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Abstract
The product ion mass spectra resulting from collisional activation of doubly-protonated
tryptic-type peptides Ala-Ala-Xaa-Ala-Ala-Ala-Arg have been determined for Xaa = Ala(A),
Ser(S), Val(V), Thr(T), Ile(I), Phe(F), Tyr(Y), Sar, Met(M), Trp(W), Pro(P), and Gln(Q). The
major fragmentation reaction involves cleavage of the second amide bond (counting from the
N-terminus) except for Xaa = Ser and Thr where elimination of H2O from the [M + 2H]+2 ion
forms the base peak. In general, the extent of cleavage of the second amide bond shows
little dependence on the identity of Xaa and little dependence on whether the bond cleavage
involves symmetrical bond cleavage to form a y5/b2 ion pair or asymmetrically to form y5

+2

and a neutral b2 species. Notable exceptions to this generalization occur for Xaa equal to
Pro or Sar. For Xaa = Pro only cleavage of the second amide bond is observed, consistent
with a pronounced proline effect, i.e., cleavage N-terminal to Pro. When Xaa = Sar
considerably enhanced cleavage of the second amide bond also is observed, suggesting
that at least part of the proline effect relates to the tertiary nature of the amide nitrogen. In
the competition between symmetric and asymmetric bond cleavage an attempt to establish a
linear free energy correlation in relating ln(y5

+2/y5) to PA(H-Xaa-OH) did not lead to a
reasonable correlation although the trend of increasing y5

+2/y5 ratio with increasing proton
affinity of H-Xaa-OH was clear. Proline showed a unique behavior in giving a much higher
y5

+2/y5 ratio than any of the other residues studied.

Key words: Proline effect, Symmetric bond cleavage, Asymmetric bond cleavage, Tryptic-type
peptides

Introduction

Tandem mass spectrometry (MS/MS) has developed into
a powerful technique for deriving sequence information

for peptides and proteins [1–3], with collision-induced
dissociation (CID) of protonated or multiply-protonated
species commonly being used. In protein sequencing it is
common to submit the protein to tryptic digestion and to
study the tryptic peptides produced. Such tryptic peptides

usually have the highly basic Lys or Arg residue at the C-
termini. These basic residues will localize a proton on the
basic site [4] which often leads upon CID to fragmentation
associated with the basic site rather than cleavage along the
backbone, which gives sequence information. Consequently,
fragmentation of doubly- or multiply-protonated peptides, in
which there is a mobile proton, often provides more
complete sequence information.

Although there have been many detailed studies of the
fragmentation of singly-protonated non-tryptic peptides
which have revealed much mechanistic information [5, 6],

Received: 30 November 2010
Revised: 20 January 2011
Accepted: 22 January 2011
Published online: 8 March 2011

Correspondence to: Alex G. Harrison; e-mail: aharriso@chem.utoronto.ca



considerably less is known in detail concerning the
fragmentation of doubly-protonated tryptic peptides. There
have been several limited mechanistic studies [7–14] and
equally important information has come from statistical
analyses of data bases of tandem mass spectra of tryptic
peptides [15–17]. Of particular relevance in the present
context is the recent study by Zubarev and co-workers [17],
which showed a bifurcating fragmentation behavior of
doubly-protonated tryptic peptides in charge-separation
reactions (symmetric bond cleavage [12, 14]) in that there
is a class of peptides (Class I) where cleavage of the second
amide bond is clearly preferred; this preference is partic-
ularly evident for shorter chain length peptides, while larger
peptides (Class II) tend not to show such a preference [11,
17]. In the initial study [17], it was proposed that the
preferential symmetrical cleavage of the second amide bond
was the result of formation of a protonated diketopiperazine
structure for the b2 ion formed by charge separation rather
than the more common protonated oxazolone structure [6].
However, it should be noted that recent studies [18, 19] have
cast doubt on this interpretation and the reasons for the
preferred cleavage of the second amide bond in smaller
tryptic peptides remain unclear.

In the present study we have determined the product ion
mass spectra for doubly-protonated tryptic-type peptides
Ala-Ala-Xaa-Ala-Ala-Ala-Arg. The C-terminal Arg local-
izes one proton at the C-terminus [4] with the other proton
being mobile. The spacer residues (Ala) have been kept
constant while Xaa was varied. This provides the oppor-
tunity to explore the effect of individual Xaa residues on the
propensity for cleavage of the second amide bond. Amide
bond cleavage may occur symmetrically to produce a singly-
charged y ion and the corresponding b ion or asymmetrically
to produce a doubly-charged y ion and a neutral b species
[12, 14]. The present study also provides substantial
information concerning the effect of the Xaa variable residue
on this fragmentation competition. For example, Aebersold
and co-workers [20] have reported that the Pro residue
promotes asymmetric amide bond cleavage N-terminal to the
Pro residue although no information was presented concern-
ing the extent of symmetric cleavage of the same bond.

Experimental
All experimental work was carried out using an electrospray/
quadrupole/time-of-flight (QqTOF) mass spectrometer
(QStarXL; MDS SCIEX, Concord, Canada). MS/MS experi-
ments were carried out in the usual fashion by mass
selecting the ions of interest with the mass analyzer Q
followed by CID in the quadrupole collision cell q and mass
analysis of the ionic products with the time-of-flight
analyzer. In the study of fragment ions (pseudo-MS3

experiments) CID in the interface region produced fragment
ions with those of interest being selected by the quadrupole
mass analyzer Q for fragmentation and analysis in the usual
manner. By varying the collision energy in the collision cell

breakdown graphs expressing, in a qualitative way, the
energy dependence of the fragmentation reactions were
constructed. The cone voltage in the interface region was
adjusted to give the best precursor ion signal for the ions of
interest; in particular, it was found best to use a low cone
voltage for transmission of doubly-charged ions.

The peptide samples, at micromolar concentrations, were
introduced into the electrospray source in 1:1 CH3OH:1%
aqueous formic acid by a syringe pump at a flow rate of
10 μL min–1. Nitrogen was used as nebulizing and drying
gas and as collision gas in the quadrupole collision cell.
Doubly-charged ion signals were identified by the half-mass
separation of the isotopic peaks.

All peptides were obtained from Celtek Peptides (Nashville,
TN) and showed no impurities in their mass spectra.
Consequently, they were used as received.

Results and Discussion
The product ion mass spectra at 28 eV collision energy for
the doubly-protonated peptides Ala-Ala-Xaa-Ala-Ala-Ala-
Arg are presented in Figures 1, 2 and 3 for Xaa = Ala(A),
Ser(S), Val(V), Thr(T), Ile(I), Phe(F), Tyr(Y), Sar, Met(M),
Trp(W), Pro(P), and Gln(Q). The results for Pro have been
presented previously [14] and are included here for
comparison. With the exception of the peptides containing
Ser and Thr, the spectra are dominated by doubly- and
singly-charged y ions and by b ions. For the peptides
containing Ser and Thr the base peak corresponds to
elimination of H2O from the [M + 2H]+2 ions. There have
been several reports [21–25] of the loss of the side chain
hydroxyl as H2O in the fragmentation of protonated serine
and threonine and derivatives. Recently, Stein and co-
workers [26] have reported observation of substantial loss
of H2O from doubly-protonated tryptic peptides containing a
single Ser or Thr in the second or third position (counting
from the N-terminus) but a much lower extent of H2O loss
when these residues were further from the N-terminus. A
detailed study of the structure(s) and fragmentation reactions
of the [M + 2H – H2O]

+2 will be the subject of a future
publication.

In a number of cases, signals are observed for the
iminium ion, ImX, of the variable residue Xaa as well as
the b2 and a2 ions resulting from further fragmentation of the
y5

+2 product. Such b2 ions are observed at m/z 171(V), 185(I),
219(F), 235(Y). and 203(M). Figure 4 shows, as an example,
the breakdown graph for the y5

+2 ion (doubly-protonated
IAAAR) derived from AAIAAAR. The two fragmentation
modes observed are symmetric cleavage of the first and second
amide bonds, the former leading to y4 and ImI and the latter
leading to y3 and the IA b2 ion at m/z 185, with some further
fragmentation of the b2 ion at higher collision energies to give
the a2 ion at m/z 157. Symmetric cleavage of the first and
second amide bonds was observed for all y5

+2 ions studied,
the relative yields of y3 and y4 showing some dependence
on the identity of the Xaa residue at the N-terminus.
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Table 1 lists the % of total ionization observed for each y
ion (including y5

+2) at 24 eV collision energy (12 V applied
potential), where further fragmentation is minimal. Also
included in the table are the % of total ionization for the sum
of all y species and the intensity (as % of total ionization) for
the unfragmented [M + 2H]+2 ions. Table 2 translates these
data into the fractional cleavage of each amide bond
(counting from the N-terminus); for amide bond 2 the

fraction is the sum of y5
+2 and y5 signals. In agreement with

earlier results [17] the most prominent fragmentation
reaction is cleavage of the second amide bond. In many
cases this fragmentation mode represents 60–70% of the
totals fragmentation with, in general, little dependence on
the identity of Xaa and little dependence on symmetric
versus asymmetric cleavage of the amide bond. The extent
of cleavage of the second amide bond is slightly lower when

Figure 1. [M + 2H]+2 product ion mass spectra when Xaa =
Ala, Ser, Val, and Thr

Figure 2. [M + 2H]+2 product ion mass spectra when Xaa =
Ile, Phe, Tyr, and Sar
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Xaa is Val or Ile where cleavage of the third amide bond (N-
terminal to Val or Ile ) is enhanced (Table 2), as has been noted
previously [13, 15]. The total extent of cleavage of [M + 2H]+2

is considerably greater when Xaa is Ser or Thr (Table 1); this is
largely due to facile loss of H2O in these cases, although for Thr
there also is an unexpected (and unexplained) enhanced
cleavage of amide bond four (Table 2).

Peptide [M + 2H]+2 ions containing Sar or Pro also show
a high total extent of fragmentation (Table 1). This is largely
(Sar) or exclusively (Pro) reflected in the increased cleavage
of the second amide bond (Table 2); i.e., cleavage N-
terminal to the Xaa residue. Preferential cleavage N-terminal
to Pro in tryptic peptides has been noted previously [9, 16].
Vaisar and Urban [27] have reported that singly-protonated
pentapeptides with Pro in the central position show
enhanced cleavage N-terminal to Pro (to produce y3). They
also reported that replacement of Pro with Sar in these
peptides also resulted in enhanced cleavage to produce y3
although not to the extent that Pro did. These results, along
with our present results for the Sar case, suggest that a
significant part, but not all, of the proline effect arises from
the tertiary nature of the amide nitrogen, in the present case
at the second amide bond. The proline effect also is not
entirely related to the high proton affinity of proline
(225 kcal mol–1 [28]) since the proton affinity of sarcosine
(220 kcal mol–1 [29]) is considerably lower yet a strong
tendency for N-terminal cleavage still is observed.

Upon cleavage of the second amide bond there clearly is
a competition between symmetric bond cleavage to produce
the y5/b2 ion pair and asymmetric bond cleavage to produce
y5

+2 and a neutral b2 fragment. With the b2 species
remaining constant in the present study one would expect
that the yield of y5

+2 should increase as the second proton
affinity of singly-protonated Xaa-Ala-Ala-Ala-Arg
increases. Such second proton affinities are not known; as
a crude approximation, we assume they will be related to the
proton affinity of H-Xaa-OH. The relevant data, i.e., the
ratio y5

+2/y5 and PA(H-Xaa-OH) are assembled in Table 3;
the intensity ratios are the average of the ratios obtained at
low collision energies before further fragmentation is
observed. Figure 5 shows an attempted linear free energy

Figure 3. [M + 2H]+2 product ion mass spectra when Xaa =
Met, Trp, Pro, and Gln

Figure 4. Breakdown graph for y5
+2 ion derived from

AAIAAAR
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correlation [30] in a plot of ln(y5
+2/y5) versus PA(H-Xaa-

OH) [28, 29]. Clearly, a satisfactory linear correlation is not
observed but the trend is very clear. The lack of a good
linear correlation undoubtedly is due, in part, to the poor
approximation of the second proton affinities of singly-
protonated Xaa-Ala-Ala-Ala-Arg. It also is likely that
structural and conformational effects play a significant role
in the competition between symmetric and asymmetric
amide bond cleavage. The point for Xaa = Pro is higher
than any of the other results. This is more evident from the
ratios themselves (Table 3) which shows a y5

+2/y5 ratio of
10.16 for Xaa = Pro while all the other peptides show ratios
between 0.2 and 2.6. This result is in agreement with the
more qualitative results of Aebersold and coworkers [20]
who observed enhanced formation of doubly-protonated y
ions formed by fragmentation N-terminal to the Pro residue
in doubly- and triply-protonated tryptic peptides with fully
or partially mobile protons. However, it should be noted that
the N-terminal Ala-Ala provides a rather unfavorable case
for observation of symmetrical amide bond cleavage because
of the relatively low stability of the Ala-Ala b2 ion. In a
recent study [14], it was observed that replacement of either
of the Ala residues with a Tyr residue, as in Tyr-Ala-Pro-
Ala-Ala-Ala-Arg and Ala-Tyr-Pro-Ala-Ala-Ala-Arg,
resulted in a substantial increase in the extent of symmetric
bond cleavage. At low collision energies the y5

+2/y5 ratio
was 2.66 for the first case and 2.35 for the second case,
much reduced from the value of 10.16 noted above.

Conclusions
The present study of doubly-protonated Ala-Ala-Xaa-Ala-
Ala-Ala-Arg peptides provides further examples of prefer-
ential cleavage at the second amide bond upon collisional
activation of tryptic-type peptides [17]. With a few notable
exceptions, the results show that this preference is inde-
pendent of the identity of Xaa and, largely, depend on
whether the bond cleavage occurs symmetrically to produce
a y5/b2 ion pair or whether it occurs asymmetrically to
produce a y5

+2 ion and a neutral b species. The original
study [17] considered only symmetric charge separation
reactions.

A notable exception to the general behavior occurs when
Xaa = Pro and, to a lesser extent, when Xaa = Sar. For Xaa =
Pro, only cleavage of the second amide bond is observed
while for Xaa = Sar, cleavage of the second amide bond is
considerably enhanced compared with other residues. The
similarity of the fragmentation modes for the peptides
containing Pro and Sar suggests that, in part, the proline
effect arises from the tertiary nature of the amide nitrogen of
the amide bond being cleaved. In cleavage of the second
amide bond, there is competition between asymmetric bond
cleavage to produce y5

+2 and a neutral b2 species and
symmetric bond cleavage to produce the y5/b2 ion pair. The
extent of asymmetric bond cleavage increases as the second

Table 1. % of total ionization for various ions (24 eV CE)

Xaa y5
+2 y5 y4 y3 y2 Σy [M + 2H]+2

Ala 4.1 18.7 5.5 4.1 32.4 33.1
Ser 3.4 17.2 2.3 3.1 26.0 21.9
Val 11.6 12.1 13.2 4.4 1.0 42.3 31.1
Thr 5.6 8.6 2.8 14.4 31.4 11.6
Ile 13.9 8.8 12.6 4.4 39.7 34.9
Phe 13.3 12.2 6.4 4.1 1.1 37.1 33.8
Tyr 11.6 12.3 6.3 4.1 1.0 35.3 45.1
Sar 35.7 18.0 8.1 61.8 10.6
Met 12.8 13.0 9.3 4.7 39.8 39.9
Trp 17.3 6.7 6.2 3.8 34.0 48.8
Pro 65.9 7.1 73.0 17.2
Gln 11.2 5.1 7.7 3.0 27.0 56.4

Table 2. Fractional cleavage of amide bonds (24 eV CE)

Xaa Bond 2 Bond 3 Bond 4 Bond 5

Ala 0.70 0.17 0.13
Ser 0.79 0.09 0.12
Val 0.56 0.31 0.10 0.02
Thr 0.45 0.09 0.46
Ile 0.57 0.32 0.11
Phe 0.69 0.17 0.11 0.03
Tyr 0.68 0.18 0.12 0.02
Sar 0.87 0.13
Met 0.65 0.23 0.12
Trp 0.71 0.18 0.11
Pro 1.00
Gln 0.60 0.19 0.11

Table 3. ln(y5
+2/y5) as a function of PA(H-Xaa-OH)

Xaa y5
+2/y5 ln(y5

+2/y5) PA(H-Xaa-OH)a

Ala 0.21 -1.56 215.5
0.19 -1.66 218.1

Val 0.97 -0.030 218.5
Thr 0.61 -0.49 219.4
Ile 1.27 0.24 219.5
Phe 1.08 0.077 220.7
Tyr 0.93 -0.073 221.5
Sar 2.47 0.90 220.0b

Met 1.06 0.058 223.8
Trp 2.55 0.94 224.7
Pro 10.16 2.32 225.1
Gln 2.41 0.88 232.2

aPAs (in kcal mol–1) from reference [28] unless otherwise noted.
bFrom reference [29].

Figure 5. A plot of ln(y5
+2/y5) as a function of PA(H-Xaa-OH)
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proton affinity of singly-protonated Xaa-Ala-Ala-Ala-Arg
increases. However, this second proton affinity is not
adequately represented by the proton affinity of H-Xaa-
OH. Again the Pro residue shows a unique behavior in
giving a much higher y5

+2/y5 ratio than any of the other
residues
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