International Journal of Mass Spectrometry 308 (2011) 89-97

Contents lists available at ScienceDirect

International Journal of Mass Spectrometry

journal homepage: www.elsevier.com/locate/ijms

A comprehensive investigation of proline fragmentation behavior in low-energy
collision-induced dissociation peptide mass spectra

Nai-ping Dong, Liang-xiao Zhang, Yi-zeng Liang*

College of Chemistry and Engineering, Central South University, Changsha 410083, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 24 March 2011

Received in revised form 1 August 2011
Accepted 1 August 2011

Available online 10 August 2011

An investigation of more than 130000 tandem mass spectra of proline-containing peptides extracted
from Human and Ecoli peptide libraries in NIST Libraries (http://peptide.nist.gov/) is presented. In this
study, fragmentation maps are drawn to show the fragmentation behavior of proline (Pro) in protonated
peptides, taking the factors affecting the cleavage N-terminal to Pro as points of the map. In order to quan-
titatively characterize the fragmentation behavior of proline, probability of occurring selective cleavage
at N-terminal side of Pro for each point is calculated. From the fragmentation maps, selective cleavage
at N-terminal side of Pro is suppressed when all protons are sequestered by Args except at Asp-Pro and
Glu-Pro. When protons are mobile, cleavage at N-terminal side of Pro is determined by pairwise cleavage
Xxx-Pro and positions of proline in peptides. For triply and quadruply charged peptides, the Coulom-
bic repulsion between protons affects the fragmentation of peptides and subsequently suppresses the
cleavage at N-terminal side of Pro. Other fragmentation pathways influencing the fragmentation such
as aspartic acid effect and yn.2/b, pathway are also found. Investigation of multiple proline containing
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peptides shows similar influential factors and competition between multiple prolines.
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1. Introduction

The development of mass spectrometry has greatly accelerated
the study of proteins in recent two decades, making the character-
ization (i.e., identification, quantification) of thousands of proteins
possible [1]. In this field, the most popular strategies using mass
spectrometry for protein identification/quantification is bottom-up
procedure. In this procedure, protein samples are first digested into
peptides by proteases (e.g., enzyme trypsin), and then eluted by lig-
uid chromatography to separate the resulted peptide mixtures. The
fractions obtained at each retention time of chromatogram are ion-
ized by soft ionization methods (such as ESI or MALDI) and detected
by mass spectrometer to form MS! spectra, which mainly repre-
sent peptide molecular ion information. In order to obtain more
information of peptide sequences, peptide ions are then selected
and fragmented into ion pieces (tandem mass spectra). In this
fragmentation process, low-energy collision induced dissociation
(CID) method is often used. One of the advantages of low-energy
CID spectra is that peptides are most frequently cleaved at amide
bonds, producing sequence ion series named y (when protons are
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retained at C-terminal fragment), b (when protons are retained at
N-terminal fragments) and a (CO loss from b ions) [2,3].

When tandem mass spectra are obtained, a database search
strategy is used. In this strategy, protein database search tools
search protein sequence databases and score every match between
experimental spectrum and simulated spectrum of peptide in
database to identify peptide sequences. For its simplicity and speed,
this strategy becomes the most frequently used method to assign
tandem mass spectra to peptide sequences [4]. However, one of the
vital drawbacks of this database search procedure is that database
search algorithms only consider m/z values leaving out of ion inten-
sities, thus generate inaccurate predicted mass spectra for scoring
the similarities to the experimental spectra. As a result, there exist
a large number of false positives in search results. Furthermore,
the errors would be enlarged when these ambiguous results are
used to conjecture corresponding proteins [5]. Therefore, it is indis-
pensable to understand the fragmentation pathways of peptides to
confidently construct theoretical spectra to improve the accuracy
of search algorithms.

To date, much knowledge has been gained in fragmentation
of peptides and several pathways of the fragmentation are pro-
posed. For low-energy fragmentation of peptides in gas phase, a
large number of works have provided indubitable evidences that
the mobile proton(s) in a protonated peptide play a critical role
in dissociation of amide bonds. According to these discoveries, a
model called ‘mobile proton model’ [6] was hypothesized. Mobile
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proton model classifies all protonated peptides into proton non-
mobile and mobile categories according to the mobility of protons
in peptides. The former is generally defined as number of Args
exceeds or equals to number of protons that all protons are cap-
tured by side chains of Args and need significant energy to move
to other sites of the peptide. Whereas when number of protons
exceeds number of Args, protons could easily migrate to fragmen-
tation sites from their initial locations (N-terminus, histidine or
lysine) to induce the cleavage. Thus markedly different fragmenta-
tion behaviors are presented for peptides in these two categories.
For its success in explaining why cleavage happens (such as his-
tidine effect [7], aspartic acid effect [8]), mobile proton model
becomes the most popular peptide fragmentation interpretation
model. However, for predicting peptide fragment ion mass spec-
tra, not only the information of why the cleavage happens but also
how abundant the ions formed is required, that is, the quantitative
characterization of fragmention intensity should be provided. Since
mobile proton model is a qualitative framework to predict a spec-
trum using appropriate rules [9], it fails in predicting quantitative
intensity of a spectrum. Being aware of this limitation, a framework
called ‘pathways in competition’ (PIC) was developed recently [10],
in which several peptide fragmentation pathways carried out by a
large number of previous works were summarized and considered
as probability cases. It is reasonable to suppose the ion intensi-
ties in a spectrum are the probability of producing corresponding
ions, which are related to the formation kinetics and stability of the
ions. Thus, once the fragmentation pathways of a peptide and the
relative stability of the resulting ions are fully understood, mass
spectrum of the peptide can be accurately predicted. However,
there needs much more works to consummate this idea since lots of
obscurities still exist in characterization of peptide fragmentation
behaviors.

Proline (Pro) effect is a well-known fragmentation in MS/MS
spectra of peptides [11-14] or MS spectra of intact proteins [15], in
which selective cleavage commonly occurs at the N-terminal side
of Pro with mobile protons to form abundant y ions. Proline is the
only proteinogenic amino acid whose side chain links to the a-
amino group. Thus, proline is an imino acid and its pyrrolidine ring
constructs the peptide backbone. This special molecular structure
was firstly regarded as the cause of proline effect for pyrrolidine
ring has high proton affinity [11,16]. However, Vaisar et al. found
that proton affinity of proline was not the only reason for proline
effect because substituting higher proton affinity residue for pro-
line in pentapeptides could not produce same selective cleavage
[17]. Recent studies showed that cleavage at N-terminal side of Pro
was determined by proton mobility in peptides [18] and affected by
identity of residue of preceding Xxx (Xxx denotes any residue) in
Xxx-Pro [19], and proposed that this cleavage could be interpreted
by PIC model [10]. Most recently, a systematical investigation of
Ala-Ala-Xxx-Pro-Ala (Xxx = Ala, Ser, Leu, Val, Phe and Trp) revealed
that cleavage N-terminal to proline involved bx-y, pathway and
the specific structure of proline could stabilize protonation at the
nitrogen of Ala-Pro amide bond [20]. Besides the selective cleav-
age of N-terminal Pro in peptide, it seems that proline can also
influence the neutral loss intensities [21] and the abundance of
fragment ions [22]. Although lots of efforts have been made in
trying to understand the proline effect and its effect on peptide
fragmentation, it is still devoid of a convinced picture to show
the fragmentation behaviors of proline. In addition, since proline
effect always generates dominant base peak and low rest peaks
in spectra that makes the mass spectra bad quality to be identi-
fied [23] and difficult to be sequenced [24], the understanding of
whether proline-containing peptides could produce such spectra
becomes essential. Additionally, the fragmentation behavior pic-
ture of proline in peptides would greatly assist the prediction of
proline-containing peptides tandem mass spectra.

Here we investigated more than 130 000 low-energy CID spectra
from NIST Peptide Mass Spectral Libraries (http://peptide.nist.gov/)
to draw proline fragmentation picture. The advantages of adopting
NIST libraries are: (i) all spectra are obtained by initially search-
ing all collected spectra by four different search engines and then
clustering multiple spectra assigned to same peptide to generate
a representative spectrum for each peptide, hence these spectra
are of high quality [25]; (ii) spectra in libraries have been fully
annotated by y, b, a type ions, along with immonium ions, inter-
nal ions and neutral losses, which can easily and confidently be
used to extract proline N- and C-terminal fragment ions for our
investigation; (iii) the number of spectra is larger than previous
statistical investigations [18,19] and would provide more suffi-
cient information for drawing the outline of proline fragmentation
behavior, especially for peptides at high charge states (more than
+3) which are still rarely reported yet to date. In order to under-
stand the factors which influence the fragmentation at N-terminal
side of Pro as comprehensive as possible, we artificially drew frag-
mentation map as its points were possible factors and generated
distribution of most abundant peak intensities produced by cleav-
age N-terminal to Pro for each point. Probabilities of occurrence of
selective cleavage at that site were subsequently calculated accord-
ing to the distributions, thus would provide prediction reference of
selective cleavage at N-terminal side of Pro in proline-containing
peptides.

2. Experimental
2.1. Data collection and processing

All data were collected from Human [26] and Ecoli [27] pep-
tide mass spectra libraries in NIST Libraries downloaded from
NIST website (http://peptide.nist.gov/). Spectra in both libraries
are generated by collision-induced dissociation of tryptic pep-
tides and recorded by ion trap (IT) spectrometer. All data
processing and probability calculating for selective cleavage pro-
cedures (see Section 2.3) were performed on MatLab (version 7.1,
http://www.mathworks.com), and fragmentation maps (see Sec-
tion 2.2) were manually drawn by Microsoft Office Visio 2007
(http://office.microsoft.com/en-us/visio/).

We extracted all spectra assigned to peptides that contained
proline in the libraries and then deleted all consensus spectra at
same charge state for these spectra represented same peptides and
might lead to ambiguous results. The rest spectra were made up
of our investigation dataset, totally 133 169 ‘single’ spectra with
peptide charge state ranging from +1 to +4. Due to its few spec-
tra number and uncommonly generated by low-energy CID, we did
not include fivefold or more charged peptide mass spectra in our
dataset. All peaks in a spectrum were normalized to base peak. In
order to mention the characterization value more simply in fol-
lowing studies, we named the normalized peak intensity IIBR (ion
peak intensity to base peak ratio). Since enhanced cleavage gener-
ally appears at N-terminal side of Pro and is always displayed as a
single high peak in a mass spectrum, we used the maximum value
of IIBRs of the ions produced by dissociation of proline N-terminal
amide bond in our analysis, regardless of any ion types. For multi-
ple proline-containing peptides, the maximum value of IIBRs of all
proline N-terminal ions was used.

2.2. Construction of fragmentation maps

In order to investigate the factors impacting the cleavage at N-
terminal side of Pro as comprehensive as possible, we collected
a majority of knowledge that have influences in peptide frag-
mentation reported previously and from our experiences. After
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comparing these factors, we manually constructed proline frag-
mentation maps as follows: Firstly, different charge states were
considered separately for the ions and intensities formed at dif-
ferent charge states are significantly different, as will be discussed
below. Thus, four fragmentation maps were constructed. Then we
separated multiple prolines and single proline containing peptides
for each charge state (denote as multi-Pro and mono-Pro in frag-
mentation maps). For single proline containing peptides, we split
them up into two paths by y and b ions, that if the most abundant
peaks generated by cleavage at N-terminal side of proline were
y ion series, peptides were investigated along y ion path, other-
wise peptides were investigated along b ion path. a type ions were
excluded here because few a ions are more abundant than y or b
ions in our dataset. For y and b ions respectively, proton mobility
defined by correlation of number of Args and protons was con-
sidered. Highly charged peptides with number of Args equaled to
number of protons minus 1 were also investigated separately for
they have different fragmentation behaviors. Finally, factors such
as positions of proline in peptides, the effect of other residues such
as aspartic acid effect, glutamic acid effect, pairwise cleavage of
Xxx-Pro, etc. were used to classify the suppressed and enhanced
cleavage at N-terminal side of Pro, and only the factors that could
do best classification were retained.

For multi-proline containing peptides, we firstly separated pep-
tides with all prolines bonding together from interspersing among
the peptide. Then similar to the construction of the fragmentation
maps for single proline containing peptides, two paths were set
for y, b ions. Finally, positions of proline in peptides and pairwise
cleavage of Xxx-Pro were considered. It should be noted here that,
all prolines in a peptide should be used for investigation of pairwise
cleavage of Xxx-Pro. For example, since dissociation of Xxx-Pro
amide bond is suppressed when Xxx is Gly or Pro, the suppression
of cleavage at Xxx-Pro in multi-proline containing peptides should
be strictly limited to all prolines N-terminally bonded to Gly or Pro
to prevent other prolines in the peptides from producing enhanced
cleavage.

Lastly, the fragmentation maps were drawn by fitting together
all factors introduced above. The distribution of [IBR for each factor
was also shown in fragmentation map under the point belonging
to the factor.

2.3. Calculating probability for selective cleavage

Prior to calculate probability for occurring selective cleavage at
N-terminal side of Pro, the selective cleavage should be defined to
identify whether it happened to a peptide bond. Thus, the following
two conditions were set. If the intensity of ions formed by cleav-
age N-terminal to Pro met one of the conditions, the cleavage was
considered as selective.

Condition 1: [IBR=1;
Condition 2: BCR > 1/L and Ryaxint(N,pro) < 35

BCR stands for bond cleavage ratio, which is calculated by sum
of all y, b, a type ions along with their neutral losses formed by
cleavage N-terminal to Pro versus total ion current (TIC). This defi-
nition of BCR is little different from previous [19]. L is the length of
peptide (i.e., number of amino acid residues). Rmaxint(n,pro) Stands
for the intensity rank of the most abundant ion formed by cleavage
N-terminal to Pro in spectrum. We defined the selective cleavage
according to these two conditions because of the following rea-
sons: on the point of view of experience, an amide bond dissociation
which is considered as selective should produce abundant ion peak
in mass spectrum. Thus if the ion formed by this dissociation is the
base peak, it could definitely be considered as selective. On the
other hand, if the ion is not the most abundant in spectrum, it is

difficult to identify the dissociation as selective for there exist a
large number of spectra in which only a single abundant base peak
is presented and intensities of all other peaks are very low, or many
high abundant peaks are presented all together. When this situa-
tion occurs, BCR is used. Since dissociation of a peptide bond in
peptide is considered as equal probability (can be easily expressed
as 1/L, L is peptide length) [28], only the probability of occurring
cleavage at one site higher than other sites in peptide is considered
as selective. Accordingly, if the most abundant ion formed by cleav-
age N-terminal to Pro was not the base peak in spectrum, selective
cleavage was identified when the ion was one the five highest peaks
in spectrum and BCR of the cleavage was higher than 1/L.

Once the selective cleavage was defined, we calculated the prob-
ability of occurring such cleavage for each factor presented in
fragmentation maps. For a frequency distribution, the probability
can be simply estimated by dividing number of spectra appearing
selective cleavage by total number of spectra satisfied the factor.
However, if there are not enough data for this estimation, the result
would be mistaken. Hence for such situation, bootstrap method
[29] was used. Bootstrap is a resampling method useful in directly
estimating parameters derived from unknown or too complicated
distributions or in making statistical inference from insufficient
sample size. The implementation of bootstrap is firstly constructs
a new dataset called bootstrap sample from original dataset with
replacement. That is, it randomly selects data (could be selected
repeatedly) from original dataset with the number of data points
same with the original one to form new dataset, which is named
bootstrap sample. Take a dataset containing 6 data points [xq, X2,
X3, X4, X5, Xg] as an example, one can randomly select data points
X1, X2, X3, X3, X4, Xg from the dataset to form a bootstrap sample [x1,
Xo, X3, X3, X4, Xg| (data point x3 is repeatedly selected) with data
number of 6 which is same with the original one. Bootstrap gen-
erates a large number of such independent bootstrap samples (i.e.,
all bootstrap samples are not the same) and evaluates statistic of
interest (e.g., mean, standard deviation of the sample, etc.) for each
sample. Consequently, a distribution of the statistic could be drawn
from the evaluation and used to infer conclusions for the original
dataset (e.g., the confident interval of the mean). For our datasets,
we generated 1000 bootstrap samples for each factor and calcu-
lated the number fraction of spectra occurring selective cleavage for
each sample. The final probability value was simply estimated by
averaging whole fraction values calculated from bootstrap samples.

According to fragmentation maps and the probabilities calcu-
lated, probability maps were manually drawn corresponding to
fragmentation maps to quantitatively present proline fragmenta-
tion behavior.

3. Results and discussions
3.1. Data description and statistics

In our dataset, all peptides are charged from +1 to +4, with
doubly and triply charged peptides being the major part (52.22%,
34.60% for +2 and +3 charge states respectively). This can be
expected for it is well known that electrospray ionization method
produces most amount +2 and +3 charged peptide precursor ions.
Among the more than 130 thousand spectra, the lengths of pep-
tides range from 5 to 79 amino acid residues with the average
at 18 residues. The numbers of mono-proline and multi-proline
containing peptides in our dataset are as follows: 6246(72.44%)
and 2376(27.56%) spectra at charge state +1, with average peptide
lengths at 11 and 13 residues; 42911(61.70%) and 26 636(38.30%)
spectra at charge state +2, with average peptide lengths at 14 and
16 residues; 22 229(48.25%) and 23 846(51.75%) spectra at charge
state +3, with average peptide lengths at 18 and 22 residues;
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3215(36.02%) and 6089(63.98%) spectra at charge state +4, with
average peptide lengths at 23 and 27 residues. (Detailed description
and statistics of our dataset are shown in Table S-1 in Supplemen-
tal Information.)

3.2. Fragmentation occurs at C-terminal side of proline

It is well known that cleavage at C-terminal side of proline is
un-favored. In order to confirm this observation, we calculated the
[IBR value generated by cleavage C-terminal to proline. The resulted
distributions are shown in Fig. 1. The most number of IIBR values
ranges from 0 to 0.2 indicating the prohibition of dissociation of
proline C-terminal amide bond. It is interesting to find the enhanced
cleavage at C-terminal side of Pro for few peptides in our dataset
(IIBR equals to 1 in Fig. 1). The reason for this enhancement can
be attributed to ‘yn.p rule’ [30-32], that when proline locates at
position 2 calculated from N-terminus (i.e., the second residue of
the peptide), abundant yy_; ion could be produced at C-terminal
side of Pro. The mechanism behind this selective cleavage may be
via yn.2/diketopiperazine pathway to form diketopiperazine struc-
ture of b, ion [10,32]. When peptides are highly charged, however,
more other locations can produce high abundantions at C-terminal
side of proline (percent of IIBRs attributed to yn., rule among all
[IBRs larger than 0.8 is 90.51%, 70.61%, 45.61% and 16.67% for singly,
doubly, triply and quadruply charged peptides respectively). This
should be noted in prediction of peptide fragment ion spectra.

3.3. Statistics of ions generated by cleavage at N-terminal side of
proline

Before investigating proline N-terminal fragmentation behav-
ior, it is desirable to have an overview of the most abundant ions
formed by cleavage N-terminal to Pro. As shown in Fig. 2, y and b
type ions are the dominant ions with total frequency larger than
90%. Under some conditions, water or ammonia loss of y and b ions
becomes the most abundant. It is worth noting here that cleavage
N-terminal to proline can also produce high abundant a ions in
few peptides, whereas no abundant neutral loss of such ions was
observed. The reason why a ions become the dominant is not clear.
It seems that it is formed randomly because only few peptides in our
dataset are found to produce dominant a ions, and the average IIBR
of the ions is much lower than y or b ions’ (data not shown). For y
and b ions, the probability of y ions being the dominant is far higher
than bions. This is consistent with the general observations that the
proline-containing peptides often produce dominant y ions when
selective cleavage occurred at N-terminal side of Pro. When pep-
tides at high charge state, the multiply charged y and b ions occupy
the highest probability (>50% for +3 charge state and >70% for +4
charge state, as shown in Fig. 2C and D). There are no significant
differences of ion intensities formed by multiple proline and sin-
gle proline containing peptides, though multiple proline containing
peptides have a bit higher probability to lose neutral molecules.

Though the most abundant ions formed by cleavage at N-
terminal side of proline are absolutely occupied by y and b ions,
the average intensities have no such obvious evidence (see Fig. S-
1 in supplemental information). The average IIBR of neutral losses
of y and b ions are also abundant, especially when peptides are at
higher charge states. This indicates that the neutral losses of y and b
ions also have high probability to become the dominant ions when
selective cleavage occurred at N-terminal proline. Comparing all
ions among four charge states, the highest average IIBR at +2 and
+3 charge states is y2* and y3* ions (nearly 0.9 and 0.8 for multiple
proline and single proline containing peptides) respectively, and is
higher than other ions at other charge states, indicating that the
selective cleavage could most probably be happened at +2 and +3
charge states. This obviously selective cleavage in peptides charged

+2 and +3 charge states could be attributed to more free mobility
of the protons than singly charged and less effected by Coulom-
bic repulsion than quadruply charged. It is worth noting here that,
for +4 charge state, the relatively low average IIBRs of y and b ions
reveal the influence of Coulombic repulsion [13,33] and other com-
petitive pathways to the selective cleavage at N-terminal side of
proline. When more than one proline is contained in a peptide,
the probability of selective cleavage significantly increases, even
two times more than single proline containing peptides at high
charge states. This may due to the high proton affinity of proline
that multiple prolines spreading in peptide could increase the prob-
ability of sequestering protons to induce the dissociation of proline
N-terminal peptide bond [34].

In addition to statistical analysis of the most abundant ions
formed, we also investigated the distribution of y and b ions
according to the position of proline in peptide (Fig. S-2 in sup-
plemental information). From the investigation, the trends for
formation of y and bions are clear: y ions are abundant when proline
locates near the N-terminus of peptides, and b ions are shown up
when proline locates towards C-terminus, as obviously and simply
shown at charge state +1 (Fig. S-2A in supplemental information).
This indicates that the fragmentation of proline in peptide tends
to form large ions. However, it becomes complex at higher charge
states, that y ions are more abundant than b ions even when pro-
line locates near C-terminus, especially at +2 and +4 charge states.
This reduction of b ions may indicate the fragility of large b ions.
For quadruply charged peptides, the nearly uniform distribution
of b and y ions can be due to Coulombic repulsion. We also found
that when proline stays at other sites in peptide except position
2, one of the strongly competitive pathways to N-terminal cleav-
age of proline is the formation of yN_; ions (data not shown). This
phenomenon has been discussed recently by Harrison [30] and is
named ‘yn., rule’ [31,32] which is proposed via b,-yn.2 pathway to
form traditional oxazolone structure b, ion and yn., ion [35,36].

3.4. Proline fragmentation map

3.4.1. yions generated by cleavage N-terminal to Pro in single
proline containing peptides

Abundant y ions produced by selective cleavage at N-terminal
side of Pro have been generally observed [11,12,14-17] and
regarded as the phenomenon of proline effect [17]. For all ions
formed by cleavage N-terminal to Pro in our dataset, number of
spectra with y ions being the most abundant is much more than
the number of spectra with b ions (even nearly 6 times more, as is
shown in Fig. 3A and B). This is consistent with the generally obser-
vations. In this analysis, since cleavage N-terminal to Pro has been
proved to be determined by proton mobility in peptides, investiga-
tion on the relation between number of Arg and protons was made
firstly. When protons are all sequestered by Args (point No.R > +2
in Fig. 3A), which is generally defined as proton non-mobile model,
the selective cleavage at N-terminal side of Pro is suppressed. How-
ever, the significant enhancement is found for Asp-Pro and Glu-Pro
(points D-P and E-P in Fig. 3A), indicating the positive influence of
aspartic acid effect on selective cleavage at N-terminal side of pro-
line. In fact, the probability of occurrence of selective cleavage at
Asp-Pro and Glu-Pro is generally more than 0.7 among four charge
states. Besides, enhanced cleavage is also found at Arg-Pro when
peptides are doubly charged (point R-P_IN along path y ions from
No.R>2 to X-P in Fig. 3A). The mechanism behind the enhanced
cleavage may be via nucleophilic attack of &N of Arg side chain on
the carbon of amide bond to form 6-member ring lactam struc-
ture [37]. When protons are non-mobile for y ions, it seems that
the charge-directed cleavage at N-terminal side of Pro competes
with charge-remote cleavage of Asp and Glu (probability 0.7592
versus 0.3956 for points D/E_IN and (D & E)_EX respectively in Fig. S-
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Fig. 3. Fragmentation map for cleavage N-terminal to Pro in doubly charged peptides. (A) When ions with maximum IIBR formed by cleavage N-terminal to Pro are y ions,
(B) ions with maximum IIBR are b type ions, and (C) fragmentation behaviors of multi-prolines. Meanings of symbols in the figure are: No.R is number of Args in peptides;
D-P, E-P and X-P represent Asp-Pro, Glu-Pro and any other residues except Asp and Glu N-terminally bonded to Pro exist; G-P represents Gly-Pro exists; D_IN and E_IN
represent residue Asp and Glu exist; D/E_IN represents Asp or Glu exists; (D & E)_EX represents Asp and Glu are excluded; R-P_IN and R-P_EX represent Arg-Pro is included
or excluded; (I, L, V & H)_IN represents any of residues Ile, Leu, Val and His is included and (I, L, V & H)_EX represents all of the residues Ile, Leu, Val and His are excluded; (I, L,
V & H)P_IN represents any of Ile-Pro, Leu-Pro, Val-Pro and His-Pro exists and (I, L, V & H)P_IN represents all the Ile-Pro, Leu-Pro, Val-Pro and His-Pro are excluded; POS(P) and
POS(GP) are positions of proline and Gly-Pro in peptides calculated from N-terminus and POS(P)c/L is relative position calculated by dividing position of proline computed
from C-terminus by peptide length. For multiple prolines containing peptides, P-P or P-X,-P means all prolines bonded together or spreading in peptides, and the number in
superscript represents relative position of proline to other prolines in peptides. The box inserted is the distributions of y and b ions for different relative positions of prolines
in P-X,,-P containing peptides (this relative position is defined by position relative to the proline nearest N-terminus of peptide and the order of the position is included in
bracket at the end of symbol P-X;-P). Number of spectra satisfied the condition is also included in bracket.

4B in supplemental information), and the effect of Asp is more
stronger than Glu (probabilities for occurring selective cleavage at
N-terminal side of Pro are 0.2616 and 0.6106 respectively). This
conclusion conflicts from previous work that Aspartic acid effect did
not compete with proline effect [7]. The reason of this confliction
may be due to the few number of spectra investigated or even the
incorrect assignment of the spectra in our dataset or previous work.
The same conclusion could not be drawn for triply and quadruply
charged peptides for there is not enough data for investigation.
When protons are mobile (No.Arg <+2 in Fig. 3A), cleavage of
peptides is dominated by selective cleavage occurs at N-terminal
side of Pro (probability is generally more than 0.5 for all four charge
states, Fig. S-4 section I in supplemental information). It has been
reported that for pairwise cleavage of Xxx-Pro (Xxx denotes any
residue), cleavage enhanced when Xxx is Ile, Leu or Val and sup-

pressed when Xxx is Gly or Pro [19]. Our investigation obtains
same trends and the probability for occurring selective cleavage
could be up to more than 0.8 at Ile, Leu, Val-Pro (point (I, L &
V)P_IN in Fig. S-4B section I) and down to less than 0.01 at Gly-
Pro (point G-P in Fig. S-4A section I). It should be noted that the
pairwise fragmentation of G-P is enhanced when G-P locates at
position 2 calculated from N-terminus, which can be attributed to
‘yn-2 rule’. Surprisingly, for triply and quadruply charged peptide,
cleavage is most suppressed at Arg-Pro, Lys-Pro and His-Pro among
all 20 pairwise Xxx-Pro. This may be due to the Coulombic repul-
sion between the protons located at these basic residue side chains
and the freely mobile protons that migrate to Pro N-terminal site,
thus prohibiting the induction of cleavage. In addition to residues
in pairwise Xxx-Pro, the position of proline in peptides also greatly
affects the fragmentation of proline. As point POS(P)c/L shows in
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Fig. 3A, when POS(P)c/L value ranges from 0.2 to 0.9, probability of
selective cleavage at N-terminal side of Pro is significantly higher
than other sites (0.7359 versus 0.1708 and 0.2033). Similar results
are found for the other three charged peptides, that proline effect
is suppressed when proline locates near two termini of peptides,
especially for highly charged peptides.

When peptides are singly charged, N-terminus glutamic acid
(Glu) is observed to significantly prohibit selective cleavage at
N-terminal side of Pro (points POS(E)=1 versus POS(E)~=1 in
Fig. S-3A section I in supplemental information). It has been
reported that peptide with glutamic acid locating at its N-terminus
has a strong effect to lose water or ammonia molecules to form
pyroglutamic acid derivatives [38], which prohibits cleavage at
other sites and generates high abundant peak for water loss of
precursor ion [39]. Therefore, cleavage N-terminal to Pro is sup-
pressed. However, the impact of N-terminus Glu is greatly reduced
when charge state increased. This may be ascribed to the induc-
tion of cleavage at other sites by other freely mobile protons and
hence cleavage at N-terminal side of Pro becomes selective. Addi-
tionally, for highly charged peptides, when number of Arg is equal
to number of protons minus 1, probability of occurrence of selective
cleavage N-terminal to Pro is the lowest comparing to conditions
of proton non-mobile and more than 2 protons are freely mobile.
Nevertheless, it is enhanced when position of Arg is more than two
residues away from position of Pro or disappeared at N-terminal
part of Pro in peptides (point POS(P to R)ggL > 2 along path No.R=2
in Fig. S-3C section I in supplemental information). As mentioned
above, though cleavage at N-terminal side of Pro requires location
of proton at its site, highly charged peptides are strongly influ-
enced by Coulombic repulsion of multiple protons. Consequently,
when Arg positions at or near N-terminal side of Pro, repulsion
between protons sequestered by Arg and N-terminal side of pep-
tides weakens the inducement of dissociation of the peptide bond.
This should be noticed for spectral prediction of highly charged
peptides.

3.4.2. bions generated by cleavage N-terminal to Pro in single
proline containing peptide

For b ions formed by cleaving at N-terminal side of Pro, same
set of factors affecting the selective cleavage were investigated as
y ions and similar factors were found (Fig. 3B). When protons are
sequestered by side chains of Arg, strongly selective cleavage occurs
at Asp-Pro and Glu-Pro attributed to aspartic acid effect, and the
relative lower extent of selective cleavage at Glu-Pro than Asp-Pro
in non-proton mobile model confirms the depressed effect of glu-
tamic acid effect [40] (points D-P and E-P along the path No.R>2
in Fig. 3B). Besides the selective cleavage at Asp-Pro and Glu-Pro,
the existence of His in singly charged peptides could also show up
the intensity of b ions when protons are non-mobile, increasing the
probability of occurrence of selective cleavage at N-terminal side
of Pro (point H_IN along the path R_IN in Fig. S-3A section Il in sup-
plemental information). It has been documented that selective
cleavage could be occurred at C-terminal side of His when pro-
tons are mobile [41] and position of His in peptides could affect
the cyclization/reopening of b ions [42]. However, no evidence in
our dataset shows the influence of position of His in peptides on
the enhancement of cleavage at N-terminal side of Pro (data not
shown). Thus, the increased probability of the cleavage in singly
charged peptides could not definitely be attributed to the His effect.

For pairwise cleavage, when protons are freely mobile through
peptide (path No.R <charge state in Fig. 3B and S-3A, S-3C and S-
3D section II in supplemental information), selective cleavage at
N-terminal side of Pro is suppressed at Gly-Pro and enhanced at
Ala, Ile, Leu, Val-Pro amide bond (points G-P and (I, V, L & A)P),
indicating the general suppression and enhancement of cleavage

at Gly-Pro and Ile-Pro, Leu-Pro, Val-Pro. The dissociation of Asp-
Pro and Glu-Pro amide bond is also enhanced for doubly and triply
charged peptides (D/E-P along path No.R<2 in Fig. 3B and Fig. S-
3C section II in supplemental information). It has been reported
that when Lys stayed at the C-terminus of peptide, cleavage at Asp-
Xxx was selected and subsequently suppressed cleavage at Xxx-
Pro, whereas Xxx-Pro would be selected when Lys stayed at the
middles site of peptide [18]. Our data do not show same trends but
enhanced cleavage also was generally observed when more than
two basic residues existed in peptides with Lys stayed at C-terminus
(data not shown).

As discussed in Section 3.4.1, selective cleavage most probably
occurs when proline positions at middle sites of peptides and is
suppressed near two terminuses. For b type ions, similar trends are
found when peptides are doubly or higher charged. However in
triply charged peptides, the trends are a bit changed for the dis-
sociations of Ile-Pro, Leu-Pro, Val-Pro and Asp-Pro, Glu-Pro amide
bonds, that the cleavage is suppressed when proline locates near
N-terminus of peptide (point POS(P)c/L>0.6 along path No.R<2
in Fig. S-3C section Il in supplemental information). It is not clear
why it happens for these amide bonds but not for other Xxx-Pro
amide bonds in triply charged peptides. For quadruply charged pep-
tides, selective cleavage at N-terminal side of Pro is not as strong
as other charged peptides, even for dissociation of Ile-Pro, Leu-Pro
and Val-Pro amide bonds (probability is less than 0.6 for point (I,
L & V)P in Fig. S-4D section II in supplemental information) and
nearly does not occur at His, Lys and Arg-Pro (probability 0.0582,
point (H, K & R)P). This indicates the dominant effect of Coulom-
bic repulsion on peptide fragmentation when peptides are highly
charged. In addition to influences of pairwise cleavage of Xxx-Pro
and position of Pro in peptides, cleavage at N-terminal side of Pro
is weakened when Glu positioned at N-terminus of peptides when
peptides are singly charged, as has been demonstrated for y type
ions.

3.4.3. Fragmentation of proline in multiple prolines containing
peptides

Cleavage at N-terminal side of Pro in multiple prolines con-
taining peptides is much more complex, as shown in Fig. 3C and
Fig. S-3A, S-3C and S-3D section IIl in supplemental informa-
tion. When prolines in peptides are bonded together, the ‘active’
N-terminal amide bond only belongs to the Pro nearest to the N-
terminus of peptide for other Pros are bonded to C-terminal side of
previous Pros at which cleavage would is prohibited (point P-P(2))
[19]. As aresult, these multiple prolines could be considered as one
‘active’ Pro and may present similar fragmentation behavior with
single proline containing peptides. Though there has not enough
data for comprehensive investigation of multiple prolines contain-
ing peptides to draw such conclusion, similar factors affect selective
cleavage at N-terminal side of ‘active’ Pro are still found, as shown
along path P-P(1) in Fig. 3C and Fig. S-3A, S-3C and S-3D section III.
When protons are mobile, cleavage at N-terminal side of ‘active’ Pro
is probably selective except Gly-Pro (point G-PP in Fig. 3C). Contrar-
ily, cleavage is suppressed when protons are non-mobile and only
enhanced at Asp-Pro and Glu-Pro. However, dissociation of Gly-Pro
and Pro-Pro amide bonds could be enhanced when they positioned
at 2 calculated from N-terminus, which is due to the yN_; rule. When
prolines disperse in peptides, the probability of occurrence of selec-
tive cleavage at N-terminal side of Pro is notably increased, on the
verge of 0.9 (point P-Xn-P in Fig. S-4B, section III in Supplemen-
tal Information). This is reasonable because all prolines in peptides
are ‘active’ sites for occurring selective cleavage, hence increases
the probability of dissociation of Pro N-terminal amide bond. As
expected, when protons are non-mobile or all Xxx-Pro amide
bonds in peptide are fixed by non-active cleavage pairwise such as
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Gly-Pro, Arg-Pro, Lys-Pro, etc., cleavage at N-terminal sides of all
Pros are prohibited (points (G, R, K & H)¢P and (G, R & K)P in
Fig. S-3B and S-3C in supplemental information respectively). In
order to identify whether there exists competitive cleavage among
all prolines, distribution of IIBR for different relative positions of
multiple prolines in peptides is presented in each fragmentation
map as an insert box. As is shown, the probability of occurring
selective cleavage at N-terminal side of each proline is low, indi-
cating the competitive cleavage between prolines in peptides. The
further decreased intensities of b and y ions when prolines locate
towards C-terminus of peptides imply that the selective cleav-
age most probably appears at N-terminal side of Pro near the
N-terminus.

3.5. Interpretation of proline effect

Proline effect is still an unsolved problem in peptide fragmen-
tation research. Paizs and Suhai [10] concluded that the specific
activity of proline is exerted via affecting otherwise non-specific
fragmentation pathways and can be fully explained by bx-y, path-
way. In other words, the selective cleavage occurs at N-terminal
side of Pro requires proton locates at its site and would be sup-
pressed when other specific fragmentation pathways appear. The
suppression of proline effect when the protons in peptides are non-
mobile or other specific effects (e.g., aspartic acid effect, N-terminus
glutamic acid effect, etc.) are happened confirms this explanation.
Additionally, in order to rationalize the general suppression of
cleavage at Gly-Pro and Pro-Pro and enhancement of cleavage at
Ile-Pro, Leu-Pro, Val-Pro, and under certain condition Ala-Pro, Breci
etal.[19] resorted to different conformations of Xxx-Pro. It has been
reported that proline in Xxx-Glu-Gly-Pro may stabilize the reacting
conformation for facile cleavage of Glu-Gly in proline-rich peptides
to enhance the cleavage [43,44]. Furthermore, proline under differ-
ent conditions can adopt different conformations [45]. Therefore,
since there has no specifically chemical active side chains in pro-
line, it is reasonable to assume that the proline’s cyclic side chain
has some special effect on cleavage transition structures that facile
the cleavage N-terminal to proline, i.e., lowering the relative energy
of the structures, and the cleavage at N-terminal side of proline
follows the traditional bx-y, pathways. This hypothesis has been
proved in most recently published work that proline side chain
in protonated peptides can stabilize the protonation at N-terminal
side of Pro [20]. Thus the suppression of proline effect when proline
positions near two termini of peptides can be due to the differ-
ent conformation of proline in cleavage transition structure from
proline positions at middle sites of peptides. And the reason for
less competitive than chemically driven effect (e.g., aspartic acid
effect, N-terminus glutamic acid effect, histidine effect, etc.) can
be rationalized by the lower energy for occurring latter reaction.
However, theoretical studies should be carried out to prove these
assumptions.

4. Conclusions

Enhanced cleavage at N-terminal side of proline termed proline
effect is commonly observed in proline-containing peptide frag-
ment ion mass spectra. Statistical analysis of more than 130, 000
high quality spectra produced by singly, doubly, triply and quadru-
ply charged peptides definitely shows the strong N-bias of proline
[46]. Besides, abundant y ions being the major part of fragment
ions produced by cleavage at N-terminal side of Pro confirms the
common observations of proline effect. Comparing the factors that
enhance and suppress the selective cleavage, the trends become
apparent:

(1) Cleavage at N-terminal side of Pro is prohibited when protons
are non-mobile, whereas significantly selective cleavage occurs
at Asp-Pro and Glu-Pro due to aspartic acid effect;

(2) Cleavage at N-terminal side of Pro is clearly selective when
protons are mobile. Under this condition, the cleavage is deter-
mined by pairwise Xxx-Pro and position of proline in peptides.
For the former, cleavage is selective when preceding Xxx is Ile,
Leu or Val and suppressed when Xxx is Gly or Pro. And for the
latter, selective cleavage most probably occurs at middle site
of peptide. It should be noticed that when other specific frag-
mentation pathways appear (such as yy., rule, N-terminus Glu
effect, etc.), proline effect is suppressed, indicating the influence
of cleavage competition on the fragmentation of proline;

(3) When peptides are highly charged, cleavage at N-terminal side
of Pro is depressed comparing to lower charged peptides and
more strongly affected by position of proline in peptides. The
rarely cleavage at Xxx-Pro when preceding Xxx is Arg, Lys or
His and effect of position of proline on proline effect indi-
cate the influence of Coulombic repulsion in highly charged
peptides, which could also inhibit other specific fragmentation
pathways;

(4) For multiple proline containing peptides, selective cleavage
occurs at N-terminal side of Pro is stronger than single proline
containing peptides, especially when prolines disperse in pep-
tides. Applying the factors affecting proline effect drawn from
single proline containing peptides to multiple proline contain-
ing ones, similar results are found when prolines are bonded
together. However, when prolines disperse in peptides, selec-
tive cleavage is still observed even if cleavage at N-terminal side
of several prolines is inhibited because the remaining prolines
could still produce selective cleavage. Additionally, competi-
tive cleavage is found between prolines in same peptide and
the highest probability of occurring selective cleavage belongs
to proline nearest to N-terminus of peptide;

(5) ‘Yn-2 rule’ is generally found in our dataset and increases the
probability of occurring selective cleavage when proline posi-
tions at 3 calculated from N-terminus, even for Gly-Pro and
Pro-Pro amide bonds.

As proline effect often leads to single most abundant peak that
makes other peaks too low to distinguish from signal to background
noise in peptide fragment ion spectra, it is not clear whether this
effect happens in all proline-containing peptides. Hence the the-
oretical spectra predicted for proline-containing peptides are still
susceptible. This statistical analysis is comprehensive and gives an
insight into proline fragmentation behavior in protonated peptides
and can be integrated into spectral prediction framework. Further-
more, the probability of occurring selective cleavage at N-terminal
side of Pro calculated for each fragmentation behavior provides a
quantitative characterization of the cleavage which would be help-
ful in prediction of mass spectra and potentially be a reference data
in de novo sequencing of proline containing peptides.
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