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Abstract

The fragmentation chemistry of anionic deprotonated hydrogen-deficient radical peptides is
investigated. Homolytic photodissociation of carbon—iodine bonds with 266 nm light is used to
generate the radical species, which are subsequently subjected to collisional activation to induce
further dissociation. The charges do not play a central role in the fragmentation chemistry; hence
deprotonated peptides that fragment via radical directed dissociation do so via mechanisms
which have been reported previously for protonated peptides. However, charge polarity does
influence the overall fragmentation of the peptide. For example, the absence of mobile protons
favors radical directed dissociation for singly deprotonated peptides. Similarly, a favorable
dissociation mechanism initiated at the N-terminus is more notable for anionic peptides where
the N-terminus is not protonated (which inhibits the mechanism). In addition, collisional
activation of the anionic peptides containing carbon—iodine bonds leads to homolytic cleavage
and generation of the radical species, which is not observed for protonated peptides presumably
due to competition from lower energy dissociation channels. Finally, for multiply deprotonated
radical peptides, electron detachment becomes a competitive channel both during the initial
photoactivation and following subsequent collisional activation of the radical. Possible
mechanisms that might account for this novel collision-induced electron detachment are

discussed.
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Introduction

ositively charged ions receive the majority of the attention

from the mass spectrometric community when it comes to
investigating peptides and proteins. Nevertheless, there are
important reasons not to ignore anions. For one, many peptides
prefer to adopt a negatively charged state. Take for example the
synuclein proteins, which are associated with Parkinson’s
disease and some forms of cancer, and are dominated by acidic
residues [1, 2]. Furthermore, some important post-translational
modifications, such as phosphorylation, can also lead to
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preferential ionization as anionic species [3]. There are also
important chemical differences between anions and cations.
Most positively charged species are protonated, and dissocia-
tion following collisional activation is best explained in terms
of the mobile proton model [4]. The absence of mobile protons
in anionic peptides is therefore expected to substantially
influence the dissociation chemistry. In contrast, most anionic
species are deprotonated, with excess electrons serving as the
charge carriers. Consequently, detachment of an electron
following absorption of a photon occurs much more easily
for anions than for cations, which can also potentially influence
the resulting dissociation that will be observed [5].

Anionic peptides have been characterized to a limited
extent by numerous methods, including collisional activation
[6], electron detachment [7], electron capture [8], action
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spectroscopy [9], and photoelectron spectroscopy [10].
Collisional activation has been the most commonly imple-
mented approach and has been reviewed [11]. Electron
detachment can be carried out by both photoactivation and via
bombardment with high energy electrons [12]. The overall
process leads to conversion of [M — nH]™ to [(M — nH)*]™ ",
creating a hydrogen-deficient radical peptide (a peptide which
contains one less hydrogen atom than its even electron
counterpart). Electron capture, or the addition of another
electron to a negatively charged peptide, is counterintuitive
(but possible) and leads to the creation of a hydrogen abundant
radical, which exhibits distinct chemistry [13]. Action spec-
troscopy in the infrared can be utilized for structural evaluation
for peptides of known primary sequence.

Radical directed dissociation (RDD) based methods have
enabled unique capabilities for the characterization of peptides
and proteins. For example, fragmentation can be directed to
particular residues in selected cases [14, 15]. Protein structure
can be investigated by monitoring the degree of migration from
a specific radical initiation point [16]. The fragmentation
pathways and chemistry of positively charged hydrogen-
deficient radicals have been studied extensively [17-24].
Hydrogen-deficient radical anions have been neglected by
comparison [25, 26]. Interestingly, RDD is not a charge
dominated process, in contrast with most other gas-phase
chemistry. The primary competition with RDD in positively
charged peptides occurs when fully mobile protons exist,
creating alternative low energy dissociation channels [27-30].
The absence of mobile protons is therefore potentially
significant for RDD in anionic peptides.

It is demonstrated herein that the fragmentation of hydro-
gen-deficient deprotonated radical peptides is dominated by
odd electron chemistry. For singly deprotonated species, RDD
fragments including a, z, and c ions, accompanied by various
side-chain losses are primarily observed. Competitive b and y
ion formation, typical of collisional activation for even electron
ions, is not detected. Both of these observations suggest that
charges do not play a critical role in defining the fragmentation
of radical species. Photoactivation of multiply deprotonated
anions generates radical species by both loss of iodine
following homolytic cleavage of a carbon—iodine bond, and
by electron detachment. Interestingly, collisional activation of
the radical following loss of iodine can lead to electron
detachment as well. It was also determined that collisional
activation of deprotonated peptides with carbon—iodine bonds
can be used to site specifically generate radical species, which
has not been observed in protonated systems.

Experimental
Chemicals and Reagents

The following peptides were purchased from American
Peptide Company (Sunnyvale, CA, USA): ADLIAYL-
NH,, DRLYSFGL-NH,, GDGRLYAFGL-NH,, DRVYIHP,
YADFVVG-NH,, AEAEYEK, SAEEYEYPS, SQNYPIV,
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VEPIPY, YPFVEPI, YEVHHQKLVFF, TRSAW,
KWDNQ, KNRWEDPGKQLYNVEA, Ac-LMDKEAVY
FAHLDIIW, SYSMEHFRWGKPVG, YGGFMRRVGR
PEWWMDYQ, YMDGTMSQV. The peptide RGYDARA-
NH, was synthesized by solid phase peptide synthesis.
Sodium iodide (Nal), chloramine-T, sodium metabisulfite
(Na,S,05) for peptide iodination, and all the solvents used in
the mass spectrometry experiments were purchased from
Fisher Scientific (Fairlawn, NJ, USA). Water was purified to
18.2 MQ resistivity by a Millipore Direct-Q (Millipore,
Billerica, MA, USA) prior to use.

Preparation of lodinated Peptides

To synthesize iodinated peptides, 10 uL of a 1 mM peptide
stock solution (10 nmol) was added to a 1.5 mL Eppendorf
test tube containing 90 uL. H,O and 10 nmol Nal. To this, 1
pL of 10 mM chloramine-T stock solution (10 nmol) was
added and the test tube was allowed to sit in the dark for
1 min. Finally, 15 nmol Na,S,05 (1.5 pL of the 10 mM
stock solution) was quickly spiked into the peptide solution
and mixed well to quench the iodination reaction. This
resulted in addition of a single iodine to tyrosine in roughly
50% yield. When not quenched, the reaction continues to
completion to yield a statistical distribution of singly and
multiply iodinated products with a maximum of two iodines
added per tyrosine.

Photodissociation/Collision-Induced Dissociation
(PD/CID) of lodinated Peptides

Aqueous iodinated peptide solutions (0.1 mM) obtained
from iodination reactions were first diluted to 10 uM using
50/50 H,O/ACN containing 50 uM ammonium acetate. The
dilute iodinated peptide solutions were directly infused into
an LTQ linear ion trap mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) with a standard ESI source.
The electrospray mode was switched between the positive
and negative mode to acquire both cationic and anionic
peptide ionization and fragmentation. In order to do
photodissociation (PD) with the LTQ linear ion trap mass
spectrometer, the posterior plate of the LTQ was modified
with a quartz window to transmit fourth harmonic (266 nm)
laser pulses from a flash lamp pumped Nd/YAG laser
(Continuum, Santa Clara, CA, USA). The pulses were
synchronized to the end of the isolation step of a typical
MS? experiment by sending a TTL trigger signal from the
mass spectrometer to the laser by a digital delay generator
(Berkeley Nucleonics, San Rafael, CA, USA). The anionic
monoiodinated peptide ions were isolated for PD experi-
ments. Further MS® experiments were performed by re-
isolation of peptide radicals followed by collisional
activation. The isolation window width of MS? and
MS? experiments was limited to 5 Da. The collisional
energy was optimized to deplete approximately 75% of
the original precursor ion.
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Nomenclature

'M' will be used to describe a molecule or peptide in its
natural state. This does not include addition of protons or
any chemical modification (i.e. iodination), and assumes an
even electron species. lodinated molecules will be repre-
sented with a preceding superscripted label, "™'. For
protonated peptides, [M+nH]"" will be used to denote that
'n' protons have been added to the peptide. Similarly, [M —
nH]" indicates a loss of 'n' protons to generate anionic
peptides. The creation of radical species by homolytically
cleaving a chemical bond via photodissociation is used
extensively throughout the manuscript. These radicals are
generated independent of charge carrier, location, or polarity
and are written in a form to reflect their distonic nature (i.e.,
[M®*+nH]"" or [M® — nH]"™). Importantly, generation of
radicals by this method does not affect the number of
protons or charges present in the molecule. Photodetachment
is also used to create radicals and does lead to changes in
charge state. Photodetachment of an electron from an
anionic peptide decreases the charge state, and is accompa-
nied by the formation of a distonic radical. For example,
photodetachment of an electron from [M — 2H]*" would
produce [M® — 2H]™ (note that the number of protons lost
and charge state do not match in this case). Finally, both
photodissociation and photodetachment can occur for some
multiply charged anionic peptides. An example of this
would be an iodinated peptide, ['M — 2H]*", undergoing
photodissociation to form [M® — 2H]*" followed by photo-
detachment to form [M®® — 2H]". This nomenclature
indicates the initial presence of a diradical, although
radical-radical recombination may subsequently occur as
indicated in the text.

We will adopt the positive ion nomenclature to describe
fragments in this manuscript. No structures are implied. The
nomenclature is simply used to locate the point of
fragmentation and convey whether the charge is on the C-
terminus or N-terminus. This is appropriate, as recent careful
studies have demonstrated that isobaric fragment ions do not
unambiguously have the same structure (i.e., b ions are not
all the same) [31, 32].

Bond Dissociation Energy (BDE) Calculations

DFT calculations were performed at the B3LYP/6-31 G(d)
level of theory using Gaussian 09 rev. A.1 (Gaussian, Inc.,
Wallingford, CT, USA). All BDEs were determined by the
isodesmic reaction method where each amino acid was
extended on the N-terminus by a carbonyl group and on the
C-terminus by an amine. The N-terminus was modeled as an
alanine residue extended on the C-terminal side by an amine
only. The backbone amide N — H was modeled by the
dipeptide Ala-Ala. In the determination of B carbon C-H
BDEs, appropriate small molecules with experimentally
known BDEs were chosen as references as previously
described [37] In addition, (CH3);CN — H, C¢Hs — H, and
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HCONHCH; were chosen as reference molecules to accu-
rately model the BDEs of the amine N — H, tyrosyl C — H,
and amide N — H radicals respectively [33—-35].

Results and Discussion

The peptide SAEEYEYPS represents the C-terminal section
of procholecystokinin, can be sulfated at both tyrosine
residues, and helps regulate satiety [36]. SAEEYEYPS
contains three acidic residues, no basic residues, and is
easily observed when electrosprayed as a negatively charged
ion. Mono-iodination leads to modification at either Tyr5 or
Tyr7, roughly in equal abundance. The photodissociation
(PD) spectrum generated by exposure to 266 nm light for the
singly deprotonated iodinated peptide is shown in Figure 1a.
The primary product is the loss of iodine via homolytic
cleavage, generating a hydrogen-deficient radical. Some
secondary dissociation is also observed, yielding a cg ion.
Importantly, photodetachment of the electron does not
appear to be a dominant process in Figure 1a (the ion count
does not change significantly after the laser fires). Colli-
sional activation of the peptide radical following loss of
iodine and re-isolation is shown in Figure 1b. Abundant side
chain dissociation at tyrosine and glutamic acid is observed.
The generation of a-type fragments at both tyrosine residues
is consistent with a favorable dissociation pathway described
previously [37]. Similarly, dissociation on the N-terminal
side of serine to produce a c-ion has been described
previously. Most of the fragmentation is therefore consistent
with previous RDD experiments. However, the zg ion is not
expected based on previously described mechanisms and
will be discussed in further detail below. The loss of water is
also dominant in Figure 1b, although this loss is not likely to
occur via a radical directed mechanism. It has been noted
previously that deprotonated peptides containing glutamic
acid exhibit water loss [11]. With the exception of water
loss, all other notable fragments appear to be generated via
radical directed fragmentation mechanisms.

For comparison, the collisional activation of the equiva-
lent protonated radical ion [SAEEYEYPS++H]" is shown in
Figure lc. It is clear from the series of b ions which are
observed that proton initiated dissociation pathways are
competitive with RDD for the protonated peptide. Many of
the RDD fragments are similar to those described in
Figure 1b, although the zg fragment is notably absent.
Finally, the CID spectra for the deprotonated and protonated
even electron species are shown Figure 1d and e, respec-
tively. With the exception of the loss of water, there are no
substantial similarities between Figure 1b and d. This
suggests that for anionic radical peptides, RDD accounts
for the majority of the lowest energy dissociation pathways.
In contrast, a sequence of b ions is observed in both
Figure 1c and e, confirming that proton initiated dissociation
is competitive with RDD when this peptide is protonated.
The similarity observed in positive ion mode is consistent
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Shown in Figure 2 are CID spectra for deprotonated
hydrogen-deficient radicals of YEVHHQKLVFF (an AP
fragment), ADLIAYL (a neuropeptide), and DRLYSFGL-
NH, (an insect endocrine peptide). There are a variety of
side chain losses which are observed (e.g., from Tyr, Leu,
Arg, and Glu), which are discussed collectively further
below. Backbone fragmentation to yield a and z ions does
not occur haphazardly, but is localized primarily to
dissociation at aromatic residues, which is consistent with
known RDD mechanisms. There are very few b- and y-type
ions, which are frequently observed following collisional
activation of deprotonated peptides [11]. Taken as a whole,
the data in Figures 1 and 2 suggest that RDD dissociation
mechanisms for singly deprotonated peptides are largely
similar to those described previously in relation to positively
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with previous results correlating high proton mobility with
competitive proton-mediated dissociation [27, 28].
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charge ions [37]. This observation is perhaps not surprising
because no direct role is specified for the charge in any of
the previous mechanisms.

Also observed in each spectrum in Figure 2 is a z-type
fragment corresponding to loss of the N-terminal residue, as
was also noted for SAEEYEYPS in Figure 1. The identities
of the N-terminal and n+1 residues are different for each
peptide, suggesting that the dissociation is likely a property
of the N-terminus itself. A proposed mechanism to account
for these z fragments is shown in Scheme 1. This mechanism
begins with the radical located at the N-terminus. This is not
unreasonable since the N-terminus has an N-H bond
dissociation energy of 383 kJ/mol which is well below that
of the initial tyrosyl radical (475 kJ/mol). Migration from the
initial tyrosyl radical or from a variety of other potential
intermediate sites to the N-terminus would therefore be
predicted to be exothermic. Dissociation B to the initial
radical eliminates the N-terminal residue and generates a
radical x-type fragment. Radical x ions are known to be
unstable and frequently spontaneously lose HNCO to yield
more stable z-type ions.

This mechanism was probed experimentally with
TRSAW, a fragment of the parathyroid hormone related
protein [38], as shown in Figure 3. The radical peptides in
Figure 3 were generated by noncovalent attachment of an
iodonaphthyl 18-crown-6 based molecule as described
previously [37]. Collisional activation of [TRSAW®+H]"
yields primarily loss of CO, and an N-terminal z4 ion, which
could be formed by the mechanism shown in Scheme 1. In
Figure 3b, TRSAW has been acetylated, yielding a combi-
nation of acetylation at the N-terminus and at serine.
Collisional activation yields a z; ion, which retains the
acetyl modification, indicating that acetylation of serine does
not influence formation of this ion. However, no unmodified
z4 ion is detected, suggesting that acetylation at the N-
terminus does interfere. According to Scheme 1, N-terminal
acetylation would require abstraction of an amide hydrogen,
which is significantly less energetically favorable than an
amine hydrogen (BDEs of 453 [35] and 383 klJ/mol,
respectively). This explains the absence of the z, ion and
also provides a rationale for why z ions are not generated
throughout the peptide. In Figure 3b, an unmodified zs ion is
observed. This ion is created by threonine via a mechanism
described previously [39] and confirms that the threonine
side chain is not acetylated. The mechanism shown in
Scheme 1 is again not directly related to charge or charge
polarity; however, this pathway is affected if the N-terminus
is protonated, which makes hydrogen abstraction signifi-
cantly less energetically favorable.
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General trends in dissociation observed for deprotonated
hydrogen-deficient peptide radicals are summarized in
Figure 4 (the peptides are listed in the experimental section).
Figure 4a plots the average relative abundance of backbone
dissociation for each amino acid. Also shown are the BDEs
for the B-hydrogens of each amino acid side chain, which is
where backbone dissociation in RDD is typically initiated
[17]. As can be seen from the data, lower BDEs (on average)
correlate with increased yield of backbone dissociation. This
is consistent with observations found previously for posi-
tively charged peptides [37]. Importantly, the BDEs only
relate to the thermodynamics of radical migration and are,
therefore, not expected to correlate quantitatively with the
observed dissociation probabilities because kinetics will also
play a role in the fragmentation of each peptide. The
surprising degree of correlation in Figure 4a suggests that
on average for these large molecules, the kinetics of radical
migration are not generally dominant.

In Figure 4b, the relative abundances of side-chain
dissociation products are shown, with the average values
represented as triangles. Individual values often cover the
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Scheme 1. Mechanism of formation of z,,_; ions by RDD
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Figure 4. Statistical summary of data for all peptides listed
in the Experimental section. (a) Cg—H bond dissociation
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anionic radical-induced backbone fragments (solid triangle);
on average, backbone fragmentation is favored at residues
with low BDEs. (Note: Cys was not present in the peptides
sampled.) (b) Propensities of side chain losses at each amino
acid following collisional activation of peptide radical anion
precursors. Open circles are individual experimentally ob-
served side chain losses, solid triangles represent averaged
values. The radical site leading to each loss is indicated by
the appropriate Greek letter

entire scale and range from no observable dissociation to
being the most abundant side chain loss. This range is due to
kinetic factors largely dictated by the particular structures for
each peptide, which favor or inhibit migration of the radical
to a particular side chain. However, the averages are again
revealing in terms of the thermodynamics of radical
migration. For each side chain from which multiple
dissociations are observed, the average loss initiated from
the site with a lower BDE [40], which is always the loss
originated from a C, radical (e.g., —43 for Leu) is observed
more frequently.

The photoactivation of multiply charged anions is
explored in Figure 5. Photoactivation of triply deprotonated
i0odo-SAEEYEYPS is shown in Figure 5a. Several products
are observed, all in fairly low abundance: loss of iodine, loss
of an electron, loss of an electron and iodine, and loss of an
electron and iodine and CO,. Subsequent collisional activa-
tion of the loss of iodine product is shown in Figure 5b.
Surprisingly, the primary product afforded by CID is
electron detachment [41, 42]. The electron affinities of the
initial charge carrying groups (carboxylates) are quite high
(>3.2 eV) [43], suggesting that thermionic-like emission is
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unlikely from these groups. This is supported by the
observation that electron detachment is not observed in
collisional activation of deprotonated peptide anions. It is
also possible that an electron could have been promoted into
a weakly bound orbital following absorption of a photon,
which is then lost upon collisional activation. However, it is
not clear how this electron would survive the high pressure
and electric fields present in an ion trap long enough to
allow isolation and collisional activation. A third possibility
would be radical attack of the carboxylate anion, leading to
concurrent formation of a new covalent bond and electron
detachment (see Scheme 2). The energy from bond
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formation could drive electron detachment in this scenario.
Collisional activation of the product following electron
detachment yields the spectrum shown in Figure 5c, which
is consistent with the type of crosslink that would be formed
by the mechanism in Scheme 2. Further experiments will be
required to definitively determine which of these possibili-
ties actually leads to electron detachment.

Several additional minor side chain losses and backbone
fragments consistent with RDD are also observed in
Figure 5b. The loss of 71 Da corresponds to loss of the
deprotonated glutamic acid side chain as shown in Scheme 3.
A small yg ion is also present. This fragment would not be
expected to occur via a radical directed process; however, it
is consistent with a cross-linked peptide generated after
recombination of a diradical. The yg ion is the second most
abundant product in Figure 5c, suggesting that the yg in
Figure 5b likely results from subsequent fragmentation of
hot [SAEEYEYPS®*® — 3H] 2 following loss of iodine and
electron detachment.

Similar results are obtained for doubly deprotonated
YPFVEPI (a casein related peptide) as shown in Figure 5d.
Collisional activation of [YPFVEPI® — 2H] > (following loss
of iodine) again leads primarily to electron detachment.
Subsequent activation of the electron detached product
yields almost exclusive loss of CO,, which is again
consistent with cross-linking following diradical recombina-
tion. In addition to electron detachment, loss of CO, and
charged glutamic acid side chains are once again observed.

PD can be utilized to generate radicals regardless of
charge polarity; however, collisional activation of iodinated
peptides in positive ion mode does not lead to loss of iodine
and generation of hydrogen-deficient radical species. Shown
in Figure 6a is the CID spectrum for deprotonated
'AEAEYEK (iodinated at tyrosine). Surprisingly, the largest
peaks correspond to loss of iodine and loss of iodine with
several side chains. Isolation of the loss of iodine peak
followed by collisional activation is shown in Figure 6b. The
corresponding spectrum where the radical was created by
photoactivation is provided in Figure 6¢. The two figures are
very similar, both in terms of product ion identity and
intensity, suggesting that the method for creating the radical
in this case does not significantly influence the results. The
mechanism which leads to loss of iodine in anion mode is
not fully understood; however, it is known that the carbon—
iodine bond is weak in comparison to naturally occurring
bonds in peptides. It is possible that in the absence of proton

OH
~"n
0 0,
o 0 e o
—_—
Scheme 2. Potential mechanism leading to electron

detachment
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catalyzed dissociation pathways, cleavage of this bond is
simply one of the lowest energy dissociation routes.
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Conclusions

Many of the radical chemistry dissociation pathways that
occur in deprotonated peptides are very similar to those
found in protonated peptides. In other words, the charges do
not play a central mechanistic role in either case. However,
there are also a variety of interesting and important differ-
ences that distinguish anionic peptides from their cationic
counterparts. For example, the absence of competitive low
energy proton initiated dissociation pathways in singly
deprotonated radical peptides leads to dissociation dominat-
ed by radical chemistry. Similarly, the absence of protons
favors backbone fragmentation at the N-terminal residue for
anionic radical peptides via a mechanism which is inhibited
if the N-terminus is protonated.

In the case of multiply deprotonated peptides, photo-
activation at 266 nm yields both fragmentation of carbon—
iodine bonds and electron detachment (which is not
observed in protonated systems). Interestingly, subsequent
collisional activation of the hydrogen-deficient radicals
generated by PD also leads to a substantial amount of
electron detachment. Such collision-induced electron de-
tachment has not been previously observed for any peptides
or peptide radicals to the best of our knowledge. Similarly,
collisional activation of deprotonated peptides can be
leveraged to create hydrogen-deficient radicals via dissoci-
ation pathways yielding homolytic fragmentation of carbon—
iodine bonds. Analogous experiments with protonated
peptides do not yield radical species.
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