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We investigated the influence of peptide size on the apparent loss of sequence during
collision-induced dissociation (CID) of b ions using a group of peptides containing from
between 4 and 10 residues. Although scrambling of sequence for b3

� generated from
tetrapeptides is minimal, significant formation of nondirect sequence ions (i.e., ions for which
scrambling has apparently occurred) was observed for all larger b ions included in the
study. (J Am Soc Mass Spectrom 2009, 20, 2174–2181) © 2009 Published by Elsevier Inc. on
behalf of American Society for Mass Spectrometry

Tandemmass spectrometry (MS/MS) is the primary
method used for peptide and protein identification
in proteomics [1, 2]. Sequence identification can be

made either de novo by interpretation of fragmentation
patterns or with bioinformatics tools that use sequencing
algorithms and models of peptide dissociation reactions.
However, bioinformatics approaches [3] are ham-
pered by the rudimentary fragmentation models used
by sequencing programs, which may lead to invalid
assignments of peptides and proteins [3, 4]. Implemen-
tation of more detailed peptide fragmentation mecha-
nisms into these sequencing algorithms should lead to
improved bioinformatics-based MS/MS sequencing.
Fragmentation of protonated peptides under low-

energy collision conditions typically involves charge (pro-
ton) mediated reactions, in which b, y, and a ions are
generated by cleavage of amide bonds [5, 6]. Extensive
research has been focused on the energetics and kinetics of
proton mobilization, which has led to the mobile proton
model [7, 8] and its associated amide bond cleavage
pathways [9–14]. The more recently introduced pathways
in competition (PIC) fragmentationmodel [14] builds on the
mobile proton model by including consideration of the
structures and reactivity of the primary fragments.
The N-terminal bn-type fragment ions are thought to

have a 5-membered oxazolone ring [9, 15] structure that
maintains much of the sequence of the precursor pep-
tide ion. However, recent experiments [16, 17] suggest
that cyclization of the linear, oxazolone-terminated b
ions can occur to generate a macrocyclic b ion isomer,
which can then open at several different amide bonds to
re-form linear, oxazolone-terminated ions with concom-
itant scrambling of the original primary sequence
(Scheme 1). We refer to this type of process as b-type

scrambling of peptide fragment ions [16]. In the present
study, we investigated the tendency for sequence
scrambling to occur during collision-induced dissocia-
tion (CID) of bn ions of varying sequence and size (3 to
9 amino acid residues). In our experiments, two obser-
vations/criteria were used to identify cases in which
scrambling of sequence is pronounced: (1) apparent
elimination of internal residues from bn

� and (2) the
similarity of fragmentation patterns for peptides with a
given size and their permuted isomers.

Experimental

Peptide Synthesis and Preparation

All peptides were prepared by conventional solid-phase
synthesis methods [18] using 9-fluorenylmethoxycarbonyl
(Fmoc) amino acid loaded Wang resin and a custom-
built, multiple reaction vessel peptide synthesis appa-
ratus: sequences were confirmed using multiple-stage
CID of Na� and Ag� cationized versions [19]. Solutions
of each peptide were prepared by dissolving the appro-
priate amount of solid material in a 1:1 (vol:vol) mixture
of high-performance liquid chromatography grade
MeOH (Aldrich Chemical, St. Louis, MO, USA) and
deionized H2O, to produce final concentrations of 10

�5

to 10�4 M.

Mass Spectrometry

All electrospray ionization (ESI) mass spectra were col-
lected using a Finnigan LCQ-Deca ion-trap mass spec-
trometer (ThermoFinnigan, San Jose, CA, USA). Peptide
solutions were infused into the ESI-MS instrument using
the incorporated syringe pump at a flow rate of 5 �L/min.
The atmospheric pressure ionization stack settings for the
LCQ (lens voltages, quadrupole, and octapole voltage
offsets, etc.) were optimized for maximum (M � H)�

transmission to the ion trap mass analyzer by using the
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auto-tune routine within the LCQ Tune program. Helium
was used as the bath/buffer gas to improve trapping
efficiency and as the collision gas for CID experiments.
The (M � H)� ions were isolated for the initial CID

stage (MS/MS) using an isolation width of 1.0 to 1.5
mass to charge (m/z) units. Product ions selected for
subsequent CID (MSn experiments) were isolated using
widths of 1.0–1.3 m/z units. The (mass) normalized
collision energy was set between 20 and 25%, which
(using the current instrument calibration) corresponds
roughly to 0.55–0.68 V applied to the end-cap elec-
trodes to induce collisional activation. The activation Q,

as labeled by the instrument manufacturer and used to
adjust the frequency of the applied radiofrequency colli-
sion voltage, was set at 0.30. Subsequent CID stages were
performed using similar activation parameter settings.
The activation time used at each CID stage was 30 ms.

Results and Discussion

Scrambling of bn Ions

The peptides used in this study included amino acids
without acidic or basic side chains, which might be

Scheme 1. The reaction mechanism shown illustrates b-type scrambling for an octapeptide
(YAGFLAAV) from the CID of the b7 ion. After CID of the b7 ion (YAGFLAAoxa), the reaction cascade
begins with the formation of the macro-ring (cyclo-YAGFLAA), then to the subsequent losses of CO
and L imine, and the sequence is rearranged to form AAYAGFoxa).
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expected to influence the tendency for bn ions to cyclize,
or reopen upon cyclization. This is because the side
chains of amino acids such as aspartic acid and glu-
tamic acid, asparagined, glutamine, and lysine feature
nucleophiles that may initiate intramolecular attack and
rearrangement. In addition, the side chains of lysine
and arginine are basic and may sequester a mobile
proton and thus affect the cyclization reaction. Investi-
gation of the influence of these specific residues on
cyclization and apparent scrambling is currently under
way and will be reported at a later date. Our focus here
was on the general influence of fragment size on the
tendency to cyclize via a “head-to-tail” process pro-
posed in earlier reports [16, 20].
In previous studies, bn-type scrambling was evident

by both the similarity of product ion distributions for b
ions derived from precursor peptides and their per-
muted isomers, and the apparent elimination of internal
residues to furnish smaller b- and a-type ions [16, 20].
Fragmentation data for the group of peptides used and
bn

� ions subjected to CID in the present study [tetrapep-
tides (b3), pentapeptides (b4), pentapeptide amides (b5),
heptapeptides (b6), octapeptides (b7), octapeptide
methyl esters (b8), decapeptides (b9), and a decapeptide
methyl ester (b10)], precursor ion m/z values, as well as
the dominant product ions generated from the largest b
ion from each, are provided in Table 1 and 2. CID of b5

�

from pentapeptide amides was discussed in an earlier

report [20] and is included in Table 1 for comparison.
Fragmentation of the b2 ions derived from tripeptides
was not investigated because the elimination of one or
the other of the two remaining residues make up the N-
and C-terminus of the fragment, and loss of either can
be rationally explained using existing fragmentation
models and without invoking the formation of macro-
cyclic products and sequence scrambling.
CID spectra of b3

� derived from YAFG, AFYG,
FAYG, and FYAG are available in Figure S1 of the
supplemental material, which can be found in the
electronic version of this article. CID of b3

� produced
primarily a3* (337 m/z), through loss of 45 mass units (u,
corresponding to CO and NH3). The most abundant
product ion generated from FYAG was instead b2

�. The
product ions generated from decomposition of each of
the b3

� ions (Table 1) are consistent with those expected
along the conventional bn–an pathways, i.e., b3

� ¡ a3
�

and b3
� ¡ b2

�, and so forth. In addition, the CID
spectra generated from each of the b3

� species are
unique to the respective sequences and elimination of
internal residues to make smaller b-type ions is not
observed. Therefore, using these above-cited criteria we
can conclude that scrambling of sequence during CID of
b3

� does not occur.
CID spectra of b4

� generated from YAGFG, FYAGG,
GFYAG, and AGFYG (Figure 1) demonstrated the first
evidence of scrambling. Fragmentation of b4

� for all

Table 1. Main fragment ions observed from respective bn ions
a

Peptide group (length) Fragment ions (assignment)

Tetrapeptides CID of b3
�

YAFG 337 (a3*�), 235 (b2
�), 120 (Fim

�)
FYAG 337 (a3*�), 311 (b2

�),
AFYG 337 (a3*�), 311 (FYoxa

�), 219 (b2
�), 136 (Ym

�)
FAYG 337 (a3*�), 219 (b2

�), 136 (Ym
�)

Pentapeptides CID of b4
�

YAGFG 411(a4
�), 394 (a4*�), 368 (GFYoxa), 292 (YAGoxa), 276 (AGFoxa)

FYAGG 411(a4
�), 394 (a4*�), 368 (GFYoxa), 292 (YAGoxa), 276 (AGFoxa)

GFYAG 411(a4
�), 394 (a4*�), 368 (GFYoxa), 292 (YAGoxa), 276 (AGFoxa)

AGFYG 411(a4
�), 394 (a4*�), 368 (GFYoxa), 292 (YAGoxa), 276 (AGFoxa)

Pentapeptide amides CID of b5
�

YAGFL–NH2 534 (–H2O), 524(a5
�), 507 (a5*�), 481 (GFLYoxa), 439 (YAGFoxa), 389 (AGFLoxa)

LYAGF–NH2 534 (–H2O), 524(a5
�), 507 (a5*�), 481 (GFLYoxa), 439 (YAGFoxa), 389 (AGFLoxa)

FLYAG–NH2 534 (–H2O), 524(a5
�), 507 (a5*�), 481 (GFLYoxa), 439 (YAGFoxa), 389 (AGFLoxa)

GFLYA–NH2 534 (–H2O), 524(a5
�), 507 (a5*�), 481 (GFLYoxa), 439 (YAGFoxa), 389 (AGFLoxa)

AGFLY–NH2 534 (–H2O), 524(a5
�), 507 (a5*�), 481 (GFLYoxa), 439 (YAGFoxa), 389 (AGFLoxa)

Heptapeptides CID of b6
�

YAGFLVG 633 (–H2O), 623(a6
�), 606 (a6*�), 580 (GFLVYoxa), 552 (YAGFLoxa), 538 (VYAGFoxa), 488 (AGFLVoxa),

417 (GFLVoxa)
VYAGFLG 633 (–H2O), 623(a6

�), 606 (a6*�), 580 (GFLVYoxa), 552 (YAGFLoxa), 538 (VYAGFoxa), 488 (AGFLVoxa),
417 (GFLVoxa)

LVYAGFG 633 (–H2O), 623(a6
�), 606 (a6*�), 580 (GFLVYoxa), 552 (YAGFLoxa), 538 (VYAGFoxa), 488 (AGFLVoxa),

417 (GFLVoxa)
FLVYAGG 633 (–H2O), 623(a6

�), 606 (a6*�), 580 (GFLVYoxa), 552 (YAGFLoxa), 538 (VYAGFoxa), 488 (AGFLVoxa),
417 (GFLVoxa)

GFLVYAG 633 (–H2O), 623(a6
�), 606 (a6*�), 580 (GFLVYoxa), 552 (YAGFLoxa), 538 (VYAGFoxa), 488 (AGFLVoxa),

417 (GFLVoxa)
AGFLVYG 633 (–H2O), 623(a6

�), 606 (a6*�), 580 (GFLVYoxa), 552 (YAGFLoxa), 538 (VYAGFoxa), 488 (AGFLVoxa),
417 (GFLVoxa)

aPeptides separated into subgroups (tetrapeptide through heptapeptide) based on amino acid chain length.
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four of the pentapeptides yielded a dominant a4 ion at
m/z 411 and product ions at m/z 394, 368, 292, and 276.
The m/z 394 corresponds to the a4* ion (�45 u). The m/z
368, 292, and 276 peaks correspond to elimination of A
(�71 m/z), F (�147 m/z), and Y (�163 m/z), respectively.
One or more of these amino acids are internal residues
for the permuted sequence isomers of YAGFG, and thus
the similarity of the spectra and distribution of product
ions suggest that b-type scrambling is occurring [20]. In
addition, neutral losses corresponding to the residue
masses of Y, F, and A from YAGFL, FYAGG, and
AGFYG, respectively, are difficult to rationalize with-
out invoking formation and reopening of a macrocylic
b4 ion, and the resulting scrambling of sequence. Frag-
mentation reactions in which portions of the N-terminal
amino acid are eliminated more commonly involve loss
of the imine mass of the residue along the an/ym

pathway [14].
The only major difference between the spectra dis-

played in Figure 1 is the higher abundance of the m/z
368 (loss of A) peak in the CID spectrum generated from
b4

� initially derived from GFYAG. The reason for the
apparent favored loss of A from this peptide is not
known. Detailed investigation of the relative energetics
of ring formation and opening using density functional
theory, which is beyond the scope of this report, would
certainly provide additional insight. In any case, the
qualitative similarity of the spectra in Figure 1 and the
observed loss of internal residues strongly suggest that
scrambling of b4

� occurs for these peptides.
The apparent scrambling was observed regardless of

the specific linkages of amino acids within the peptide.
The peptides used to produce the data in Figure 1 bear
common peptide bonds. For example, three of the four
have F to the N-terminal side of Y and Y to the

N-terminal side of A. Peptides with additional se-
quences and, in particular, different amide linkages
were synthesized and subjected to CID. Loss of internal
residues was still observed for b4

� derived from
ALFGG and GALFG (Figure S2a and b of the supple-
mental material). The tendency for the loss of A or F
from either ALFGG or GALFG differed somewhat
compared with the peptides used to produce the data in
Figure 1. This is not unexpected, given that the proba-
bility for generating a particular product ion is expected
to depend on the strengths of amide bonds and the
relative energies of products based on the PIC model of
peptide dissociation [14].
The CID spectra (MS4 stage) generated from the

respective a4
� ions derived from the permuted se-

quence isomers of YAGFG were also nearly identical
(spectra not shown). In a prior study of apparent
sequence scrambling, the similarity of CID spectra from
an

� ions from permuted sequence isomers was rational-
ized by assuming prior scrambling of bn

� ions, and the
fact that a-type ions are primarily formed from b frag-
ments by loss of CO. In other words, scrambling at the
level of an

� ions need not be invoked [20].
The results reported here using b4

� from the per-
muted YAGFG isomers are interesting when compared
with a previous study by Polfer and colleagues [21] of
the structure of b4

� generated from protonated YAGFL.
Using infrared multiple-photon dissociation (IRMPD)
spectroscopy, it was determined that b4

� has an oxazolone
structure. Our results strongly suggest that sequence
scrambling occurs for the b4

� ions generated from the
YAGFG group of peptides, presumably through a macro-
cyclic intermediate. We note that in the prior investigation
of apparent scrambling of b5

� from YAGFLONH2 and
related peptides [20], it was suggested that the macrocy-

Table 2. Main fragment ions observed from respective bn ions
a

Peptide group (length) Fragment ions (assignment)

Octapeptides CID of b7
�

YAGFLAAV 676(–H2O), 666 (a7
�), 649 (a7*�), 623 (YAGFLAoxa, AYAGFLoxa, or GFLAAYoxa), 581 (AAYAGFoxa),

547 (LAAYAGoxa), 531 (AGFLAAoxa), 460 (GFLAAoxa or AGFLAoxa)
FLYAGAAV 676(–H2O), 666 (a7

�), 649 (a7*�), 623 (FLYAGAoxa, AFLYAGoxa, or GAAFLYoxa), 581 (YAGAAFoxa),
547 (LYAGAAoxa), 531 (AGAAFLoxa), 460 (GAAFLoxa)

Octapeptide methyl esters CID of b8
�

YAGFLAAV–OMe 755 (–H2O), 765 (a8
�), 748 (a8*�), 722 (AVYAGFLoxa, VYAGFLAoxa, or GFLAAVYoxa), 694

(YAGFLAAoxa), 680 (AAVYAGFoxa), 646 (LAAVYAGoxa), 630 (AGFLAAVoxa), 559 (GFLAAVoxa)
FLYAGAAV–OMe 755 (–H2O), 765 (a8

�), 748 (a8*�), 722 (GAAVFLYoxa, VFLYAGAoxa, or AVFLYAGoxa), 694
(FLYAGAAoxa), 680 (YAGAAVFoxa), 646 (LYAGAAVoxa), 630 (AGAAVFLoxa), 559 (GAAVFLoxa),
533 (YAGAAVoxa)

Decapeptides CID of b9
�

YAGFLYAGFL 972 (–H2O), 962 (a9
�), 945 (a9*�), 919 (GFYAGFLYoxa or GFLYAGFYoxa), 843 (YAGFLYAGoxa or

LYAGFYAGoxa), 827 (AGFYAGFLoxa or AGFLYAGFoxa)
FLYAGFLYAV 1028 (–H2O), 1018 (a9

�), 1001 (a9*�), 975 (FLYAGFLYoxa or GFLYAFLYoxa), 933 (YAGFLYAFoxa or
YAFLYAGFoxa), 899 (LYAGFLYAoxa or LYAFLYAGoxa), 883 (AFLYAGFLoxa or AGFLYAFLoxa),
812 (FLYAGFLoxa or GFLYAFLoxa), 7869 (YAGFLYAoxa or YAFLYAGoxa)

Decapeptide methyl ester CID of b10
�

YAGFLYAGFL–OMe 1085 (–H2O), 1075 (a10
�), 1058 (a10*�), 1032 (GFLYAGFLYoxa), 990 (YAGFLYAGFoxa),

956 (LYAGFLYAGoxa), 940 (AGFLYAGFLoxa), 8272 (AGFLYAGFoxa), 786 (YAGFLYAFoxa)

aPeptides separated into subgroups (octapeptide through decapeptide methyl ester) based on amino acid chain length.
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clic isomer can open at various amide positions to regen-
erate linear, oxazolone-terminated structures: this is nec-
essary to cause the elimination of internal residues. It may
be that the structure probed in the earlier IRMPD study
was a linear, oxazolone structure resulting from the open-
ing of the macrocyclic ring.
The data in Tables 1 and 2 show that sequence

scrambling also occurs for the other bn ions (b5, b6, b7, b8,
b9, and b10) included in this study. Similar product ion
distributions (including ions that are the result of the
elimination of internal residues) are observed within
each set of bn subjected to CID. This fact is clearly
evident in the spectra for the heptapeptides shown in
Figure 2. The dominant product ion for each of the six
heptapeptides is the a6 ion with m/z 623 (�28 m/z).
Other product ions include those at m/z 633, 606, 580,
552, 538, 488, and 417. The m/z 633 ion represents the
loss of water (�18 m/z) and m/z 606 is the a6* ion (�45

mass units). The product ions at m/z 580, 552, 538, and
488 correspond to the loss of single amino acid residues
A (�71 m/z), V (�99 m/z), L (�113 m/z), and Y (�163
m/z), respectively, whereas the m/z 417 corresponds to
the loss of the two adjacent amino acid residues YA
(�234 m/z): one or more of the observed neutral losses
involved elimination of internal amino acid residues
from b6

�, thus indicating the apparent scrambling of
sequence. In addition, as with the case for all the other
bn ions starting with b4

�, the CID patterns for the range
of b6 ions are remarkably similar.
As for the b4

� ions discussed earlier, a group of
peptides with alternative amino acid linkages were
synthesized to check the general loss of internal resi-
dues from b5

� and b6
�. As shown in Figures S2 and S3

of the supplemental material, loss of internal residues—
and thus apparent scrambling of sequence—was ob-
served for b5

� generated from ALFGG-OMe and

Figure 1. CID of b4
� (MS3 of sequence isomers of the protonated pentapeptide YAGFG. Sequences

of each precursor peptide are shown with their respective spectra: (a) CID (MS3 of b4
� from YAGFG,

(b) CID (MS3 of b4
� from FYAGG, (c) CID (MS3 of b4

� from GFYAG, (d) CID (MS3 of b4
� from AGFYG.
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GALFG-OMe (Figure S2c and d, respectively). Similar
results were observed for b5

� generated from GAFYLG
and LFYAGG (Figure S2a and b, respectively), and for
b6

� generated from the methyl esters of the same
peptides (Figure S3c and d, respectively).
An interesting trend observed is that intensity of the

an
� ion decreases whereas the loss of H2O increases, with

increasing peptide/bn
� ion size, as is apparent in Figure 3.

The loss of H2O from protonated peptides was previously
investigated by Reid et al. [22], who proposed that the
reaction involves elimination of the oxygen atom from the
C-terminalOOH group or the amide group via a retro-
Ritter-type pathway. For the bn

� ions investigated here,
there is no C-terminalOOH to furnish the H2O neutral
loss. Therefore, it is more likely that the retro-Ritter-type
reaction is responsible. It is not yet knownwhether the an

�

pathway becomes more unstable or whether the loss of

H2O becomes more favored because of the changes in
configuration (such as secondary or tertiary structure
effects) or more complex hydrogen bonding, as the length
of the peptide increases in size.

Conclusions

To summarize, the objective of this study was to deter-
mine whether apparent sequence scrambling occurs
during CID of bn

� of differing size. Our results demon-
strated that for the tetrapeptide YAFG and its isomers,
nondirect sequence ions were not formed from the
dissociation of the b3 ion. This may be attributable to
potential extensive steric strain after cyclization. How-
ever, scrambling of the bn

� ion does occur for the
remaining peptides (pentapeptides to the decapeptide
methyl esters) included in the study. For the larger

Figure 2. CID of b6
� (MS3 of sequence isomers of the protonated heptapeptide YAGFLVG. Sequences

of each precursor peptide are shown with their respective spectra: (a) CID (MS3 of b6
� from

YAGFLVG, (b) CID (MS3 of b6
� from VYAGFLG, (c) CID (MS3 of b6

� from LVYAGFG, (d) CID (MS3

of b6
� from FLVYAGG, (e) CID (MS3 of b6

� from GFLVYAG, (f) CID (MS3 of b6
� from AGF LVYG.
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peptides (i.e., hepta-, octa-, nonapeptides, etc.), the
“scrambling” of b-type ions would seem unlikely be-
cause the increase in size, conformational space that can
be accessed, and degrees of freedom would make
formation of the macrocycle entropically disfavored.
However, the results of the study clearly establish the
loss of sequence and are consistent with earlier reports
of sequence scrambling for the larger b ions and are for
b5

� [16, 20] and larger b-type ions [17].
We note that the apparent scrambled bn ions do not

contribute significantly to the product ion distribu-
tion(s) generated from the respective protonated pre-
cursor peptides (spectra not shown), thus suggesting
that the influence of the cyclization reactions in the
interpretation of CID patterns from (M � H)� may be
minimal. However, the issue of scrambling will cer-
tainly be important in MSn experiments, such as those
reported by Olsen andMann [23], in which N-terminus-
containing peptide fragments generated by CID were

difficult to rationalize using conventional models of
peptide fragmentation.
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