· ions. However, no ECD sequence fragments of
the c or z type were observed.

Very similar results were obtained for ECD of dou-
bly and triply charged pepy-AQEFGEQGQKALKQL-
NH2, denoted as (P2 � 2H)2� and (P2 � 3H)3�, respec-
tively, and pepy-AQEGSEQAQKFFKQL-NH2, denoted
as (P3 � 2H)2� and (P3 � 3H)3�, respectively, Electron
capture in these mass-selected ions resulted in efficient
charge reduction at up to 50% conversion to the lower
charge states, but no dissociation. Again, charge reduc-
tion in (P2 � 2H)2� followed first-order kinetics when

Figure 1. (a) Collision-induced dissociation mas
ion trap. (b) Infrared multiphoton dissociation
Irradiation time was 150 ms at 35% laser power
measured as a function of the electron irradiation time.
The effects on fragmentation of peptide internal
energy were investigated in a series of tandem excita-
tion experiments. In the first of these, mass-selected (P1

� 2H)2� ions were stored and irradiated with infrared
photons to the brink of dissociation. This tickling was
accomplished by monitoring the formation of the (P1 �
2H � NH3)2� fragment ions that represent the products
of the lowest-energy dissociation, and adjusting the
irradiation pulse width to achieve �20% ion dissocia-
tion by loss of ammonia. Subsequently, the ions were
irradiated with a 300 ms pulse of 4.5 eV electrons and
the resulting IRMPD/ECD spectra were recorded.

ctrum of (P1 � 2H)2� measured in a quadrupole
spectrum of (P1 � 2H)2� measured by FT-MS.
s spe
mass
These showed substantial dissociation of (P1 � 2H)�· by
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loss of ammonia and peptide backbone fragmentations
(Figure 3a). However, the backbone fragments observed
belonged to the high (bn � 1) series, e.g., (b14 � 1), (b12

� 1), and (b11 � 1) at m/z 1780, 1523, and 1410,
respectively. A few ECD-type fragment ions were also
observed, e.g., (z13 � 1) at m/z 1595 and (z10 � 1) at m/z
1226 (Figure 3a). The formation of the rather unusual bn

� 1 ions is readily accounted for by ion-driven dissoci-
ations at residues close to the C-terminus, whereby the
1 Da mass increment is due to the other proton that has
been neutralized by electron capture (Scheme 1).

A reverse irradiation sequence was also investigated
whereby mass-selected (P1 � 2H)2� were first irradi-
ated with electrons and the products of electron capture
were subjected to IRMPD without mass selection.
IRMPD of charge-reduced ions at 15 ms laser pulse time
caused elimination of ammonia from (P1 � 2H)�· as the
only significant dissociation. Low-intensity (b14 � 1)
and (b12 � 1) backbone fragments were also observed
upon ECD/IRMPD (Figure 3b).

Peptides p1, p2, and p3 Lacking Pepy

In light of the unusual behavior of (P1 � 2H)2�, (P2 �
2H)2� and (P3 � 2H)2� upon ECD, we studied the
fragmentations of peptide ions that lacked the pepy
group. Upon CID and IRMPD, the doubly charged (p1

� 2H)2� ion from peptide AEQLLQEEQLLQEL, (p1)

Figure 2. Electron-capture dissociation mass s
150 ms with an electron beam energy of 4.5 eV. Pea
artifacts. Inset shows the log{[P1 � 2H]2�/[P1 � 2
showed extensive sequence coverage through series of
complementary b3–b12 and y2–y11 fragment ions (Figure
4a and b). ECD of (p1 � 2H)2� also resulted in dissoci-
ation forming the c9, c11, and c12 fragments, together
with products of side-chain cleavages and losses of
C2H5O and C3H5NO (Figure 4c). IRMPD following ECD
of (p1 � 2H)2� was also performed but did not result in
enhanced dissociation (Figure 4d). Noteworthy is the
much lower conversion to lower charge states of (p1 �
2H)2� compared with that of (P1 � 2H)2� (Figure 2).

Similar results were obtained for the (p2 � 2H)2�

ions from peptide AQEFGEQGQKALKQL (p2). Both
CID (Figure 5a) and IRMPD (Figure 5b) showed exten-
sive sequence coverage. ECD (Figure 5c) and ECD/
IRMPD (Figure 5d) showed regular backbone frag-
ments of the c and z series, e.g., (z13 �1), z12, (z10 � 1),
(z9 � 1), c14, c12, (c11 � 1), and c10. Again, ECD of the (p2

� 2H)2� ions was substantially less efficient than for
their pepy conjugates (P2 � 2H)2�.

Discussion

The ECD and combined ECD/IRMPD and IRMPD/
ECD spectra show that the pepy group has a large effect
on both electron capture and the following fragmenta-
tions. To recapitulate, peptides p1–p3 that lack the pepy
group show more or less regular ECD behavior result-
ing in radical-induced side-chain losses and backbone
fragments of the c and z series, combined with hydro-

um of (P1 � 2H)2�. Electron irradiation time was
eled with asterisks were assigned and considered

NH3]�·} as a function of electron irradiation time.
pectr
ks lab
gen transfers forming the (c � 1) and (z � 1) fragment
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ions. The differences observed for p1 on the one hand
and p2 and p3 on the other can be ascribed to the
different amino acid sequence and, in particular, the
presence in p2 and p3 of basic lysine residues that are
the preferred protonation sites in the gas phase. In
contrast, the pepy conjugates show practically no back-
bone fragmentations upon electron capture. When the
ions were vibrationally excited by infrared photon
absorption, electron capture induced fragmentations
that were typical of charge-driven ion dissociations.

To explain this unusual behavior of the pepy conju-
gates, we investigated the electronic structure of the
pepy moiety in model 2,2=-bipyridine-4-carboxamide

Figure 3. (a) IRMPD/ECD spectrum of (P1 � 2
irradiation time was 150 ms with an electron be
ms with a laser power of 15%. Peaks labeled wi
and 4=-carboxyl-4-carboxamide systems (Structure 1,
Figure 6, and Structure  2, Figure 7). Protonation of the
2,2=-bipyridine system in 1 and 2 (pepy) can occur at
either of the ring nitrogen atoms, N-1 or N-1=, with
similar proton affinities (PA) and gas-phase basicities
(GB). This is illustrated by the similar energies of the
isomeric ions 1Ha� and 1Hb� from 1, and 2Ha�, and
2Hb� from 2 (Table 1). Note that the GB values for all
the 2,2=-bipyridine derivatives are greater than those for
peptides not containing basic amino acid residues
where GB do not exceed 920 kJ mol�1, e.g., GB(AGG) �
895 kJ mol�1 [38] and GB(AAA) � 881–914 kJ mol�1

[38]. This indicates that the pepy moiety is the most
basic and thus favored protonation site in conjugate P1.

. (b) ECD/IRMPD spectrum (P1 � 2H)2�. ECD
ergy of 4.5 eV. IRMPD irradiation time was 50

terisks were assigned and considered artifacts.
H)2�

am en
Peptide conjugates P2 and P3 contain two basic lysine
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residues. While one of those is likely to be protonated in
the (P � 2H)2� ions, the position of the other proton is
less certain, because Coulomb repulsion effects may
decrease the basicity of the other proximate Lys residue
below that of the more remote pepy moiety. It is
therefore reasonable to presume pepy protonation in
the doubly and triply protonated ions derived from P2

and P3 as well. It is also noteworthy that proton
migration between the pepy N-1 and N-1= nitrogen
atoms has a very low activation energy (30 kJ mol�1)
and thus the proton can be considered “mobile” in the
sense of standard ion dissociation mechanisms [1].

Electron capture in the (P � 2H)2� cations can
proceed through intermediate electronic states [22, 23]
to end up in the ground doublet state of the charge-
reduced ion. The nature of the ground state can be
assessed from the calculated recombination energies for
the protonated pepy residue, e.g., 5.08 to 5.30 eV for the
formation of radicals 1Ha and 1Hb, respectively, and
5.46 to 5.43 eV for 2Ha and 2Hb, respectively (Table 1).
These recombination energies are substantially greater
than those in protonated peptides (3.71 to 4.18 eV) [15,
17, 18]. Hence, the energy data imply that the ground
states of charge-reduced (P1–P3 � 2H)�· ions have the
odd electron confined in the pepy moiety. Molecular
orbital and population analysis of the ground electronic
state suggests that the radical site is indeed in the pepy
�-system (Figure 8). The first two excited electronic
states of pepy, A and B, respectively, are �* states with
excitation energies of 1.41 and 1.66 eV above the ground
�-state and radiative lifetimes of 160 and 253 ns, respec-
tively. Hence, the recombination energies for electron
capture in the low-lying excited electronic states of
protonated pepy, e.g., RE(A) � 5.46 � 1.41 � 4.05 eV
and RE(B) � 5.46 � 1.65 � 3.81 eV, are close to those for
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the protonated peptide part of the ion. This increases
the probability of electron capture in the protonated
pepy group and facilitates funneling the electron to the
pepy moiety where it remains stored in a stable [pepy �
H] radical system.

The recombination energies in the doubly and triply
charged ions are increased by coulomb effects of the
remaining positive charge, according to eq 1. However,
the Coulomb interactions are pair-wise and thus they
affect the local recombination energies to the same
extent. This means that the relative recombination ener-
gies of the individual protonated moieties stand virtu-
ally unchanged. The increase in the recombination
energy in peptide ions due to Coulomb effects can be
estimated as follows. Peptide conjugates P1–P3 were
designed to assume �-helix conformations in solution
and were used for the construction of peptide bundles
of well-defined tertiary structures [25b]. The actual
conformations of gas-phase ions (P1–P3 � 2H)2� and
their charge-reduced (P1–P3 � 2H)�· counterparts have
not been established, although the combination of hy-
drophobic (L, A, G) and acidic (E) residues is known to
favor �-helix conformations in gas-phase peptide ions
[39]. Considering an �-helical conformation of the pep-
tide chain and placing one proton at pepy and the other
at the second amino acid residue from the C-terminus
(see above), the estimated distance between the charges
is about 18 Å, resulting in a coulomb energy of 0.80 eV.
Hence the estimated recombination energy in (P1 �
2H)2� is 5.46 � 0.80 � 6.26 eV (604 kJ mol�1).

The peptide conformation and the fact that the
odd-electron is confined in the pepy moiety indicate
that the charge site due to protonation and the radical
site due to the presence of the odd electron are spatially
remote in the charge-reduced ions, and their reactivity
can be considered separately. The proton-induced dis-
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sociations are observed following IRMPD/ECD, where
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the recombination energy deposited in the charge-
reduced ion upon electron capture provides the requi-
site vibrational excitation. Analysis of the ion internal
energy supports this hypothesis. A (P1 � 2H)2� ion,
which has 308 atoms and hence 918 vibrational degrees
of freedom, has a mean ro-vibrational enthalpy that can
be estimated according to the formula [40] Hvib � 0.18 �
(3N � 6)RT � 410 kJ mol�1 at 298 K. The energy
received upon ECD (604 kJ mol�1, vide supra) shifts the
mean internal energy of the charge-reduced ion but
does not broaden the internal energy distribution. The
combined excitation causes dissociation of the high-
energy tail of (P1 � 2H)�· by loss of ammonia, but the

Figure 4. (a) CID mass spectrum of (p1 � 2H)2

irradiation time was 75 ms at 35% laser power. (c
time was 150 ms with an electron beam energy
2H)2�. ECD irradiation time was 150 ms with an
time was 15 ms at 15% laser power.
internal energy is insufficient to promote competitive
backbone dissociations. Note that complete dissociation
of (P1 � 2H)�· by loss of ammonia is accomplished by
applying IR photons at low power prior to or after ECD.
Backbone dissociations occur only when the (P1 �
2H)2� ions are preheated by infrared photon absorption
at higher power to deposit additional �400 kJ mol�1.

The low reactivity of the radical site stems from the
intrinsic stability of heterocyclic radicals when formed
by collisional electron-transfer to protonated gas-phase
molecules, as studied for pyridine [41], pyrimidine [42],
and the nucleobases adenine [43], cytosine [44], and
uracil [45, 46]. With the 2,2=-bipyridine (bpy) systems,
this was established experimentally by collisional

IRMPD mass spectrum of (p1 � 2H)2�. IRMPD
mass spectrum of (p1 � 2H)2�. ECD irradiation

5 eV. (d) ECD/IRMPD mass spectrum of (p1 �
tron beam energy of 4.5 eV. IRMPD irradiation
�. (b)
) ECD
of 4.

elec
electron-transfer to [bpy � H]� and detection of undis-
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sociated (bpy � H)· radicals following collisional reion-
ization (Figure 9). The stability of the analogous (pepy
� H)· radicals is indicated by the substantial endother-
micity for the loss of H (159–161 kJ mol�1), and the fact
that the NOH bond dissociation is likely to require an
energy barrier in the transition state. The latter is
estimated to be as high as 40 kJ mol�1 above the
dissociation thermochemical threshold, or 160 � 40 �
200 kJ mol�1 above the reactant, as established for other
heterocyclic radicals [41–47]. The binding energy of the
hydrogen atom in the pepy moiety substantially ex-

Figure 5. (a) CID mass spectrum of (p2 � 2H)2

irradiation time was 150 ms at 35% laser pow
irradiation time was 250 ms with an electron bea
of (p2 � 2H)2�. ECD irradiation time was 250 m
irradiation time was 15 ms at 15% laser power.
ceeds the hydrogen atom affinities of peptide amide
groups, which have been calculated to range between
21–41 kJ mol�1 [15]. This implies that the hydrogen
atom is trapped in the charge-reduced pepy radical and
is not readily available for transfer to the peptide chain
to trigger NOC� bond dissociations. In addition, the
activation energy for the pepy radical dissociations is
greater than the activation energies for peptide ion
dissociations leading to b ions (100–160 kJ mol�1) [2, 5].
This explains why charge-reduced (P1–P3 � 2H)�· ions
undergo predominant ion dissociations.

The energy analysis can be summarized as follows. We

IRMPD mass spectrum of (p2 � 2H)2�. IRMPD
c) ECD mass spectrum of (p2 � 2H)2�. ECD
ergy of 4.5 eV. (d) ECD/IRMPD mass spectrum
ith an electron beam energy of 4.5 eV. IRMPD
�. (b)
er. (

m en
s w
have shown that electron capture in the peptide dications
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proceeds to the ground electronic state of the charge-
reduced ion. This finding is of fundamental importance
because it shows for the first time that the ground state is

Figure 6. B3LYP/6-31 � G(d,p) optimized str
radicals.

Figure 7. B3LYP/6-31 � G(d,p) optimized stru

ions, and radicals.
accessed upon electron capture in a major fraction of
multiply protonated peptide ions. The special nature of
the pepy-modified peptides is that the charge-reduced

res of 2,2=-bipyridine-4-carboxamide, ions, and

s of 2,2=-bipyridine-4-carboxyl-4=-carboxamide,
uctu
cture
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pepy group is stable, which allows us to identify the
ground state of the peptide cation-radicals, as discussed
above. The question arises of how the electron reaches the
ground electronic state. According to an analysis of a
nonpeptide model system [23c], the electron can follow a
cascade of nonradiative transfers due to potential curve
crossings or conical intersections and thus be funneled
into a particular electronic state. Our data indicate that as
the electron is cascading down the excited-state manifold,
it avoids dissociative states that were postulated to be

Table 1. Energy data for 2,2’-bipyridine derivatives relative
energya,b

Species/reaction
B3LYP/6-31 �

G(d,p)
B3-PMP2/6-311
�� G(3df,2p)

1Ha� ¡ 1 � H� 971 963
978c 970c (937)d

1Hb� ¡ 1 � H� 965 958
972c 965c (932)d

1Ha� ¡ TS1 30 30
1Ha ¡ 1 � H● 166 137
1Hb ¡ 1 � H● 182 154
1Ha ¡ TS2 40 49
2Ha� ¡ 2 � H� 955 950

963c 956c (923)d

2Hb� ¡ 2 � H� 956 950
962c 956c (923)d

2Ha ¡ 2 � H● 194 161
2Ha ¡ 2 � H● 185 159
1Ha� � e� ¡ 1Ha �509 (5.27)e �490 (5.08)e

1Hb� � e� ¡ 1Hb �530 (5.50)e �511 (5.30)e

2Ha� � e� ¡ 2Ha �552 (5.72)e �526 (5.46)e

2Hb� � e� ¡ 2Hb �542 (5.62)e �524 (5.43)e

aAll energies are in units of kilojoule per mole unless stated otherwise.
bIncluding B3LYP/6-31 � G(d,p) zero-point vibrational energy correc-
tions and referring to 0 K.
cProton affinities at 298 K.
dGas-phase basicities at 298 K.
eAdiabatic recombination energies in eV.
Figure 8. Molecular orbitals and spin d
involved in the hypothetical nonergodic dissociation [13].
In contrast, the present experimental data show that the
electron reaches the ground electronic state, and the
recombination energy deposited upon ECD causes er-
godic dissociations.

Should the nonergodic hypothesis of ECD be com-
pletely discarded [6]? It remains to be established by
experiments and theory whether the ergodic behavior
observed for the present systems is a general feature of
ECD. Peptide derivatization can change dissociations
upon electron capture. For example, recent experiments

Figure 9. Neutralization-reionization mass spectrum of proton-
ated 2,2=-bipyridine showing the undissociated radical after ion-
ization at m/z 157.
ensities in 2Ha and 2Hb radicals.
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with ECD of coumarin-derivatized Substance P showed
an increase of side-chain bond cleavages and a decrease of
peptide backbone dissociations in the presence of one or
two coumarin moieties in the derivatized peptide [48]. We
note that the difference between the pepy and coumarin
units is that the latter has a low electron affinity (�0.5 eV)
[49] and thus cannot work as an electron trap. New
computational data on charge-reduced peptides indicate
that the unpaired electron density is spread over the
cation-radical by quantum interference of near-degenerate
electronic states that make the electron available even at
mutually remote parts of the ion [50]. Possibly, the pres-
ence of a low-lying ground electronic state in (P1–P3 �
2H)�· prevents such interactions and renders the electron
nonreactively parked in the pepy moiety. The present data
also indirectly emphasize the importance of NOC� bond
weakening upon ECD due to the formation of aminoketyl
radical intermediates that was predicted and quantified
by previous calculations [16, 17, 19]. When the formation
of aminoketyl radical intermediates is prevented by the
presence of a stable electron or hydrogen atom trap,
backbone dissociation is hampered [48] or suppressed.

Conclusions

In light of the energy data, the factors affecting the
dissociations of pepy-peptide conjugates can be sum-
marized as follows. Electron capture in the peptide
cations proceeds to the ground electronic state of the
charge-reduced ion where the radical site is sequestered
in the pepy moiety, which is intrinsically stable and
does not undergo dissociation. The combined vibra-
tional energy of the precursor ion and the recombina-
tion energy acquired upon electron capture are distrib-
uted as vibrational energy and utilized to induce the
lowest-energy ion dissociations by loss of ammonia and
backbone cleavages in a fraction of charge-reduced
ions. The backbone cleavages take place in positions
remote from the radical site and form bn �1 fragment
ions, where the �1 Da mass increment is due to the
nonreactive hydrogen atom in the pepy moiety. This
chemistry resembles the spin-remote dissociations that
were reported previously for amino acid cation-radicals
containing 2,2=-bipyridine ligands [51]. Perhaps most
significantly, the fact that charge-driven peptide back-
bone dissociations are triggered at sites that are remote
from the site of electron capture represents a clear
example of internal conversion of the recombination
energy and vibrational energy redistribution over a
large polyatomic system. This provides a textbook
example of ergodic behavior upon electron capture.
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16. Tureček, F. NOC� Bond Dissociation Energies and Kinetics in Amide
and Peptide Radicals. Is the Dissociation a Nonergodic Process? J. Am.
Chem. Soc. 2003, 125, 5954–5963.
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Reionization of Ions Produced by Electrospray. Instrument Design and
Initial Data. Int. J. Mass Spectrom. 2003, 228, 687–702.

29. Tureček, F. Transient Intermediates of Chemical Reactions by Neutral-
ization-Reionization Mass Spectrometry. Top Curr. Chem. 2003, 225,
77–129.
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Generation of 1-Methylcytosine Radicals in the Gas-Phase. Angew.
Chem. Int. Ed. Engl. 2005, 44, 6708–6711.
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