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Large numbers of gas-phase dissociation spectra of protonated
peptides are obtained daily and used in protein identification studies.
Yet fundamental knowledge of the factors that influence their
unimolecular dissociation branching ratios is relatively poor. It is
still not possible to predict dissociation branching ratios from a
peptide sequence. Clearly, several chemical factors must influence
dissociation patterns, including theψ,φ angles determined by the
residues involved in an amide bond, the propensities for certain
side chains to interact with each other or with the backbone, the
tendency for added protons to be intramolecularly solvated, and
the stability of the fragment ions once formed.1-4 Studies of
unimolecular dissociation over the past several years have focused
on simple model systems5-9 that were designed to systematically
vary structure and determine the influence of the changes on the
dissociation pattern. A complementary approach is to acquire a large
number of spectra from a great variety of sequences and use a “data
mining” approach to glean as much chemical information as
possible from the dataset.10-13 Attempts can then be made to
correlate the gleaned information with information known from
other studies, e.g., preferred bond angles compiled from the protein
databank, as shown below.

Peptide MS/MS spectra from the proteome of the organism
Shewanella oneidensiswere collected using ThermoFinnigan LCQ
ion-trap instruments. The SEQUEST algorithm14 was used to assign
peptide sequences to these spectra. Accurate Mass Tag (AMT)
measurements15 by FT-ICR were used to confirm the assigned
sequence, and PeptideProphet16 was used to filter spectra, resulting
in 16 738 spectra for which sequences can be assigned with high
confidence. The filtered spectra include 5654 doubly charged tryptic
peptides (terminating in Lys or Arg) for which charge-directed
fragmentation is expected (5 to 38 residues, median and average
16 residues). Analysis of fragmentation of the amide bonds of these
5654 unique doubly charged tryptic peptides are reported here. A
more detailed study of the entire dataset is in progress.

Ion types investigated here correspond to cleavage of amide
bonds with retention of charge on either the N-terminal fragment
(b ion) or the C-terminal fragment (y ion). Singly chargedb andy
ions were first identified from each spectrum according to the
assigned sequence and were normalized to the most abundant peak
in the same ion series. The normalized abundances were then
catalogued by the pair of the amino acid residues at the cleavage
site as the relative abundances for such cleavages. After this process
was repeated for all Xxx-Zzz amino acid combinations represented
in the 5654 spectra, two tables were generated. Figures 1a and 1b
illustrate the average bond cleavage abundance at each amino acid
combination forb andy ions, respectively, with the color scheme

corresponding to cleavage abundance shown in Figure 1c. Columns
and rows for Cys and Trp were purged because of their low
occurrence in the data set. Columns for Arg and Lys do not exist
for y ions because of the low mass cutoff inherent to ion-trap
instruments.

The extremely prominent cleavage N-terminal to Pro (column
labeled “P”) and the extremely weak cleavage C-terminal to Pro
and Gly (rows labeled “P” and “G”) for bothb and y ions are
consistent with previous studies.12 Proline, the only cyclic amino
acid, has long been known to undergo enhanced cleavage at its
N-terminus.8,12 The dominance of enhanced cleavage N-terminal
to Pro (between prePro and Pro) and suppressed cleavage C-terminal
to Pro and Gly suggests a fundamental dependence of gas-phase
peptide fragmentation on conformational constraints. Ramachandran
plots, based on protein crystal structure analyses, show that allowed
and preferred backboneψ,φ angles for Pro, Gly, and prePro residues
differ from those of the general case (all other amino acids).17 The
correlation between those residues that contribute to enhanced/
suppressed cleavage in gas-phase peptides and those residues that
occupy enhanced or limitedψ,φ space in protein structures suggests
that the factors that control protein backbone conformation, side
chain rotamers, and distortions of CRCâ also contribute to
dissociating conformations in gas-phase ions. This is not meant to
suggest that a gas-phase protonated peptide has a structure identical
to that of a similar sequence in a protein crystal but rather that
gas-phase peptide fragmentations are assisted by local sterically
favored backbone and side-chain conformations that favor a
particular intramolecular nucleophilic attack and/or a particular
charge solvation structure (e.g., favorable prePro carbonyl...H+....Pro
carbonyl18). When plots similar to Figure 1 are prepared for datasets
corresponding to peptides with mobile vs nonmobile protons
(protons free to transfer intramolecularly, e.g., peptides in Figure
1, vs protons localized at a basic residue), it is clear that cleavage
is enhanced at prePro-Pro only when a mobile proton is available
to the peptide backbone. In addition, spectra of a pentapeptide with
L- vs D-Pro show a different dominant dissociation fragment,19 and
results for the 6-ring analogue of Pro show strong C-terminal
cleavage.8 These results further support a conformational influence
on gas-phase prePro-Pro protonation and subsequent fragmentation.

Related trends are observed that were previously suggested12 for
a more narrowly defined set of peptides. These trends might also
be explained by correlations to Ramachandran plots: preferential
cleavage C-terminal toâ-branched aliphatic residues, Ile and Val,
was observed for bothb and y ions and may result from
conformational restrictions imposed by theâ-branched side-chain;
Ile and Val are known to have allowed and preferred areas of
Ramachandran plots that occupy slightly lower percentages of total
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ψ,φ space than the other “general” residues.20 Leu, with a
γ-branched side-chain, shows less enhanced cleavage compared to
Ile and Val.

Several trends in the data of Figure 1 appear to be related to the
ability of the side chains to act as proton acceptors/donors.
Relatively strong cleavage C-terminal to histidine inb ion forma-
tion, as reported for model peptides and smaller sets of spectra,1,11,21

is also observed here. This is presumably the result of the
localization of the charge on the histidine side chain and initiation
of a charge-directed cleavage. Serine, in bothb andy ions, shows
weak cleavage at its C-terminal amide bond but relatively strong
cleavage at its N-terminal amide bond. H-bonding intermediates
may explain this observation. The oxygen on the Ser side chain
may be involved in solvating a proton attached to the neighboring
carbonyl oxygen, providing a structure with an electropositive
carbon that can be attacked by the adjacent N-side carbonyl to form
ab ion (or ay if a proton subsequently transfers). A seven-member
ring is formed if such H-bonding takes place N-terminal to the Ser
side-chain and is more stable than the six-member ring formed22 if
such H-bonding is C-terminal to the Ser side-chain. A lack of
strongly enhanced cleavage at Asp, Glu is anticipated for the 2+
ions investigated here; cleavage is initiated by the added “mobile”
proton.1,5,6,10

The results show that there exists great variability in relative
cleavage efficiencies between different amino acid residue com-
binations in doubly protonated gas-phase peptides. This variability
is dominated by enhanced or suppressed cleavage at those residues
(Gly, Pro, prePro) that have Ramachandranψ,φ plots that differ
from the general case. For nonaliphatic side chains, enhancement
or suppression of cleavage provides insight on possible intramo-
lecular chemical interactions. Using results of this type to guide
both experimental studies of fragmentation of model peptides and
computational modeling of fragmentation transition states will allow
a more complete knowledge of unimolecular dissociation and its
correlation to conformational constraints to be obtained.
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Figure 1. Average relative abundances of bond cleavages at specific amino acid combinations for (a)b ions and (b)y ions. The single-letter code of the
amino acids listed in the leftmost column correspond to the N-terminal amino acid (Xxx) in an Xxx-Zzz pair, while those listed along the topmost row
correspond to the C-terminal amino acid (Zzz). Each number in panel c represents the minimum value of the average abundance for the corresponding color.
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