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Jainab Khatun,! Kevin Ramkissoon,! and Morgan C. Giddings*:1:#:8

Department of Microbiology & Immunology and Department of Computer Science, University of North Carolina at Chapel
Hill, North Carolina 27599, and Joint Department of Biomedical Engineering, University of North Carolina at Chapel Hill,
North Carolina 27599 and North Carolina State University, Raleigh, North Carolina 27695

The identification of proteins by tandem mass spectrom-
etry relies on knowledge of the products produced by
collision-induced dissociation of peptide ions. Most previ-
ous work has focused on fragmentation statistics for ion
trap systems. We analyzed fragmentation in MALDI TOF/
TOF mass spectrometry, collecting statistics using a
curated set of 2459 MS/MS spectra and applying boot-
strap resampling to assess confidence intervals. We
calculated the frequency of 18 product ion types, the
correlation between both mass and intensity with ion type,
the dependence of amide bond breakage on the residues
surrounding the cleavage site, and the dependence of
product ion detection on residues not adjacent to the
cleavage site. The most frequently observed were internal
ions, followed by y ions. A strong correlation between ion
type and the mass and intensity of its peak was observed,
with b and y ions producing the most intense and highest
mass peaks. The amino acids P, W, D, and R had a strong
effect on amide bond cleavage when situated next to the
breakage site, whereas residues including I, K, and H had
a strong effect on product ion observation when located
in the peptide but not adjacent to the cleavage site, a novel
observation.

A cornerstone of protein identification is the analysis of
peptides by tandem mass spectrometry (MS/MS),! which relies
on mass analysis of product ions produced by collision-induced
dissociation (CID; Figure 1). The pattern of product ions produced
by CID is analyzed by software to either derive de novo peptide
sequences®™? or match the pattern to peptides in a sequence
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Figure 1. Bond cleavages in MS/MS fragmentation. The direct
cleavage of peptide bonds results in b ions (containing the N-terminus
of the peptide) and y ions (containing the C-terminus of the peptide).
The other backbone bond cleavages result in a, x, ¢, and z ions. The
breakage of two peptide bonds simultaneously gives rise to internal
fragments along with b and y ions. Another common type is an
immonium ion, composed of an internal fragment of just one residue,
formed by a combination of a-type and y-type cleavages.

database. 19-21 The ions produced by CID are strongly dependent
upon the sequence of the peptide being analyzed and the
instrument used, producing great variability in the mass and
intensity of peaks in a spectrum. This variability in fragmentation
presents a challenge for peptide sequence identification algo-
rithms.

Many common peptide identification algorithms rely on hand-
coded fragmentation rules, using models that assume simple
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intensity and mass distributions for each of the ion types. Statistical
characterization of fragmentation patterns for a given instrument
can be used to improve identification results. Most previous
analyses have been performed for fragmentation in an electrospray
ionization (ESI) ion trap instrument, such as those of Tabb et al.,
who examined the correlation of ion type with mass and intensity,?
and several groups who reported the effect of specific residues
adjacent to the cleavage site on fragmentation.?*=2> To provide
similar information for another commonly used mass spectrometry
platform—matrix-assisted laser desorption/ionization (MALDI)
coupled to a dual time-of-flight analyzer (TOF/TOF)—we per-
formed a comprehensive analysis of fragmentation for a curated
set of 2459 spectra from trypsin-digested proteins that were
separated by either 2D SDS-PAGE or liquid chromatography (LC).
Our analysis examined the following: (1) the frequency of 18
different ion types; (2) the correlation of peak mass and intensity
to each ion type; (3) the effect of each of the 20 residues when
adjacent to the cleavage site in either the N- or C-terminal position;
and (4) the effect of intermediate residues on the observation of
product ions produced by bond cleavage. To assess the ability of
our data set to produce statistically valid results, we applied
bootstrap resampling,26*” a commonly used method for obtaining
descriptive statistics from limited data sets.

MATERIALS AND METHODS

Data Set. The data used in this analysis were derived from
both our own analysis of Escherichia coli proteins on a MALDI-
TOF/TOF and an external reference data set generated on the
same instrument. Our own set came from 314 E. coli samples,
144 of which were obtained from in-gel trypsin digestion of spots
from a two-dimensional polyacrylamide gel electrophoresis (2D
PAGE) separation of the soluble protein fraction, and 170 of which
were obtained by tryptic digestion of reversed-phase liquid
chromatography separated fractions of a ribosome enriched
cellular extract. Digested protein samples were suspended in an
o-cyano-4-hydroxycinnamic acid matrix and analyzed by an Ap-
plied Biosystems 4700 TOF/TOF using a collisional energy of 1
keV.

For each of our protein samples, the ABI 4700 performed a
parent/precursor-ion scan producing a list of peptide masses, from
which the 10 most intense peaks having a signal-to-noise (S/N)
ratio above 35 were automatically selected for MS/MS fragmenta-
tion. As part of an automated analysis pipeline, the resulting MS
and MS/MS data were analyzed using Mascot.!6 This produced
peptide matches for ~1000 MS/MS spectra with their correspond-
ing sequences that had ion match scores above 10 (~33% of the
total). To minimize false-positive matches, we further culled the
data set, taking advantage of the fact that proteins were separated
before digestion and MS/MS analysis, meaning that if a protein
is present in sufficient abundance to produce one peptide match,
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we should observe other peptide matches to the same protein.
Therefore, if one of the following conditions held, we included
the peptide in the final data set: (1) there were at least two other
peptides matching the same protein from the same set of parent
ions (i.e., same sample spot/fraction), each with scores above 50,
or (2) the total match score for the protein, including the parent
ion list (peptide mass fingerprint) and the peptide in question,
was above 200. This selection process produced 710 MS/MS
spectra for which there were high confidence in the assignment.
While curating the list in this way reduced the quantity of spectra,
it had the benefit of decreasing the chance that false positive
spectrum identifications skewed the statistics collected.

We then processed all MS/MS spectra for our data set using
the Data Explorer software, version 4.3 (Applied Biosystems,
Foster City, CA) to perform the following: (1) determine the
monoisotopic peak for each observed ion using the Filter Peak
List function; (2) internally smooth the spectra using the boundary
conditions determined by the mass/resolution pairs (100/1000,
600/6000), using the Spectrum Resolution function; and (3)
eliminate peaks with an S/N ratio below 5.

The 710 MS/MS spectra we generated and their corresponding
peptide sequences are available at http://bioinfo.unc.edu/
downloads, with the file name KData.zip. The complete E. coli
data set comprising the ~3000
original spectra generated at UNC have been deposited
with  ProteomeCommons.org, and can be accessed
using the hash key 741378e339eaf3d99b190cc13069f178
using the GetFile Tool available at
https://www.proteomecommons.org/ev/dfs/.

The externally obtained data set was composed of 1749 MS/
MS spectra obtained on an Applied Biosystems 4700 TOF/TOF
from over 300 known, purified proteins, published on Proteome
Commons by Strahler et al. http://www.proteomecommons.org.
While acquired on the same instrument as our E. coli data, for
these data the 29 most intense MS ions from each precursor scan
were selected for MS/MS fragmentation. This led to more MS/
MS spectra derived from low-abundance precursors than for the
data set collected on our instrument. Further details of protein
purification and  spectrum  generation are provided
at http://www.proteomecommons.org/archive/1117680671827/
index.html.

We combined the two data sets to produce a total of 2459 MS/
MS mass lists along with their corresponding peptide sequences.
To reduce the effect of small noise peaks on the analysis, we
filtered all MS/MS mass lists to retain only the 70 most intense
peaks from the spectrum for analysis.

Data Analysis: StatPackage Program. We developed a
program, StatPackage, to assign the peaks in an MS/MS spectrum
to a specific ion type when the corresponding peptide sequence
is known, as is the case for our data. The program calculates the
ion masses that might be produced by a peptide S composed of
an amino acid sequence ay, a,, as, ... of length . For each possible
subsequence of S containing the N-terminus of the peptide (a, b,
and c ions) and ending at position &2 (¢ runs from 1 to n — 1), it
calculates ion masses as

k
MY =Y m@)+ H+ A 6))

1=
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where m (a;) is the mass of the residue at position 7, H is the mass
of hydrogen, and A, is the mass offset for a particular ion series
type. For b ions, Aygset = 0, for a ions Aot = —27.995, and for ¢
ions Agfiset = 17.0265.

For subsequences starting at position j (f = 2,..., n) and ending
with the C terminus (x, y, and z ions) it calculates ion masses as

M=% m@) +H+ 0+ Ay #)
=

where O is the mass of oxygen. For y ions, Aygser = 2.0156, for x
ions Agfet = 27.995, and for z ions Agiset = —12.995. Internal
fragment ion masses (due to double amide bond breakage or
secondary fragmentation of b- or y-type ions) starting at position
7 G=2,..n—2) and ending at position 2 (h =3, ..., n — 1) are
calculated by

h
z m(a) + H 3

1=]

M, =

o

For each of the ion types listed, neutral loss products are also
calculated, by subtracting the masses of ammonia or water from
the calculated ion mass according to eqs 1—3. Immonium ions
are calculated by subtracting 26.99 Da from each individual
residue mass present in the peptide.

The theoretical mass for each ion produced by the sequence
is compared to the mass list from the MS/MS spectrum, and if it
is within 0.2 Da tolerance of an observed mass, the program
assigns the peak to that corresponding ion type. Peaks are labeled
“unassigned” if they remain unmatched after this process is
completed for all residues in the peptide. Though only rarely
occurring, when the calculated masses of more than one theoreti-
cal ion produced by the peptide sequence are within 0.2 Da and
correspond to the same experimentally observed mass, we use
the following order of preference for choosing the matching one,
based on the reported frequency of occurrence in past studies:
y, b, y*, y°, b*, b°, a, a*, a°, immonium, internal, internal*,
internal®, precursor*, and precursor®.

To calculate the intensity distribution of the 18 considered ion
types, the program divides the relative intensity range into 10 bins
for each of the observed ion types and calculates the frequency
of each ion type in each of these bins. It does the same to calculate
the mass distribution of ion types, dividing the relative mass range
from 0 Da to the mass of the precursor ion into 10 bins, and then
calculating the frequency of each of the 18 types in each bin for
all spectra.

The program also calculates the effect of each of the 20
common amino acids on CID fragmentation. It calculates the effect
that each residue has on bond breakage and product ion
observation when adjacent to the cleavage site, positioned either
on the N- or the C-terminal side. To calculate frequency of cleavage
f¢ for each amino acid A, on the side corresponding to the
terminus T (one of {N, C}), it counts the number of times an ion
is observed corresponding to cleavage for that amino acid (N% )
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and then divides by the total number of times that residue is
encountered in all sequences (Na):

f "(I:‘,A = ZN”(I:“,A/ z Ny @

We also calculated the effect of each type of amino acid on the
directionality of fragmentation using a method that compares the
intensity of the resultant product ion peaks with the residue type,
as was done previously by Tabb et al.?2 For each residue located
in a peptide, the program finds in the spectrum the product ion
peaks produced by fragmentation to both that residue’s C-terminal
side and its N-terminal side. To calculate the N-bias, the program
subtracts the intensity of the C-terminal peak from the N-terminal
peak for a given product ion type (e.g., b ion or y ion) and divides
by the sum of the two for normalization. For example, to calculate
the N-hias for the amino acid alanine for b-type ions we have

sz(l?_lbﬂ)/(l?+1+1?) ®)

1

where I:’ is the intensity of the peak for a b ion produced by
cleavage to the N-terminal side of an alanine occurring in a
peptide, and I?,, is the intensity of the peak for the b ion
produced by cleavage to the C-terminal side of the same alanine.
If either the C-terminal or N-terminal fragment ion peaks cannot
be found in the spectrum for a particular residue, then the N-bias
for that amino acid is set to 1 or —1, respectively. The program
then averages the results across all occurrences of each amino
acid in the data set and produces confidence intervals for the
values using bootstrap resampling as described below.

Similarly, to calculate the effect of each amino acid type on
the fragmentation or observation of product ions containing them
when not adjacent to the site of bond breakage, the program
calculates the number of times each amino acid A is found present
internally to a matched product ion (Nfr ) of either b or y type
(i.e., T equal to N or C, respectively), and it divides by the total
number of times that amino acid occurs overall (Na):

fia= z Np/ Z Ny (6)

Because the amino acid composition may play somewhat different
roles in the observation of various ion types, for simplicity the
calculation for the effect of internal amino acids on daughter ion
observation is only performed for the predominant b-type and
y-type ions.

Bootstrap Resampling. The program implements bootstrap
resampling to assign confidence intervals to each result reported.
Bootstrap resampling derives descriptive statistics from a limited
sample set by repeatedly subsampling the original data.?62” The
program implements bootstrap resampling by random selection
of subsets of the data with replacement, of specified size #, for
the specified number of iterations m, and then recalculates the
statistics and reports them for each of the iterations. Subsampling
with replacement means that each spectrum from the original set
might be selected more than once in the subsampled set.



Table 1. Frequency of Each lon Type Observed in the
Data Set?

ion type frequency CI, % ion type frequency CI, %
unassigned 0.21 +8  y° 0.0201 +10
internal 0.16 +4 b" 0.017 +11
y ion 0.12 +5 a’ 0.013 +10
immonium 0.11 +5 a° 0.0099 +10
b ion 0.091 +4  xion 0.0089 +14
internal® 0.055 +8 cion 0.0087 +15
internal” 0.05 +7  precursor” 0.0069 +45
vy 0.045 +10 zion 0.0056 +14
aion 0.042 +5 precursor® 0.00015 +28
he 0.025 +10

@'The superscript © represents the neutral loss of water (~18 Da),
and " represents the neutral loss of ammonia (~17 Da). CI represents
95% confidence intervals as the percentage of the corresponding
reported value.

We ran the program to use subsampled data sets of size n =
2000 and repeating for m = 20 iterations for all of the calculations
reported herein. For each statistic, we then used the bootstrap
resampling output to calculate the standard deviation and the 95%
confidence intervals.

Program Availability. This command-line program is written
in Objective-C under an open-source license and is available with
precompiled binaries for Windows, Mac OS X, and Linux. It inputs
a list of files in peak list (.pkl) format along with a corresponding
list of matching amino acid sequences and then calculates the
described statistics and reports them to standard output. For
bootstrap resampling, it repeatedly reports the results from
subsampling the data sets. The program and some sample data
are available at http://bioinfo.unc.edu/glabsoftware/StatPackage.

RESULTS AND DISCUSSION

Characterization on the Basis of Ion Type. The frequency
of observation for each of the 18 ion types analyzed is shown in
Table 1. We were able to assign 79% of the fragment ion peaks to
one of these 18 categories, with 21% remaining unassigned.
Internal fragment ions (having both a b- and y-type cleavage)
comprised 16% of the total ions observed, with y ions at 12% and
b ions at 9%. These three ion types along with their neutral loss
products totaled nearly 60%, indicating that the peptide bond is
the most susceptible to cleavage in MALDI TOF/TOF. Immonium
ions were also frequent, at 11%. Neutral losses of water or
ammonia varied with ion type: 28% of the observed b ions lost
water as opposed to ~16% of y ions. Conversely, for y ions, the
probability of losing ammonia was higher, with ~38% of y ions
losing ammonia compared to only ~18% of b ions.

Peptide bonds (CO—NH) are the most labile of the backbone
bonds, and with the low-energy CID often used in ion trap
systems, b and y ions tend to predominate, with a ions also being
produced (loss of carbon monoxide from b ions). Our results
indicate that the higher energy CID used in the MALDI TOF/
TOF results in more frequent peptide bond breakage, as measured
by the large proportion of internal fragments observed. These may
result from continuing absorption of energy by b and y ions after
the first bond breakage, producing a secondary fragmentation that
leads to an internal ion. We also observed breakage of the
a-carbon to carbonyl—carbon bond (CH—CO) to produce a and

x ions, and the bond between amide—nitrogen to a-carbon (NH—
CH) to yield c and z ions, albeit at low frequency, with only a-type
ions occurring above 1%. While the numbers are small, the
bootstrap-produced confidence intervals indicate consistency
among the rates at which these low-abundance peaks are found
in the data, except for losses of ammonia or water from the
precursor (precursor” and precursor?, respectively). Hence, these
results appear to reflect true low levels of non-peptide-bond
fragmentation rather than false-positive matches to noise peaks,
except in the case of neutral losses from the precursor ion.

Mass and Intensity Dependence of Ion Types. We calcu-
lated the intensity distribution of ions by dividing the relative
intensity range into 10 bins and counted the frequency of each
ion type in each of these bins, as shown in Figure 2a. As has been
previously observed, y ions are typically more intense than b ions,
predominating the top two bins. The b ions were observed as
frequently as y ions in the 20—40% intensity range, but dropped
off in the high-intensity bins.

The large number of “unassigned” ions, present even for the
highest intensity category of peaks (Figure 2a) at ~20%, suggests
that there were other ion types produced during fragmentation
that our program did not consider. This category might include
side-chain cleavages, internal fragments due to the breakage of
bonds other than amide, or the simultaneous loss of water and
ammonia from each of the ion types. These peaks may also result
from internal rearrangement of the fragment ions.?8 The larger
proportion of unassigned peaks occurring in low-intensity bins
may be due to low-abundance reaction byproducts of fragmenta-
tion, noise, or both.

We similarly examined the relationship between the ion type
and frequency of occurrence in different mass ranges. We divided
the relative mass range into 10 bins, running from zero to the
mass of each precursor ion, and calculated the frequency of each
ion type for each bin. There was a clear dependence of ion type
on the mass and intensity of observation; for example, unassigned
peaks occurred most frequently at masses near the precursor
mass, even though we considered the loss of ammonia and water
from the precursor ion. The high frequency of unassigned peaks
in the highest mass bin, which includes the precursor, may be
due to the simultaneous loss of water and ammonia from the
precursor, which was not considered by our program. In addition,
b ions were as likely as y ions in lower mass ranges, while in
higher mass ranges, the probability of observing y ions was
greater and reached a maximum at ~70—80% of the precursor
ion mass. Since the internal ions are the products of secondary
fragmentation of b and y ions, they occurred primarily in the lower
mass bins. The lowest mass bin mainly consisted of immonium
ions and unassigned peaks (internal fragments were not observed
in this bin because single amino acids were considered to be
immonium ions). The large proportion of unassigned peaks in
the lowest mass bin may be due to the various low-mass ions
produced with just a single side chain by high-energy collision-
induced dissociation.230
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Figure 2. (a) Relative frequency ratios of each type of product ion as a function of peak intensity. Peaks were divided into 10 bins according
to their intensities, and in each bin, the relative frequency of the different ion types was calculated. Frequencies in each bin were normalized to
sum to one. The ions with very small probabilities (such as c, x, z ions) are not shown in the histogram. The 95% confidence intervals were very
small (within 20% of the observed values) and were thus omitted for clarity. (b) The frequency ratios of each type of product ion as a function
of relative mass. The horizontal axis represents the masses of fragment ions as a proportion of precursor mass. The mass range relative to the
precursor ion mass was divided into 10 bins, and the occurrence of product ion types was counted for each bin. The 95% confidence intervals
were small (within 20% of the reported values) and were thus omitted for clarity.
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Figure 3. (a) Directionality of bond cleavage. The blue bars represent the cleavage frequency at the N-terminal side, and the red bars represent
the cleavage frequency at the C-terminal side of each residue. The frequency was calculated by dividing the total number of cleavage events
for a specific amino acid by the total number of amino acid of that type present in the data set. The 95% confidence intervals are shown with
black bars, calculated by bootstrap resampling as described in Materials and Methods. (b) The N-bias for y ions, corresponding to each residue
type. The N-bias was calculated by taking the ratio of the intensity difference of the C-terminal peaks and the N-terminal peaks to the intensity
sum, for all observed y ions produced from breakages adjacent to the given residue. The mean value of the N-bias is marked by the small
square and the 95% confidence interval is shown with black bars, calculated by bootstrap resampling.

Residue Effects on Fragmentation. We examined the cor-
relation between each of the 20 amino acids with bond cleavage
on their N-terminal and C-terminal sides. For each of the 20 amino
acids, we divided the total number of N-terminal and C-terminal
bond cleavage events (i.e., matched peaks for one of the ions
produced) by the total number of the same residue present in all
matched peptide sequences for the data set. For example, to
calculate the N-terminal cleavage probability for alanine, the
number of alanines present in all matched peptides was counted,
along with the number of those corresponding to a cleavage

toward the N-terminal side (i.e., the alanine becomes part of a y
ion). We excluded both of the peptide’s terminal residues for this
calculation. The C-terminal residue was excluded to avoid bias
toward lysine and arginine from tryptic digestion, and the
N-terminal residue was excluded because the b1 ion is not often
observed, which skews the resulting frequency calculations at this
site. The results of the analysis excluding both termini are shown
in Figure 3a.

To facilitate comparison against previous reports, we also
calculated the intensity-based N-bias as was done in the work of
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Tabb et al.,?2 the results of which are shown in Figure 3b for y
ions (the b ion calculation is in Supporting Information Figure
1). The difference with this approach is that it only calculates
cleavage bias for a single ion type at a time, whereas in the
frequency calculation of Figure 3a, all ion types produced by a
given cleavage event were counted. This can have an effect on
the resulting statistics, because when only one ion type is
considered at a time, results can be affected if one of the termini
was not observed when a bond breakage preferentially produces
ions of a different type, such as those involving loss of ammonia
or water. Histidine provides an example of the difference between
these calculation approaches. In the intensity-based N-bias calcula-
tion, it had a positive N-bias for y ions (Figure 3b) and a negative
N-bias for b ions (Supporting Information Figure 1). However, in
the frequency-based calculation, taking account of all 12 ion types
considered, histidine had an overall bias toward C-terminal
cleavage (Figure 3a). For a number of other amino acids where
the cleavage bias was prominent, such as proline, glycine, aspartic
acid, and cysteine, we found that both results are consistent.

In both types of analysis, certain amino acids had a strong
influence on the process of fragmentation. Proline had a strong
bias toward fragmentation on its N-terminal side, as has been
observed for other instrument types.?22%% In frequency-based
calculation, when all ion types were considered, other residues
with N-terminal cleavage bias were tryptophan, glycine, methion-
ine, and serine (Figure 3a). There were also amino acids that
showed the opposite bias, with a higher frequency of cleavage
on the C-terminal side (i.e., the residue itself becomes part of a b
ion). This was greatest for cysteine, but also true for aspartic acid
and glutamic acid, in both the y ion analysis (Figure 3b) and the
all-ion analysis (Figure 3a). With all ion types considered,
C-terminal bias was also displayed by phenylalanine, arginine,
lysine, and histidine.

Tabb et al. performed an analysis similar in methodology to
that used here finding that, for the nonpolar amino acids
isoleucine, leucine, and valine, there was an increased C-terminal
cleavage bias for y ions, whereas for proline, glycine, and serine
there was increased N-terminal cleavage bias.?* Similarities
between their results and our own included the propensity for
N-terminal cleavage bias associated with both proline and glycine,
and C-terminal cleavage bias for valine, glutamine, and histidine.
A substantive difference we found was the preferential C-terminal
cleavage of residues cysteine, aspartic acid, glutamic acid, arginine,
and lysine. Another substantive difference we found was N-
terminal cleavage bias for tryptophan, which was present only
when all ion types were considered in the frequency-based
calculation.

Kapp et al. also examined the cleavage effects of residue pairs,
finding that the primary cleavage effect was C-terminal of aspartic
acid for singly charged peptide ions that had the proton localized
to an arginine residue, while for peptide ions with a mobile proton,
the cleavage bias shifted to the N-terminal side of proline.?> Huang
et al. reported bias toward C-terminal cleavage after acidic residues
for y ions.?* They noted that, when arginine was at the C terminus
of the peptide ion, the resulting CID cleavage occurred with high
frequency on the C-terminal side of aspartic acid and glutamic
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Figure 4. Model for the preferential C-terminal cleavage of cysteine.
The formation of bond by the sulfhydryl group with the nearest-
neighbor carbonyl carbon atom (C1) is more favorable than the
formation of bond with the carbonyl carbon atom of the previous

residue (C2). This facilitates breakage C-terminal to the cysteine than
the N-terminal cleavage. Electron transfer is shown by the arrows.

acid. Our results indicate a preference for C-terminal cleavage
following all charged amino acids, which includes the basic
residues (K, R, and H), along with the acidic residues (E and D).
In addition, we observed C-terminal cleavage bias following the
polar residues cysteine and tyrosine, along with the nonpolar
valine and phenylalanine. The strong C-terminal cleavage bias for
histidine, aspartic acid, glutamic acid, arginine, lysine, cysteine,
and tyrosine might be due to each of them having a side chain
with a nucleophile. When activated with collisional energy, it may
donate an electron preferentially to the C-terminal carbonyl carbon
atom due to its proximity, resulting in amide bond breakage, as
shown in the example for cysteine in Figure 4.

While our results agree with Kapp et al., Huang et al., and
Breci et al.? that the polar amino acids are likely to cleave
C-terminally, we found that for the residue cysteine the C-terminal
cleavage is preferable to the N-terminal cleavage, although
cysteine showed a reduced tendency to produce ions of the type
we analyzed from cleavage at either terminus. While enhanced
C-terminal cleavage of cysteine for doubly charged peptides with
a mobile proton was reported by Kapp et al., Breci and Huang et
al. did not report statistics for cysteine. Since our data set had
548 occurrences of cysteine, there were enough data to produce
small confidence intervals in bootstrap resampling, supporting the
conclusion that enhanced C-terminal cleavage of cysteine occurs
in MALDI TOF/TOF fragmentation. A putative explanation for
this may be the nucleophilic sulfhydryl (SH) side chain of cysteine
that, when collisionally activated, attacks the nearest carbonyl
carbon atom to cause C-terminal cleavage (Figure 4).

Though there were many similarities with previous results,
the differences we observed may be due to several factors. One
is that most of the peptides we analyzed were singly charged since
this is the predominant ion type produced by MALDI, in contrast
to Tabb et al., who reported results for doubly charged peptides
that are predominant in ESI. As well, the collision energy
employed by the TOF/TOF is higher, and the ion source different
from that for the ion trap analyses. Finally, we performed an
analysis that considered the frequency of cleavage when all ion
types produced by a breakage were considered together, which
may produce results different from the intensity-based approach
used by Tabb et al., as discussed previously.

Effect of Internal Residues on Ion Observation. We
examined whether the presence of specific residues in the peptide
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Figure 5. Frequency of amino acid occurrences within b and y ions. The bars represent the frequency at which a specific amino acid was
present in a b-type ion (blue) or y-type ion (red). This was calculated by dividing the number of times an amino acid was present within the given
ion type by the total number of occurrences of that amino acid in the collection of peptides. The 95% confidence intervals are shown, calculated

by bootstrap resampling.

ion that were not adjacent to a bond breakage had an effect on
the observation of b or y ions containing them. The frequency of
amino acids present was calculated for both b and y ions by
dividing the number present in each of the types by the total
number found for all peptides matched in the data set. Since y
ions are typically larger than b ions (the average y ion size was 8
residues while the average b ion size was 7 residues), we
normalized the probability to avoid size bias. To minimize bias
due to the presence of K and R at the C-terminus of tryptic
peptides, we excluded the residues from the peptide terminus for
the calculation, so that the results for peptides containing K or R
are only those due to sites of missed tryptic cleavage. The
resulting frequencies are shown in Figure 5.

We found that the basic residues histidine, lysine, and arginine
are more likely to be in b ions than in y ions. We also found certain
amino acids are more likely to be present in y ions, including the
following: glycine, isoleucine, threonine, tryptophan glutamic acid,
tyrosine, methionine, alanine, and proline. Normally, for tryptic
digests, lysine and arginine are primarily present in y ions because
they are at the C-terminus of the peptide. These basic residues
often attract a proton during ionization, which may explain the
greater intensities typically observed for y ions. However, in the
case of a missed tryptic cleavage or occurrence of histidine, where
one of these basic residues is located internally to the peptide,
we find that the b ion frequencies are substantially greater than
those of the y ions, agreeing with a previous observation for ion
trap instruments.?! While the effects of other residues were not
as drastic, the results demonstrate that composition of the rest of
the peptide is important in determining whether it will be
fragmented or observed in MALDI TOF/TOF MS.

(31) Tabb, D. L.; Huang, Y.; Wysocki, V. H.; Yates, J. R., 3rd. Anal. Chem. 2004,
76, 1243—1248.

We also found that cysteine produced a significant reduction
in observation of either b or y ions containing it, possibly due the
great influence of sulfhydryl side chain on the fragmentation
process as explained by O’Hair.* Briefly, the presence of cysteine
in the N-terminal side of a peptide causes the loss of NH3, whereas
the presence of cysteine in an intermediate position facilitates the
loss of water through nucleophilic attack by the sulfhydryl group
of the adjacent N-terminal carbonyl residue, which was not
reported since we considered only b and y ions. Another possibility
is that the reduced observation of these ions is due to the negative
influence of cysteine on ionization of the precursor, which we have
observed as part of a separate work (manuscript in preparation).

CONCLUSION

The characteristics of the fragment ion series generated from
a peptide depend on the type of ion source and mass analyzer
used. For CID in a MALDI TOF/TOF instrument, the frequency
of observing each ion type is dependent upon the mass of the
ion, the intensity of the ion, the residues adjacent to the backbone
cleavage producing the ion, and the residue composition in the
rest of the ion aside from its termini.

Our results showed substantive differences from those re-
ported for ion trap instruments, especially notable in the presence
of basic residues or cysteine, demonstrating the importance of
considering instrument-specific fragmentation models. Ultimately,
algorithms that are built using such statistics will need to be
tailored for each instrument to produce optimal identification
results based on statistics such as those presented here.

(32) O’Hair, R. A. J. Mass Spectrom. 2000, 35, 1377—1381.
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