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Photodissociation of iodo-tyrosine modified peptides yields localized radicals on the tyrosine
side chain, which can be further dissociated by collisional activation. We have performed
extensive experiments on model peptides, RGYALG, RGYG, and their derivatives, to elucidate
the mechanisms underlying backbone fragmentation at tyrosine. Neither acetylation nor
deuteration of the tyrosyl phenolic hydrogen significantly affects backbone fragmentation.
However, deuterium migration from the tyrosyl � carbon is concomitant with cleavage at
tyrosine. Substitution of tyrosine with 4-hydroxyphenylglycine, which does not have �
hydrogens, results in almost complete elimination of backbone fragmentation at tyrosine.
These results suggest that a radical situated on the � carbon is required for a-type fragmen-
tation in hydrogen-deficient radical peptides. Replacement of the �H of the residue adjacent to
tyrosine with methyl groups results in significant diminution of backbone fragmentation. The
initial radical abstracts an �H from the adjacent amino acid, which is poised to “rebound” and
abstract the �H of tyrosine through a six-membered transition-state. Subsequent �-scission
leads to the observed a-type backbone fragment. These results from deuterated peptides
clearly reveal that radical migration in peptides can occur and that multiple migrations are not
infrequent. Counterintuitively, close examination of all experimental results reveals that the
probability for fragmentation at a particular residue is well correlated with thermodynamic
radical stability. A-type fragmentation therefore appears to be most likely when favorable
thermodynamics are combined with the relevant kinetic control. These results are consistent
with ab initio calculations, which demonstrate that barriers to migration are significantly
smaller in magnitude than probable dissociation thresholds. (J Am Soc Mass Spectrom 2009,
20, 1148–1158) © 2009 American Society for Mass Spectrometry

Odd electron species play important roles in
living systems. One of the specific functions of
these reactive species is to assist enzymatic

catalysis of biologically important redox reactions [1].
In addition to their relevance to biochemistry, protein
radicals are of significant interest in mass spectrometry.
This is largely due to the development and successful
application of radical-based dissociation techniques.
Both electron capture dissociation (ECD) and electron
transfer dissociation (ETD) are now conventional
methods in proteomic analyses [2, 3]. The mecha-
nisms governing dissociation for both techniques are
still under investigation [4]. It has been suggested that
capture of a single electron leads to a single backbone
cleavage [5, 6]. Surprisingly however, ECD of a cyclic
peptide yields observable fragmentation after capture
of a single electron, which can only occur if the backbone
is cleaved at multiple sites. O’Connor and coworkers have

proposed that hydrogen-deficient z· fragments produced
by ECD further dissociate through a series of cascading
reactions [7]. This hypothesis is also corroborated by
results from other experiments where covalent attach-
ment of radical trap moieties reduces the sequence
coverage observed in ECD experiments and by evi-
dence that extensive hydrogen atom migration occurs
after electron capture [8–10]. More recently, ECD of
solvated peptides shows that c and z· formation is
correlated with the ability of the solvent to “cage” a
hydrogen atom [11]. These results suggest that radical
chemistry may play a significant role in the fundamen-
tal dissociation mechanisms of ECD. Other radical-
based dissociation methods have also been developed
to interrogate peptides and proteins. In these experi-
ments, specific bonds are modified either covalently,
[12–14] or by attachment of a metal-complex, [15–17]
such that the bond is predisposed towards homolytic
cleavage. Activation of these precursor molecules by
CID generates the radical species.
Photodissociation (PD) is an alternative method for

generating radicals by electronic excitation of a suitable
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precursor [18]. Undesirable side reactions are avoided
with PD due to the specificity of the excitation chemis-
try. PD can be coupled with noncovalent or covalent
delivery of the photolabile group, and a variety of
precursor chemistries have been identified [19–21]. Of
particular interest for the present work, we have previ-
ously demonstrated that PD of iodine-labeled proteins
with 266 nm photons results in selective homolytic
dissociation of the carbon-iodine bond to regiospecifi-
cally generate a radical on the side-chain of tyrosine in
high yield. Subsequent collisional activation of these
radical proteins yields a-type backbone fragmentation
at the modified tyrosine. Scheme 1 shows the reactant
radical species and the backbone fragmentation prod-
ucts.
The observed selectivity favoring fragmentation at

tyrosine is puzzling for two reasons. First, the initial
radical is expected to be highly reactive. To explain,
comparison of relative C–H bond dissociation energies
(BDEs) can be used to estimate the reactivity of the
initial radical. The C–H BDE of benzene, which should
be similar to the tyrosyl radical, is 472 � 2 kJ/mol [22].
Typical C–H BDEs in the remaining peptide are much
lower. For example, the �C–H BDEs have been calcu-
lated to be in the range of 316–369 kJ/mol [23]. Thus,
abstraction of a hydrogen atom by the initial tyrosyl
radical will be exothermic for all non aromatic hydro-
gens, in some cases by a significant amount. Therefore,
radical migration away from tyrosine should be nonse-
lective and facile, absent any significant barriers to
migration. The second reason that the observed selec-
tivity is not expected is because the radical is separated
from the scissile site by four bonds, and cannot generate
the observed products directly. Furthermore, electronic
rearrangement is unlikely due to the localization of the
radical in a � orbital [24]. This fact, along with the steric
constraints imposed by the rigid tyrosine side-chain,
suggests that radical rearrangement or migration must
occur before dissociation.
The present work focuses on a small group of peptides

and their deuterated derivatives to examine the mech-
anism for selective fragmentation at tyrosine. Covalent
labeling experiments reveal that the � hydrogen of
tyrosine and the � hydrogen from either adjacent amino
acid are involved in backbone fragmentation at ty-

rosine. We propose a “rebound” mechanism to account
for these results. The initial tyrosyl radical abstracts a
hydrogen atom from the �-carbon of an adjacent resi-
due. This �-radical then “rebounds” and abstracts the
hydrogen from the �-carbon of tyrosine due to a
favorable six-membered transition-state. Subsequent
�-scission leads to the observed backbone fragmenta-
tion. Results from deuterated peptides also indicate that
radical migration and multiple migrations can occur.
Interestingly, it is observed that radicals are most likely
to initiate backbone fragmentation from thermodynam-
ically favored �-positions with the most radical stabili-
zation (as can be quantified by the lowest C–H BDE).
Theoretical calculations suggest that this apparent com-
bination of kinetic and thermodynamic control results
from the facile migration of radicals, which is con-
strained by barriers that are substantially below disso-
ciation thresholds.

Materials and Methods

All reagents were used as received unless specified. Di-
ethyl ether, ethyl acetate, dichloromethane, absolute etha-
nol, LC-MS grade acetonitrile, methanol, chloramine-T,
sodium metabisulfite, sodium chloride, sodium sulfate
(anhydrous), sodium iodide, and sodium bicarbonate
were purchased from Thermo-Fisher Scientific (Waltham,
MA). Dimethylformamide (DMF), hexanes, fluorenylm-
ethyloxycarbonyl (FMOC)-protected �-aminoisobutyric
acid (AIB), acetyl anhydride, and acetic acid were pur-
chased from EMD Biosciences (Gibbstown, NJ). Pyridine,
benzotriazol-1-yl-oxytripyrrolidinophosphonium hexaflu-
orophosphate (PyBOP), ninhydrin, 2,6-dichlorobenzoyl
chloride (DCB), (D)-4-hydroxyphenylglycine and di-
isopropylethylamine (DIPEA) were purchased from Acros
Organics (Morris Plains, NJ). �-d2-Glycine was purchased
from CDN Isotopes (Pointe-Claire, Quebec, Canada), while
�-d2-Tyrosine was purchased from Cambridge Isotope Lab-
oratories (Andover, MA). FMOC-protected glycine, argin-
ine(Pbf), leucine, and tyrosine(tBu) were purchased from LC
Sciences (Houston, TX). FMOC-protected alanine, d4-
methanol (99.8%), D2O (99.9%) and tri-isopropylsilane (TIS)
were purchased from Sigma-Aldrich/Fluka (St. Louis, MO).
Petroleum ether (Mallinckrodt-Baker, Phillipsburg, NJ), pip-
eridine (Anaspec, San Jose, Ca), FMOC-O-succinimide

Scheme 1
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(FmocOSu) (ChemPep, Miami, FL), 1-hydroxybenzotriazole
monohydrate (1-HOBt) (Chem Impex-International, Wood
Dale, IL) were purchased. Aluminum-backed thin-layer
chromatography (TLC) plates were purchased from Sorbent
Technologies (Atlanta, GA). RGYALG, RPPGYSPFR, and
RPPGFSPYR peptides were purchased from American Pep-
tide Company (Sunnyvale, CA).
Free amino acids were protected with FmocOSu accord-

ing to published procedures [25, 26]. Briefly, 1 equivalents of
FmocOSu was added to 1 equivalents of NaHCO3 and 1
equivalents of amino acid in water/acetone. The reaction
mixture was stirred for 24 h, after which the absence of a
free amino group was checked by TLC-ninhydrin analy-
sis. Peptides were synthesized manually using Fmoc
chemistry on a Wang resin (Acros Organics) [27]. The
DCB method was used to load the first residue onto the
resin. Subsequent chain extension reactions were achieved
using PyBOP activation. Peptides were cleaved from the
solid support using a solution of 95:2.5:2.5 TFA:H2O:TIS
for 2 h, after which the solvent was evaporated. The white
peptide filmwas carefully washedwith cold diethyl ether,
redissolved in water, and lyophilized.
Peptides were iodinated using a published protocol

[19]. In a typical iodination reaction, 1 equivalents of
chloramine-T was added to a 50–100 �L solution con-
taining 1 equivalents of peptide (�1–50 nmol) and 1
equivalents of sodium iodide. After 30 s, the reaction
was quenched by adding 2 equivalents of sodium
metabisulfite. Peptide acetylation was accomplished by
adding 20 �L of acetic anhydride to 5 nmol of iodinated
peptide dissolved in 100 mM ammonium acetate buffer.
After a 10 min reaction time, the mixture was lyophi-
lized. A separate aliquot of 5 nmol iodinated peptide
was lyophilized and redissolved in 50/50 D2O/CD3OD
to substitute all exchangeable hydrogens (i.e., attached
to heteroatoms) with deuteriums.
Solutions containing 10 �M peptide in 50/50 water/

acetonitrile were directly infused into a standard elec-
trospray source of an LTQ linear ion trap mass spec-
trometer (Thermo-Fisher, Waltham, MA). Ions were
collected in the linear ion trap, where mass spectrome-
try and dissociation experiments were performed. The
electrospray needle voltage and capillary temperature
were fixed at 5.0 kV and 215 °C, respectively. Voltages
for the transfer optics were optimized to maximize the
intensity of the singly protonated peak. A quartz win-
dow was installed on the back plate of the LTQ vacuum
housing to transmit fourth-harmonic (266 nm) laser
pulses from a flashlamp-pumped Nd:YAG “MiniLite”
laser (Continuum, Santa Clara, CA) directly into the
linear ion trap. Pulses were synchronized to the activa-
tion step of a typical MSn experiment by feeding a TTL
trigger signal from the mass spectrometer [28] to the
laser via a digital delay generator (Berkeley Nucleonics,
San Rafael, CA). Further MSn experiments were per-
formed by re-isolation and collision induced dissocia-
tion (CID) of the photodissociation (PD) product. We
have found that the narrow isolation windows required
to select the monoisotopic peak causes significant pre-

cursor ion heating. This leads to increased hydrogen/
deuterium scrambling compared to when a wide isolation
width is used. Therefore, the following experimental
scheme was used for all peptides to minimize experi-
mental artifacts arising from precursor ion heating. A
1.4 m/z isolation window was used to select the mo-
noisotopic, singly protonated peak. A second isolation
with a large window (10.0m/z) was used to allow the ions
to equilibrate to approximately room-temperature, [29],
after which the laser was triggered. For the final step
(MS4), the radical peptide is re-isolated with a 10.0 m/z
isolation window and collisionally activated. The default
activation time (30.0 ms) was used for all MSn steps.
Ab initio calculations were performed using the Gauss-

ian 03 version 6.1 revision D.01 software suite (Gaussian,
Inc., Wallingford, CT) using the hybrid density functional
B3LYP and MPW1K methods with the 6-31��g(d,p) and
6-31�g(d,p) basis sets, respectively. Spin contamination
was minimal for all systems. Candidate transition-state
structures were found using the quasi-Newton synchro-
nous transit (QST3) [30]. Frequency analyses at the same
level of theory on all structures revealed no imaginary
frequencies for minima and a single imaginary frequency
for each transition-state structure. Visualization of the
single imaginary frequency confirmed that the structure is
indeed a saddle point connecting the reactants and prod-
ucts. Activation barriers are corrected for vibrational zero
point energies, which are unscaled.

Results and Discussion

Figure 1a shows the PD spectrum for protonated iodo-
RGYALG, [RGIYALG � H]�. The most abundant prod-
uct is loss of iodine atom to yield a hydrogen deficient
peptide radical. Hydrogen deficient is used in the
context of a peptide missing a hydrogen relative to the
mass of a fully protonated, even electron ion (with no
implications about the specific structure of that ion)
[31]. Due to the small size of this peptide internal
conversion of residual energy from the laser pulse is
sufficient to fragment some ions, resulting in the addi-
tional loss of isopropene from leucine (�56 Da). PD also
produces a single backbone fragment in small abun-
dance, the a3 ion, which corresponds to cleavage of the
C�–C(O) bond of tyrosine. The yield of all radical
product ions can be increased by re-isolating the pep-
tide radical and performing further collisional activa-
tion, as shown in Figure 1b. In contrast to PD-CID of the
iodopeptide, CID of the noniodinated peptide produces
loss of ammonia and b ions [20]. Thus, the side-chain
losses and a3 ion are due to the unique chemistry
afforded by the presence of the radical. Importantly, the
selective fragmentation at tyrosine for this peptide
resembles the backbone fragmentation at tyrosine resi-
dues observed for whole proteins [19]. Investigation of
this smaller system should allow the details of fragmen-
tation at tyrosine to be elucidated.
In addition to backbone fragmentation at tyrosine,

side-chain fragmentation at leucine and tyrosine is
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observed in Figure 1b. Side-chain losses are commonly
observed in radical-mediated peptide dissociation [12–
21]. Most side-chain losses can be explained by hydro-
gen atom abstraction followed by � scission. A sum-
mary of the sites of hydrogen atom abstraction, the
chemical formulae and the nominal masses of the
observed side-chain fragments are given in Table 1.
Specific functional groups on the peptide, RGYALG,

were covalently modified to determine whether these
functionalities are essential to a3 formation. The alcohol
of the tyrosine side-chain was the first functionality
tested. In theory, rearrangement of the radical within
the tyrosine residue would yield the a3 fragment [19].
Scheme 2 shows the details of this mechanism. The

resonance-stabilized radical on the � carbon of tyrosine
can abstract the amide hydrogen to yield backbone
fragmentation (bottom right). Alternatively, � scission
produces loss of tyrosine side-chain (bottom left). To
test this hypothesis, RGIYALG was acetylated at the
N-terminus and the tyrosine OH. Figure 1c shows the
PD-CID spectrum of the doubly acetylated peptide,
[Ac2RGYALG·�H]�. The abundance of a3 and�43 are
increased, while the loss of tyrosine side-chain vanishes
completely. This suggests that the proposed rearrange-
ment does occur and is required for tyrosine side-chain
loss, but is not strictly necessary to produce a3.
To test whether any heteroatom hydrogens partici-

pate in this reaction, RGIYALG was dissolved in 50/50
D2O/CD3OD to exchange all labile hydrogen atoms for
deuteriums. If formation of a3 involves direct abstrac-
tion of an amide hydrogen, replacement with deute-
rium should incur a kinetic isotope effect. Figure 1d
shows the PD-CID spectrum of the fully deuterated
iodopeptide, [d14RGYALG· � H]�. Most ion abun-
dances, including the a3 ion, are similar to Figure 1b.
The single major difference is the diminished intensity
of tyrosine side-chain loss. This is most likely due to the
replacement of the phenolic hydrogen with a deute-
rium, which results in a significant, attenuating kinetic
isotope effect. This indicates that the phenolic hydrogen
is required for tyrosine side-chain loss, which is consis-
tent with the acetylation results mentioned above and
mechanisms proposed in literature [15, 16]. In sum-
mary, these results suggest that formation of a3 does not
involve the phenolic or amide hydrogens of tyrosine or
any other exchangeable hydrogens. Therefore, we must
conclude that the dominant pathway yielding backbone
fragmentation proceeds through a different mechanism
than we originally proposed (Scheme 2) [19]. This
implies, counterintuitively, that the tyrosyl radical must
migrate to another residue and then preferentially re-
turn to tyrosine to yield the a3 fragment.
This possibility can be explored by specifically re-

placing C–H bonds in the peptide with C–D bonds and
then monitoring migration of deuterium, which should
only occur by radical initiated chemistry. It should be
noted that scrambling of carbon-deuterium bonds is not
expected for closed-shell peptide ions [32, 33]. Substi-
tution of hydrogen for deuterium in direct abstraction
reactions typically results in significant kinetic isotope
effects. Measured kinetic isotope effects for hydrogen
abstraction by ·OH range from 2.0 to 6.8 and decrease
linearly with temperature [34]. Thus, monitoring deu-

Table 1. Side chain fragmentation summary

Amino
acid

Hydrogen
abstracted

Nominal
mass (Da) Fragment

L � 43 CH3CH·CH3

L � 56 CH2�C(CH3)2

R � 86 CH2CH2NH(C�NH)NH2

R � 99 CH2�CHCH2NH(C�NH)NH2

Y � 106 CH2�C6H4O

Figure 1. (a) Photodissociation of [RGIYALG � H]� produces
loss of I· as the most abundant product. (b) CID of [RGYALG· �
H]� yields selective backbone fragmentation at the tyrosine resi-
due (a3). (c) CID of [Ac2RGYALG· � H]�. Acetylation of the
tyrosine side-chain eliminates tyrosine side-chain loss. (d) CID of
the fully deuterium-exchanged radical peptide, [d14RGYALG· �
H]� yields a kinetic isotope effect only for the loss of tyrosine
side-chain. Thus, direct involvement of heteroatom hydrogens in
backbone dissociation is unlikely.
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terium transfers provides a lower limit to the extent of
hydrogen transfers that would occur in an unlabeled
peptide. Regardless of the magnitude, deuterium mi-
gration provides a record of where the radical has been,
which can be used to elucidate radical-induced dis-
sociation mechanisms in detail.
Abstraction of the � hydrogen from aromatic residues

has been suspected to play a role in the fragmentation of
radical peptides [14, 19]. The peptide RGY�d2ALG was
synthesized to test whether the � hydrogens of ty-
rosine participate in the formation of a3 ions. Figure 2a
shows the CID spectrum of the resulting radical ion,
[RGY�d2ALG· � H]�. The a3 fragment ion intensity is
split between singly and doubly deuterated a3. The
simplest mechanism yielding d1a3 involves the migra-
tion of the initial radical to the ALG residues, which is
followed by abstraction of one of the � deuteriums from
tyrosine. The intensity of d1a3 is much greater than d2a3,
which unequivocally shows that radical migration oc-
curs before fragmentation of this peptide. Further CID
of the even-electron d2a3 ion (shown in Figure 2b) also
reveals radical migration. The relative intensities of
d1b2, d1a2, and d1b1 indicate that�90% of Gly2 has been
deuterated. To summarize, migration of one of the
�-deuteriums of tyrosine almost always precedes the
formation of a3, and can only occur following multiple
radical migrations from the initial site.
The results in Figure 2a strongly suggest the

�-hydrogens of tyrosine play a critical role in selective
backbone dissociation. This hypothesis was investi-
gated further by substituting 4-hydroxyphenylglycine
(U) for tyrosine in the RGYALG peptide sequence. The
side-chain of 4-hydroxyphenylglycine is a phenol at-
tached directly to the � carbon of the peptide backbone
and does not contain � hydrogens. The lack of �
hydrogens to facilitate selective fragmentation should
lead to the disappearance of the a3 fragment. Figure 2c
shows the CID spectrum for [RGUALG· � H]�. Back-
bone fragmentation almost completely disappears and
side-chain loss at 4-hydroxyphenylglycine is absent.
Interestingly, the a3 fragment is observed at 0.2% relative

abundance. This indicates that an alternative pathway
exists to produce a3, which does not involve the � hydro-
gens of tyrosine. This channel likely involves abstraction
of the amide hydrogen, as proposed previously [19]. The
intensity indicates that this is a very minor channel. By
comparing the a3 fragment intensities in Figure 2c and
Figure 1b, we can conclude that the � hydrogen is essen-
tial for backbone fragmentation at tyrosine.
The results above illustrate how backbone fragmen-

tation is preceded by radical migration to the � position
of tyrosine. How does the initially generated radical
arrive at the � carbon? The deuterium transfer demon-
strated in Figure 2b (� carbon of Tyr3 to the � carbon of
Gly2) suggests that the adjacent amino acid may facili-
tate radical transfer to the � carbon. To further evaluate
whether the �-hydrogens of neighboring amino acids
are essential to backbone fragmentation, we focused on
a small tetrapeptide system. CID of [RGYG· � H]�

produces a3 in good yield and loss of tyrosine side
chain, as shown in Figure 3a, reproducing the selective
cleavage at tyrosine. To examine the necessity of the �
hydrogens of the glycine residues, experiments were
next conducted with �-aminoisobutyric acid (desig-
nated with the single letter code J). This uncommon
amino acid does not contain � hydrogens and prevents
radical migration to the � carbon adjacent to tyrosine.
Figure 3b shows the CID spectrum of [RJYJ· � H]�. The
intensity of the a3 ion in Figure 3b is significantly
diminished relative to Figure 3a, which indicates that
the � hydrogens of glycine in RGYG do facilitate
backbone fragmentation at tyrosine. Even-electron
counterparts of all other backbone fragments in Figure
3b (b2, b3 � H2O, c1 � 2) are found in the CID of the
non-iodinated peptide (data not shown). The remaining
a3 ion intensity must be produced from another path-
way. Radicals at other locations may also be able to
abstract the � hydrogen of tyrosine. Indeed, abstrac-
tion of a hydrogen atom from the methyl groups of �-
aminoisobutyric acid is feasible (the calculated BDE for
the methyl group in alanine is 428 kJ/mol) [19]. How-
ever, the seven-membered transition-state for hydrogen

Scheme 2
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atom transfer from the methyl side chain of J to the
�-position of tyrosine is not as favorable as for glycine.
Transition states involving sites separated by a greater
number of bonds are also possible, e.g., the initial
radical site and the side chain of arginine. Regardless,
the �-positions of the neighboring amino acid are shown
to play an influential role in backbone fragmentation in
this peptide model.
We propose the following “rebound” mechanism as

the primary pathway yielding backbone fragmentation at

tyrosine residues where the radical originates, as shown in
Scheme 3. The initial radical abstracts a hydrogen atom
from the � carbon of the adjacent amino acid. This
captodatively-stabilized radical can then abstract the
�-hydrogen from tyrosine through a kinetically favor-
able six-membered transition-state. Comparison of the
calculated C–H BDEs for glycine (350 kJ/mol) and the
�-hydrogens of tyrosine (367 kJ/mol) reveals that this
abstraction is energetically feasible (�BDE� 17 kJ/mol)
[20, 23]. This mechanism may access either the C- or

Figure 2. (a) CID of [RGYd2ALG· � H]�. Examination of the a3 fragment shows significant
scrambling of the deuteriums, indicating that the �-hydrogens of tyrosine play a critical role in
selective backbone dissociation. (b) Further CID of the doubly deuterated a3 ion, [d2a3 � H]�, from
(a) shows that a deuterium has migrated to Gly2. (c) Replacement of tyrosine in RGYALG with
4-hydroxyphenylglycine, which has no � hydrogens results in almost complete elimination of
selective fragmentation.
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N-terminal residue through a six-membered transition-
state. For RGYALG, apparently scrambling to the C-
terminal side is favored.

Radical Migration

As illustrated above and in previous work,[16, 35]
radical migration can play an important role in the
fragmentation of open-shell species. The CID spectrum
of [RGYGd2· � H]� is shown in Figure 4a. The obser-
vation of singly deuterated a3 ions unambiguously
shows that a deuterium from the C-terminal glycine

residue has migrated to the first three residues. Tandem
MS can be used to pinpoint the residue where the
deuterium has relocated. CID of the singly deuterated
a3 fragment (Figure 4b) produces a series of non- and
singly deuterated b ions. Examination of d1b2 and b2
reveals that the majority of the deuterium (75%) mi-
grates to the tyrosine residue. The remaining deuterium
(25%) is split between Arg1 and Gly2. Figure 4c shows
the CID spectrum for [RGd2YG· � H]�. All backbone
fragments (b2

·, a3) observed retain both deuteriums. In
contrast to the CID of [RGYGd2· � H]�, deuterium
migration from Gly2 to Gly4 (either directly or indi-
rectly) does not occur. The combined results suggest
that radical migration not only occurs, but does so
selectively. Since deuteration is unlikely to significantly
affect conformational states, radical migration must be
influenced by other factors.
There are two factors which contribute to barriers for

radical migration in peptides. The first contribution
results entirely from the nature of the donor and
acceptor sites for the radical, or is simply a measure of
the inherent “radical chemistry”. The second contribu-
tion is introduced by conformational restraints which
must be overcome to allow the donor and acceptor sites
to interact. Conformational restraints may also affect
radical transfer by preventing optimal alignment of the
donor and acceptor groups. Conformational contribu-
tions to the barriers will vary in magnitude from zero to
very high energies and are not easily calculated or
generally applicable (i.e., they will be numerous and
different for each peptide). For example, barriers have
been calculated to be as high as 94.9 kJ/mol in 1,4
H-atom transfers due to bond angle strain, or as low as
50 kJ/mol in other amino acid systems [36–38]. On the
other hand, barrier contributions due to radical chem-
istry alone can easily be calculated by examining radical
transfer between two unconstrained molecules. Barriers

Figure 3. (a) CID of [RGYG· � H]� yields backbone fragmen-
tation at tyrosine (a3) and loss of tyrosine side-chain. (b) The
CID of [RJYJ· � H]� is shown. Replacement of glycine with �-
aminoisobutyric acid (J), which does not contain �-hydrogens, sub-
stantially diminishes selectivity.

Scheme 3
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for abstraction by a tyrosyl radical from several relevant
model molecules were calculated at the B3LYP/6-
31��g(d,p) level of theory. Abstraction of the H� of
glycine by the tyrosyl radical has a calculated activation
barrier of 8.8 kJ/mol. The optimized structures for the
model tyrosyl radical - glycine complex (R1) and the
transition-state (TS1) are shown in Scheme 4. Similarly,
abstraction from benzylic and primary carbon sites also
proceeds with minimal barriers, viz. 7.1 and 15.9 kJ/
mol, respectively. These results agree with previous
conformationally unconstrained calculations on related

aromatic molecules [39]. Therefore, for a large variety of
possible sites, the only substantial barriers to radical
migration in peptides will originate from conforma-
tional constraints.
In contrast, a more substantial 73.2 kJ/mol barrier is

calculated for hydrogen atom migration between glycyl
radical and glycine, although this value is still lower
than typical proton-driven dissociation barriers (120–
140 kJ/mol) [40]. The optimized structures for glycyl
radical–glycine complex (R2) and the transition-state
(TS2) are shown in Scheme 4. The C�–H bond of glycyl

Figure 4. (a) CID of [RGYGd2· � H]� results in a deuterium transfer from the C-terminal glycine to
the a3 fragment. (b) CID of d1a3 from (a) indicates that 75% of the time, the scrambled deuterium
resides on tyrosine. (c) CID of [RGd2YG· � H]� yields backbone fragmentation without extensive
scrambling of the deuteriums on Gly2.
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radical must “bend” out-of-plane with respect to the
adjacent amine and carboxylic acid groups to accom-
modate the incoming hydrogen atom from glycine. The
energetic penalty associated with the loss of captodative
stabilization in the transition-state complex gives rise to
the observed barrier, which is an upper limit for glycyl
radicals in peptides where stabilization may be consid-
erably less. For example, glycyl radicals that are re-
stricted from planarity due to secondary structure will
have lower barriers to abstracting a hydrogen atom.
Recently, it has been reported that the B3LYP level of

theory underestimates barrier heights for hydrogen
atom abstraction and that MPW1K is a suitable alterna-
tive [38–42]. For the reactions shown, barrier heights
calculated using the MPW1K/6-31�G(d,p)//B3LYP/6-
31��(d,p) level of theory show a modest and system-
atic increase of �8 kJ/mol compared to B3LYP. These
barrier heights remain well below typical dissociation
barriers and do not affect the main conclusions in this
manuscript.
Theory therefore suggests modest to low barriers

will exist for radical migration in peptides, with the
dominant portion of the barrier frequently originating
from conformational effects. The experimental results
presented above indicate clearly that radical migration
occurs before dissociation. Furthermore, radical di-
rected dissociation dominates over proton initiated
fragmentation in most cases. Taken together, these
observations suggest that understanding radical migra-
tion is particularly important for predicting the ultimate
fragmentation chemistry. The preference for particular
backbone and side-chain fragmentations will be ulti-
mately determined by the relevant kinetics controlling
these dissociation pathways; however, since radical
migration occurs below the fragmentation threshold,
dissociation will be enhanced at sites to which the
radicals preferentially migrate, (which correspond to

thermodynamically favorable sites). Therefore back-
bone fragmentation at RGYALG, for example, occurs
almost exclusively at tyrosine (the thermodynamically
preferred destination), despite the presence of several
other side chains with � carbons, which might offer
similar kinetic constraints. Once the radical migrates to
tyrosine, backbone dissociation is more favorable than
subsequent radical migration to leucine, alanine or
arginine, (which is both thermodynamically uphill and
protected by kinetic barriers to fragmentation). We refer
to the process of radical migration to thermodynami-
cally favorable sites as radical funneling.
An interesting example is shown in Figure 5, where

three related peptides with distinct radical initiation
points yield essentially identical fragmentation. CID of
[RPPGYSPFR· � H]� yields a-type fragmentation at
Tyr5 and at Phe8. The a8 fragment is consistent with
abstraction of the � hydrogen of phenylalanine, fol-
lowed by � scission. Unlike fragmentation at tyrosine,
dissociation at phenylalanine cannot occur by the re-
bound mechanism (although radical transfer to the
adjacent �-carbon is possible). Furthermore, secondary
backbone fragmentation at phenylalanine could occur
by direct abstraction of the � hydrogen and does not

Figure 5. CID spectra of bradykinin analogs, (a) [RPPGYSPFR· �
H]�, (b) [RPPGFSPYR· � H]�, and (c) [YRPPGFSPFR· � H]� reveal
similar backbone fragments despite different radical starting
locations. The similarity suggests that the radical on each
peptide scrambles to a similar distribution of radical isomers
before dissociation.

Scheme 4
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strictly require an �-carbon radical intermediate. C-type
fragments N-terminal to serine are also observed in
Figure 5. This type of fragmentation has been docu-
mented previously and is produced from abstraction of
the serine � hydrogen [14, 20].
CID of an analogous peptide where the positions of

tyrosine and phenylalanine have been interchanged yields
uncannily similar fragmentation. CID of [RPPGFSPYR· �
H]� is shown in Figure 5b. The only significant differ-
ence is the absence of the c5-106 fragment. This is
expected given that the c5 in this peptide does not
contain tyrosine and phenylalanine side-chain loss is
not typically observed. All other backbone fragments
are present in similar relative abundance, despite the
difference in initial radical location. Figure 5c shows the
CID spectrum of the radical peptide, YRPPGFSPFR,
where the initial radical begins at the N-terminus.
Surprisingly, backbone fragmentation still occurs at in
similar relative abundances despite the quite different
initial radical location.
The identical backbone fragmentation observed for

all three bradykinin derivatives suggests that for a large
peptide where many equivalent endpoints for radical
migration may exist, the radical can migrate between
these sites. Isomerization may occur through direct
hydrogen atom abstraction between side chains, or by
radical migration along the peptide backbone. Further-
more, migration may take place during the activation
process. Regardless, the correspondence between the
three spectra is consistent with rapid isomerization to
similar radical intermediates, from which fragmenta-
tion occurs and yields a similar distribution of products.
It is worth noting that CID of two of these radicals,
[RPPGYSPFR· � H]� and [RPPGFSPYR· � H]�, have
been shown previously and yield qualitatively the same
products [43]. Dissimilarities in ion abundances be-
tween our experiment and previous work likely arise
from differences in preparation of the radical and ion
trapping pressures.
Given inherent peptide structure, only radicals situ-

ated at the amide nitrogens, or at the � and � carbons
may undergo � scission to cleave the backbone directly.
The hydrogen-deuterium exchange experiments above
indicate that the amide nitrogens are not favorable
sites for radical migration. �-Scission from an �-carbon
radical would necessitate cleavage of the resonance-
stabilized amide bond and is therefore unfavorable. The
amide BDE in the model compound, CH3C(O)–NH2,
is 414 kJ/mol [22]. In contrast, the C�–C(O) bond, which
is cleaved by � scission from a �-centered radical, is
expected to be easier to dissociate (BDE of CH3C(O)–
CH3 is 354 kJ/mol). Additionally, a theoretical study of
a closely related alkoxyl radical peptide predicts that �
scission of the C�–C(O) bond is essentially barrierless
[44]. These results are consistent with preferential back-
bone fragmentation at residues with low C�–H BDEs
and the absence of backbone fragments from �-centered
radicals. Thus, radical-induced fragmentation occurs
only when a radical can access a thermodynamically

favored site which is � to a weak bond, leading to a few
preferred fragmentation channels. For large peptides,
migration to sites with low C�–H BDEs appears to be
facile.

Conclusions

The mechanisms underlying backbone dissociation in
radical peptides were studied using chemically modi-
fied derivatives and deuterium-labeling on model pep-
tide scaffolds. We have shown that a radical positioned
on the C� of tyrosine is essential for producing a-type
fragmentation at tyrosine. Movement of the radical
from the initial site to the C� is facilitated by a rebound
mechanism between tyrosine and the adjacent amino
acid. Failure of the radical to rebound and return to
tyrosine yields side-chain losses and backbone frag-
mentation at other residues with low C�–H BDEs. The
results herein also indicate that the peptides studied are
either structurally flexible or exist in highly heteroge-
neous ensembles, enabling the radical to sample multi-
ple sites over multiple residues. We propose that radical
migration preferentially yields backbone dissociation at
sites with low C�–H BDEs. Electronic energies, zero
point vibrational energies, and coordinates for calcu-
lated structures can be found in the supplementary
material, which can be found in the electronic version of
this article.
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