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bstract

The Li+ complexes of the isomeric �-dipeptide radicals H2N •CH C( O) NH CH2 COOH (•GlyGly) and H2N CH2 C( O)
H •CH COOH (GlyGly•) are formed in the gas phase from the isomeric complexes [PheGly + Li]+ and [GlyPhe + Li]+, respectively, via
omolytic cleavage of the corresponding benzyl side chains. The isomers undergo distinctively different reactions upon collisionally activated
issociation (CAD) and, hence, represent unique, non-interconverting species. The investigation of deuterated isotopomers and of dipeptide radi-
als with Ala residues permits complete elucidation of the dissociation pathways of the radical complexes. The majority of reactions observed are
romoted by the radical site, with the location of the unpaired electron playing an important role in the types of reactions taking place. Analogous
ifferences are found for dilithiated complexes of •GlyGly and GlyGly•, in which the COOH termini are derivatized to COO−Li+ salt bridges.
ensity functional theory calculations confirm that the lithiated and dilithiated �-dipeptide radicals have distonic character; the radical is largely

+
ocalized on the N- or C-terminal �-C atom and the charge is largely localized on the metal ions. In the most stable conformers, the Li ion(s)
re bound between the amide carbonyl and C-terminal carbonyl (or carboxylate) groups. Theory predicts a higher thermodynamic stability for the
omplexes of the N-terminal radical •GlyGly, as reflected by the significantly higher yield, with which these complexes are formed (from their
heGly precursors), compared to the GlyGly• complexes.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Protein radicals with the unpaired electron at the �-C atom of
glycyl residue have been implicated as transient or stable inter-
ediates in several biological processes, both deleterious and

eneficial [1–4]. Radiolytically generated HO• radicals attack
he protein backbone preferentially at glycyl positions, because
he resulting �-glycyl radicals are not sterically hindered (no
resence of side chains) and, thus, can easily attain a planar
esonance-stabilized conformation [5]. Backbone radicals pro-
uced this way may fragment or cross-link, thereby impeding

rotein function and initiating pathogenic processes, such as can-
er, inflammatory disease or Alzheimer’s [6]. On the other hand,
t is well established that proteins with �-glycyl radical sites
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an also be involved in essential biocatalysis [2,3]. This is true
or anaerobic ribonucleotide reductase and pyruvate–formate
yase, both of which carry glycyl radicals, introduced post-
ranslationally, at positions 681 and 734, respectively [7–10].

Protein backbone radicals have mainly been examined by
lectron paramagnetic resonance (EPR) spectroscopy [1,4–10].
heir chemical properties have remained largely unknown due to

heir transient nature. The intrinsic dissociations and biomolec-
lar reactions of these species are of fundamental interest, as
hey could provide the insight needed for a better assessment of
heir in vivo reactivity. Mass spectrometry offers a convenient

eans for the isolation and the study of transient intermedi-
tes, if these are charged. Kenttämaa and coworkers [11–16]
nd, more recently, our group [17–21] have demonstrated that
rganic radicals containing inert charges, including alkali metal

on or quaternary pyridinium sites, primarily react at their rad-
cal centers. Such systems can therefore serve as templates for
he investigation of the gas-phase chemistry of the correspond-
ng neutral radicals. This approach is used here to characterize

mailto:wesdemiotis@uakron.edu
dx.doi.org/10.1016/j.ijms.2007.02.029
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n detail the intrinsic chemistry of dipeptides carrying �-glycyl
adicals, which represent simple models for the more com-
lex protein backbone radicals. The species studied contain an
npaired electron either in N- or C-terminal position and are ion-
zed by Li+ ions, i.e. they have the connectivity [•GlyXxx + Li]+

r [XxxGly• + Li]+, where Gly• designates the �-glycyl residue
nd Xxx = Gly or Ala. The corresponding dilithiated complexes,
n which the –COOH termini are derivatized to COO Li+,
re also investigated in order to determine the influence of salt
ridges on radical reactivity. We recently showed that such radi-
al ions can be generated by collisionally activated dissociation
CAD) of mono- or dilithiated dipeptides containing an aromatic
mino acid residue at the position where the Gly• radical is to
e introduced [20]. This method complements the synthetic pro-
edure recently introduced by Siu et al. [22], in which radical
ons of complete peptides (they have one more H atom than
he �-peptide radicals studied here) are prepared via gas-phase
edox reactions from ternary complexes of a multiply charged
ransition metal ion, the peptide of interest and an auxiliary
ultidentate ligand [22–25].

. Experimental

.1. Mass spectrometry

Mass spectrometry experiments were conducted on a
aters/Micromass AutoSpec-Q tandem mass spectrometer of

1BE2hQ geometry (Waters, Beverly, MA), where E, B, h
nd Q designate an electrostatic analyzer, magnetic sector,
exapole collision cell and quadrupole mass filter, respec-
ively. Only the sector portion of the instrument (E1BE2)
as utilized in this study. Dipeptides AaaXxx or XxxAaa

Aaa = aromatic amino acid; Xxx = Gly or Ala) were ionized
y fast atom bombardment (FAB), using 1–2 �L of oversat-
rated solutions that were prepared by adding each dipeptide
nd lithium trifluoroacetate to thioglycerol in a ratio of 5:1.
AB ionization of these solutions produced monolithiated
AaaXxx + Li]+ or [XxxAaa + Li]+ complexes as well as dilithi-
ted [AaaXxx − H + 2Li]+ or [XxxAaa − H + 2Li]+ complexes
20,21]. After acceleration to 8 keV, these ions were subjected
o CAD with He in the field-free region following the ion
ource (in front of E1) to detach the aromatic side chain of
aa and generate the corresponding dipeptide radicals, viz.

•GlyXxx + Li]+, [XxxGly• + Li]+, [•GlyXxx − H + 2Li]+ or
XxxGly• − H + 2Li]+, respectively. The charged radicals were
ransmitted to the third field-free region (between B and E2) for
enewed CAD with Ar. The MS3 fragments produced this way
ere dispersed by E2 (kinetic energy scans) and detected in the

orresponding CAD (MS3) mass spectra. Control CAD (MS2)
pectra of the mono- and dilithiated peptides were acquired
y transmitting these ions through E1B, inducing their frag-
entation in the third field-free region via CAD with Ar and
ass-analyzing the resulting fragments by scanning E2. Approx-
mately, 100 scans were summed to obtain spectra with a good
ignal/noise ratio. The dipeptides were purchased from Bachem
King of Prussia, PA) and thioglycerol and trifluoroacetate from
ldrich (Milwaukee, WI).
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For H/D exchange, ∼10 mg of the dipeptide was dissolved
n 1 mL of D2O that was acidified by ∼5 �L of D2SO4. The
olution was stirred overnight. A few microliters of the solution
ere mixed with an equal volume of thioglycerol for FAB ioniza-

ion. During the treatment with D2O/D2SO4, all exchangeable
rotons are replaced with deuteria; there are four exchangeable
rotons in the lithiated complexes and three in the dilithiated
nes. Upon mixing with thioglycerol, back exchange is possi-
le, as the FAB spectra revealed mixtures of isotopomers. For
GlyPhe + Li]+, [PheGly − H + 2Li]+ and [PheGly − H + 2Li]+,
he isotopomers with all labile H atoms exchanged with D atoms
d4, d3 and d3, respectively) were sufficiently intense for the
cquisition of MS3 spectra. For [PheGly + Li]+, the isotopomer
ith only three D atoms was more intense than that with four
atoms; only the former ion could be subjected to MS3. Based

n the procedure of H/D exchange, the most likely deuterium
eplaced by hydrogen upon mixing with thioglycerol is the
arboxylic H atom. Hence, d3-[•GlyGly + Li]+ should mainly
e composed of the D2N •CH C( O) ND CH2 COOH iso-
opomer of •GlyGly.

.2. Calculations

A recently developed conformational search engine devised
riginally to deal with protonated peptides was modified and
ubsequently used to scan the potential energy surface (PES)
f lithiated and dilithiated •GlyGly and GlyGly•. Calculations
tarted with molecular dynamics simulations on charge solvated
CS) and salt-bridge (SB) species of the above ions using the
nsight II program (Biosym Technologies, San Diego, USA) in
onjunction with the AMBER force field. During the dynam-
cs calculations, simulated annealing techniques were used to
roduce candidate structures for further refinement, applying
ull geometry optimization with the AMBER force field. The
ptimized structures were then analyzed by a conformer fam-
ly search program, developed at Heidelberg, which is able to
roup optimized structures into families with similar structural
eatures. The most stable species in the families were then fully
ptimized at the HF/3-21G, B3LYP/6-31G(d) and B3LYP/6-
1 + G(d,p) levels. The conformer families were regenerated
t each computational level. For the energetically most pre-
erred structures, frequency calculations were performed at the
3LYP/6-31G(d) level of theory. Relative energies were cal-
ulated by comparing the B3LYP/6-31 + G(d,p) total energies,
orrected for zero-point vibrational energy (ZPE) determined at
he B3LYP/6-31G(d) level, to that of the global minimum of a
iven ion. The Gaussian set of programs [26] was used for all
b initio and density functional theory calculations.

. Results and discussion

.1. Generation of the metalated dipeptide radicals
Dipeptides containing a Phe or Trp residue in N- or C-
erminal position were used to generate the dipeptide radicals.
s shown in Fig. 1, high energy CAD of the complexes

PheGly + Li]+ and [GlyPhe + Li]+ partly causes homolytic
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ig. 1. CAD (MS2) mass spectra of (a) [PheGly + Li]+ and (b) [GlyPhe + Li]+

both at m/z 229). The numbers on top of the peaks give the corresponding
ass-to-charge ratios.

leavage of benzyl radicals (PhCH2
•), giving rise to the lithiated

ipeptide radicals [•GlyGly + Li]+ and [GlyGly• + Li]+, respec-
ively (both at m/z 138). Similarly, the Li+ complex of •GlyAla
m/z 152) can be generated from the Li+ complexes of PheAla
nd TrpAla. The Li+ complex of AlaGly• could not be pro-
uced in sufficient intensity or purity from [AlaPhe + Li]+ or
AlaTrp + Li]+ for the acquisition of usable MS3 spectra.

The dilithiated complexes [AaaXxx − H + 2Li]+ and
XxxAaa − H + 2Li]+, where Aaa = Phe or Trp and Xxx = Gly
r Ala, served as precursors for the production via CAD
f the dilithiated radicals [•GlyXxx − H + 2Li]+ and
XxxGly• − H + 2Li]+, respectively. The CAD spectra of
PheGly − H + 2Li]+ and [GlyPhe − H + 2Li]+ are presented in
ig. 2 as representative examples. It is evident from Figs. 1 and 2

hat the dilithiated peptides undergo more efficiently loss of

heir aromatic side chain upon CAD, yielding higher fluxes of
ipeptide radical ions than the corresponding monolithiated
ystems. Generally, a higher abundance is observed for the

ig. 2. CAD (MS2) mass spectra of (a) [PheGly − H + 2Li]+ and (b)
GlyPhe − H + 2Li]+ (both at m/z 235). The numbers on top of the peaks give
he corresponding mass-to-charge ratios.
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harged radical if the unpaired electron resides at the N-terminal
esidue. These trends suggest that a radical site in N-terminal
osition and a salt bridge (in the dilithiated systems) increase
he stability of �-peptide radicals (vide infra).

.2. Calculated structures of the glycylglycine complexes

The most stable structures predicted by density functional
heory (DFT) for lithiated and dilithiated •GlyGly and GlyGly•
re shown in Figs. 3 and 4. Because of the large number of differ-
nt isomers and conformers obtained during the scan of the PES
f these radical ions, full optimization and energy minimization
ere performed only on the lower energy species (those lying
ithin ∼30 kJ/mol of most stable isomers). Higher energy struc-

ures (within the 30 kJ/mol energy window) are described only
f they show a specific type of interaction which is not present
n the energetically most favored species.

Structures involving charge solvation are denoted by CS and
hose containing a salt bridge by SB. The various conformer
amilies are abbreviated using the nomenclature of Dunbar
27], which provides information about the most important
nteractions between the metal ion(s) and the functionali-
ies of the investigated peptide radicals. For example, ‘CS
/OA’ for [•GlyGly + Li]+ (Fig. 3) denotes a charge solva-

ion structure with Li+ bound to the COOH carbonyl oxygen
O) and amide oxygen (OA), while ‘SB OA/OC OC/OC’ for
GlyGly• − H + 2Li]+ (Fig. 4) denotes a salt bridge structure
ith one Li+ bound between the amide oxygen (OA) and one

arboxylate oxygen (OC) and the other Li+ bound between the
wo carboxylate oxygens (OC). The amine nitrogen and amide
itrogen binding sites of •GlyGly and GlyGly• are designated
y N and NA, respectively.

The most stable isomers of lithiated •GlyGly as well as
lyGly• result from charge solvation of the metal ion by the

arbonyl oxygens of the amide and carboxyl groups (Fig. 3).
hese complexes are additionally stabilized by hydrogen bonds,
hich can develop between the amide oxygen and one amine
roton in [•GlyGly + Li]+, and between the amine nitrogen and
mide proton in [GlyGly• + Li]+. The second most stable struc-
ure found for lithiated •GlyGly contains a COO Li+ salt bridge,
n O-protonated amide group and hydrogen bonds between the
mide group and the two termini. No low energy lying salt bridge
somer was found for lithiated GlyGly•; with this radical, the
econd most stable complex results from Li+ solvation between
he amine nitrogen and amide oxygen, stabilized by a hydrogen
ond between the amide proton and the C-terminal carbonyl
xygen.

The most stable isomers of dilithiated •GlyGly and GlyGly•
arry a COO Li+ salt bridge, with the second Li+ ion bound
etween a carboxylate oxygen and the amide oxygen (Fig. 4).
s with the monolithiated species, these structures are stabi-

ized further by hydrogen bonds between the N-terminus and
he amide group. No other low energy structure exists for

•GlyGly − H + 2Li]+. In contrast, several isomeric, low-energy
tructures were found for [GlyGly• − H + 2Li]+, having one Li+

on coordinated between the N-terminal amine nitrogen and the
mide group, and the other Li+ ion bound either at a deproto-
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ig. 3. Most stable isomers of the Li+ complexes of •GlyGly (top) and GlyGl
he abbreviations used to describe coordination features. The numbers next to
umbers in parenthesis are relative energies in kJ/mol. The charges on Li in the

ated carboxylate or a deprotonated amide salt bridge (Fig. 4).
t is worth mentioning that metal ion coordination at the N-
erminus is not favored if the unpaired electron resides at the
-C atom of the N-terminal residue; this is true for both the
ono- as well as the dilithiated complexes.
The B3LYP/6-31 + G(d,p) Mulliken atomic spin densities of

he most stable mono- and dilithiated geometries (Figs. 3 and 4)
ndicate that the radical resides largely at the �-C atom of
ither the N- or the C-terminal residue. Conversely, the positive
harge is primarily localized on the metal ion(s) (see legends of
igs. 3 and 4). Hence, these complexes have distonic character.

Radical sites are best stabilized if they are simultaneously
urrounded by electron-donating and electron-withdrawing
roups (capto-dative substitution pattern [1]). This feature
s present in •GlyGly. As a result of such capto-dative
ubstitution, the unpaired electron in lithiated and dilithi-
ted •GlyGly is partly delocalized into the amine nitro-
en, H2N •CH CO ↔ H2N+• −CH CO ; this resonance
ncreases the positive charge at the amine nitrogen, explain-
ng why •GlyGly cannot form low energy mono- or dilithiated
omplexes in which the (positively charged) metal ion is bound
t the (partly positively charged) N-terminal amine group.
he DFT calculations also predict that the most stable struc-

ure of [•GlyGly + Li]+ (CS O/OA) is 28 kJ/mol more stable

han the most stable structure of [GlyGly• + Li]+ (CS O/OA).
imilarly, the most stable [•GlyGly − H + 2Li]+ complex is pre-
icted to lie 39 kJ/mol lower in energy than the most stable
GlyGly• − H + 2Li]+ complex (both SB OA/OC OC/OC). The

m
[
(
m

ttom), predicted at the B3LYP level of density functional theory. See text for
oms give atomic spin densities (no values are given for densities <0.001). The
stable isomers of •GlyGly and GlyGly• are 0.586 and 0.601, respectively.

onsistently higher thermodynamic stability of the N-terminal
adical complexes (i.e. those bearing the radical site at the
-terminal �-C atom) reflects the better stabilization of the
npaired electron at the N-terminal �-site (vide supra) and
he increased electron density of the binding sites near the C-
erminus (where the metal ions preferentially attach) when the
npaired electron is not located at the C-terminal �-C atom.

.3. Unimolecular chemistry of the monolithiated N- and
-terminal dipeptide radicals

With both [PheGly + Li]+ and [GlyPhe + Li]+, CAD leads to
he formation of product ions at m/z 138 (Fig. 1), corresponding
o the isomeric dipeptide radical complexes [•GlyGly + Li]+ and
GlyGly• + Li]+, respectively (Fig. 3). These metalated distonic
ons were characterized by a further stage of CAD experiments.
he resulting MS3 (CAD/CAD) spectra, depicted in Fig. 5,
nequivocally prove that the dilithiated •GlyGly/GlyGly• iso-
ers have unique unimolecular chemistries and, hence, distinct,

on-interconverting structures. The reactions observed indicate
hat individual dissociation channels, promoted by the loca-
ion of the radical site (vide infra), are more competitive than
somerization. A loss of 17 u (m/z 121) is observed from the
GlyGly• + Li]+ species exclusively, along with product ions at

/z 82 and 80 (Fig. 5b); meanwhile, in the MS3 spectrum of

•GlyGly + Li]+, significant peaks are observed at m/z 82 and 79
Fig. 5a). In order to establish the structures of the major frag-
ents, additional MS3 experiments with deuterated isotopomers



F. Pingitore et al. / International Journal of Mass Spectrometry 265 (2007) 251–260 255

F • • nd bo
t the ato
n e mo
f

(
(
T

f
o
i

i
w
C

T
C

D

d

d

d

d

ig. 4. Most stable isomers of dilithiated GlyGly (top) and GlyGly (center a
he abbreviations used to describe coordination features. The numbers next to
umbers in parenthesis are relative energies in kJ/mol. The charges on Li in th
ormer and 0.544/0.493 in the latter.

Table 1) and dipeptides with different residues were carried out
Table 2). The additional dipeptides used, are PheAla, AlaPhe,
rpAla and AlaTrp.
The [GlyGly• + Li]+ precursor ion loses a 17-u neutral to
orm the fragment at m/z 121; this reaction could involve NH3
r •OH radical loss. In the MS3 spectrum of the correspond-
ng d4-isotopomer (Table 1) m/z 121 shifts entirely to m/z 122,

d
f
i
f

able 1
AD (MS3) mass spectra of mono- and dilithiated •GlyGly and GlyGly•,ain which 3

istonic ion m/z and Relative abundan

3-[•GlyGly + Li]+ (m/z 141)c

4-[GlyGly• + Li]+ (m/z 142)d m/z 122
100

3-[•GlyGly − H + 2Li]+ (m/z 147)d m/z 90
30

3-[GlyGly• − H + 2Li]+ (m/z 147)d m/z 127
100

a Produced via CAD of mono- and dilithiated PheGly and GlyPhe, respectively.
b Peak intensity relative to the base peak (from peak areas).
c All heteroatom-bound H atoms, except C-terminal COOH, exchanged with deute
d All heteroatom-bound H atoms exchanged with deuterium.
ttom), predicted at the B3LYP level of density functional theory. See text for
ms give atomic spin densities (no values are given for densities <0.001). The

st stable isomers of •GlyGly and GlyGly• are 0.532 (left)/0.532 (right) in the

ndicating the loss of a 20-u neutral which is consistent only
ith ND3. Ammonia is lost exclusively from the monolithiated
-terminal GlyGly• radical (Scheme 1). [GlyGly• + Li]+ copro-

uces ions at m/z 82 and 80 (Fig. 5b); the mechanisms proposed
or their formation are outlined in Scheme 2. The ion at m/z 82
s assigned the structure [b1 + OH + Li]+ [20,28–32], resulting
rom fragmentation through a mixed anhydride, similar to the

–4 heteroatom-bound (exchangeable) H atoms were replaced with D atoms

ce (%)b

m/z 84 m/z 82
100 10
m/z 85 m/z 82
33 15
m/z 87 m/z 72 m/z 58
100 50 33
m/z 87 m/z 58
40 5

rium (see Section 2).



256 F. Pingitore et al. / International Journal of Mass Spectrometry 265 (2007) 251–260

Table 2
CAD (MS3) mass spectra of mono- and dilithiated •GlyAla and AlaGly•

Dipeptide precursor Distonic iona m/z and Relative abundance (%)b

[TrpAla + Li]+ [•GlyAla + Li]+ (m/z 152) m/z 96 m/z 79 m/z 50
100 81 c

[PheAla + Li]+ [•GlyAla + Li]+ (m/z 152) m/z 96 m/z 79 m/z 50
100 78 33

[TrpAla − H + 2Li]+ [•GlyAla − H + 2Li]+ (m/z 158) m/z 128 m/z 102 m/z 100 m/z 85 m/z 79 m/z 58
c 15 13 100 5 21

[PheAla − H + 2Li]+ [•GlyAla − H + 2Li]+ (m/z 158) m/z 128 m/z 102 m/z 100 m/z 85 m/z 79 m/z 58
7 16 18 100 5 26

[AlaTrp − H + 2Li]+ [AlaGly• − H + 2Li]+ (m/z 158) m/z 141 m/z 86 m/z 58
100 32 4

[AlaPhe − H + 2Li]+ [AlaGly• – H + 2Li]+ (m/z 158) m/z 141 m/z 86 m/z 58
100 27 6

a Produced via CAD of the dipeptide precursor shown in the same row.
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b Peak intensity relative to the base peak (from peak areas).
c At noise level.

ne shown by Gronert and coworkers to occur in the closed-shell
GlyGly + Li]+ complex [32]; the [b1 + OH + Li]+ structure has
hree exchangeable hydrogens, which is corroborated by the m/z
hift observed with d4-[GlyGly• + Li]+ (Table 1). The lithiated
,3-dehydroglycine fragment (m/z 80; Scheme 2), on the other
and, has just two exchangeable protons, in agreement with its
hift to m/z 82 with the deuterated isotopomer (Table 1). The
atter ion is the product of a radical-induced bond scission. It
s noteworthy that the isomeric [•GlyGly + Li]+ complex does
ot undergo such a homolytic bond scission, possibly because
high energy N-centered radical [33] would be formed in this
rocess. The dissociation [GlyGly• + Li]+ → m/z 80 releases the
cyl radical H NCH CO•. Such species easily lose CO [34],
2 2
hich might explain the minuscule abundance of the comple-
entary fragment [H2NCH2CO• + Li]+ (m/z 65) in the MS3

pectrum (Fig. 5b).

d
e
t

Scheme 1. Ammonia loss from lithiated GlyGly•. The Li+ complex of the
For the [•GlyGly + Li]+ precursor ion, as stated previously,
ifferent product ions are detected (Fig. 5). Tables 1 and 2 show,
espectively, the product ions generated in the MS3 experiments
rom d3-[•GlyGly + Li]+ and [•GlyAla + Li]+. The procedure
sed to create d3-[•GlyGly + Li]+ (see Section 2) introduces

atoms mainly at the N-terminus and the amide nitrogen of
his ion, cf. Fig. 3. The m/z 82 fragment from [•GlyGly + Li]+

Fig. 5a) shifts to m/z 84 with the d3-isotopomer (Table 1) and
o m/z 96 with the [•GlyAla + Li]+ homolog (Table 2); these
bservations agree well with m/z 82 having a C-terminal y1*
on structure (Scheme 3). The y1* ion could be formed by

N scission of the amidic peptide bond with synchronous 1,4-
ydrogen rearrangement (1,4-rH) to release HN CH• + CO, as

epicted in Scheme 3. This mechanism is very similar to that
stablished computationally and experimentally for the forma-
ion of y1 + CO + HN CH2 from protonated GlyGly [35,36].

isomeric •GlyGly radical does not undergo this reaction upon CAD.
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Scheme 2. Backbone fragmentations of lithiated GlyGly•. The mixed anhydride channel proceeds via the intermediate anhydride H2NCH2C( O) O C( O)
• shhoo
e
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CHNH2 and leads to the expulsion of the moiety encased in the rectangle. Fi
limination of H2NCH2CO•.

lternatively, the y1* ion could arise through a mixed anhydride
ntermediate [20,32], as explained above for the [b1 + OH + Li]+

ragment from the [GlyGly• + Li]+ isomer. Either mechanism is
onsistent with the labeling data.

The mixed anhydride mechanism converts the dipeptide
lyGly into the anhydride H2N CH2 C( O) O C( O)
H2 NH2, in which sequence information is compromised

32]. From the isomeric peptide radicals [•GlyGly + Li]+ and
GlyGly• + Li]+, the same mixed anhydride would be formed,

iz. H2N CH C( O) O C( O) •CH NH2. This anhydride
as invoked to explain the m/z 82 ion from [•GlyGly + Li]+

s well as [GlyGly• + Li]+. Besides m/z 82 ([Gly + Li]+), the
ixed anhydride could also generate m/z 81 ([Gly• + Li]+) (see

i
S
b
b

Scheme 3. Backbone fragmenta
ks indicate the pathway of the radical-induced �-scission, which leads to the

cheme 1 in [20]). The latter product is not observed, how-
ver, presumably because of the significantly lower basicity
nd, hence, Li+ binding energy of Gly• radical versus the Gly
olecule.
Lithiated •GlyGly also forms a product ion at m/z 79 (Fig. 5a).

he m/z value of this ion increases by 3 u with the deuter-
ted isotopomer (Table 1) and remains unchanged with lithiated
•GlyAla + Li]+ (Table 2); based on these facts, it can be con-
luded that 1,2-dehydroglycinamide (an N-terminal c1* − 2 ion)

s formed. A plausible pathway to such a fragment is included in
cheme 3 and involves homolytic scission of the N C(COOH)
ond accompanied by a H• rearrangement to release the car-
oxymethyl radical.

tions of lithiated •GlyGly.
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Fig. 7. CAD (MS3) mass spectrum of the m/z 127 fragment generated by CAD
(
g

o
v
d
G
t
8

a
m
i
S
b
(
C
c
M
f
1
i
e
i

ig. 5. CAD (MS3) mass spectra of (a) [•GlyGly + Li]+ and (b) [GlyGly• + Li]+

both at m/z 138). The numbers on top of the peaks give the corresponding
ass-to-charge ratios.

.4. Unimolecular chemistry of the dilithiated N- and
-terminal dipeptide radicals

Generation of distonic species (i.e. charged radicals) is
bserved from dilithiated dipeptides under CAD conditions as
ell, as already stated (Fig. 2). Their MS3 (CAD/CAD) spec-

ra are shown in Fig. 6 and document once again different
nimolecular reactivities. To further characterize the product
ons observed in the MS3 spectra, multistage mass spectrometry
xperiments were performed on the deuterated isotopomers as
ell as on homologs containing Ala residues.
As with the monolithiated radicals, elimination of NH3 (m/z

27) takes place only from the C-terminal radical complex.
he only other significant fragment in the MS3 spectrum of

• +
GlyGly − H + 2Li] is m/z 86 (Fig. 6b). Experimental data
uggest that this product ion is dilithiated 2,3-dehydro glycine (a
1** − 2 ion), produced from [GlyGly• − H + 2Li]+ via direct

N bond scission, as depicted in Scheme 4. This species has

ig. 6. CAD (MS3) mass spectra of (a) [•GlyGly − H + 2Li]+ and (b) [GlyGly•
H + 2Li]+ (both at m/z 144). The numbers on top of the peaks give the corre-

ponding mass-to-charge ratios.
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MS2) of [GlyPhe − H + 2Li]+ (see Fig. 2b). The numbers on top of the peaks
ive the corresponding mass-to-charge ratios.

ne proton replaceable with deuterium, accounting for its m/z
alue of 87 from the d3-isotopomer (Table 1). Dilithiated 2,3-
ehydroglycine contains the C-terminal residue of dilithiated
lyGly•. As a result, it is also formed from the AlaGly• dis-

onic ion generated from dilithiated AlaTrp and AlaPhe (see m/z
6 in Table 2).

From the [•GlyGly − H + 2Li]+ isomer, different fragments
re formed upon CAD, the most prominent ones appearing at
/z 88, 85, 72 and 58 (Fig. 6a). The fragment with m/z 88

s the dilithiated glycine ion, a C-terminal fragment (y1** in
cheme 4). Supportive evidence for this structure is provided
y the data shown in Tables 1 and 2. The deuterated isotopomer
Table 1) forms m/z 90 (two m/z units higher), consistent with
( O) N scission to form dilithiated glycine ion (y1**), after
oncomitant 1,4-proton rearrangement, as outlined in Scheme 4.
oreover, the MS3 spectra of [•GlyAla − H + 2Li]+ originating

rom TrpAla and PheAla (Table 2), show the expected shift to m/z
02, unequivocally proving that a C-terminal fragment is formed
n this dissociation process. Similarly, the same set of MS3

xperiments decisively demonstrates that the basepeak at m/z 85
s dilithiated 2,3-dehydroglycinamide (c1** − 2 in Scheme 4).
he D-labeling result (m/z 85 shifts to m/z 87, Table 1) agrees
ell with this structure. The mechanism proposed for the forma-

ion of this product ion involves N CH2 scission (Scheme 4),
ith concomitant hydrogen radical transfer from the N-terminal

mine to a carboxylate oxygen to form a double bond and release
he carboxymethyl radical. Note that dilithiated •GlyAla also
orms m/z 85 (Table 2), substantiating the N-terminal nature of
his fragment. The other major product ions in the spectrum
f Fig. 6a can be easily explained as dilithiated carboxymethyl
•CH2CO2Li2+, m/z 82) and carboxyl radicals (•CO2Li2+, m/z
8).

Examination of the product ions from the dilithiated
eptide radicals reveals that only C-terminal fragments are
ormed, when the �-radical site is at the C-terminal posi-
ion. This fragmentation behavior is explainable, considering
hat [GlyGly• − H + 2Li]+ undergoes ammonia loss exten-
ively (Fig. 6b), destroying the N-terminal end. To further
nterrogate the structure of the product of NH3 loss from
GlyGly• − H + 2Li]+ (m/z 127), an MS3 experiment was
erformed on the m/z 127 ion in the MS2 spectrum of

GlyPhe − H + 2 Li]+ (Fig. 2b). The product ions of the MS3

pectrum (Fig. 7) are consistent with the mechanism proposed
n Scheme 5. The �-oxo methyl radical species formed after
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Scheme 4. Backbone fragmentations of dilithiated GlyGly• (top) and •GlyGly (center and bottom).
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cheme 5. Ammonia loss from dilithiated GlyGly• and consecutive fragmentati
yanide.

mmonia loss (m/z 127) is proposed to release ketene to pro-
uce the dilithiated imine/carboxylate radical ion at m/z 85. The
atter can undergo consecutive HCN elimination to ultimately
ield dilithiated carboxyl radical ion (m/z 58).

Ammonia loss is unique to the mono- and dilithiated
omplexes carrying a C-terminal radical site, where the
npaired electron is in close proximity to the amidic hydrogen
Schemes 1 and 5). The radical site possesses electron deficient
roperties and, thus, exerts an electron-withdrawing effect which
hanges the electronic distribution of the amidic group, weak-
ning the N H bond. This in turn promotes the formation of a
ew bond to the amidic nitrogen by release of ammonia, a good
eaving group.
. Conclusions

Distonic radical ions derived from alkali metal ion complexes
f dipeptides are of particular interest in Life Science, as such

i
i
s
w

the m/z 127 product ion via backbone cleavages releasing ketene and hydrogen

ystems may also be formed from proteins in vivo, where alkali
etal ions abound. Since dipeptide radical complexes contain

he essential features and reactive sites of the larger protein
adicals that have been implicated in a variety of biological pro-
esses, their stabilities and intrinsic reactivities, as determined
y combining molecular orbital theory and tandem MS exper-
ments, provide important clues as to how the larger protein
ystems may participate in radical reactions. Particularly inter-
sting is the discovery that N- and C-terminal �-radical isomers
o not interconvert (via a nominal 1,4-H rearrangement), but
ather follow different channels of fragmentation.

Multistage mass spectrometry experiments were able to dif-
erentiate the structures of the isomeric �-dipeptide radical
omplexes studied. In order to establish the intrinsic chem-

cal reactivities of these radicals, experiments with labeled
sotopomers and with dipeptides having different amino acid
equences were necessary. With the combined experiments, it
as possible to elucidate the favored dissociation pathways of
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he isomers and establish the structures of their major fragments.
f special interest is the finding that both mono- and dilithiated
-terminal radical systems lose NH3, while this loss is impeded

n the N-terminal radical isomers due to the proximity of the rad-
cal site to the amine group. Although the experiments provided
wealth of information, in order to understand and characterize

he intrinsic chemistry of the species under study, the parallel cal-
ulations were essential for unveiling the energetically favorable
eometries of these species and their relative thermodynamic
tabilities, and for confirming their distonic nature. The uni-
olecular reactions observed agree well with the computation-

lly predicted most stable structures, and all major fragments can
e generated from these structures with minimal reorganization.
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