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Gas-phase reactivity of a positively charged aromatic o,0-biradical (N-methyl-6,8-didehydroquino-
linium) was examined toward six aliphatic amino acids and 15 dipeptides by using Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR) and laser-induced acoustic
desorption (LIAD). While previous studies have revealed that H-atom and NH, abstractions
dominate the reactions of related monoradicals with aliphatic amino acids and small peptides,
several additional, unprecedented reaction pathways were observed for the reactions of the
biradical. For amino acids, these are 2H-atom abstraction, H,O abstraction, addition — CO,,
addition — HCOOH, and formation of a stable adduct. The biradical reacts with aliphatic
dipeptides similarly as with aliphatic amino acids, but undergoes also one additional reaction
pathway, addition/C-terminal amino acid elimination (addition — CO — NHCHR(). These
reactions are initiated by H-atom abstraction by the biradical from the amino acid or peptide,
or nucleophilic addition of an NH, or a HO group of the amino acid or peptide at the radical
site at C-6 in the biradical. Reactions of the unquenched C-8 radical site then yield the products
not observed for related monoradicals. The biradical reacts with aromatic dipeptides with an
aromatic ring in N-terminus (i.e., Tyr-Leu, Phe-Val, and Phe-Pro) similarly as with aliphatic
dipeptides. However, for those aromatic dipeptides that contain an aromatic ring in the
C-terminus (i.e., Leu-Tyr and Ala-Phe), one additional pathway, addition/N-terminal amino
acid elimination (addition - CO - NHCHRY;), was observed. This reaction is likely initiated by
radical addition of the biradical at the aromatic ring in the C-terminus. Related monoradicals
add to aromatic amino acids and small peptides, which is followed by Ca—Cp bond cleavage,
resulting in side-chain abstraction by the radical. For biradicals, with one unquenched radical
site after the initial addition, the reaction ultimately results in the loss of the N-terminal amino
acid. Similar to monoradicals, the C-S bond in amino acids and dipeptides was found to be
especially susceptible to biradical attack. (J Am Soc Mass Spectrom 2010, 21, 1737-1752)
© 2010 Published by Elsevier Inc. on behalf of American Society for Mass Spectrometry

attracted great interest since these reactions are

thought to play a major role in many oxidative
processes, and they have been implicated in a number
of human diseases as well as aging and inflammation
[1-8]. Thus far, a variety of reactions of radicals with
proteins have been discovered, including H-atom ab-
straction, electron-transfer (leading to oxidation or re-
duction of the protein) and addition, which can cause
fragmentation, rearrangement, dimerization, and dis-
proportionation [1-13]. Most of this information has
been obtained while examining reactions of simple
oxygen-containing electrophilic radicals (i.e., hydroxyl
and alkoxyl radicals) with amino acids, peptides, and
proteins in the condensed phase [9-13]. The hydroxyl
radical, for example, has been reported to abstract a
H-atom from the Ca-position, from an alkyl group, and
from an amino group of aliphatic amino acids in

The damage induced by radicals to proteins has
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aqueous solution [10, 11]. This radical has been also
reported to add to the aromatic ring in aromatic
amino acids and to the sulfur atoms in methionine
and cysteine [6].

In sharp contrast to oxygen-containing radicals, only
little effort has been directed towards understanding
the reactions of carbon-centered organic radicals (e.g.,
phenyl radicals) with proteins or their components. In
fact, we are aware of only one such solution study. This
study revealed that the para-benzoic acid radical (4-
dehydrobenzoic acid) abstracts a D-atom from the o-
position of «,a-dideuterioglycine in solution [14]. It is
not surprising, then, that protein damage caused by
related biradicals is nearly entirely unexplored. This is
true in spite of the fact that aromatic o,o-biradicals
released in biological systems by some drugs, such as
the enediyne antitumor antibiotics, have attracted a
great deal of interest because of their efficiency in
nonhydrolytic DNA damage [15-20]. The enediyne
chromoproteins (e.g., kedarcidin and neocarzinostatin)
and their apoproteins have been found to cause damage
not only to DNA but also to proteins [21-23]. More
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notably, some synthetic enediynes have been reported
to extensively damage proteins [24, 25]. In one of these
studies, the synthetic enediyne was found to abstract a
D-atom from the aC-position of deuterated glycine mim-
ics, likely via a biradical intermediate (Scheme 1) [25].
All of the studies mentioned above were carried out
in solution. The major advantage of liquid-phase stud-
ies is that many sophisticated analytical techniques can
be employed, such as fast optical (and occasionally
infrared) spectroscopy, conductivity measurements,
electron paramagnetic (or spin) resonance (EPR or ESR)
spectroscopy, and nuclear magnetic resonance (NMR)
spectroscopy [26, 27]. However, liquid-phase studies of
the reactions of carbon-centered mono- and biradicals
are challenging due to undesirable side reactions with
the solvent and impurities, and the difficulty in gener-
ating pure carbon-centered (bi)radicals in solution.
Gas-phase experiments provide a way to examine
the intrinsic chemical properties of highly reactive
mono- and biradicals in a solvent-free environment. For
example, the homolytic C-H bond dissociation energy
of benzyne and the heats of formation of the ortho-,
meta- and para-benzynes were measured by using gas-
phase techniques [28, 29]. Further, gas-phase studies on
phenyl radicals have revealed reactivity toward protein
components that is quite similar to that observed for
4-dehydrobenzoic acid in solution [14, 30-33]. For exam-
ple, the gaseous 5-dehydro-2-(2-hydroxymethyl-18-crown-
6)naphthoate radical has been reported to abstract a
H-atom from the aC-position or from an alkyl side
chain of peptides while noncovalently attached to the
peptides [30]. Gas-phase ion-molecule reactions have
been also employed to study reactions of phenyl radi-
cals with amino acids by using Fourier-transform ion
cyclotron resonance (FT-ICR) mass spectrometry and
the distonic ion approach [31, 32] (ie., by affixing a
charged moiety to the radical of interest to permit its
mass spectrometric manipulation and analysis). Later,
the gas-phase reactivity of selected positively charged
phenyl radicals toward small peptides was examined
by using the laser-induced acoustic desorption [33]
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(LIAD) technique, which allows the evaporation of non-
volatile neutral intact molecules (e.g., peptides, dinucleo-
side phosphates, and petroleum) with low internal and
kinetic energies into the FT-ICR [34-38]. These gas-
phase studies, carried out on positively charged phenyl
radicals, have revealed reactivity that is similar to that
observed for neutral hydroxyl and phenyl radicals in
solution. For example, both a condensed-phase neut-
ral phenyl radical (the 4-dehydrobenzoic acid) and gas-
eous positively charged phenyl radicals [e.g., N-(3-
dehydrophenyl)pyridinium] rapidly abstract a D-atom
from the aC-position of a,a-dideuterioglycine [14, 31].
Further, positively charged gaseous phenyl radicals [e.g.,
N-(3-dehydrophenyl)pyridinium] react with other ali-
phatic amino acids via the expected H-atom abstraction
from the Ca-position or an alkyl side chain, just as
reported for the hydroxyl radical in solution (see above)
[10, 31]. Furthermore, addition to the aromatic ring is
the major pathway of the hydroxyl radical upon reac-
tion with aromatic amino acids in the condensed phase,
just as observed for positively charged phenyl radicals
(e.g., 3-dehydropyridinium) in the gas phase [32]. How-
ever, these gas-phase adducts often undergo a homo-
lytic Ca—CB bond cleavage [32], which has not been
reported for the condensed-phase adducts. The Ca—Cf3
bond cleavage is likely caused by the solvation energy
provided to the collision complex by the amino acid,
which cannot be removed from the adduct by solvent in
the gas phase. Finally, the condensed-phase hydroxyl
radical has been reported to add to the sulfur atoms in
methionine and cysteine [6], just like positively charged
phenyl radicals in the gas phase. However, again, the
adducts of the gas-phase phenyl radicals dissociate to
yield SCH; or SH abstraction products [31].
Encouraged by the above findings, we decided to
explore the gas-phase reactivity of carbon-centered ar-
omatic biradicals with protein components. Herein,
we report on the reactivity of the N-methyl-6,8-
didehydroquinolinium biradical (Scheme 2) toward six
amino acids and 15 dipeptides. This particular biradical
was selected for this study due to its high and radical-
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like reactivity [39-43]. The observed reactivity is com-
pared with that of related monoradicals, as well as the
hydroxyl radical.

Experimental

Reactions of six amino acids (Table 1) and 15 dipeptides
(Table 2) with the aromatic o,0-biradical, N-methyl-6,8-
didehydroquinolinium (Scheme 2), were examined in a
3 Tesla Nicolet model FTMS 2000 dual-cell FT-ICR mass
spectrometer equipped with an Odyssey data acquisi-
tion system, as described previously [44, 45]. The par-
ticular biradical selected for this study can be generated
in high abundance by using procedures reported [39,
40] previously, which makes it ideal for the very chal-
lenging experiments described here. To avoid the pos-
sibility of proton transfer reactions (i.e., the proton
transfer pathway dominates the reaction of the proton-
ated monoradical 3-dehydropyridinium with valine,
proline, cysteine, and methionine [31]), the biradical
was N-methylated in this study.

The biradical’s precursor ion was generated via CH;l
chemical ionization of 6,8-dinitroisoquinoline, as de-
scribed previously [39]. 6,8-Dinitroisoquinoline was
synthesized by using known methods [39, 46—48]. 6,8-
Dinitroisoquinoline was introduced into one side of the
dual cell via a solids probe at a nominal pressure of
1.0-5.0 X 108 Torr. After ionization, the N-methylated
precursor ion was transferred into the other cell by
grounding the conductance limit plate for about 154 us.
The quadrupolar axialization [49] (QA) technique was
employed to enhance the ion transfer efficiency. After
transfer, the biradical was generated by homolytic
cleavages of the two carbon-nitrogen bonds by using
sustained off-resonance irradiation collision-activated
dissociation [50] (SORI-CAD). This was accomplished
by introducing argon (at a nominal pressure of about
107 torr) into the cell via a pulsed valve assembly, and
by kinetically exciting the precursor ions for 0.3 s by
using an rf-field with a frequency 1 kHz higher than the
ions’ cyclotron frequency. Collisions of the accelerated
ions with argon result in cleavage of the two nitro
groups. The biradical ions were then isolated by apply-
ing a series of stored-waveform inverse Fourier trans-
form (SWIFT) [51, 52] excitation pulses to eject un-
wanted ions from the cell. The biradical ions were then
allowed to react with amino acids and peptides evapo-
rated into the mass spectrometer by using LIAD. It
should be noted here that we have examined many
related ortho-benzynes, and their chemical properties
differ drastically from those of the ion studied here.
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Table 1. Reactions (and their branching ratios®) of the biradical
with amino acids

Amino acids Reactions (branching ratio)

Gly H-atom abstraction (4%)

2 H-atom abstraction (9%)

NH, abstraction (3%)

H,0O abstraction (17%)
Addition-HCOOH (18%)
Addition—-CO,, (27%)

Addition (18%)

Formation of CoHgN™ (4%)
Proton transfer (protonated Gly)®

I
NH,~CH,~C-OH

Val H-atom abstraction (6%)

2 H-atom abstraction (11%)

NH, abstraction (5%)

H,0 abstraction (27%)
Addition-HCOOH (24%)
Addition-CO, (12%)

Addition (12%)

Formation of CqHgN™ (3%)
Proton transfer (protonated Va)®

1
NH2—(|1H—C—OH
QH_CHg,
CH,

lle H-atom abstraction (3%)
0 2 H-atom abstraction (9%)
1 NH, abstraction (2%)
NH, QH C-OH H,0 abstraction (35%)
CH—CH3 Addition-HCOOH (28%)
CH, Addition-CO, (11%)
I Addition (11%)
CH; Formation of CoHgN™ (1%)
Proton transfer (protonated lle)®

Pro H-atom abstraction (4%)

0 2 H-atom abstraction (10%)

Il H,O abstraction (38%)
NH—CH=C~OH Addition-HCOOH (27%)
Addition-CO, (9%)
Addition (5%)
Formation of CoHgN™ (7%)
Proton transfer (protonated Pro)®
Met H-atom abstraction (2%)

0 2 H-atom abstraction (4%)

H,0O abstraction (27%)
SCH; abstraction (15%)

CHy HSCH, abstraction (39%)
CH, SH, abstraction (3%)
é SC,H, abstraction (6%)
I Addition (4%)
CH3 Proton transfer (protonated Met)®
Cys H-atom abstraction (8%)
0 2 H-atom abstraction (5%)

NH, abstraction (3%)
NH; abstraction (7%)

CH, H,0 abstraction (15%)
| S abstraction (5%)
SH SH abstraction (2%)

H,S abstraction (37%)

Addition (3%)

Formation of CqHgN™ (18%)
Proton transfer (protonated Cys)®

20nly primary reactions’ branching ratios are listed.
PA slowly forming secondary product (protonated amino acid) was
observed in all reactions, likely due to the high basicity of amino acids.
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Table 2. Reactions (branching ratio”) of the biradical with dipeptides

J Am Soc Mass Spectrom 2010, 21, 1737-1752

Dipeptides

Reactions (branching ratio)

Gly-Gly

Gly-Ala
0 0]
NHZ—CHZ—Q—NH—(FH—%—OH
CH;
Gly-Val
0]
NHZ—CHz—(lj—NH—(liH—l(lj—OH
(le—CH3
CH;
Gly-Leu
(0]
NHQ_CHZ—(l%_NH-(le— l —OH
Gt
(le‘"CH3
CH,
Gly-lle
O
NHZ—CHZ—le—NH—(le—C—OH
CH~CH;
gt
CH,
Ala-Gly
0] 0
NH2—$H—CIZ—NH—CH2—IC—OH
CH,

H-atom abstraction (4%)

2 H-atom abstraction (3%)

H,O0 abstraction (30%)
Addition—-CO-NHCH,, (31%)
Addition—-CO-NHCH,~HCOOH (11%)
Addition—-CO-NHCH,-H,0 (5%)
Addition-HCOOH (5%)

Addition—-CO, (4%)

Addition (7%)

Proton transfer (protonated Gly-Gly)®

H-atom abstraction (5%)

2 H-atom abstraction (3%)

H,O abstraction (39%)
Addition-CO-NHCHCH; (37%)
Addition-CO-NHCHCH,-CO, (2%)
Addition-CO-NHCHCH3-H,0 (2%)
Addition-HCOOH (5%)

Addition—-CO, (2%)

Addition (5%)

Proton transfer (protonated Gly-Ala)®

H-atom abstraction (7%)

2 H-atom abstraction (3%)

H,O abstraction (40%)
Addition-CO-NHCHCH(CH;), (37%)
Addition—-CO -NHCHCH(CH,),~HCOOH (3%)
Addition-HCOOH (6%)

Addition (4%)

Proton transfer (protonated Gly-Val) ®

H-atom abstraction (9%)

2 H-atom abstraction (4%)

H,O abstraction (41%)
Addition-CO-NHCHCH,CH(CHj,), (33%)
Addition-CO-NHCHCH,CH(CH,),~HCOOH (3%)
Addition-HCOOH (3%)

Addition (7%)

Proton transfer (protonated Gly-Leu)®

H-atom abstraction (9%)

2 H-atom abstraction (4%)

H,O abstraction (43%)
Addition-CO-NHCHCH(CH3)CH,CH; (35%)
Addition-HCOOH (4%)

Addition (5%)

Proton transfer (protonated Gly-lle)®

H-atom abstraction (8%)

2 H-atom abstraction (6%)

H,O abstraction (33%)

Addition—-CO-NHCH, (28%)

Addition—-CO-NHCH,—CO,, (12%)

Addition—-CO, (6%)

Addition (7%)

Proton transfer (protonated Ala-Gly)®
(Continued)
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Table 2. Continued

BIRADICAL REACTIVITY TOWARD PEPTIDES

Dipeptides

Reactions (branching ratio)

Tyr-Leu

| I
NH,—CH—C—NH—-CH—C-OH

CH, CHy
CH—CH;
CH;
OH
Phe-Val
Il (I)
NHZ—(EH—C—NH—(‘]H—C—OH
CH2 (‘:H—C H3
CH,
Phe-Pro
(0]

I |
NH,;~CH—C—N—CH—C—OH

om (D

Ala-Phe
(I) [
NHZ—(IZH—C—NH—(EH—C—OH
CH, CH,
Leu-Tyr
(II) [
NHZ—(FH-C—NH_(EH—C—OH
CH, CH,
(FH_CH?,
CH;
OH
Cys-Gly
i i
NHz—leH—C—NH—CHZ—C—OH
i
SH

H-atom abstraction (6%)

2H-atom abstraction (3%)

H,O abstraction (27%)
Addition-CO-NHCHCH,CH(CH,), (37%)
Addition-CO-NHCHCH,C;H,-HCOOH (5%)
Addition-CO,, (6%)

Addition (10%)

Unknown (m/z 226) (3%)

Unknown (m/z 249) (3%)

Proton transfer (protonated Try-Leu)®

H-atom abstraction (5%)

2 H-atom abstraction (3%)

H,O abstraction (42%)
Addition—-CO-NHCHCH(CH,;), (36%)
Addition-CO, (3%)

Addition (11%)

Proton transfer (protonated Phe-Val)®

H-atom abstraction (4%)

H,O abstraction (25%)
Addition—-CO-C,HgN (39%)
Addition-CO-C,HsN-HCOOH (9%)
Addition-CO,, (6%)

Addition (7%)

Unknown (m/z 291) (10%)

Proton transfer (protonated Phe-Pro)®

H-atom abstraction (3%)

2 H-atom abstraction (3%)

H,O abstraction (44%)
Addition-CO-NHCHCH,CgzHs (30%)
Addition—-CO-NHCHCH; (8%)
Addition—-CO, (7%)

Addition (5%)

Proton transfer (protonated Ala-Phe)®

H-atom abstraction (5%)

2 H-atom abstraction (3%)

H,O abstraction (34%)
Addition-CO-NHCHCH,C4H,OH (18%)
Addition-CO-NHCHCH,CH,(CH,), (11%)

Addition-CO-NHCHCH,C¢H,OH-HCOOH (2%)

Addition-CO, (8%)

Addition (17%)

Unknown (m/z 401) (2%)

Proton transfer (protonated Leu-Try)P

H-atom-atom abstraction (7%)

2 H-atom abstraction (3%)

H,O abstraction (10%)

H,S abstraction (61%)
Addition—-CO-NHCH,, (12%)
Addition—-HCOOH (274) (2%)

Addition (5%)

Proton transfer (protonated Cys-Gly)®

(Continued)

1741
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Table 2. Continued
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Dipeptides

Reactions (branching ratio)

Met-Lys

I |
NH,—CH—C—NH—CH—C—OH

g
g
A
CH; CH,

NH,

Met-Gly

NH2—$H—g—NH—CH2—(IZ—OH
G
&
i
CH,
Val-Met

H,0O abstraction (13%)

SCH; abstraction (10%)

HSCH; abstraction (54%)
Addition-CO-NHCH(CH,),NH, (7%)
Addition—-CO-NHCH(CH,),SCH; (10%)
Addition (6%)

Proton transfer (protonated Met-Lys)®

H-atom abstraction (2%)

2H-atom abstraction (1%)

H,O abstraction (12%)

SCH; abstraction (15%)

HSCH,; abstraction (54%)

SH, abstraction (5%)

SC,H, abstraction (5%)
Addition—-CO-NHCH,, (4%)

Addition (2%)

Proton transfer (protonated Met-Gly)®

H-atom abstraction (2%)

H,0 abstraction (8%)

SCH; abstraction (9%)

HSCH; abstraction (69%)

SC,H; abstraction (7%)
Addition—-CO-NHCH(CH,),SCH; (5%)
Proton transfer (protonated Val-Met)?

20nly primary products’ branching ratios are listed.

PA slowly formed secondary product (protonated dipeptide) was observed in all reactions, likely due to the high basicity of the dipeptides.

Hence, isomerization of the meta-benzyne to a more
stable ortho-benzyne can be ruled out.

Amino acids and dipeptides were dissolved in meth-
anol (~1 mM) and electrospray-deposited onto 12.7 um
thick titanium foils (~150 nmol/cm?), as described
previously [33]. The foil was mounted onto a manual
insertion LIAD probe equipped with an optical fiber
[35, 39, 40, 53], which was inserted into the mass
spectrometer. The amino acid and peptide molecules
were evaporated into the cell by using 30-300 laser
shots (Continuum Minilite Nd:YAG laser, Santa Clara,
CA, USA, light of 532-nm wavelength, 3-ns pulse width,
10-Hz repetition rate) applied in a circular pattern on
the backside of a Ti foil (the side opposite to where the
sample was deposited). While the laser was fired, the
LIAD probe was continuously rotated so that each laser
pulse irradiated a fresh spot on the Ti foil. Each laser
shot desorbed molecules from an area of about 10° cm®
on the Ti foil (laser power density at the metal surface
was ~3 X 10° W/ecm?). Approximately 5% of the foil’s
total surface area was irradiated when the foil was
rotated 360°. The desorbed amino acid or dipeptide
molecules (with low kinetic and internal energies [33]
were allowed to react with the charged biradicals. After

reactions, all ions were excited for detection by using chirp
excitation with a bandwidth of 2.7 MHz, and a sweep rate
of 3200 Hz/us. The spectra were recorded as 64k data
points and subjected to Hanning apodization and one
zero-fill before Fourier transformation. All spectra were
corrected by subtraction of a background spectrum re-
corded by removing the reactant ion by SWIFT ejection
before reaction to make sure that the observed product
ions were generated by the desired ion population.

Results and Discussion

Previous studies [39, 40] have demonstrated that the
aromatic o,0-biradical selected for this study, the
N-methyl-6,8-didehydroquinolinium, reacts with sim-
ple organic molecules mostly via radical (as opposed to
electrophilic) pathways. This is true in spite of its a large
singlet-triplet gap [40] (—16.3 kcal/mol), which hinders
the radical reactivity of many other meta-benzyne type
biradicals [41-43]. The critical reactivity-controlling pa-
rameter is the large dehydrocarbon atom separation of
this particular biradical, which has been reported to
facilitate radical-type reactions of meta-benzyne analogs
[40, 43].



J Am Soc Mass Spectrom 2010, 21, 1737-1752

BIRADICAL REACTIVITY TOWARD PEPTIDES 1743

.O\/j NH,—CH—C—0H

NG CH-CH,

Cn, CH;
m/z 142 MW 117
Biradical 143
H-atom abstraction
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He _\ 144
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Figure 1. A mass spectrum measured for the reaction of the biradical (m/z 142) with Val (MW 117)

in FT-ICR.

Amino Acids

Amino acids can be separated into three categories
based on the types of reactions they undergo with the
biradical (Table 1). The first category contains the
simplest aliphatic amino acids studied, Gly, Val, and
Ile, the second contains Pro, and the third contains the
sulfur-containing amino acids Cys and Met. These three
categories are discussed in detail below.

Gly, Val, and Ile

While phenyl monoradicals react with the simplest
amino acids exclusively by H-atom and NH, abstrac-
tion [31], the biradical reacts by several additional
pathways. These include 2H-atom abstraction, H,O
abstraction, addition - HCOOH, addition — CO,, as well
as formation of a stable adduct (Table 1) (see Figure 1
for an example). Since the charged monoradicals pre-
dominantly attack these amino acids at H atoms and the
amino group, these sites are also likely to be first
attacked by the biradical studied here. Indeed, previous
studies of the reactions of similar monoradicals and
biradicals with DNA components suggest that the bi-
radicals’ reactions are initiated in the same manner as
the monoradicals’ reactions [35, 39, 40]. Hence, it is
reasonable to propose that the biradicals’ unprece-
dented reaction pathways start with either H-atom
abstraction or amino abstraction, and are followed by
other reactions. The biradical’s unique reaction path-
ways are discussed in detail next.

2H-Atom Abstraction

Abstraction of 2H-atoms must occur in a consecutive
manner due to the distance between the radical sites.
This reaction is likely initiated by H-atom abstraction
from aC or from the alkyl chain of the amino acid.
Plenty of evidence supports the vulnerability of the

aC-H site of amino acids for radical attack. For exam-
ple, para-benzoic acid radical (4-dehydrobenzoic acid)
has been reported to abstract a D-atom from aC of
a,a-dideuterioglycine [14] and hydroxyl radical is
known to abstract a H-atom from aC of aliphatic amino
acids [6] in the condensed phase. Furthermore, syn-
thetic enediynes have been demonstrated to abstract a
D-atom from aC of deuterated glycine mimics (Scheme 1)
in solution [25]. It also has been reported that the homo-
lytic «C-H bond dissociation energy in glycine (79.2
kcal/mol) is substantially lower than that of the N-H
(102.6 kcal/mol) and O-H bonds (112.9 kcal/mol) [54].
In addition to aC, the alkyl side-chain of aliphatic
amino acids has been found to be another vulnerable
site for phenyl radical attack. For example, for a given
positively charged phenyl monoradical, the larger the
alkyl side chain of the amino acid, the higher the
branching ratio of H-atom abstraction (gly < ala < val)
[31]. This was also found to be true for oligopeptides
(for example, the H-atom branching ratio increases in
the order gly-gly < gly-ala < gly-val) [33].

Based on calculated (UBLYP/cc-pVDZ; using the
CHELPG procedure) charges (Scheme 3), the radical
site 6 is the more electrophilic radical site in the biradi-
cal, and hence likely to be the site that initiates the

-0.149 -0.017
+0.071
+0.070 4 0,129
3
2
+0.036 1/ +0.113
N
. +0.246 | +-0.065
-0.156
CH;
-0.027
Scheme 3
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|
N
CH, 3
1 CH,
HyC—C

NHz—C—ﬁ—OH

CH, :

H,C—C

NH,—C—

Scheme 4

reaction (for a proposed reaction mechanism for H-
atom abstraction from oC of Val, see Scheme 4). Steric
hindrance from the methyl group is also likely to direct
the first reaction at the radical site on C-6.

After the first H-atom abstraction, the unquenched
radical site of the biradical likely abstracts another
H-atom from a carbon atom adjacent to the radical site
in the amino acid radical (or its fragments) to generate
a C—C double-bond (see Scheme 4 for an example). If
the collision complex now dissociates, the 2H-atom
abstraction product is formed. On the other hand, if the
2H-atom abstraction product transfers the methyl
group to the dehydrogenated amino acid, followed by a
proton transfer, the ion CoHgN™ is formed after disso-
ciation of this new collision complex (see Scheme 4 for
an example).

Addition, Addition — HCOOH, and
Addition — CO,

Possible mechanisms for the formation of the stable
adduct and the addition - HCOOH and addition — CO,
products upon the reaction of the biradical with glycine
are shown in Scheme 5 (the charge and odd spin
distribution shown are based on earlier work [31] on
related monoradicals). These reactions are likely initi-
ated by nucleophilic addition of NH, to the radical site
at carbon 6 (calculated to be the most electron deficient
radical site). Attack at carbon 6 rather than 8 is pro-

posed based on transition-state calculations ((U)BLYP/
cc-pVDZ/ /(U)BLYP/cc-pVDZ level of theory). The ac-
tivation enthalpies (relative to the separated reactants)
calculated for the nucleophilic addition of ammonia to
the 6- and 8-radical sites for 6,8-didehydroquinolinium
ion are —8.2 kcal/mol and —3.6 kcal/mol, respectively.
Thus, addition to carbon 6 is kinetically favored, al-
though addition to both sites may occur. As mentioned
above, charged phenyl monoradicals [31] also abstract
the amino group from amino acids, but their even-
electron analogs do not. Obviously, a radical site is
needed for this reaction to occur.

Examination of the reactions of the biradical with
simple organic compounds (e.g., hexylamine) suggests
that the amino group is indeed highly susceptible to
biradical attack. For example, the biradical reacts with
hexylamine by H-atom, 2H-atom, NH,, and NH; ab-
straction (likely NH, abstraction followed by H-atom
abstraction), addition and formation of CoHgN™. The
dominating NH, (49%) and NH; abstractions (21%)
demonstrate that the amino group is the most suscep-
tible site in hexylamine to the biradical attack.

For monoradicals, the nucleophilic addition of the
amino group to the m-system at the dehydrocarbon is
followed by a homolytic NH,—aC cleavage [31]. The
same was observed for the biradical. In this case,
however, further reactions may take place before the
product complex dissociates. In fact, NH, abstraction is
only a minor pathway for amino acids. More often, a
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highly exothermic radical-radical recombination leads
to a new, hot adduct that may either cool by emission of
IR light to yield a stable adduct, or fragment by loss of
CO, or HCOOH (Scheme 5). Indeed, SORI-CAD of the
stable adduct formed in the reaction of the biradical
with Val was found to mainly involve loss of CO, or
HCOOH.

H,O Abstraction

H,O abstraction by the biradical is facile for all the amino
acids. A possible mechanism for H,O abstraction from
glycine is shown in Scheme 6. According to the transition-
state calculations ((U)BLYP/cc-pVDZ//(U)BLYP/cc-pVDZ
level of theory) mentioned above, H,O abstraction is
likely initiated by nucleophilic addition of OH to the
radical site at carbon 6 in the same way as amino
abstraction occurs (see Scheme 6).

To further probe the structure assigned to the H,O
abstraction product, sustained off-resonance irradiation
collision-activated dissociation (SORI-CAD) of the H,O
abstraction product of the biradical with Val was exam-
ined. This product ion fragments by loss of CO. Since this
fragmentation is not structurally informative without ad-
ditional data, ions with the two most likely isomeric H,O
abstraction product structures, N-methyl-6- and N-
methyl-8-hydroxyquiniliniums, were independently
generated in a linear quadrupole ion trap from com-
mercial precursors by CH;l atmospheric pressure
chemical ionization, and subjected to CAD. N-Methyl-
6-hydroxyquinolinium was found to fragment by loss
of CO, while N-methyl-8-hydroxyquinolinium frag-
ments via loss of OH and CHj;. Hence, the H,O
abstraction product of the biradical and Val is con-
cluded to have the N-methyl-6-hydroxyquinolinium
structure, and it is likely generated by addition of the
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HO-group at carbon-6, followed by H abstraction by
the remaining radical site at carbon-8, in support of
the mechanism shown in Scheme 6.

Proline

Proline displays similar pathways upon reaction with the
biradical as glycine, valine, and isoleucine, with one
exception. No NH, abstraction occurs in the reaction of
proline with the biradical due to the absence of a terminal
NH, group. Instead, the biradical attacks the N-terminal
N-atom of proline, which is followed by ring-opening,
resulting in a stable adduct and adduct - HCOOH and
adduct — CO, products. Earlier studies show that ring-
opening also occurs in the reactions of related mono-
radicals with a proline-containing dipeptide (Pro-Ala)

[33]. For example, N-phenyl-3-dehydropyridinium re-
acts with Pro-Ala via NHCH = CH, abstraction,
NHCH,CHj; abstraction and H-atom abstraction) [33].
A possible mechanism for addition - HCOOH and
addition — CO, is shown in Scheme 7.

Cys and Met

Similar to monoradical attack [31], the S-C bond of
S-containing amino acids (i.e., Cys and Met) was found
to be especially vulnerable to biradical attack. However,
while SR (R = H or CHj;) abstraction dominates the
reactions of monoradicals with S-containing amino ac-
ids, an additional reaction pathway, HSR abstraction,
dominates the reactions of the biradical. For example, in
addition to the SCH; abstraction product, the biradical
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reacts with Met by a predominant abstraction of HSCHj,
(Table 1). The HSR abstraction is likely initiated by SR
abstraction from the amino acid molecule just like for
monoradicals [31], followed by H atom abstraction
before the collision complex dissociates (Scheme 8). The
high reactivity of the SR group hinders some competing
reactions, such as addition — CO, and addition - HCOOH.
NHS; abstraction was observed only in the reactions of the
biradical with Cys. Hence, this reaction likely involves the
commonly observed NH, abstraction, which in this case is
followed by H-atom abstraction from the SH group,
before the complex dissociates. Indeed, a previous study
of related monoradicals’ reactions with amino acids dem-
onstrated that SH in Cys is the preferred site for H-atom
abstraction by monoradicals [31].

Dipeptides

The gas-phase reactions of fifteen dipeptides with the
aromatic o,0-biradical were also investigated (Table 2)
(see Figure 2 for an example). The dipeptides can be
separated into three categories based on the type of
reactions they undergo. The first category includes the
simple aliphatic dipeptides, Gly-Gly, Gly-Ala, Gly-Val,
Gly-Leu, Gly-Ile, and Ala-Gly, the second category the
aromatic dipeptides, Tyr-Leu, Phe-Val, Phe-Pro, Leu-Tyr,

? ?
s NHZ—S‘H“C‘_NH—‘(EH_C‘OH
o, BEESRRE
Nk @ CH,
CH,

and Ala-Phe, and the third category the S-containing
dipeptides, Cys-Gly, Met-Lys, Met-Gly, and Val-Met.
These different categories are discussed in detail below.

Gly-Gly, Gly-Ala, Gly-Val, Gly-Leu, Gly-Ile, and
Ala-Gly

Just as observed for the individual amino acids, dipep-
tides containing the simplest amino acids display different
pathways upon reactions with aromatic o-monoradicals
and the aromatic o,0-biradical. While monoradicals (e.g.,
3-dehydro-N-phenylpyridinium) react with aliphatic dip-
eptides (i.e., Gly-Gly, Gly-Ala, Gly-Val, and Gly-Ile) exc-
lusively by H-atom abstraction and NH, abstraction
(just as with the individual amino acids) [33], the
biradical reacts with these dipeptides (and the individ-
ual amino acids) by several additional pathways. These
include the pathways observed for the individual
amino acids, i.e., 2H-atom abstraction, H,O abstraction,
addition - HCOOH, addition — CO,, as well as forma-
tion of a stable adduct (Table 2), although from these, all
except the H,O abstraction pathway are minor. In
addition, a new major reaction pathway, addition/
C-terminal amino acid elimination (addition — CO -
NHCHR(), was observed for the dipeptides. For exam-

m/z 142 MW 264
Biradical 145 H,0 abstraction

100 \ Addition — CO - NHCHCH(CH,),
g 80 Protonated Phe-Val /
g 60 Addition
_:;:_s 160 307 Addition — CO,
E 40
=}
< '/

_ 265 S
0.4 "'\""'1""{'| 'A'I" ]
100 200 300 400 500

m'z

Figure 2. A mass spectrum measured for the reaction of the biradical (m/z 142) with Phe-Val (MW
264) in FT-ICR. *Note: protonated Phe-Val is a secondary product.
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ple, while a phenyl radical (e.g., 3-dehydro-N-
phenylpyridinium) reacts with Gly-Ala by H-atom
abstraction and NH, abstraction [33], the o,0-biradical
reacts with this peptide by H-atom abstraction, 2H-
atom abstraction, H,O abstraction, addition - CO -
NHCHCHj; (elimination of the C-terminal amino acid),
addition - CO - NHCHCH; - CO,, addition — CO -
NHCHCHj; - H,0, addition - HCOOH, addition — CO,
and formation of a stable adduct (Table 2).

A possible mechanism for the addition/C-terminal
amino acid elimination is shown in Scheme 9. Similarly
as for the reactions of the biradical with amino acids,
the addition reactions of dipeptides are likely initiated
by nucleophilic addition of NH, (or an O-functionality)
to the radical site at carbon 6. The initially formed
dipeptide adduct may undergo a homolytic NH,-aC
bond cleavage to yield two radicals. Exothermic radical—-
radical recombination leads to a hot addition product.
Fragmentation of this addition product follows. Instead
of major loss of HCOOH or CO,, as observed for the
amino acids, the addition products formed from dipep-
tides undergo major loss of CO and NHCHRc. This
characteristic addition/C-terminal amino acid elimina-
tion (addition — CO — NHCHR.) demonstrates the
significant influence of the peptide’s exact amino acid
sequence on its reactivity towards the biradical. For exam-
ple, the biradical reacts with Gly-Ala and Ala-Gly to yield
different products: addition — CO - NHCHCH; for Gly-
Ala, and addition — CO — NHCH, for Ala-Gly (Table 2).

Some addition/C-terminal amino acid elimination pro-
ducts rearrange further and eliminate HCOOH, or more
rarely, CO, or H,O. For example, addition - CO - NHCH,
—HCOOH and addition — CO - NHCH, — H,O products
were observed in the reaction of the biradical with
Gly-Gly (Table 2); addition - CO - NHCHCH; - CO,
and addition - CO - NHCHCH; - H,O for Gly-Ala
(Table 2), and addition — CO - NHCHCH(CH,;), -
HCOOH for Gly-Val (Table 2). SORI-CAD of the iso-
lated addition/C-terminal amino acid elimination
product of Gly-Val was found to occur via the loss of
HCOOH, CO,, H,O, or C,H,0,. That only loss of

HCOOH (addition — CO - NHCHCH(CH,;), - HCOOH)
was observed in the reaction of the biradical with
Gly-Val (Table 2) is likely due to particularly high-
energy thresholds for the other reactions (i.e., loss of
CO,, H,0, and C,H,0,).

Tyr-Leu, Phe-Val, Phe-Pro, Leu-Tyr, and Ala-Phe

Aromatic dipeptides with the aromatic ring in the
N-terminus (i.e., Tyr-Leu, Phe-Val, and Phe-Pro) dis-
play very similar pathways upon reaction with the
biradical as aliphatic dipeptides. However, for aromatic
dipeptides with the aromatic ring in the C-terminus
(i.e.,, Leu-Tyr and Ala-Phe), one additional pathway,
addition/N-terminal amino acid elimination (addition —
CO - NHCHRy)), was observed. No such reaction was
observed for the aliphatic dipeptides discussed above,
or the aromatic dipeptides with the aromatic ring in the
N-terminus. This characteristic addition/N-terminal
amino acid elimination (addition - CO — NHCHRy)
demonstrates that the position of the aromatic ring in
dipeptides has an observable influence on the peptides’
reactivity toward the biradical. For example, while
addition — CO - NHCHRy (Ry = CHj;) occurs for
Ala-Phe, the analogous reaction (addition — CO -
NHCHRy; Ry = CH,C¢Hs), does not take place for
Phe-Val.

When considering the possible mechanism for the
addition/N-terminal amino acid elimination reaction
only observed for the reaction of the biradical with the
aromatic dipeptides with the aromatic amino acid in the
C-position, examination of the reactivity of related
monoradicals proves useful. Previous experimental and
theoretical studies of the reactions of charged phenyl
monoradicals with aromatic amino acids demonstrated
that monoradicals attack the ortho- or the para-position
of the aromatic ring in amino acids, which can be
followed by a homolytic Ca—Cf bond cleavage to form
an aromatic side-chain abstraction product [32]. There is
no reason to believe that this reaction does not occur
also upon biradical attack. Hence, the addition/N-
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terminal amino acid elimination is likely initiated by  age. Instead of dissociation of the product complex (as
radical addition of the biradical to either the ortho- or ~ for monoradicals), the products in the complex react
the para-position of the aromatic ring in the C-terminal ~ further by exothermic radical-radical recombination fol-
amino acid (ortho-addition is shown in Scheme 10 as an ~ lowed by elimination of the N-terminal amino acid as
example), followed by a homolytic Ca—Cg bond cleav- ~ CO and NHCHRy, (Scheme 10; similarly as HCOOH
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Figure 3. A mass spectrum measured for the reaction of the biradical (m/z 142) with Val-Met (MW
264) in FT-ICR. *Note: protonated Val-Met is a secondary product.
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and CO, are lost from the amino acids; Scheme 5). Note
that several different pathways may lead to the forma-
tion of the stable adduct.

Cys-Gly, Met-Lys, Met-Gly, and Val-Met

Similar to S-containing amino acids (i.e., Cys and Met),
the S-C bond of S-containing dipeptides was found to
be especially vulnerable to biradical attack. Indeed,
while SR (R = H or CH,) abstraction dominates the
reactions of related monoradicals (e.g., 3-dehydro-N-
phenylpyridinium) with S-containing dipeptides (i.e.,
Cys-Gly, Met-Lys, Met-Gly, and Val-Met) (just as with
the individual amino acids) [33], HSR (R = H or CH,;)
abstraction dominates the reactions of the biradical with
S-containing dipeptides. For example, the biradical re-
acts with Cys-Gly by predominant abstraction of a SH
radical and a H atom to yield the H,S abstraction
product (Table 2) and with Val-Met by predominant
abstraction of a SCH; radical and a H atom to yield the
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HSCHj; abstraction product (Figure 3, Table 2). The high
reactivity of the SR group hinders some competing
reactions, such as H-atom abstraction, 2H-atom abstrac-
tion, addition — CO,, addition - HCOOH and formation
of a stable adduct. For example, no H-atom abstraction,
2H-atom abstraction, addition — CO, nor addition —
HCOOH products were observed in the reaction of
Met-Lys with the biradical (Table 2). Further, since
Met-Lys has a C-terminal side-chain amino group avail-
able for biradical attack, it is not surprising that addi-
tion/N-terminal amino acid elimination (addition — CO —
NHCHRy (Ry = CH,CH,SCH;) was observed upon
reaction of Met-Lys with the biradical (Scheme 11).

Conclusions
In conclusion, the combination of LIAD with FT-ICR

mass spectrometry has been demonstrated to allow the
detailed investigation of the reactivity of an aromatic

Hy
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o,0-biradical (N-methyl-6,8-didehydroquinolinium) to-
ward amino acids and dipeptides. While H-atom ab-
straction and NH, abstraction have been reported to
dominate the reactions of related monoradicals (i.e.,
N-(2,3,56-tetrafluoro-4-dehydrophenyl)pyridinium and N-
phenyl-3-dehydropyridinium) with aliphatic amino ac-
ids and small peptides containing these amino acids,
several additional unprecedented reaction pathways
were observed in the reactions of the biradical. For
amino acids, these are 2H-atom abstraction, H,O ab-
straction, addition — CO,, addition — HCOOH and
formation of a stable adduct. For dipeptides, these
pathways were also observed, in addition to one addi-
tional pathway, addition/C-terminal amino acid elimi-
nation (addition — CO — NHCHR(). Most of the biradi-
cal’s reactions are likely initiated in the same manner as
the related monoradicals” reactions (with the exception
of H,O abstraction), i.e., H-atom abstraction, radical
addition to an aromatic ring, or nucleophilic attack by
an NH, group in the biradical. 2H-atom abstraction by
the biradical from the peptides and addition of the
biradical to an aromatic ring in C-terminal aromatic
peptides (leading to N-terminal amino acid elimination)
likely occur by simple radical mechanisms. However,
the reactions involving C-N and C-O bond formation
are probably initiated by nucleophilic attack of a N- (as
for monoradicals) or O-atom (not observed for mono-
radicals) of the amino acid or peptide at the radical site
at carbon-6 in the biradical. This site appears to be the
most reactive site in the biradical, no matter what the
mechanism of the reaction. After the reaction of the first
radical site (C-6), the unquenched radical site at C-8
reacts to give products not observed for analogous
monoradicals.

The biradical reacts with the aromatic dipeptides
that contain the aromatic amino acid in the N-terminus
similarly as with aliphatic dipeptides. However, for
those aromatic dipeptides with the aromatic amino acid
in the C-terminus (i.e., Leu-Tyr and Ala-Phe), one
additional pathway, addition/N-terminal amino acid
elimination (addition — CO - NHCHRy)), was observed.
This reaction is likely initiated by radical addition of the
biradical to the aromatic group in the C-terminus
(Scheme 9). Addition to aromatic rings in amino acids
and peptides has been found to lead to side-chain
abstraction for monoradicals. However, for the biradi-
cal, reactions at the unquenched radical site eventually
lead to elimination of the N-terminal amino acid.

In addition, similar to monoradicals” attack, the C-S
bond in amino acids and dipeptides was found to be
especially susceptible to biradical attack. While SR (R =
H or CH;) abstraction has been reported to dominate
the reactions of monoradicals with S-containing amino
acids® and dipeptides, an additional reaction pathway,
HSR abstraction, dominates the reactions of the biradi-
cal with S-containing amino acids and dipeptides. This
reaction is likely initiated by SR abstraction by the
radical site at C-6 in the biradical (just like monoradi-
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cals), followed by H-atom abstraction by the un-
quenched radical site at C-8.

Previous gas-phase studies on positively charged
phenyl radicals revealed reactivity toward protein
components that is similar to that of neutral hydroxyl
and phenyl radicals in solution. For example, both
a condensed-phase neutral phenyl radical (the 4-
dehydrobenzoic acid) and gas-phase positively charged
phenyl radicals (e.g., N-(3-dehydrophenyl)pyridinium)
react with «,a-dideuterioglycine by abstraction of a
D-atom from the a-position. Therefore, exploration of
the gas-phase reactivity of carbon-centered aromatic
biradicals with protein components may provide infor-
mation relevant to condensed phase studies. Indeed, it
was found here that a gas-phase biradical can damage
dipeptides by abstraction of H-atoms similarly as found
in condensed phase studies. For example, a synthetic
enediyne has been found to abstract a D-atom from the
aC-position of deuterated glycine mimics, likely via a
biradical intermediate (Scheme 1).
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