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Abstract : The fragmentation statistics of ion trap CID (Collision-Induced Dissociation) spectra using 87,661 tandem mass
spectra of doubly charged tryptic peptides are analyzed here. In contrast to the usual method of using intensity information, the
frequency of occurrence of fragment ions, with respect to the position of the cleavage site and the residues at these sites is stud-
ied in this paper. The analysis shows that the frequency of occurrence of fragment ion peaks is more towards the middle of the
peptide than its ends. It was noted that amino acid with an aromatic and basic side chain at N- & C- terminal end of the peptide
stimulates more peaks at the lower end of the spectrum. The residue pair effect was shown when the amide bond occurs between
acidic and basic residues. The fragmentation at these sites (D/E-H/R/K) stimulates the generation of the y-ion peak. Also, the
cleavage site H-H/R/K stimulates the generation of b-ions. K-P environment in the peptide sequence has more tendency to gen-
erate y-ions than b-ions. Statistical analysis helps in the visualization of the CID fragmentation pattern. Cleavage pattern along
the length of the peptide and the residue pair effects, enhance the knowledge of fragmentation behavior, which is useful for the

better interpretation of tandem mass spectra.
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Introduction

Tandem mass spectrometry is emerging as the most
important tool for the analysis of complex protein
samples.! Collision-induced dissociation (CID) is the
commonly used activation technique that energizes the
mass selected precursor peptide ion and induces the
fragmentation at the amide bond. Sequencing of peptide
relies on the knowledge of fragment ion produced. CID
fragmentation causes cleavage at the peptide backbone
leading to b-, y- and a- type ion that generates a set of (m/
z) peaks in the mass spectrum. A better understanding of
the fragmentation process can improve the interpretation of
CID spectra which in turn serve to identify peptide from
mass spectra.

Numbers of software are available to analyze the
fragmentation pattern produced by CID, which either
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matches the pattern to the peptide in sequence database or
directly derives denovo peptide sequence from the mass
spectrum.” The efficiency of these algorithms highly
depends on the quality of the product ion spectra. A
number of research groups have studied the fragmentation
mechanism relied on model peptides.* The mobile proton
model proposed by Wyoski et al.’ elucidates the
fundamental theory behind the gas phase fragmentation.
According to this model, charge from the initial site of
protonation is transferred along the peptide backbone to an
amide bond and subsequently fragmented.”® Kapp et al.”
further expanded the model into ‘Relative Mobile
Proton’(RMP) revealed that basic residue within the
peptide hinders the mobility of the proton. Studies have
proved that the amide bond fragmentation may enhance
due to the presence of particular amino acid within the
peptide.”® The comprehensive fragmentation pattern has
been studied with statistical analysis of the relatively large
data set, providing more insight into peptide fragmentation
behavior.'” Data mining procedures were used to
investigate a large set of data, predicted the intensity
patterns of the spectra and discovered the influence of
specific residues in the fragmentation process.*>"*!
Cleavage at the N- terminal to proline residue is found to
be the most preferred event.*”!'""> Researchers have also
observed an enhanced or suppressed cleavage near acidic
and basic residues.*”"" In addition, enhanced cleavage at
the C- terminal to the histidine triggers b- ion formation.’
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Researchers have explored the intensity information from
the mass spectra in order to investigate the fragmentation
characteristics of mass spectra. The information obtained
from the mass spectrum is not fully exploited in the
previous studies and many new features can be obtained by
analyzing large sets of data, this motivated the present
study.

In this work, a comprehensive analysis of ion trap CID
fragmentation mechanism of doubly charged tryptic
peptides was performed. Relative frequencies of
occurrence of fragmentation ion peaks were analyzed with
respect to the position and the residue at the cleavage sites.
Effect of position of cleavage site along the peptide
backbone and influence of residues was investigated in
each of the fragment ion types such as b-, y-, a- ions.
Results from this study also confirm the previous
observations of dependency of residue at the cleavage site
on fragmentation.

Method

Data sets

Data sets were downloaded from the NIST peptide
spectral library (NIST-chemdata.nist.Gov). It consists of
spectrum segment pairs, where segments were identified
by searching in the protein sequence database with
accepted search programs.'* The proteins are digested by
trypsin and the protonated tryptic peptide ions are
fragmented using CID. Mass spectra are generated by
electrospray ionization in LC-MS/MS experiments. From
human spectral library with 340,357 ion trap spectra,
doubly charged precursors with no peptide modifications
and no missed cleavages comprising of peptide length of 6
to 21 residues were extracted for the study. Thus the data
set used for this study contains 87,661 peptide mass spectra
assigned with the corresponding peptide sequence and
peak annotation details.

Methodology for analyzing fragmentation characteristics
A novel method has been developed for analyzing
fragmentation characteristics of ion trap CID spectra using
fragmentation statistics. The statistical approach was used
and programs were written in MATLAB to analyze the
effect of the residue cleavage site and its position along the
peptide length on CID fragmentation. It calculates the
effect that the residue/residue pair (n-Xaa-Xaa-c) at
cleavage site on N- and C- terminal side along the peptide
length, has on bond breakage and product ion observation.
Initially, the entire possible residue pairs at the cleavage
site together with its position along the peptide length were
extracted from the peptide sequences in the data set.
Twenty naturally occurring amino acids will create 400
residue pairs at the cleavage site. The data set has tryptic
peptides, according to Keil rule,” trypsin cleaves next to
arginine or lysine and not before proline. Therefore, proline
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is the only possible residue following arginine and lysine.
Thus, 362 possible amide bonds of residue pair (Xaa-Xaa)
exist at the fragmentation site in the data set. The
maximum length of the peptide used for the study was 21,
so there were 20 cleavage positions possible. Cleavage
position from N- terminal to C- terminal extracted for b-
ion and a- ion analysis and that from C- terminal to N-
terminal extracted for y- ion analysis. These values were
extracted from the entire set of 87,661 peptides in the data
set. The number of times each residue pair at cleavage site
was found at each position was calculated from the peptide
sequences and was denoted as N, , where ‘rp’ is the
residue pair at the cleavage site, and ‘p’ denotes its position
along the peptide length or the number of amino acids
present in the fragment.

The mass spectrum data have peaks assigned to the
fragment ion types (b-, y- and a-ions) along with the
number of residues present in corresponding product ions.
From spectrum data, the fragmentation ion type, position
or number of residues in the product ion was extracted.
And derived corresponding residue pair at the cleavage site
from the assigned peptide. The number of times a
particular ion type observed for a given amide bond
cleavage in the mass spectrum was calculated along with
the position of amide bond and is denoted as C',,. The
relative frequency of occurrence of fragmentation at the
given amide bond with respect to each position along the
peptide length is given by

Ft (rp’ p) = Z Ctrp,p / Z Ntrpa p (1)

where ‘t’ denotes the fragmentation ion type; b-, y- & a-
ions. The frequency information provides the extent of
fragmentation occurring both N- and C- terminal side of
the residue in each position along the peptide backbone.

Results and Discussion

Investigation of large spectral dataset elucidates the
peptide fragmentation behavior of CID spectra. Product
ions produced by CID have a strong influence on the
sequence of peptides analyzed. In order to visualize the
dependencies of residue/residue pair at the cleavage site
and the position of cleavage sites, different plots were
drawn using relative frequency information.

Fragmentation characteristics with respect to the posi-
tion of cleavage site along the peptide backbone

Initially, analysis primarily focused to learn the
significance of the position of the cleavage site along the
peptide backbone. Relative frequency of occurrence of
fragment ion types; b-, y- and a- ions were calculated with
respect to each cleavage position along the peptide
backbone. The plot of the relative frequency of occurrence
of fragmentation with respect to the position of cleavage
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Figure 1. Relative frequency versus cleavage position. The x-
axis represents the position of the cleavage site. The y-axis
represents the relative frequency of occurrence of fragment ion
peaks.

site for ion types; b-, y- and a- ions are shown in Figure 1.
Here, b- & y- type fragment label also encompasses with
ion type, isotope peak, and neutral loss peaks.

From the plot in Figure 1, it is clear that the
fragmentation of peptide is more likely to occur towards
the middle of the peptide rather than ends. The frequency
of occurrence of peaks in the spectrum corresponding to b-
ions are more than y- ions as the length of peptide
increases or the number of amino acid present in the
fragment ion increases. This is because b- ion are
structurally less stable and have the tendency to fragment
further by losing neutral molecules and causes more peaks
in the mass spectrum.'® a- type ions are formed by the loss
of mass of 28 mass units (corresponding to the mass of
CO) from b- type ions. ‘a-b’ pairs are often observed in the
tandem mass spectrum, which is used as an indicator for b-
ions. a- ion peaks are less frequent than b- and y-ions. ‘a-’
ions are observed up to the position eight residues from the
N- terminal end of the peptide. The scanty occurrence of
a3- ion peak is also spotted, as the a3- ion tends to
immediately fragment to b2- ion."

A deficit of peaks at the lower end of the spectrum
causes difficulty in complete sequencing of peptides.
Hence, for extracting the features at these positions, the
analysis of the dependency of residue at each
fragmentation locations along the peptide backbone was
studied and it is shown in the color map in Figure 2. The
frequency of occurrence peaks of fragment ions are
calculated with respect to the residue at the N- and C-
terminal side of the cleavage site. The plot of b- ion and a-
ion with respect to residue on the N- terminal side of the
cleavage site is shown in Figure 2(a) and 2(c) respectively.
The plot of y-ion with respect to residue on the C- terminal
side of the cleavage site is shown in Figure 2(b).

The results obtained from Figure 2 are discussed as
follows. bl- ions are seldom observed and being tryptic
peptides, y1 peaks are appearing when residues with basic
side chain (R, K) on the C- terminal end of the spectrum
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Figure 2. The color map of frequency of occurrence of residue
specific cleavages at each position along the peptide backbone.
The x-axis represents the position of cleavage site from the N- &
C- terminal end of the peptide for b-ion and y-ion respectively.
The y-axis represents the residue at the cleavage site. Xaa
represents the 20 amino acids and Zaa represent the residues
except K and R.
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confirm the previous results.'® Also, cysteine shows a
reduced tendency to produce fragment ions.'’ Additionally,
here the bl- ion appears in case of tryptophan and arginine
at the N-terminal end of the peptide. From Figure 2(b), it
is noted that a significant number of y1- ions appeared in
case of residues with aromatic (F, W, Y) side chain on the
C-terminal end of the peptide. Figure 2(c) shows aromatic
residues on the N- terminal side of the peptide produce a-
ions (a2-) on the lower part of the spectrum. Basic residue
histidine and hydrophobic amino acids (F, W, Y, I, L, V, M)
show a relatively significant number of fragment ion for a-
ions. Thus, it is inferred that the residue with an aromatic
or a basic side chain at the N- and C- terminal ends of the
peptide stimulates more peaks at the lower end of the
spectrum.

Fragmentation characteristics with respect to residue/
residue pair at the cleavage site

The degree of fragmentation at a given amide bond is
found to have a dependency on the amino acid content in
the peptide.” In this study, the frequency of occurrence of
fragmentation, at the N- and C- terminal side of each of the
residue within the peptide sequence has been elucidated
using equation 1. The frequency of occurrence peaks of b-, y-
and a- ions are calculated with respect to the residue pair
at cleavage site are plotted in colormap in Figure 3.

Similar to the previous results, here also observed a
substantial enhancement in the frequency of occurrence of
fragment ions when there is proline on the C- terminal side
of the cleavage bond." Glycine at the N- terminal side of
the cleavage site shows a characteristic reduction in the
frequency of occurrence of b- and y- type ion. Also,
enhanced cleavage preference is shown by branched
aliphatic residues (I, L, V) and histidine at the N- terminal
side of cleavage site.”” In addition to previous results, this
analysis also shows that residues, tryptophan and tyrosine
at the N- terminal side of cleavage site show enhanced
frequency for b-, y- and a- ion. In addition, lysine at the C-
terminal side of the cleavage site shows an enhancement in
frequency for b- ion and a-ion. Histidine or glutamine at
the C- terminal side of the cleavage site leads to a
significant increment in the frequency of y-ion formation.
The residue pair effect is shown by histidine when it has an
amide bond with basic residues. The number of peaks for
b- ion appears in mass spectra if the amide bond is between
the basic residues: H-H, H-R, H-K. In the case of y- ion,
H-H shows a higher frequency of occurrence while H-R
and H-K show considerably lesser frequency. Amide bond
of acidic and basic residue (D/E— H/R/K) create a number
of y- ion peaks in the mass spectrum.

Figure 4 shows the bar graph of relative frequency
information for b- and y- fragments with respect to
residues at both N- and C- terminal side of the cleavage
site. Four bar chart is drawn for each residue at the
cleavage site in the order of N- & C-terminal residue for b-
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Figure 3. The color map of frequency of occurrence of cleavages
at each residue pair. X-axis represents the C- terminal residue of
the cleavage site. The y-axis represents the N- terminal residue
of the cleavage site. Figure 3(a), 3(b), 3(c). represents b- ion, y-
ion and a-ion frequency information respectively.
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The x-axis represents the residue at the cleavage site. The y-axis
represents the relative frequency occurrence of fragment ion
peaks.

ion, N- & C- terminal residue for y- ion. Analyzing the
influence of residues at N- & C- terminal ends of cleavage
site for b- and y- ion, residues- P, G, S have increased bias
on N-terminal cleavage confirms the previous result.”’
Furthermore, in case of lysine when it is placed on the N-
terminal side of the cleavage site (K-Xaa), the frequency of
y- ion is remarkably higher than that of b- ion. Since
tryptic peptide has only K-P environment, and proline has
increased the tendency to cleave at the N- terminus, K-P
environment has less tendency to generate b- ions and
more likely to produce y- ions peaks.

Conclusion

This study performed the statistical characterization of
the fragment ion peaks in CID spectra of doubly charged
tryptic peptides. A large set of data of 87,661 spectra from
the peptide spectral library was used to identify the features
influencing the CID fragmentation pattern. The study was
based on spectral data from spectral library which contain
high quality and well annotated spectra only (NIST *.msp
spectral file). The study provides the relative frequency of
occurrence of product ion peaks in the tandem mass
spectra, which point out the existing and the novel
statistical features of the CID spectra like residue specific
and position specific cleavage preferences of the CID
fragmentation pattern. The analysis shows that the
frequencies of fragment ion peaks are higher towards the
middle of the peptide length than the ends. The novel
observations obtained from this study are as follows. An
amino acid with an aromatic or basic side chain at either
the N- or C- terminal end of the peptide stimulates more
peaks of bl-, yl- & a2- ions at the lower end of the
spectrum. Lysine (K) at the C- terminal side of the
cleavage site (Xaa-K) shows an increment in the
occurrence of b- ion and a-ion frequency. Histidine (H) or
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glutamine (Q) at the C- terminal side of the cleavage site
(Xaa-/Q) promotes a significant increment in the
occurrence of y-ion. The amide bond occurred between
acidic and basic residue (D/E-H/R/K) shows a residue pair
effect in CID fragmentation. The fragmentation at these
sites stimulates the generation of the y-ion peak. Residue
pair- H-H at the cleavage site generates both b- & y- ions
and cleavage at H-R/K generate more b- ions, and very less
y-ion peaks. K-P environment has more tendency to
generate y-ions than b-ions. This study provides the feature
set consisting of the frequency of occurrence of product ion
peaks in the mass spectrum, which provides residue
specific and position specific cleavage preferences of the
CID fragmentation pattern. This feature set gives more
hints to distinguish the fragment ion peaks in the mass
spectrum, which helps in predicting the fragmentation
pattern of a particular peptide sequence.
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