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C,—C Backbone Fragmentation Dominates in Electron Detachment

Dissociation of Gas-Phase Polypeptide Polyanions
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Abstract: Fragmentation of peptide
polyanions by electron detachment dis-
sociation (EDD) has been induced by
electron irradiation of deprotonated
polypeptides [M—nH]"~ with >10eV
electrons. EDD has been found to lead
preferentially to a and x fragment ions
(C,—C backbone cleavage) arising from
the dissociation of oxidized radical
anions [M—nH]""D~, We demonstrate

even-electron x fragments dominating
over radical a' ions. Ab initio calcula-
tions at the B3LYP level of theory
with  the  6-311+G(2p,2d)//6-31+
G(d,p) basis set suggested a unidirec-
tional mechanism for EDD (cleavage
always N-terminal to the radical site),
with a’,x formation being favored over

[b]

a,x fragmentation by 74.2 kImol .
Thus, backbone C,—C bonds N-termi-
nal to proline residues should be
immune to EDD, in agreement with
the observations. EDD may find appli-
cation in mass spectrometry for such
tasks as peptide sequencing and locali-
zation of labile post-translational modi-
fications, for example, those introduced
by sulfation and phosphorylation.
EDD can now be performed not only
in Fourier transform mass spectrome-
try, but also in far more widely used
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spectrometry, can account for most of fragmentation
the backbone fragmentation, with

Introduction

In proteomic studies, tandem mass spectrometry (MS/MS)
has recently become a key methodology,!! with electrospray
ionization (ESI) being one of the two preferred ionization
techniques.”) MS/MS involves the dissociation of gas-phase
polypeptide ions, often of tryptic peptides from either isolat-
ed proteins or protein mixtures. MS/MS provides primary
sequence information for library-based protein identification
and the determination of post-translational modifications
(PTMs).F!
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quadrupole (Paul) ion traps.

For the purpose of ion dissociation, different activation
techniques have been employed. The most commonly used
is collision-activated dissociation (CAD),”! in which a heter-
olytic, charge-induced peptide (C—N) bond cleavage in pro-
tonated molecular species leads to b and y’ fragment ions
(see the peptide fragmentation nomenclature in the relevant
literature®™®!). Tn many respects, collision activation is analo-
gous to thermal heating. In both processes, labile groups, in-
cluding many types of PTMs, are lost prior to backbone
cleavage, which hinders their assignment. This drawback is
overcome in electron capture dissociation (ECD),” in which
specific S—S and N—C, backbone bond cleavages occur
more readily than PTM losses®™? and noncovalent complex
dissociation.'”! Furthermore, ECD at electron energies rang-
ing from 3 to 13 eV (so-called hot electron capture dissocia-
tion, HECD)!® allows distinction of isomeric isoleucine and
leucine residues, which enables complete or nearly complete
de novo sequencing of proteins as large as 15 kDa.["1?]

However, ECD is only applicable to multiply charged
positive ions, while many naturally occurring peptides are
acidic (~50%) and thus more readily produce negative ions.
The groups attached by such common PTMs as phosphory-
lation,™ sulfation," sialic acid containing glycosylation,!"”!
and even acetylation!" of basic amines (e.g., in lysine side
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chains) make polypeptide molecules even more acidic. Al-
though a number of recent publications in the scientific liter-
ature have shown that useful sequence information can be
derived from CAD mass spectra of negative polypeptide
ions,"¥1 negative-ion fragmentation is still rarely used in
practice. This is because the spectra obtained from negative-
ion MS/MS experiments are rife with ion peaks resulting
from internal fragmentations, extensive side-chain losses,
and neutral losses from fragments, and therefore these spec-
tra are not always easy to interpret.!'”

Some time ago, our group proposed a novel ion-electron
fragmentation technique for polyanions termed electron de-
tachment dissociation (EDD).”?l The advantage of ion-
electron reactions is that the fragmenting species are odd-
electron ions, in which the presence of a radical site dimin-
ishes the strength of nearby bonds. If the radical site is locat-
ed on the backbone, ion-electron reactions lead to extensive
backbone fragmentation with labile PTMs being preserved
on the fragments.®'*?% The mechanisms of many ion-elec-
tron reactions nevertheless remain obscure. Recently, as we
expanded mechanistic studies to EDD, we detected a new
prominent feature of this reaction, namely the dominance
among backbone cleavages of C,—C bond ruptures yielding
a' and x ions. This type of cleavage is otherwise rarely ob-
served: C,—C backbone cleavages have only been reported
as being dominant upon photodissociation (PD) of singly-
charged cations with UV light of wavelength 157 nm.**!
Here, we present experimental and theoretical evidence
that, in contrast to 157 nm UV PD of even-electron species,
the C,—C cleavage in EDD involves a radical mechanism
with oxidized [M—nH]""Y~ ions as reactive intermediates.

Results

To start with experimental evidence, consider the EDD
spectrum of the peptide FAP (Ac-EDLIEDLILE) shown in
Figure 1. The general features of the spectrum bear resem-
blance to the EDD spectra of other peptides.”>?!! The spec-
trum is dominated by the oxidized (charge-reduced) species
and small losses from them (vide infra). Backbone cleavages
are also very abundant: overall, all but two inter-residue
bonds (78 %) have evidently been cleaved, with three a', one
b, and five x ions being observed. In comparison, CAD of
the [M—H]~ ions gave rise to two b, one y’, and one z back-
bone fragment ion (data not shown). C,—C fragmentation
accounted for 96 % of all the various EDD backbone clea-
vages, with x ions dominating over a' ions by 50%. The
most abundant x ions, xg~ and x, , were due to cleavages ad-
jacent to aspartic acid (DL bond) and glutamic acid (ED
bond), respectively. The least abundant x ion, x;”, arose
from bond cleavage between the hydrophobic LI pair, while
the most abundant a* ion (as") was due to ED bond cleavage.

The observed preference for backbone fragmentation to
occur in the vicinity of acidic residues can be rationalized as
follows. FAP is an acidic peptide (pI<3.6), containing five
acidic amino acid residues. Among these are the glutamic
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Figure 1. QIT EDD mass spectrum of 2— ions of the FAP peptide (Ac-
EDLIEDLILE). a,,x ions accounted for 96% of the total backbone
cleavage abundance.

acid and aspartic acid residues, which, together with the C-
terminal carboxylic acid, comprise the most likely candi-
dates for deprotonation. The negative charge of deprotonat-
ed groups can be delocalized over other functionalities, for
example backbone amides, through what is effectively solva-
tion, such functionalities acting as a protic solvent. It has
been suggested® that EDD cleavage occurs near the loca-
tion (or solvation) of the negative charge. Since functional
groups in close proximity to the deprotonation site are more
likely to participate in charge solvation than more distant
groups, EDD backbone cleavage should occur near acidic
residues. On the other hand, since hydrophobic side chains
(effectively equivalent to an aprotic solvent) do not provide
for charge stabilization, which reduces the probability of
charge solvation near hydrophobic residues, EDD cleavage
in their vicinity should be disfavored, which is also in agree-
ment with the observations.

Examination of the region of the EDD spectrum corre-
sponding to oxidized species reveals that it contains a mix-
ture of [M—2H] ™ and [M—H]™ molecular ions. The latter
species are frequently observed in EDD and may originate
from either proton-transfer reactions between dianions and
radical cations formed by electron ionization during the
EDD event, or from H' atom transfer from unidentified
neutral species to the oxidized radical anions.””! The even-
electron species [M—H]™ are likely to be responsible for the
observed prominent water loss."® A radical-initiated mecha-
nism of CO, loss from oxidized species, another prominent
EDD feature, has been suggested elsewhere.” In compari-
son, CAD of the [M—H] ions led to abundant neutral
losses (H,O and NH;) from both fragments and precursor
ions, but no loss of CO,. In the mass region m/z 1140-1200
of the EDD spectrum, a number of losses from the oxidized
species of as yet unidentified origin were found.

The dominance of a* and x type fragment ions in EDD of
the peptide FAP was puzzling, since only a ions have been
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reported as dominating for EDD of 2— anions of the sulfat-
ed peptide caerulein (pEQDY(SO;H)TGWMDF).?! The
cited study was performed with a Fourier transform ion cy-
clotron resonance (FTICR) mass spectrometer, while a
quadrupolar ion trap (QIT) was employed in the present
study. To assess the influence of the instrumental factor, we
performed EDD on the 2— anion of caerulein in our QIT
set-up, and obtained three a* and two x ions (Scheme 1),

“oE Qp YiTe wMblF - NH,
X

Scheme 1.

arising from a total of five out of nine possible inter-residue
cleavages. No other types of backbone fragment were de-
tected, in contrast to the FTICR results. Oxidized species
were more abundant with QIT than with FTICR. Note that
one x ion in the QIT spectrum originated from bond cleav-
age adjacent to aspartic acid. The abundance of a* ions was
75 % higher than that of the x ions.

Other features of the EDD spectra, such as extensive
small losses, were similar for both instruments. Importantly,
fragment ions obtained in the QIT set-up retained the sul-
fate group so that the site of sulfation could be unambigu-
ously assigned to Tyr,. To ensure that the observed prefer-
ence for C,—C bond breakage was not related to a particular
peptide sequence, vibrational excitation (CAD) of caerulein
dianions was performed. As in FTICR MS, this led to neu-
tral losses, including losses of water and SO;, but little in the
way of C—N backbone cleavage (b and y ions).

The caerulein results may be explained by the much
higher background pressure in the QIT instrument
(1073 Torr) compared to the FTICR instrument (10~° Torr).
Because of the low number of collisions under the ultra-
high vacuum FTICR conditions, the internal energy incre-
ment obtained in an ion-electron interaction cannot be rap-
idly dissipated, which makes backbone fragmentation chan-
nels other than C,—C bond rupture possible, although b and
y type fragment ions originating from vibrational excitation
of even-electron precursors are not usually observed. The
high rate of collisions with background gas in QIT, on the
contrary, allows for rapid dissipation of the excess internal
energy, promoting only the most energetically favorable
fragmentation channels. The higher abundance of intact oxi-
dized species in QIT relative to the overall distribution of
fragments is consistent with this collisional stabilization
(vide supra).

The time scale of the EDD cleavage is an important issue
that is related to the analytical potential of the phenomen-
on. EDD is a more energetic phenomenon than ECD, be-
cause of the difference in the electron energies involved
(>10eV vs. <1eV). However, if the backbone fragmenta-
tion in EDD is fast and/or specific, labile post-translational
modifications may remain on the fragments, which would
permit PTM mapping. Both the FTICR and QIT results
with caerulein are indicative of such a possibility. However,
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phosphorylation is a more frequently used and arguably
more important modification than sulfation. Therefore, the
phosphopeptide VNTEpYPTDLISGV-NH, was used to test
the PTM retention in EDD. The EDD spectrum obtained in
the QIT is shown in Figure 2. Three a* and three x fragments
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Figure 2. QIT EDD mass spectrum of 2— ions of the phosphopeptide
(VNTEpYPTDLISGV-NH,). Three a' and three x ions unambiguously
determine the site of phosphorylation at the Tyrs residue.

were observed (the x ions dominated by 66 % ), all of which
retained the phosphate group. Cleavages of a total of six
backbone bonds narrowed the phosphorylation site to the
EYP sequence, thus excluding the threonine (Thr; and Thr,)
and serine (Sery;) residues as potential phosphorylation sites
and unambiguously assigning it to the tyrosine residue
(Tyrs). In comparison, the CAD spectrum of the 2— anions
exhibited consecutive losses of water and phosphate
(=79 Da) (data not shown). Thus, EDD can be used for the
determination of phosphorylated sites even in peptides that
exhibit severe phosphate losses by CAD.

Although electrospray ionization in the negative-ion
mode is best suited to acidic peptides, basic peptides also
produce abundant polyanion signals. A key question, how-
ever, is whether the presence of acidic functionalities is es-
sential for C,—C fragmentation in EDD. To address this
issue, we analyzed substance P (RPKPQQFFGLM-NH,),
which is very basic (theoretical pI = 11.5) and lacks carbox-
ylic acid functionalities. Despite the high basicity of substan-
ce P, negative-ion mode ESI yielded almost as high a current
of dianions as that of dications at positive polarity. EDD of
dianions of substance P led to extensive fragmentation in
the QIT (Figure 3a), with the spectrum featuring four a* and
five x ions, as well as two y’ and one z fragment. Overall,
eight backbone cleavages had evidently occurred. The ma-
jority of backbone cleavages were due to C,—C dissociation,
with x ions accounting for 81 % of the backbone fragment
ion signal.

The high yield of dianions was consistent with the earlier
observation that, although acidic peptides are not easily ion-
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Figure 3. a) QIT EDD mass spectrum of 2— anions of substance P amidated at the C-terminus. Five x, two y’, one z, and four a' fragment ions arise from
cleavages of eight peptide bonds. b) QIT EDD mass spectrum of 2— anions of substance P (carboxylic acid at the C-terminus) displaying five x, one z,
and three a* ions. ¢) FTICR EDD mass spectrum of 2— anions of the acidic form of substance P giving five x and four y’ ions.
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ized in the positive-ion mode, almost all peptides, regardless
of their acidity, can be ionized in the negative-ion mode
with satisfactory ion abundances.” After the hydrogens of
the carboxylic groups located at the C-terminus and on the
side chains, the next most acidic hydrogens are those posi-
tioned on the amide nitrogen atoms. We performed ab initio
(B3LYP/6-311+G(2d,2p)//6-314+G(d,p)) calculations on
N,2-dimethylpropanamide, which showed the hydrogen on
the backbone nitrogen to be more acidic than that at the o-
carbon atom by 70.8 kJmol™" (Scheme 2).

1573 kJ mol™ 1502 kJ mol™

\q 'L/
b

O
Scheme 2.

This result is in agreement with recent data by Bowie
etal., who, at a lower level of theory (HF/6-31G(d)//6-
31G(d)), found the amide hydrogen to be more strongly
acidic in energetic terms than that at the a-carbon atom by
116 kI mol ./

Thus, in substance P, deprotonation would be expected to
occur at the backbone amide nitrogens. Not surprisingly, the
otherwise ubiquitous CO, loss was absent in EDD of this
molecule. Instead, NH; loss and a low abundance isocyanic
acid (CONH) loss were observed.

To investigate the effect of the negative charge localiza-
tion on the EDD fragmentation pattern, EDD of the acidic
form of substance P (with a deamidated C-terminal) was
performed (Figure 3b). A series of x ions dominated the
spectrum, with x; being the most abundant, similar to the
situation seen in the spectrum of the amidated form (Fig-
ure 3a). The x, ion, however, was suppressed, and extensive
CO, loss was observed (with ~30% of the abundance of
[M—2H]™). This loss was a consequence of deprotonation
of the C-terminal carboxylic acid, which, upon oxidation by
irradiation with energetic electrons, is known to undergo
facile decarboxylation.?®?! This abundant CO, loss
(—44Da) can be compared with a minor (0.5% of
[M—2H]™) isocyanic acid (CONH) loss (—43 Da) from the
C-terminus of the amidated form (Figure 3a).

To assess the dependence of the EDD fragmentation pat-
tern on the instrumental conditions, the same samples were
analyzed by FTICR MS. The high-resolution FTICR data
confirmed the identity of @ and x ions as odd- and even-
electron species, respectively. As an example, the FTICR
EDD mass spectrum of the acidic form of substance P is
shown in Figure3c, obtained by irradiation of the
[M—2H]*" ions with 15 eV electrons for 250 ms. Here, x ions
again dominate among the backbone fragments, in agree-
ment with preferential charge retention by the C-terminal
carboxylic acid. The overall correlation between the relative
abundances of x ions normalized with respect to the oxi-
dized species [M—2H] found in both spectra was very
high, r>0.99 (Figure 3c), which highlights their similarity.
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However, a* ions were absent in the FTICR mass spectrum,
while two a fragment ions (one with a low abundance) were
detected in the QIT spectrum. This fact is consistent with
the earlier observation that less stable EDD products are
more abundant in QIT spectra, which was attributed to the
10°fold higher pressure inside the QIT instrument com-
pared to the FTICR instrument. Apparently, the stabilising
effect of pressure outweighs the destabilising effect of the
higher effective temperature of ions stored in the QIT. In
FTICR, the low frequency of ion-neutral collisions leads to
much longer relaxation times after activation through inelas-
tic collisions with electrons, which results in a higher aver-
age temperature of ions during the time interval after the
EDD event and before detection. Consequently, the y’ ions
that usually result from thermal (vibrational) excitation are
more frequent and abundant in FTICR MS than in QIT.
Despite this difference, the notable overall similarity be-
tween FTICR and QIT mass spectra indicates that the EDD
fragmentation patterns are less determined by the instru-
mental conditions than by other factors, presumably the lo-
cations of the deprotonation and charge solvation sites.

Discussion

Summarizing the above observations, a consistent feature of
EDD is the dominance of C,—C backbone cleavages yield-
ing radical a* and even-electron x ions. This dominance is
apparent in terms of both fragment occurrence and ion
abundances. Whenever carboxylic groups are present, they
give rise to abundant losses of CO, from the oxidized spe-
cies.

These C,—C cleavages are rarely produced by most activa-
tion techniques. Reilly et al. suggested that absorption of a
157 nm photon by a backbone carbonyl group would lead to
homolytic C,—C bond rupture yielding a* and x’, with the
latter subsequently losing H* atoms.? In EDD with >10eV
electrons, specific excitation of a certain group is unlikely,
and the oxidized radical species [M—2H]™ are the most
probable precursors for C,—C cleavages. To test this hypoth-
esis and to attempt to rationalise other experimental results,
ab initio calculations were performed on a model system
consisting of a complex between the dipeptide H-Gly-Ala-
OH and deprotonated acetic acid, the latter representing
the C-terminus or the side chain of either Asp or Glu
(Figure 4). Calculated total and relative energies of all opti-
mized structures are listed in Table 1.

In the absence of a solvent, that is in vacuo, energy mini-
mization typically occurs through intramolecular charge sol-
vation (charge-dipole interactions).” Therefore, as a start-
ing point, the deprotonated carboxylate group 1 was allowed
to approach the dipeptide 2. Local energy minima were ob-
tained for the dipeptide in both the cis-amide and trans-
amide isomeric structures. The trans-amide configuration of
2 turned out to be 41 kJmol™' more stable. Two stable con-
figurations were detected for the trans-amide structure, the
first with the N-terminal amine group forming hydrogen
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Figure 4. Energy profile of species involved in the EDD mechanism as calculated at the B3LYP/6-311+ G(2d,2p)//6-31+G(d,p) level of theory.
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Table 1. Total energies (Hartree) and relative energies (kJmol ™).

Compound Total Scaled ZPE ZPE corrected Relative
electronic correction energies, energies
energies, E, at 0 K Epve [Hartree] AE pye
[Hartree] [Hartree] [kImol™]

1 228608275 0.046065 —228.562209
2 —531.949589 0.157356 —531.792233

1+2 760.354442 105.4
3 —-760.599989 0.205397 —760.394592 0
4a —531.606244 0.155140 —531.451103
4a+1 —760.013312 1001.1

4b -760.436279 0.202258 —760.234021 421.6
5 —760.449587 0.203818 —760.245769 390.7
6 —531.263732 0.143405 —531.120327
TS(6-12) —531.222267 0.138451 —531.083815
7 —229.172097 0.059274 —229.112823
6+7 —760.233150 423.9
TS(6-12)+7 —760.196639 519.7
8 95241648 0.048194 —95.193454
9 —436.024099 0.090674 —435.933425
74+8+9 —760.239702 406.7
10 —39.857414 0.028644 —39.828770
11 -188.650244 0.011117 —188.639127
2+10+11 —1760.260130 353.0
12 —531.304235 0.144405 —531.159830
1247 —760.272653 320.2
13 —208.015204 0.048170 —207.967034
14 —323.196276 0.089769 —323.106507
7+13+14 —760.186364 546.7
15 —342.070404 0.118619 —341.951785
16 —189.166918 0.020100 —189.146818
7+15+16 —760.211426 480.9

bonds to the carbonyl oxygen (not shown), and the second
with hydrogen bonding between the same amine nitrogen
and the amide hydrogen. The latter configuration 2 was
found to be more favorable by about 5 kJmol™.

Upon charge solvation, strong hydrogen bonding is creat-
ed between the carboxylate and the amide hydrogen in 3
(1.774 A). This is consistent with the known polarization of
the carbonyl oxygen (partial negative) and the amide hydro-
gen (partial positive), which maximizes their potential to
solvate polar groups and charges. In EDD, an energetic elec-
tron induces vertical ionization in 3 and forms either 4a+1
by removing an electron from the free lone-pair on the
backbone amide nitrogen, or oxidises the carboxylate group
to yield 4b. The energy required is lower for 4b
(421.6 kJmol™!, ~4eV) than for 4a+1 (1001.1 kJmol™,
~10 eV). The larger potential energy stored in 4a+1 allows
it to proceed exothermically through all suggested channels
of fragmentation. Thus, 4a+1 can yield either 4b by a
580 kJmol™ exothermic recombination of the positive
charge on the backbone with the negative charge on the car-
boxylate, or 5 by a 610 kimol ™" exothermic proton transfer
from the amide nitrogen to the carboxylate. The carboxyl
radical complex 4b is the most probable intermediate of the
decarboxylation leading to loss of CO, (11) and leaving the
radical at the side chain of the acidic residue (10). This dis-
sociation is exothermic by 69 kJmol™'. If the CO, loss
occurs from the C-terminal carboxyl radical, it will result in
an a,” ion, n being the number of residues in the peptide. An
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alternative pathway for 4b is to undergo hydrogen abstrac-
tion leaving a radical site at the amide nitrogen (5), which is
exothermic by 31 kJmol™". The higher exothermicity of de-
carboxylation is the likely reason for the experimentally ob-
served abundant CO, loss.

Separation of the carboxy group from the backbone § —
6 + 7 is endothermic by 33 kJmol™'. Overall, the subse-
quent dissociation into a' (8) and x (9) fragment ions is exo-
thermic by 15 kJmol™! with respect to 4b and exothermic by
594 kJ mol™" with respect to 4a+1.

A 1,3-hydrogen shift in complex 6 leading to 12 is of rela-
tively high exothermicity (104 kJmol '), but has to over-
come a barrier of 96 kImol~' TS(6-12), for which there may
be energetic or kinetic obstacles. If formed, 12 may dissoci-
ate through endothermic C—N bond cleavage to b (13) and
y" (14), which would be endothermic by 227 kJ mol™".

The computational data on the EDD mechanism are in
general agreement with the experimentally obtained results.
The calculations suggest that the lowest-energy channel of
backbone fragmentation is the formation of a* and x ions,
which competes with decarboxylation. The formation of
other products, for example, b and y* ions, is disfavored.
This is consistent with the observation of a low number of
backbone fragments originating from cleavages other than
C,—C. Some of these fragments may even be formed from
even-electron precursor dianions by way of a thermal mech-
anism, such as collisional heating during isolation in the
QIT.

Influence of the C-terminal group on EDD fragmentation:
ECD of dications of substance P in both its acidic and
amide forms leads to similar mass spectra, with differences
being localized at the C-terminus.”! Differences in the
EDD spectra of dianions of the same molecules were more
pronounced. This is illustrated in Figure 5, for which the cor-
relation factor for x ion abundances was calculated to be
0.58. The main difference between the two EDD mass spec-
tra was due to the x, and x, ions, which can be rationalized
in terms of the different sites of deprotonation and charge
solvation in the two molecules. Deprotonation will be fa-
vored at the carboxylic acid as compared to the amide
group (typical gas-phase acidities for carboxylic acids
~1400-1430kJmol™';  for primary amides ~1470-
1500 kI mol).*%l Hence, the positions of the negative charg-
es should be shifted towards the N-terminus in the amidated
form, as opposed to the acidic form, in which it is certainly
the C-terminus that is deprotonated. Since the C,—C EDD
cleavages are postulated to occur at or near the sites of neg-
ative charge solvation, the charge shift towards the N-termi-
nus can account for the fact that x, ions arising from cleav-
age near the N-terminus are more abundant in the amidated
form. Thus, it appears that the differences in ion abundances
in EDD spectra can reflect the secondary gas-phase struc-
ture of peptide polyanions, in much the same way as ECD is
used to probe the secondary structure of polycations.* This
suggestion needs to be further tested in a more systematic
investigation.
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Figure 5. Correlation of EDD product ion abundances of x ions from sub-
stance P in acidic and amidated forms.

Low abundance of radical &' ions: The almost universally
observed lower abundance of radical a* fragment ions com-
pared to the even-electron x ions is believed to be a result
of two factors. The first is the lower stability of radicals com-
pared to even-electron species. Thus, radical a* ions may rap-
idly rearrange and/or undergo secondary decomposition in
the gas phase. For instance, in ECD and especially in
HECD, radical z* fragment ions usually appear with a lower
frequency and intensity than the complementary even-elec-
tron ¢’ ions. The a" radical ions may be even less stable than
z' fragments. Ab initio calculations have shown that it re-
quires 12-22 kImol™' more energy to induce partial side-
chain loss in Ile and Leu residues for z* precursors as com-
pared to a' ions.”! Such a secondary fragmentation of a* ions
should lead to even-electron d fragments, which, however,
remain to be detected in EDD spectra, most probably due
to the low abundances of the precursor @' ions. The question
of d ion formation in EDD is of analytical importance, be-
cause these species allow the isomeric Ile and Leu residues
to be distinguished, which, in turn, is valuable in de novo se-
quencing of polypeptides.'!! Another expected outcome of
the fragmentation of a° ions is the loss of a side chain from
the adjacent amino acid residue leading to e ions (N-termi-
nal equivalent of C-terminal u ions formed via a y-lactam
ring, as found in HECD of polycations).'"! The detection of
these d and e ions in EDD will be a goal of future studies.

The second contributing factor to the dominance of x ions
is the deprotonation of the C-terminus, a common feature of
acidic forms of peptides. The energy threshold for detach-
ment of an electron is equal to the electron affinity of the
corresponding radical site minus the coulombic repulsion
with other negative charges. This threshold depends upon
the acidity, as more acidic sites tend to have higher electron
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affinities. Thus, if the C-terminus is the most acidic site in
the molecule, the electron will be preferentially detached
from the other deprotonated site in the dianion, while the
C-terminus will remain a mere spectator, preserving its
charge to yield C-terminal product ions. As an example, cal-
culations at the B3LYP/6-311+G(2d,2p)//6-31+G(d,p)
level have shown that it takes only about 259.8 kJmol™' to
remove an electron from the conjugate base of N-methyla-
cetamide (CH;CON™CHj;), whereas it takes 421.6 kJmol™!
in the case of acetate (CH;COO™) (Figure 4).

Directionally restricted mechanism (unidirectional fragmen-
tation): The question of the direction in which the a-cleav-
age proceeds in EDD is important for rationalizing the ob-
served EDD fragmentation pattern. Experimental evidence
suggests that the EDD mechanism preferentially leads to
cleavage N-terminal to the radical site. An indication of this
is the absence of a’,x ions originating from cleavage of the
C,—C bond N-terminal to the proline residue. For instance,
EDD of substance P in both acidic and amide forms produ-
ces a series of abundant x ions ranging from x, to x,. Howev-
er, the x ions that would have arisen from cleavages N-ter-
minal to Pro, xg and x,,, are absent in this series (Figure 3a—c).

The absence of such cleavages is easily rationalized in
terms of the unidirectional EDD mechanism, in which the
radical site is located on the amide nitrogen. Since proline
residues contain a tertiary amide, the abstraction of a hydro-
gen atom or a proton is impossible. Hydrogen bonding to
this nitrogen by other heteroatoms is equally impossible,
and the proline residue does not participate in solvation of
the negative charge. However, cleavage N-terminal to pro-
line would still occur if the radical site at the adjacent N-ter-
minal amide could initiate C,—C bond rupture in the C-ter-
minal direction. The absence of these cleavages is a strong
argument in favor of C,—C bond rupture propagation to-
wards the N-terminus from the radical site.

Another important piece of evidence supporting this con-
clusion is the dominance among a ions found in EDD of
radical a' ions, with all x ions being even-electron species.
This a’,x formation can only occur if the radical initiates the
attack towards the N-terminal side, since the alternative C-
terminal directed o-cleavage should produce a and x° ions
(Scheme 3).

N-terminus -«—— Direction of radical attack —>%—> C-terminus
(0] (o] (0] 0]
I s oW N\
—C—NH=CHTC N—CH— —C—N—CH—C-NH-CH—
[\ ] i |
R R R R

|

(e}
Il . Il ]
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Furthermore, ab initio calculations have shown that for-
mation of a,x fragments (8, 9) is more favorable than that
of a,x" products (15, 16) by 74 kJmol™', lending additional
support to the unidirectional fragmentation mechanism.

Conclusion

Fragmentation reactions between negative ions of polypep-
tides and free electrons observed in a QIT are reported for
the first time to lead to dominant C,—C fragmentation re-
sulting in a* and x fragment ions. C,—C dissociation domi-
nates for both acidic and basic peptides, as well as for pepti-
des with PTMs. The most abundant species in EDD are C-
terminal species, and in this respect EDD of polyanions is
complementary to ECD of polycations, which favors N-ter-
minal ¢ ions. The suggested unidirectional mechanism of
EDD, supported by high level calculations, explains the for-
mation of a* and x fragments and the immunity to EDD of
C,—C bonds N-terminal to proline residues. The fact that se-
lected backbone bonds, either N—C, or C,—C bonds, can be
specifically cleaved by appropriate choice of ion-electron re-
action underlines the wonderful diversity of the chemistry of
peptide radicals. Further studies in this area are clearly nec-
essary.

Analytically, EDD has the potential for polypeptide se-
quencing and for mapping labile PTMs. The utility of EDD
is reinforced by the broader applicability® of the negative
ESI mode for peptides as compared to the positive mode.
However, in order for EDD to become a useful complement
to CAD and ECD of positive ions, the fragmentation effi-
ciency needs to be improved. At present, the EDD fragmen-
tation efficiency is of the order of 2-15% in QIT and 5-
20% in FTICR mass spectrometry.

Extension of EDD to routine LC/MS/MS analysis of pep-
tide mixtures, which is traditionally performed only in posi-
tive-ion mode, should improve the sequence coverage of
proteins in these experiments, thus advancing the combined
top-down, bottom-up approach for rapid and sensitive PTM
mapping in proteins.” Since it is believed that PTM analy-
sis will become one of the most important issues in proteo-
mic research,’? such an advance will be welcome news for
the furtherance of this field.

Experimental Section

Mass spectrometry: A modified Esquire LC (Bruker Daltonik AG,
Bremen, Germany) QIT mass spectrometer was used in the experiments
(Figure 6). The modification included the installation of an electron
source based on a heated filament. The filament consisted of one or two
parallel “tungsten/rhenium alloy” wires, each 75 um thick, installed in-
stead of the second lens (lens 2) in front of the first (source-side) end-
cap. At all times, except during the irradiation event, the heating current
through the filament was kept low and it was biased positively (3-5 V) to
prevent electrons from entering the ion trap. During the electron irradia-
tion event, the potential on the center of the filament was kept close to
ground, while the current through the wires was raised sufficiently to
cause them to glow with a bright-red color. The electron current pro-

Chem. Eur. J. 2005, 11, 1803-1812 www.chemeurj.org

FULL PAPER

Main RF

t

Figure 6. Schematic representation of the modified quadrupolar ion trap
(QIT), including the installation of an electron source and permanent
magnets on both the ring and the end caps. Injection of electrons was ini-
tiated by pulsing of the front end cap once every fundamental rf period
during the irradiation event.

duced by the filament was measured at the exit end-cap in the steady-
flow regime and reached a few pA.

To maximize the interaction time of ions and electrons, trapping of the
injected electrons in the QIT was accompanied by the creation of a static
magnetic field together with the existing electrical field. This resulted in
the trapping of electrons within the quadrupole trap for up to a half-
period (~600 ns)® of the rf oscillations. The magnetic field was created
by permanent magnets arranged about the ring electrode and on each
end-cap electrode. A 5.02 mm groove was cut 12.20 mm into the ring
electrode and an aluminium frame with inset magnets was inserted in the
groove. The measured magnetic field in the center of the trap was
250 gauss.

Two pulse generators were used to control the energy and duration of
the electron irradiation. The electron injection was initiated by positively
biasing (+10 V) the front end cap for 20-50 ns once every 1f period. An
electron energy between 10 and 20 eV was selected for optimal results,
which was achieved by injecting the electrons in the phase of the rf volt-
age when the potential in the center of the trap was +10 to +20 V. The
relationship between rf phase and electron energy was established by
monitoring the abundances of the SF, and SFs* ions formed from SF,
gas.

The peptides to be analyzed were electrosprayed in negative-ion mode
by means of direct infusion. Ions were accumulated inside the trap for
200-400 ms before isolation of the precursor ion. The pulsed electron ir-
radiation lasted between 200 and 400 ms, with an electron pulse in each
fundamental period having a duration of 20-50 ns. Spectra built up from
1 to 500 individual scans were integrated in each experiment. Noise
spikes and low-abundance ion peaks that possessed no isotope pattern
were filtered out by applying a specially designed automatic routine.

Sample preparation: Peptide molecules were purchased from Sigma or
synthesized in-house by means of a solid-phase N-a-Fmoc strategy!
using a ResPep automatic peptide synthesiser (Intavis AG, Germany).
Polypeptides were dissolved in H,O/MeOH (50:50, v/v) to a final concen-
tration of 10°m and then electrosprayed at a flow rate of about
1 pLmin~". The N-terminal of the peptide FAP was acetylated at room
temperature for 2 h (pyridine/acetic anhydride; 30:70, v/v) before cleav-
age from the solid phase.

Ab initio calculations: All calculations were performed using the Gaussi-
an 03 series of programs.”®l The geometries of the model species relevant
to the suggested EDD mechanism were optimized at the DFT (density
functional theory) B3LYP level of theory using the 6-31+G(d,p) basis
set. For higher accuracy, single-point energies of optimized structures
were calculated at the same level of theory using the 6-3114+G(2d,2p)
basis set after adding both polarization and diffuse functions for heavy
atoms and hydrogens. The use of diffuse functions is required for struc-
ture optimization of electron-rich radical and anionic molecules.* Tran-
sition-state (TS) structures were identified and optimized by the QST3
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method, starting from the optimized minimum-energy structures on both
sides of the first-order saddle point and a guess (optimized by a semiem-
pirical method) of the TS structure. The harmonic vibrational frequencies
of different stationary points on the potential energy surface (PES) were
calculated at the same level of theory as used for their optimization in
order to identify local minima or TS. Zero-point energies (ZPE) were
computed and adjusted by an appropriate correction factor of 0.9613 for
the B3LYP level of theory.”” The zero-point-corrected energies were
then combined with the total energies resulting from the geometry opti-
mizations.
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