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Fragmentation at the Xxx-Pro bond was analyzed for a
group of peptide mass spectra that were acquired in a
Finnigan ion trap mass spectrometer and were generated
from proteins digested by enzymes and identified by the
Sequest algorithm. Cleavage with formation of a + b + y
ions occurred more readily at the Xxx-Pro bond than at
other locations in these peptides, and the importance of
this cleavage varied by the identity of Xxx. The most
abundant Xxx-Pro relative bond cleavage ratios were
observed when Xxx was Val, His, Asp, Ile, and Leu,
whereas the least abundant cleavage ratios occurred when
Xxx was Gly or Pro. Rationalization for these cleavage
ratios at Xxx-Pro may include contribution of the Asp or
His side chain to enhanced cleavage or the conformation
of Pro, Gly, and the aliphatic residues Val, Ile, and Leu
at the Xxx location in the Xxx-Pro bond. Although unusual
fragmentation behavior has been noted for Pro-containing
peptides, this analysis suggests that fragmentation at the
Xxx-Pro bond is predictable and that this information may
be used to improve the identification of proteins if it is
incorporated into peptide sequencing algorithms.

Two general approaches are used to analyze proteins by mass
spectrometry: a single stage experiment (MS), providing mass
analysis of the peptide products of the enzymatically digested
protein,1 or a tandem experiment (MS/MS), providing the amino

acid sequence of the peptides.2 Analysis of biomolecules such as
peptides began with fast-atom bombardment (FAB) ionization
techniques,3 and improved with the introduction of matrix-assisted
laser desorption ionization (MALDI)4,5 and electrospray ionization
(ESI).6,7 Choices of and improvements in mass analyzers, such
as time-of-flight (TOF),8 ion-trap,9 and quadrupole10 instruments,
provide great flexibility in matching experimental method to need.
Experimental mass spectra are coupled to computer search
algorithms1,11-15 for protein identification.

Vast amounts of genome information have become available
concurrently with advances in mass spectrometry, and protein and
DNA databases are searched for sequences to identify proteins.
Computer algorithms have been developed to use peptide masses
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(MS) to search protein or translated genome databases and
identify proteins in an approach called “peptide mass map-
ping,”12,16,17 in which the observed m/z values detected after
digestion of the protein with an enzyme are compared with the
peptide masses predicted. The protein can be identified if a
sufficient number of peptide ions are observed, if the protein is
not heavily modified, and for most programs, if there are not more
than two proteins present.18

Other algorithms are available for use in identification of
proteins from the fragmentation (MS/MS) of individual pep-
tides.2,11,17,19 The use of MS/MS data addresses the drawbacks of
peptide mass mapping with the added advantage that fewer
peptides are required; while one identified peptide will limit the
possible proteins, a second identified peptide may be enough for
absolute identification.18 The Sequest algorithm uses MS/MS data
to identify a peptide. The selected database is searched for all
possible contiguous series of amino acids that equal the mass of
the precursor ion (with mass tolerance determined by the
researcher). Structural modifications (e.g., phosphorylation) may
be suggested by the user and allowance is made for those mass
differences. A cross-correlation function then provides a measure-
ment of similarity between the m/z of the fragment ions predicted
from the amino acid sequence and the fragment ions of the
experimental tandem mass spectrum. The strength of the cross-
correlation scores and the difference between the first- and second-
ranked result determines a successful match.11 Proteins with
sequence information available in the selected database can be
identified by 1-5 peptides; however, by using multiple enzymatic
cleavage reagents, 97-100% of a protein can be identified in an
exceptionally good case.20

Judging the significance of a result from a peptide mass
mapping or tandem sequencing experiment is important, particu-
larly in the case of automated high-throughput protein analysis
used today.21 Protein identification by tandem mass spectrometry
methods does not take into account unusual fragmentation events
that can occur as a result of the presence of specific residues.
For example, the importance of Arg in a peptide has been noted
in a statistical analysis of peptide spectra, because its presence
can affect both the appearance of certain ion types (a/b vs y) and
the mobility of an ionizing proton on the backbone, because Arg
sequesters the proton at its very basic side chain.22,23 The
requirement for a mobile proton is met when an Arg-containing
peptide with no other basic residues carries two charges as one
is sequestered and one is available to induce charge-directed
cleavage.23 It has been demonstrated that preferential cleavage

C-terminal to aspartic acid often occurs,24-26 and it has been noted
and is under investigation that product ion spectra may also be
influenced by the presence of histidine in a peptide.27-29 An
improved understanding of peptide dissociation and application
of that knowledge to sequencing algorithms is one way to improve
those algorithms, because an experimental mass spectrum would
better match a more accurately modeled MS/MS spectrum
created from sequences obtained from DNA or protein databases.

Proline Fragmentation Behavior. The presence of proline
residues in a peptide has a significant effect upon the fragments
observed by tandem mass spectrometry. The abundance of intense
fragment ions formed at a Pro residue, termed the proline effect,
results from cleavages at the N-terminal side of Pro.30-35 In fact,
in the fragmentation of whole proteins, fragment ions produced
N-terminal to proline are dramatically over-represented in the
spectra.36 Fragmentation of Pro-containing peptides, particularly
when poly-Pro stretches exist in the peptide, produce unusual
fragment ions in high-energy experiments, some of which are
suggested to be produced by charge-remote cleavage.37,38 Proline
is unusual in that it is the only naturally occurring amino acid in
which the side chain participates in a ring to the peptide backbone.
This creates an N-alkylation at the peptide nitrogen of Pro and
the ring formed endows that position with a natural turn, which
makes this an important residue in the formation of protein higher
order structure.39-41 Although it has been observed previously that
Pro-containing peptides show unusual fragmentation effects, no
study has been performed to systematically analyze the effect of
Pro in the tandem mass analysis of peptides. The statistical
analysis of a peptide spectral database presented here was
undertaken to answer two questions. First, are there predictable
patterns in cleavages observed at Pro residues that would be useful
in the sequence identification of peptides using computer algo-
rithms? Second, do any such patterns suggest why cleavage
occurs, or does not occur, adjacent to a Pro residue?
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The peptide spectral database presented here contains peptides
generated primarily with trypsin. All peptides included in the
analysis were doubly charged to represent the most common case,
because most peptides produced by tryptic digestion and intro-
duced into a mass spectrometer by ESI carry two charges (thus,
2+ peptides represent the majority of peptides analyzed). In
addition, selecting a single charge state for this analysis eliminates
the variable of different cleavage effects due to charge state.

EXPERIMENTAL METHODS
Acquisition of Spectra. The peptide spectra provided for

analysis were from a variety of proteins and organisms. They were
cleaved initially by enzymatic digestion, primarily by trypsin, with
chemical cleavage utilized for some of the proteins. The peptides
produced were then roughly separated by high-pressure liquid
chromatography (HPLC) or other capillary LC methods and
introduced into a Thermo Finnigan ion trap mass spectrometer
(LCQ) by electrospray ionization. By utilizing the Finnigan
software, the tandem mass spectrometry experiment was auto-
mated and data-dependent, so continuous acquisition of mass
spectra (MS) was performed as the chromatography run contin-
ued, and when ion signals of a certain intensity indicated the
presence of a peptide, a tandem mass spectrum (MS/MS) was
acquired. Multiple peptides often elute simultaneously under these
conditions, and a method of acquisition termed dynamic exclusion
provided by the Finnigan software avoids the collection of multiple
same-ion spectra over a limited time period and allows the
acquisition of MS/MS spectra for lower abundance peptides.

The resulting MS/MS spectra were submitted to the Sequest
program for data analysis. This program searches a selected
database for candidate peptide sequences (which may include the
conversion of a DNA database to theoretical amino acids stretches)
that match the m/z of the peptide found in the first stage (MS) of
the MS/MS experiment. Theoretical MS/MS spectra are then
generated for those matching peptides and are compared to the
experimental MS/MS spectrum. The best matches between the
spectra generated from database searches and experimental mass
spectra are those that have the greatest stretches of contiguous
matching a, b, or y fragments. The quality of a match is rated
with a cross-correlation score, and a peptide is considered
“matched” if that score exceeds a selected threshold (determined
by the researcher; e.g., a cross-correlation score of 2.5 is generally
accepted for doubly charged peptides) and differs from the
next highest score by a preselected amount. The individual,
theoretical matches from the database are then compared against
each other, and the most likely protein matches are those with
the greatest percentage of sequence identified, although the
program provides the other top-ranked possibilities in the final
report, and so the algorithm is useful for both protein mixtures
and isolated proteins.

Ions Used for Statistical Analysis of Fragmentation Pat-
terns. The a, b, and y fragment ions were chosen for study
because these are the main ions identified by the Sequest
algorithm and because they are often the most useful sequencing
ions, whether identification is by Sequest or other methods.
Briefly, b and y ions are generated by fragmentation at the peptide
bond between amino acid residues. Cleavage at that position is
most often initiated by an ionizing proton, and if the charge
remains on the amino terminal fragment, a b ion is formed and

can lose CO to form an a ion. If the charge is transferred to the
C-terminal fragment, a y ion results. In the case of doubly charged
peptides, which are commonly formed in tryptic digests, two
fragment ions can result from a single cleavage, b ions (which
may form a) in partnership with y ions, that is, a b/y comple-
mentary pair.

Data Conversion and Analysis. Two analyses were per-
formed for Pro cleavage. First, a database of 316 peptides was
probed for cleavage C-terminal to proline at Pro-Xxx, where Xxx
indicates any amino acid. Of this database, 168 peptides contained
Pro and were included in the results shown here. The second
analysis included 1043 doubly charged peptide spectra that were
inspected for cleavage N-terminal to proline at Xxx-Pro. Peptides
excluded from the results include 414 that did not contain any
Pro residues, 38 that were not used because of poor spectral
quality without confirmation of accuracy in identification, 12
duplicates, and 63 that had the m/z of Xxx-Pro cleavage outside
of the m/z range of the experiment. This resulted in a total of
516 peptides for which Xxx-Pro cleavage was analyzed.

Peptides were from a variety of proteins and organisms and
had been identified by Sequest. All included spectra were
inspected manually to confirm correct assignment. Those that
were questionable (low signal intensity, low percentage of frag-
ment ions, many ions of high relative intensity not identified) were
manually sequenced by using Protein Prospector12 to generate
theoretical sequence ions, which were used to identify confirming
fragment ions, such as internal fragments not identified by the
Sequest routine. The 516 peptides analyzed contained single or
multiple instances of Xxx-Pro. Any positions of Xxx-Pro that would
generate one or more a, b, or y fragment ions outside the range
of the experiment were not factored into the average cleavage
for that particular Xxx-Pro cleavage.

For each peptide analyzed, a ratio of the total relative
abundance of a + b + y fragments formed at Xxx-Pro versus all
possible a + b + y ions for that peptide is termed the relative
bond cleavage ratio and was determined by the formula

The most important sequencing fragment ions are the a, b,
and y ions, but these are only some of the fragment ions formed
by peptide dissociation. For example, the MS/MS spectrum of
the peptide LVEGLANDPENKVPLIK shown in Figure 1 has the
a, b, and y ions labeled, and it can be seen that there are many
additional fragment ions that are not identified. This analysis is
concerned only with a, b, and y fragment ions, and their relative
abundances were translated into Excel spreadsheet format. For
peptides with multiple Xxx-Pro cleavage positions, the ratios at
each of the cleavage sites were summed to determine an overall
relative bond cleavage ratio for Xxx-Pro cleavage in the peptide.
The average ratio at a particular cleavage site (e.g., Ala-Pro) was
determined by summing all ratios produced in all peptides at that
cleavage position and dividing by the number of ratios. The results
presented for cleavage at Pro-Xxx bonds was calculated in a similar
manner using the abundance of a + b + y ions formed at that
bond.

relative abundance (a + b + y)Xxx-Pro

relative abundance (a + b + y)all
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RESULTS
C-Terminal Fragmentation, Pro-Xxx. Ions formed at posi-

tions C-terminal to Pro, where Xxx is any amino acid, were
expected to produce low Pro-Xxx relative bond cleavage ratios,
in agreement with previous observations in our laboratory and
by others.34 To confirm these previous observations, a small
number of peptides (168) were included in this analysis with the
intent of expanding the data set if early results suggested an in-
depth analysis was necessary. The results of this survey are
included here as a general snapshot of the low value of sequencing
information generated by cleavage at the Pro-Xxx bond.

The results of this analysis are listed in Table 1, which includes
the average ratio and the number of peptides included for each
occurrence of Pro-Xxx, where the identity of Xxx is listed in the
first column. Low ion abundance results from cleavage at Pro-
Xxx, ranging from 4.5% (Pro-Pro) to 0.2% (Pro-Lys). Due to the
small data set, some Pro-Xxx positions are poorly represented,
although there are 12 or more examples for 10 of the 20 amino
acids shown in Table 1. The results of this abbreviated survey
were in agreement with previous observations that occurrences
of Pro-Xxx cleavage are observed, but those are rare and it may
be productive to consider low ion abundance at Pro-Xxx for peptide
identification purposes.

N-Terminal Fragmentation, Xxx-Pro. A comprehensive
analysis was made of cleavages at Xxx-Pro positions in 516
peptides. On average, it was found that 36.3% of a + b +y ion
intensity observed in these 516 peptides was due to cleavages at
Xxx-Pro bonds. This result is surprisingly large, and a closer
inspection of these results is in order. The average relative
intensity based upon the identity of Xxx is listed in Table 2, and
this table also lists the standard deviation and numbers of
instances analyzed. Of the 20 amino acids, 18 were represented
by enough data to provide meaningful results (g20), and although
the number of representative cleavage sites for Trp (W) is low
(7), it must be considered that the average abundance of Trp in
proteins is one of the lowest of all amino acids at 1.1%.42 Although
Cys and Met also occur at low abundance in proteins (2.8% and
1.7% respectively),42 there were only 2 (Cys) and 0 (Met) instances
of these amino acids, and they are considered under-represented
in this analysis.

These results are graphically represented in Figure 2, and it
can be seen that the confidence intervals shown in this figure are
too large to make definitive statements about the relative ordering
of cleavage intensities based upon the identity of Xxx, and that
was not the goal of the analysis. The results show that, first, there
is a good deal of cleavage N-terminal to proline residues, and
second, certain clues to Xxx-Pro cleavage propensity may be
discovered in those individual results shown in Table 2 and Figure
2. In Figure 2, the amino acid representing Xxx is plotted on the
x axis. The y axis is the average relative bond cleavage ratio for
that Xxx-Pro bond. No simple relationship between fragment ion
abundance and the identity of Xxx based upon the amino acid’s
physical properties, such as ionization energy,43 proton affinity,44

(42) Klapper, M. H. Biochem. Biophys. Res. Commun. 1977, 78, 1018-1024.

Figure 1. MS/MS spectrum of the peptide [LVEGLANDPENKVPLIK
+ 2H]2+ acquired by CID in an ion trap. Although many peaks are
a-, b-, and y-sequence ions, many other peaks are unidentified.

Table 1. Average Pro-Xxx Relative Bond Cleavage
Ratiosa and the Number of Peptides Analyzed

identity
of Xxx

av
ratio

no.
peptides

identity
of Xxx

av
ratio

no.
peptides

Pro 0.045 4 Glu 0.012 30
Gln 0.022 5 Tyr 0.012 3
His 0.020 2 Leu 0.012 24
Gly 0.017 17 Asn 0.012 12
Trp 0.015 1 Phe 0.011 9
Ser 0.015 14 Ile 0.010 16
Asp 0.014 14 Met 0.006 2
Val 0.014 22 Arg 0.004 3
Thr 0.013 9 Lys 0.002 15
Ala 0.013 17 Cys n/a 0

a Ratio of a + b + y ions formed at Pro-Xxx to a + b + y ions formed
at all positions.

Table 2. Average Xxx-Pro Relative Bond Cleavage
Ratios,a the Standard Deviation, and the Number of
Peptides Analyzed

identity
of Xxx av SD

no.
peptides

Val (V) 0.383 0.223 55
His (H) 0.377 0.209 42
Asp (D) 0.367 0.235 35
Ile (I) 0.364 0.202 42
Leu (L) 0.331 0.183 71
Lys (K) 0.291 0.225 67
Glu (E) 0.288 0.143 43
Phe (F) 0.282 0.199 26
Tyr (Y) 0.279 0.160 28
Ala (A) 0.263 0.175 60
Gln (Q) 0.259 0.172 20
Thr (T) 0.209 0.166 25
Asn (N) 0.204 0.160 32
Arg (R) 0.166 0.141 55
Trp (W) 0.114 0.140 7
Ser (S) 0.111 0.076 33
Gly (G) 0.068 0.071 37
Pro (P) 0.056 0.064 27

Poorly Represented Residues:
Cys (C) 0.613 0.154 2
Met (M) n/a n/a 0

a Ratio of a + b + y ions formed at Xxx-Pro to a + b + y ions formed
at all positions.
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or size,45 is evident in these data. Instead, a combination of factors
determines how and when fragmentation occurs N-terminal to Pro.

DISCUSSION
The most abundant Xxx-Pro relative bond cleavage ratios are

observed when Xxx is Val, His, Asp, Ile, and Leu, whereas the
least abundant cleavages occur when Xxx is Gly or Pro. These
residues may be divided into three categories for further discus-
sion: acidic/basic residues (His, Asp), Pro (Pro-Pro cleavage),
and aliphatic residues (Val, Ile, Leu, Gly). It must be considered
that results of cleavage of particular Xxx-Pro bonds can become
quite complicated when multiple Xxx-Pro sites exist in a peptide
or when residues that are implicated in enhanced fragmentation
effects, such as His and Asp (without Pro), are located in a
particular peptide. Thus, the error bars shown in the graphical
result chart of Figure 2 are large; however, some general trends
can still be observed.

Acidic/Basic Residues. Two of the amino acids that result
in intense cleavage when positioned N-terminal to Pro are His

(0.377) and Asp (0.367). It has been shown that both the basic
residue His and the acidic residue Asp may be implicated in
preferential ion formation at bonds C-terminal to these residues
whether the next residue is Pro or another amino acid. Enhanced
cleavage has been noted at protonated His in peptides,27 with
protonation expected on the His side chain in doubly charged
peptides if there is one or fewer other basic site and that basic
site is sufficiently separated from the His residue so that the need
for separation of charge is not a factor.46 Thus, it is not surprising
that His-Pro cleavage scores high in this analysis. In the 14
peptides in which His-Pro was the only Xxx-Pro bond in the
peptide and His was not located as the third-to-last residue (C-
terminal), intensities at His-Pro were at least 23.3% of a + b + y
ions formed (Table 3). When His was the 3rd to last residue, ion
intensity at the His-Pro bond was suppressed, likely because
protonation at His does not occur when His is two residues away
from Arg or Lys in these tryptic peptides and the requirement
for charge separation is not met. When multiple examples of Xxx-
Pro existed in a peptide, then strong cleavage was observed at
His-Pro unless the identity of one of the other positions was Val-
Pro, Lys-Pro, or Asp-Pro. In those cases, preferred cleavage
occurred at the other sites (and His-Pro cleavage was suppressed),
or cleavage intensities were split between the multiple sites.

Preferential cleavage has been noted C-terminal to Asp in
peptides, and studies in the Wysocki laboratory have shown that
preferential cleavage occurs at Asp primarily when the number
of basic residues (Arg) equals or exceeds the number of protons
located on the peptide.24-26,29 This suggests that when the proton
is sequestered by the basic residue, it is unavailable to initiate
cleavage at other sites in the peptide.47 Under those circumstances,
the acidic hydrogen of Asp may initiate cleavage, resulting in
anhydride formation at the Asp C-terminus.26 It is expected that
Asp-Xxx relative bond cleavage ratios will be large regardless of
the identity of Xxx when the conditions of basic sites and charge
state are met; thus, it is not surprising that Asp-Pro cleavage scores
high in this analysis. Three factors lead to a high probability that
the number of charges will equal the number of basic residues
for the peptides examined in this study: (1) the peptides were
tryptic (and so contain at least one Arg or Lys); (2) tryptic digests
are not always complete and may contain a Lys/Arg, Lys/Lys, or
Arg/Arg combination and His residues may be present; and (3)
fragmentation for peptides carrying a 2+ charge provide good

(43) Campbell, S.; Marzluff, E. M.; Rodgers, M. T.; Beauchamp, J. L.; Rempe,
M. E.; Schwinck, K. F.; Lichtenberger, D. L. J. Am. Chem. Soc. 1994, 116,
5257-5264.
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Spectrom. Ion Processes 1992, 117, 83-99.

(45) Counterman, A. E.; Clemmer, D. E. J. Am. Chem. Soc. 1999, 121, 4031-
4039.

(46) Sullards, M. C.; Reiter, J. A. J. Am. Soc. Mass Spectrom. 2000, 11, 40-53.
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Acta 1999, 397, 247-256.

Figure 2. Average Xxx-Pro relative bond cleavage ratios. The x
axis is the amino acid represented by Xxx in the Xxx-Pro bond, plotted
versus the ratio of ion intensity formed at a + b + y ions at Xxx-Pro
vs other positions in the peptides and shown with error bars (80%
confidence interval).

Table 3. His-Pro Relative Bond Cleavage Ratios for Peptides That Contain a His-Pro Bond, with Ratios of a + b + y
Ion Intensities Formed at That Position vs All a + b + y Ion Intensity in the Peptide

IAGVVYHPSNNELVR 0.654 GSIDEQHPR 0.271
DKYHPGYFGK 0.617 VLEHHPR 0.258
IGAWHPAHVM 0.601 NFNSQGVQISSGALHPLNK 0.233
KYHPDELAK 0.596 GKGSIDEQHPR 0.218
DKYHPGYFGKVGM 0.557 YVLEHHPR 0.200
VCHAHPTLSEAFK 0.515 SKNMHLHPL 0.190
MTVSLIHPIAMDQGLR 0.470 ENVWFSHPR 0.146
AGNFALHPEVVR 0.457 MGKGAIDEQHPR 0.069
IIGLDYHHPDFEQESK 0.402 HENVWFSHPR 0.062
GGQAIVVHPDYLYGAITEDR 0.375 AHENVWFSHPR 0.060
YHPGYFGKVGM 0.304 FLTGHPK 0.033
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performance in Sequest, so a “self-selection” of peptides with two
basic residues occurs when a minimum Sequest score is used to
generate a data set.

Peptides that contain an Asp-Pro bond (average ratio 0.369)
but no other Xxx-Pro combinations are listed with their a + b +
y cleavage ratios in Table 4. It can be seen in the table that when
Arg is the C-terminal residue and the peptide contains one
additional basic residue (Arg, Lys or His), as in eight of the first
nine peptides, that a + b + y ion intensity ratios for cleavage at
Asp-Pro equal or exceed 0.462. The seven peptides of intensity
lower than 0.462 did not contain a second basic residue (when
Arg was C-terminal) or did not contain a C-terminal Arg. As
suggested by previous studies, the acidic hydrogen of the Asp
residue could initiate cleavage at the Asp-Xxx bond, greatly
increasing observed fragment ion intensity at that position. The
fragment ions resulting from such a cleavage and containing the
original N-terminus would be neutralized at the now C-terminal
Asp, forming an anhydride-terminated b ion and forming a
truncated peptide from the fragment containing the original
C-terminus. The charge held at each basic site would provide the
single charge to each of the two fragment ions formed. Intense
Asp-Pro bond cleavage is observed when the number of basic
residues in a peptide equal or exceed the number of protons
added, but it is particularly pronounced when the terminating
residue of the intact peptide is Arg. One possible difference in
Arg-terminating peptides that must be considered is formation of
a salt bridge, which has been observed in peptides.48-50 A salt
bridge formed between the protonated N-terminus (+), deproto-
nated C-terminus (-), and protonated Arg side chain (+) would
“tie up” the proton, preventing localization to a position to initiate
charge-directed cleavage.

Proline Effect at Pro-Pro. Cleavage at Pro commonly occurs
N-terminal to the Pro residue, often providing abundant b or y
fragment ions from cleavage at that bond (the proline effect).30-35

The brief investigation into Pro-Xxx cleavage provided evidence
that fragmentation at the C-terminal side of Pro is a far more
unusual event, and this is also demonstrated by the very low
average of a + b + y ions formed (0.056) at the Pro-Pro bond. It
may be mechanistically difficult for the five-member proline ring
to participate in necessary cyclic ion intermediate formation or in
the formation of a bicyclic 5-5 ring neutral if Pro is the C-terminal
residue of an N-terminal neutral fragment. The fragmentation of

peptides containing stretches of Pro residues produce unusual
results containing some b ions of unknown structure and various
ions thought to be generated by charge remote processes.37

Unusual fragmentation at Pro-Pro bonds may be the result of steric
constraints. NMR studies of cis/trans isomerization in oligopep-
tides found the Pro-Pro bond to have one of the slowest
isomerization rates in the peptide series, even though that bond
has a high cis abundance in proteins; thus, the authors hypothe-
size that an accumulation of Pro residues leads to a decelerated
reorganization of local structure because of increased steric
constraints.40

Aliphatic Residues. Perhaps the most unexpected result of
this statistical analysis of peptide fragmentation was the strong
cleavage ratios observed for Val-Pro, Ile-Pro, and Leu-Pro. Val,
Ile, and Leu have no functional groups to perform chemistry, such
as the acid/base effects of Asp or His, and yet they clearly provide
an enhancement to Xxx-Pro cleavage when positioned N-terminal
to a Pro residue. What Val, Ile, and Leu have in common is that
they have branched aliphatic side chains. The detailed results for
these residues and discussion of the unusual fragmentation effects
observed follows.

Cleavage at Val-Pro. Intense cleavage was observed at the Val-
Pro bond, and peptides that contain a Val-Pro bond (average
relative bond cleavage ratio 0.383) but no other Xxx-Pro combina-
tions are listed with their a + b + y cleavage ratios in Table 5.
Strong fragment ions were almost always produced at Val-Pro,
and reduction in cleavage ratio score was often due to a
distribution of ratios among many bond sites (not just Xxx-Pro),
which reduced the individual Val-Pro score even when cleavage
at Val-Pro produced relatively intense spectral peaks. Some
exceptions include two related peptides FRVPTVDVSVVDLTVK
(0.074) and RVPTVDVSVVDLTVK (0.009), both of which pro-
duced intense peaks C-terminal to Asp, demonstrating a likely
dominance of Asp-Xxx cleavage when the number of basic
residues equals or exceeds the number of protons in a peptide.
This is not always the case, however. For example, the Asp-
containing peptide KDQYVPEVSALDLSR cleaved preferentially
at VP (VP cleavage ) 0.759), even though it contained two basic
residues and two protons. One possible explanation for this result
is charge solvation of one proton by Lys, Arg, and the C-terminal
carbonyl oxygen, with the second proton available to initiate
backbone cleavage.

Cleavage at Ile-Pro. Intense cleavage was also often observed
at the Ile-Pro bond. Peptides that contain an Ile-Pro bond (average
relative bond cleavage ratio 0.364) but no other Xxx-Pro combina-
tions are listed with their a + b + y cleavage ratios in Table 6.
Similar to Val-Pro, strong fragment ions were often produced at

(48) Wyttenbach, T.; von Helden, G.; Bowers, M. T. J. Am. Chem. Soc. 1996,
118, 8355-8364.

(49) Freitas, M. A.; Marshall, A. G. Int. J. Mass Spectrom. 1999, 182/183, 221-
231.

(50) Schnier, P. D.; Price, W. D.; Jockusch, R. A.; Williams, E. A. J. Am. Chem.
Soc. 1996, 118, 7178-7189.

Table 4. Asp-Pro Relative Bond Cleavage Ratios for Peptides That Contain an Asp-Pro Bond, with Ratios of a + b +
y Ion Intensities Formed at That Position vs All a + b + y Ion Intensity in the Peptide

RVVDPFTR 0.945 KTDLFADLDPSQYFETR 0.462
TLRDPVIYR 0.745 KNVEVVALNDPFISNDYSAY 0.372
KVWLDPNETSEIAQANSR 0.659 VWLDPNETSEIAQANSR 0.268
ILYGHLDDPHGQDIQR 0.613 GLVWEGSVLDPEEGIR 0.246
AFHDTEWATQDPR 0.588 VNVGQLDPIGDK 0.183
GHLDDPHGQDIQR 0.560 AIGSYEQAYYVGTDPK 0.072
LITSHLVDTDPEVDSIIKDEIER 0.560 NAEFIIANDPDADR 0.072
GDLGVEIGDPELVGVQKK 0.476 FVSGDPLLHTTAWK 0.044
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Ile-Pro. In those cases for which cleavage ratios were low, such
as DIQIPVYDTFDGSDLR (0.276) and FGIPQISTGDMFR (0.155),
the Ile-Pro cleavage was intense but was only one of several
enhanced cleavage positions in the peptide.

Cleavage at Leu-Pro. Leu-Pro provided the greatest number of
examples of the residues studied and was also an important
location of cleavage. Peptides that contain a Leu-Pro bond (average
relative bond cleavage ratio 0.331) but no other Xxx-Pro combina-
tions are listed with their a + b + y cleavage ratios in Table 7.
Similar to Val-Pro and Ile-Pro, strong fragment ions were often
produced at Leu-Pro, and reduction in relative bond cleavage ratio
score was often due to a distribution of cleavage throughout the
peptide, which reduced the individual Leu-Pro score. An exception
to this was cleavage for the lowest scoring peptide YGLPQLSEE-
AFDELSDK, for which dominant fragment ions were formed at
the Leu-Ser bond in addition to the distribution of cleavage
throughout the peptide.

Cleavage at Xxx-Pro, when Xxx ) Val, Ile, or Leu, continued
to produce intense fragments even in the presence of other Xxx-
Pro bonds. The data do not demonstrate any trends ordering Val,
Ile, or Leu by increasing fragmentation efficiency, because many
particular examples show both high and low cleavages in the

presence of Pro C-terminal to one of these aliphatic residues. For
example, Ile-Pro has peptide ratios both lower and higher than
the Val-Pro cleavage ratio (0.095:0.415 and 0.517:0.256) when both
are present in the same peptide.

Cleavage at Gly-Pro. In opposition to what was observed for
Val, Ile, and Leu, cleavage intensities are suppressed at Gly-Pro
bonds, with an average relative bond cleavage ratio of 0.068. This
effect has a few exceptions, such as in the peptide TIVWNGP-
PGVFEFEK (0.308), in which intense y ion formation at Gly-Pro
may have been promoted by the Gly-Pro-Pro combination at that
position.

In the peptides of this study, Val-Pro, Ile-Pro, and Leu-Pro
bonds produced intense a + b + y ions with very few exceptions,
which suggests that for these residues, intense cleavage ions may
be expected. An exception to enhanced cleavage at Xxx-Pro
occurred in the presence of an Asp residue when the number of
basic residues equaled the number of protons with enhanced
cleavage at Asp.24-26 Conversely, Gly-Pro bonds did not produce
abundant fragment ions or did so with little peak intensity. This
suggests that a valid prediction is suppressed ion intensity at Gly-
Pro positions in peptides.

Table 5. Val-Pro Relative Bond Cleavage Ratios for Peptides That Contain a Val-Pro Bond, with Ratios of a + b + y
Ion Intensities Formed at That Position vs All a + b + y Ion Intensity in the Peptide

EAGLVPSTSEAIR 0.826 IDMLVVPLRDE 0.377
TVHVPGTTVTHTVR 0.780 SVAVPVDILDHDNNYELK 0.365
KDQYVPEVSALDLSR 0.759 EGTVPTDLDQETGLAR 0.352
AEHVGVLHVVGVPSISAQ 0.754 ENFALIHVSLVPVIHGEQK 0.330
STYHVPLLLLEQK 0.699 HGIIFVPLGYK 0.246
KGHVPAHIIEQR 0.677 VGVLHVVGVPSISAQAK 0.232
LKVPAINVNDSVTK 0.590 AEHVGVLHVVGVPSISAQAK 0.229
MKSHWVPNTI 0.535 KGEQELEGLTDTTVPK 0.158
IIEHDVPEHFFGELAK 0.511 PANLVDLNVPAK 0.106
EYGVPVILHTDHAAK 0.499 FRVPTVDVSVVDLTVK 0.074
FGWDTHGVPIEHIIDK 0.493 RVPTVDVSVVDLTVK 0.009
LVPDELTVALVK 0.481 WFGQAGNVPHDDILR 0.000
HVVGVPSISAQAK 0.444

Table 6. Ile-Pro Relative Bond Cleavage Ratios for Peptides That Contain an Ile-Pro Bond, with Ratios of a + b + y
Ion Intensities Formed at that Position vs All a + b + y Ion Intensity in the Peptide

LLNGIPLDEEETR 0.843 NQILVSGEIPSTLNEESK 0.502
HSITLIPSENFTSK 0.658 GAHQFIPIGFGIK 0.454
VSIVEIIPFEEEQNIR 0.639 KDEAIPELVEGQTFDADVE 0.448
GASQNIIPSSTGAAK 0.557 HINVGIPVK 0.367
TASGNIIPSSTGAAK 0.549 INKDIEEEGDSIPLEQSTNGK 0.356
HLGELLGIPHDLVWR 0.517 DIQIPVYDTFDGSDLR 0.276
LGAEEITADIPNVGESALSK 0.516 FGIPQISTGDMFR 0.155

Table 7. Leu-Pro Relative Bond Cleavage Ratios for Peptides That Contain a Leu-Pro Bond, with Ratios of a + b + y
Ion Intensities Formed at That Position vs All a + b + y Ion Intensity in the Peptide

DFFELPLTDEQVEK 0.677 YGLPQLSEEAFDELSDK 0.259
SLGLKLPLSVINVSAQR 0.618 IHEASFVLPTWAAK 0.254
HFASYANLPGTITHGM 0.594 DVIIDEAELPIK 0.211
VGYTLPSHIISTSDVTR 0.479 FHATNELPFLFK 0.191
AQYNEIQGWDHLSLLPTFGAK 0.355 RLALPDNVVIR 0.151
GVEVVLPVDFIIADAFSADANTK 0.352 TIEEIFLHSLPVK 0.149
YNEIQGWDHLSLLPTFGAK 0.323 HGHLGFLPR 0.147
KIFVLAEENLPSLGYK 0.292 ALLPHLTNAIVETNK 0.131
ISLGLPVGAIMNCADNSGAR 0.289 FGGNAQQTAQLPR 0.128
DTGNAYNSLADLPANLIK 0.276 ITTIEEIFLHSLPVK 0.106
VGVQVAAQHNTSVFYGLPQEK 0.273 YGLPQLSEEAFDELSDK 0.046
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Conformational Effects of Proline. In an effort to understand
enhanced cleavages that occur N-terminal to Pro residues without
chemical effects of the preceding residue, we must consider the
unusual conformation of Pro in a protein. X-ray and NMR
spectroscopy methods are used to elucidate the tertiary structure
of proteins. Cis/trans isomerization at the Xxx-Pro bond of
oligopeptides in solution has been shown to be a local effect that
correlates to the crystalline structure of proteins.40 Ion mobility
studies have shown that this effect may also be observed in the
gas phase, because two conformations of peptides that contain a
Pro residue have been observed, and these forms were attributed
to the cis/trans forms of Pro.51 For amino acid residues in general,
the double bond character of the peptide bond results in a trans
dihedral angle of 180° or a cis dihedral angle of 0°, with trans
highly favored,39 and cis bonds occur in only 0.0352-0.05%53 of
the cases. This low occurrence of cis is due to the energy
difference of 2.5 kcal/mol between trans and cis and also due to
a rotational barrier of ∼20 kcal/mol.54,55 However, for a bond to
Pro (Xxx-Pro), the trans isomer (Figure 3, top) is favored over
the cis (Figure 3, bottom) by only 0.5 kcal/mol,56 and the energy
barrier for rotation is reduced to 13 kcal/mol,41 resulting in higher
abundance of cis bonds N-terminal to Pro of 5.2%-6.5%.41,53,57 The
driving force determining this unique cis/trans relationship at Xxx-
Pro bonds is the steric conflict between the side-chain group on
the CR of the Xxx residue and the C′δ of proline (Figure 4). That
relationship has been shown to vary on the basis of the identity
of Xxx in the Xxx-Pro bond.40,41

Studies of X-ray crystal data have provided details of the
percent cis found by identity of Xxx in the Xxx-Pro bond, with

values ranging from <3% for Asp-Pro to 11.2% for Pro-Pro,41 and
from 1.8% for Ile-Pro to 12.4% for Trp-Pro.40 Gly-Pro was found to
produce cis bonds in one of the higher abundances (>7%,41 7.4%40),
whereas for the branched aliphatic residues Val, Ile, and Leu cis
bonds (for the Xxx-Pro bond) were found to be of the lowest
frequency (1.8-3.4%.)40,41 In fact, the slowest rates of cis/trans
isomerization of Xxx-Pro bonds in oligopeptides was observed by
NMR to be the branched aliphatic residues Val and Ile.40 Thus,
the Gly-Pro and Pro-Pro bonds, which show limited propensity to
cleave have higher cis abundance, while Val-Pro, Ile-Pro, and Leu-
Pro which provide intense fragment ions, have lower cis abun-
dance. Although the propensity to form a relatively low abundance
of cis-isomers does not explain why Val-Pro, Ile-Pro, and Leu-Pro
cleavages are enhanced, it suggests that the steric arrangement
of the Val, Ile, and Leu side chains might play a role in the
formation of the trans isomer state for cleavage of the Xxx-Pro
bond.

The branched aliphatic residues (Val, Ile, and Leu) impart
conformational restrictions in the formation of secondary struc-
ture,41,58 while the amino acid Gly imparts little restriction to
secondary structure. Although gas-phase volumes of amino acids
have been shown to be somewhat smaller than in the core of
proteins, Val, Ile, and Leu pack less efficiently than most amino
acids and occupy a larger space than would be ascribed if their
van der Waals radii alone were considered.45 Cross sections
determined by ion mobility and molecular modeling methods for
oligomers Valn, Ilen, and Leun (n ) 4-9) have been reported to
be larger than for more polar residues, with the side chains
extending radially away from the solvated core of the peptides.59

It may be considered that greater fragmentation occurs at Xxx-
Pro bonds when Xxx is Val, Ile, or Leu, because the bulky
branched aliphatic side chains of these residues restrict conforma-
tion, preventing rotation of the bond to the cis isomer and perhaps
producing a “reactive” conformation that directly leads to product
ions. This suggests that enhanced cleavage may occur C-terminal
to Val, Ile, and Leu (at the Val-Xxx, Ile-Xxx, and Leu-Xxx bonds),
regardless of the identity of the Xxx residue. In contrast, the
flexibility of the Gly-Pro bond as demonstrated by its high cis
abundance in proteins leads to a reduction in bond fragmentation/
ion formation at Gly-Pro because the lack of a side chain means
that there is no conformational restriction that “locks” the
molecule into a “reactive” conformation. In other words, the high
propensity of Gly to form cis isomers is an indication of its
conformational mobility, which does not favor a specific reactive
conformation, whereas the low propensity of cis isomerization for
Val, Ile, and Leu is an indication that these molecules are sterically
locked into a reactive conformation.

CONCLUSIONS

The statistical analysis of a spectral database to investigate
cleavage N-terminal to Pro residues in peptides provided unique
evidence of the predictive nature of ions formed from dissociation
of that bond. Strong ions formed at Xxx-Pro when Xxx was His,
Asp, Val, Ile, Leu, and weak or no ions formed when Xxx was Gly

(51) Counterman, A. E.; Clemmer, D. E. Anal. Chem. 2002, 74, 1946-1951.
(52) Jabs, A.; Weiss, M. S.; Hilgenfeld, R. J. Mol. Biol. 1999, 286, 291-304.
(53) Stewart, D. E.; Sarkar, Q.; Wampler, J. E. J. Mol. Biol. 1990, 214.
(54) LaPlanche, L. A.; Rogers, M. T. J. Am. Chem. Soc. 1964, 86, 337-341.
(55) Jorgensen, W. L.; Gao, J. J. Am. Chem. Soc. 1988, 110, 4212-4216.
(56) Maigret, B.; Perahia, D.; Pullman, B. J. Theor. Biol. 1970, 29, 275-291.
(57) MacArthur, M. W.; Thornton, J. M. J. Mol. Biol. 1991, 218, 397-412.

(58) Kleywegt, G. J.; Jones, T. A. Structure 1996, 4, 1395-1400. Supporting
materials, available online at: http://xray.bmc.uu.se/gerard/rama

(59) Henderson, S. C.; Li, J. L.; Counterman, A. E.; Clemmer, D. E. J. Phys. Chem.
B 1999, 103, 8780-8785.

Figure 3. The Xxx-Pro bonds shown as trans (top) and cis (bottom).

Figure 4. Steric conflict between the C′δ of Pro and the side-chain
group on the CR of the preceding residue determine the cis/trans
relationship of the Xxx-Pro bond.
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or Pro. Dissociation at the Xxx-Pro bond is clearly important
because these ions provided 36.3% of the total a + b + y ion
intensity formed for the 516 peptide spectra analyzed. Cleavage
results at Xxx-Pro when Xxx was His or Asp was not surprising,
because strong cleavage is expected C-terminal to His and Asp
in peptides, and this effect is amplified when they are located
N-terminal to Pro. Cleavage behavior when an aliphatic residue
was N-terminal to Pro was surprising and provided important
insight into the proline effect. Residue specific fragment ion
intensity (strong cleavage at Val, Ile, and Leu; weak cleavage at
Gly and Pro) suggests that the conformation of the peptide
influences cleavage N-terminal to Pro. Greater fragmentation
occurs at Xxx-Pro bonds when Xxx is Val, Ile, or Leu because
the bulky aliphatic side chains of these residues restrict conforma-
tion “locking the peptide into a reactive structure”, whereas the

flexibility of the Gly-Pro bond leads to a reduction in bond
fragmentation/ion formation at that position.

The identification of proteins by mass spectrometry might be
improved if sequencing algorithms used in tandem mass spec-
trometry experiments included chemical effects in the fragmenta-
tion models that predict spectra from sequence strings. Unusual
fragmentation behavior has been noted for Pro-containing pep-
tides, and we have shown here that the relative abundance for
cleavage of Xxx-Pro bonds may be predicted. This predictive
behavior will be tested in a sequencing algorithm to determine
the benefits to peptide and protein identification.60
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