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Abstract
It has previously been reported that disulfide and backbone bonds of native intact proteins can
be concurrently cleaved using electrospray ionization (ESI) and collision-induced dissociation
(CID) tandem mass spectrometry (MS/MS). However, the cleavages of disulfide bonds result in
different cysteine modifications in product ions, making it difficult to identify the disulfide-bonded
proteins via database search. To solve this identification problem, we have developed a pseudo
MS3 approach by combining nozzle-skimmer dissociation (NSD) and CID on a quadrupole time-
of-flight (Q-TOF) mass spectrometer using chicken lysozyme as a model. Although many of the
product ions were similar to those typically seen in MS/MS spectra of enzymatically derived
peptides, additional uncommon product ions were detected including ci-1 ions (the ith residue
being aspartic acid, arginine, lysine and dehydroalanine) as well as those from a scrambled
sequence. The formation of these uncommon types of product ions, likely caused by the lack of
mobile protons, were proposed to involve bond rearrangements via a six-membered ring
transition state and/or salt bridge(s). A search of 20 pseudo MS3 spectra against the Gallus
gallus (chicken) database using Batch-Tag, a program originally designed for bottom up MS/MS
analysis, identified chicken lysozyme as the only hit with the expectation values less than 0.02
for 12 of the spectra. The pseudo MS3 approach may help to identify disulfide-bonded proteins
and determine the associated post-translational modifications (PTMs); the confidence in the
identification may be improved by incorporating the fragmentation characteristics into currently
available search programs.
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Introduction

Proteins are typically identified and characterized via
bottom-up approach, where they are reduced, digested,

and analyzed by mass spectrometry (MS) and tandem mass
spectrometry (MS/MS) analysis. Recently, the top-down
approach [1–4] has started to gain popularity, where intact
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proteins are analyzed by MS and MS/MS. This top-down
approach has the advantages of high throughput, high
sequence coverage, and easier identification of protein
variants and PTMs [5], however, with limited applications
for proteins containing disulfide bonds. Concurrent cleav-
ages of disulfide and protein backbone bonds were thought
to be difficult via CID [6, 7]. Other dissociation methods
including Electron capture dissociation (ECD) and Electron
transfer dissociation (ETD) have been reported to be capable
of the concurrent cleavages [7–9]. However, the fragmenta-
tion efficiency of ECD is low [10]; and to the best of our
knowledge, no application to characterize disulfide-bonded
proteins with ETD has been reported, despite its possessing
a higher fragmentation efficiency than ECD [11].

Several years ago, a few studies reported on concurrent
cleavages of disulfide and backbone bonds via CID in an
ion-trap mass spectrometer [12–14]. No follow-up work has
been performed, likely due to the small number of backbone
cleavages as well as low resolution and low intensities of the
product ions under the experimental condition at that time.
Recently, using ESI and CID on an LTQ Orbitrap mass
spectrometer, we reported that more product ions were
yielded at higher resolution and higher intensity for a model
protein that contains highly intra-linked disulfide bonds [15].
However, it is still not easy to identify unknown disulfide-
bonded proteins with the top-down approach. The difficulty
in the identification results from the cleavages of disulfide
bonds producing multiple modifications of cysteine residues
in product ions. Additionally, these modifications are
different from the native oxidized form of cysteine residues,
i.e., half-cystine, in precursor ions [15]. Since the same
modifications are typically required for database searching
with currently available programs, it is impractical to
identify proteins from their product ions involving dissoci-
ation of disulfide bonds in intact proteins.

The difficulty of identifying disulfide-bonded proteins via
database search due to inconsistent modifications could be
circumvented via an approach based on MS3, or alternatively
pseudo MS3 analysis [16, 17] that combines in-source
dissociation such as NSD [18] (also termed as cone
fragmentation) and regular CID MS/MS analysis. If the
MS3 or pseudo MS3 analysis is performed on the first-
generation product ions that do not undergo further
dissociation of disulfide bonds, the modifications in the
precursor and product ions will be the same. Although
the application of MS3 (including pseudo MS3) analysis
for identification of proteins has been reported previously
[16, 19, 20], to the best of our knowledge, its application
to the identification of proteins from product ions
involving CID cleavages of disulfide bonds has never
been reported.

An additional advantage of the pseudo MS3 approach
is that it can identify the proteins of interest with higher
confidence compared with typical top-down MS/MS
analysis. This is due to the following: (1) the precursor
ions, being small fragments of protein ions instead of

protein ions themselves, are less affected by unknown
modifications [19], which could lead to false identifica-
tion; (2) monoisotopic peaks of small fragments are
much easier to be accurately measured; (3) many more
precursors are available (typically only one precursor ion
is fragmented in MS/MS top-down analysis). Identifica-
tion of protein variants and characterization of PTMs may be
significantly improved by combining the higher confidence
identification via MS3 approach and the overview picture of all
fragments from precursor protein ions via top-down MS/MS
approach.

To cleave disulfide bonds in proteins, typically the charge
state of protein ions is required to be less than the number of
Arg residues [15]. As a result, all of the protons are
sequestered on the proteins due to the high basicity of
arginine side-chain. The well-known mobile proton theory
[21], which suggests a proton initially localizes at a basic
site of a peptide ion and then mobilizes to a cleavage site
(usually amide bond ) inducing a charge-directed dissocia-
tion, is thus not applicable. For peptide or protein ions
lacking mobile protons, the dissociation mechanism often
involves an aspartic acid residue with its side chain carboxyl
group attacking its C-terminal amide group [22]. The
dissociation of peptides lacking mobile protons can also be
induced through proton-driven amide bond-cleavage path-
ways via salt-bridge [23–26], anhydride [23], or imine/enol
intermediates [23], where the former two pathways involve
deprotonation of the C-terminal carboxyl group, while the
last pathway involves a proton transfer from an enol group
(isomerized from an amide group) to a nearby amide
nitrogen. All the mechanisms mentioned above are actually
charge-directed, including that involving the side chain of
aspartic acid where protonation and/or salt bridge play a role
[22] even though this type of dissociation is often referred to
as “charge-remote.” There are yet other dissociation mech-
anisms with no charge involved and where the dissociation
resulted from bond rearrangements via a six-membered ring
transition state. Examples include the formation of dn
and cn-1 ions from dissociation of b ions with Asp at the
C-terminus [27] and formation of c and z – S ions from
dissociation of N–Cα bond on the N-terminal of a dehydroa-
lanine residue (resulted from cleavage of a disulfide bond)
[12, 15]. This set of mechanisms has seldom been discussed in
the literature.

We report here pseudo MS3 analysis of intact native
chicken lysozyme using a Q-TOF mass spectrometer with a
maximum resolution around 10,000. The pseudo MS3

analysis was achieved by combining NSD at high cone
voltage and CID MS/MS. The fragmentation patterns of the
pseudo MS3 spectra for precursor ions lacking mobile
protons will be discussed and mechanisms for the formation
of uncommon product ions are proposed. We also demon-
strate chicken lysozyme can be identified as the only hit by
searching the pseudo MS3 spectra against the Gallus gallus
(chicken) database using the program Batch-Tag [28] of
ProteinProspector [29].
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Materials and Methods
Chicken lysozyme was purchased from Sigma (St. Louis,
MO, USA). HPLC-grade water, acetonitrile and acetic acid
were purchased from ThermoFisher Scientific (Waltham,
MA, USA). Chicken lysozyme was dissolved in water
containing 1%–2% acetic acid at a concentration of 10–
20 μM. The sample was analyzed on an ESI-Q-TOF mass
spectrometer (Waters Q-TOF II; Milford, MA, USA) via
direct infusion at the flow rate of 5–20 μL/min. MS, NSD,
CID MS/MS, and pseudo MS3 analyses were performed.

For MS analysis, the typical instrument parameters were
set as follows: capillary voltage at 3.2 kV, source temper-
ature at 100 °C, desolvation temperature at 150 °C, cone
voltage at 50 V, collision energy at 5 eV (to maximize ion
transmission, as recommended by the manufacturer’s manual),
and the “high res” and “low res” parameters at 15. The same
parameters, except a few changes, were applied to the other
analyses. For NSD, the cone voltage was 100–120 V. For CID
MS/MS analysis, (M + 9H)9+ ion was isolated and the collision
energy was 40 eV. For pseudo MS3 analysis, the cone voltage
was 100 or 120 V; 20 peaks of relatively high intensities with a
maximum of one disulfide bond cleavage (which was
determined from the pattern of an ion cluster [15]) were
isolated; and the collision energy was 30–50 eV. The precursor
ions for pseudo MS3 analysis were either the same as typical
peptide ions (for y precursor ions), or the same as typical
peptide ions with C-terminal dehydration (for b and yb internal
ions as the precursor ions) or amidation (for c and yc internal
ions as the precursor ions). The same scan rangem/z 100–2000
was set for all analyses. The acquisition time for each spectrum
was typically 4–10 min. Unit isolation resolution of the
precursor ions was achieved for CID MS/MS and pseudo
MS3 analyses.

Data Analysis
Peak Assignments

The peaks of the CID or NSD tandem mass spectra were
assigned with the help of the data analysis program ICR2Ls
for main sequence ions as described earlier [15] and MS-
Product of ProteinProspector [29] for internal fragments.
Unless indicated otherwise, the peaks in pseudo MS3 spectra
were assigned from a database search against chicken
lysozyme (accession number P00698) using Batch-Tag
[29] (with the same parameters as for searches against
“Gallus gallus” when the digest was “no enzyme,” see
Section Database Search for details), followed by manual
validation. For convenience, the nomenclature describing the
second-generation product ions in pseudo MS3 spectra
discussed in this manuscript follows that of MS/MS product
ions from typical peptides. The classification of pseudo MS3

product ions is based only on the cleavage sites regardless of
different modifications on the cysteine residue(s) and/or
different types of C-termini (resulting from MS/MS product

ions, e.g., y, b, or c ions, which become the precursor ions for
pseudo MS3 analysis).

Database Search

The precursor ions subjected to pseudo MS3 analysis were
either singly or doubly charged. Converting all peaks of
precursor and product ions to single charges was found to
significantly increase the confidence in identifying proteins
via the database search by decreasing random matches.
About 100 most abundant peaks were picked for each
spectrum and all peaks of double charges were converted to
single charges. For the spectra of singly charged precursor
ions, the peak lists were directly generated from smoothed
and centered spectra. For doubly charged precursor ions, the
spectra were processed with background subtracting, fol-
lowed by MaxEnt 3 function of MassLynx (Waters, Milford,
MA, USA) to convert the product ions to single charges; the
m/z values corresponding to singly charged precursor ions
were manually calculated. A total of 20 pseudo MS3 spectra
were included in an MGF file for the database search. The
MGF file was searched against SwissProt2010.03.30 database
using Batch-Tag [29].

To test if chicken lysozyme could be identified when it
was assumed to be an unknown protein, three types of
searches were performed. These types include searching
with “no enzyme” against database of “Gallus gallus” and
“all species,” and searching with “Full Protein” and
“Nonspecific” at “N-term” against database of “Gallus
gallus.” The common parameters for all database searches
were set as follows: “1+” for precursor charge; “monoisotopic”
masses and 100 ppm mass tolerance for both parent and
fragment ions. ESI-Q-TOF instrument specific default ions for
the search were applied, which included a, b, y, internal,
immonium, b + H2O, a loss, b loss, c loss, and internal loss
ions, where “loss” means a single loss of NH3 or H2O. The
variable modifications were set depending on the type of
digest, i.e., “no enzyme” or “Full protein.”

When the digest was “no enzyme”, the variable modifica-
tions included “Dehydrated (C-term),” “Amidated (C-term),”
“Cys → Dha (C),” “Didehydro (C),” and “Sulfide (C).” The
modifications “Dehydrated (C-term)” and “Amidated
(C-term)” correspond to precursors being b (including internal
yb) type and c (including internal yc) type ions, respectively;
while the absence of any one of the two modifications
corresponds to precursor being y type ions. The modifications
“Cys → Dha (C),” “Didehydro (C),” and “Sulfide (C)”
correspond to the changes (− SH, – H, and + SH, respectively)
of cysteine residues from the oxidized form upon disulfide
bond dissociation; the absence of any one of the three
modifications corresponds to the reduced form of cysteine
residues (i.e., oxidized form + H) [15]. A maximum of “2” of
the five variable modifications were applied.

When the digest was based on “Full Protein”, a maximum
of 1 of the three variable modifications for cysteine residue
were applied; neither “Amidated (C-term)” nor “Dehydrated
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(C-term)” was applied as a variable modification. This type
of digest is similar to “no enzyme,” but only considers the
fragments containing the C-terminus of the protein, which
means it is only applicable when precursor ions (the first-
generation product ions) are y ions. Since the protein
sequences in the database often contain the signal peptides
at the N-termini [30], a similar approach is generally not
applicable to b precursor ions.

To report only the matches of high confidence, the search
results were filtered with appropriate settings for several
parameters. These parameters were set as follows: (1) “Min
Best Discriminant Score” was set to 0; (2) both “Min Protein
Score” and “Min Peptide Score” were set to 8; (3) both
expectation values, i.e., “Max E Value Protein” and “Max E
Value Peptide,” were set to 10, higher than 0.05—the
commonly used one for various search engines [31]. The
setting of higher expectation values is because Batch-Tag is
not specifically designed for MS3 analysis and the set of
many modifications may also break down the independent
trials for the statistical analysis.

Results and Discussion
NSD and CID Analysis of Chicken Lysozyme Ions

At the cone voltage of 50 V, when no organic solvent was
added to the solution, the chicken lysozyme protein peaks in
the MS spectrum were predominantly of the charge states
from 8+ to 11+ (Figure S-1a). Since there are altogether 11
Arg residues in chicken lysozyme, all the charges were
essentially sequestered by these Arg residues, meeting a
condition for the charge-remote cleavage of disulfide bond
[15]. When cone voltage was increased to 100 V, fragment
ions including those resulted from disulfide bond cleavages
were observed (Figure S-1b). An increase of cone voltage to
120 V dissociated precursor ions further (Figure S-1c). The
higher cone voltage at 120 V did not increase the signal-to-
noise ratios for most of the fragment peaks; however, it did
generate some fragments with higher signal-to-noise ratio
including those of m/z 605.39 and 828.48. These two
fragments were identified as c5 and y10c126 ions, and both
involve the cleavage of N–Cα bond, suggesting the dissoci-
ation of this type of bond might require a higher energy.
Interestingly, c ions have also been reported in in-source
decay of peptides and proteins with matrix-assisted laser
desorption (MALDI) [32–34]. However, in contrast to what
was observed in this current work, the generation of series of
c-ions in MALDI often stopped before reaching a disulfide
bond [32–34], suggesting different dissociation mechanisms
might have been involved during the two ionization
processes.

For the dissociation of chicken lysozyme on the Q-TOF
mass spectrometer, comparing to CID MS/MS of the protein
ions in only one charge state—9+ (Figure 1a, Table S-1), the
NSD of the protein ions in different charge states—
essentially 8+ to 11+ (Figure 1b) displayed a similar

fragmentation pattern. In both cases, many product ions are
similar to those acquired on an LTQ Orbitrap mass
spectrometer via CID [15]. The peaks corresponding to
internal fragments including (y87b48)

+, (y88b48)
+, and

(y89b48)
+ (only seen in Figure 1b) are likely originated from

the protein ions with 11+ charges, as reported previously
[15]. Compared with the LTQ Orbitrap mass spectrometer,
the dissociation efficiency (based on the relative intensity of
the precursor ions to that of the product ions) in the Q-TOF
mass spectrometer appeared lower.

There are three possibilities for the lower dissociation
efficiency of chicken lysozyme in the Q-TOF mass
spectrometer compared with the LTQ Orbitrap mass spec-
trometer [15]. First, with the Q-TOF mass spectrometer,
higher collision energy could cause further fragmentation
due to continuous collisions and thus decreased signal-to-
noise ratio; in contrast, for the LTQ Orbitrap mass
spectrometer, since the excitation frequencies for product
ions are different from those for precursor ions, the applied
higher collision energy theoretically would yield high
intensity product ions without causing further dissociation.
Second, the rate for the concurrent cleavages of disulfide and
backbone bonds could be at the edge of the range sampled
by the Q-TOF mass spectrometer (a beam-type mass
spectrometer), while within the range sampled by an ion-
trap instrument. The dissociation rates sampled by beam-
type and ion-trapping type mass spectrometers have been
estimated to be greater than 104 and 1–100 s–1, respectively
[35]. Third, the nascent protein ions have a high tendency to
refold due to much stronger electrostatic intramolecular
interactions resulted from solvent removal [6], which could
be more serious in the case of this study where there was
less Coulombic repulsion with fewer charges carried by the
protein ions; the refolding could be prevented or minimized
by high temperature of the ion transfer capillary that situates
before the skimmer in the LTQ Orbitrap mass spectrometer,
which is absent in the Q-TOF instrument setup.

Despite the lower dissociation efficiency in the Q-TOF
mass spectrometer, due to the lack of low mass cutoff
restriction, more ions including those of low m/z values were
detected. This makes it easier to study the fragmentation
patterns and obtain higher confidence database search
results.

Uncommon Product Ions in Pseudo MS3 Spectra
of Chicken Lysozyme Ions

Twenty of the first-generation product ions from NSD were
selected as the precursor ions for CID MS/MS to acquire
pseudo MS3 spectra. The spectra were searched against
chicken lysozyme using Batch-Tag to determine the precur-
sor ions and assign the pseudo MS3 product ions. Of the 20
pseudo MS3 spectra, 18 matched those of chicken lysozyme
with expectation values G0.0032 (data not shown). These
two unmatched spectra were manually analyzed and the
corresponding precursor ions were determined to be b5

+ and
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sodiated c5
+. The spectrum of b5

+ does not match that of
chicken lysozyme because the program does not take into
consideration precursor ions with short sequence (Gm/z 600),
while the spectrum of c5

+ does not match because the chosen
default parameters are only for proton adducts.

The pseudo MS3 spectra of the 20 precursor ions were
manually analyzed, with the focus on the unassigned peaks.
Many product ions, including a series of b, y, and internal
fragment ions, were generated (see following discussions for
details). When a pseudo MS3 product ion contained a
cysteine residue, the modification of the cysteine residue
(− SH, – H, + H, and + SH) was consistent with that in
the precursor ion (see Figures S-2 and 3 for examples).

In the course of the pseudo MS3 analysis, despite many
product ions being similar to those observed in MS/MS
spectra of peptide ions, various types of uncommon product
ions were also detected (Table 1). These characteristic
pseudo MS3 product ions are most likely related to the lack
of mobile protons in the precursor ions as well as the high
energy applied during the analysis. Some of the uncommon
product ions, e.g., c7

+, b9
+, and (P – HN=C=NH)+ detected

in pseudo MS3 spectrum of (y10 – SH)+, were also observed

in the CID-MS/MS spectrum of (M + 9H)9+ (corresponding
to (y10c126)

+, (y10b128 – SH)+, and (y10 – HN=C=NH – SH)+

ions, respectively) on an ion-trap Orbitrap mass spectrometer
[15] within 5 ppm of theoretical m/z values. It is most likely
that similar spectra would be obtained in an ion-trap mass
spectrometer with true MS3 analysis. If isolation efficiency
is satisfactory, true MS3 analysis should provide “cleaner”
spectra for database searching, especially for complex
samples. The higher dissociation efficiency in LTQ-Orbitrap
instrument could also significantly decrease the acquisition
time needed. Further studies are to be conducted to compare
the performance on different types of mass spectrometers.
The results and discussion of these uncommon ions are as
follows.

1) ci-1, di, and bi – CO2 product ions from precursor ions
with Asp as the ith residue

Product ci-1, di and bi – CO2 ions were detected from the
dissociation of almost all b and yb type precursor ions with Asp
as the ith residue in this study (Table 1, Figures 2, 3, and S-4).
These types of product ions have previously been reported by
Wysocki and coworkers to be generated fromMS/MS analysis
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Figure 1. Comparison of (a) collision induced dissociation of (M + 9H)9+ chicken lysozyme precursor ion at the collision energy of
40 eV and (b) nozzle-skimmer dissociation of all charge states (dominantly 8+ to 11+) of chicken lysozyme precursor ions at the cone
voltage of 100 V. The peak labels with underscores indicate a cluster of related ions involving disulfide bond cleavages
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of peptide ions as well as MS3 analysis of b ions with Asp at the
C-terminus [27]. The authors termed these ions as cn-1, dn ,and bn
– CO2, where “n” represents the total number of residues in the
precursor ions. For the generation of these uncommon product
ions, the Asp residue does not have to be at the C-terminus of the
precursor ions (see Figure 3b for an example). Therefore, we use
the subscript “i” instead of “n” to indicate it is applicable to
general cases. However, the initial formation of b ions with Asp
as the C-terminus residue does appear to be the first step in the
case that Asp is not the C-terminal residue.

The formation of these ci-1 ions was proposed to involve bond
rearrangement [27], while the formation of di ions was proposed
to involve concerted dissociation of several bonds [27]. No
mechanism was suggested for the formation of bi – CO2 ion. In

this work, we propose a different mechanism for the formation
of the di ions as well as a novel mechanism for the formation of
ions with neutral loss of CO2 (Scheme 1). Both proposed
mechanisms involve bond rearrangement of the precursor b ion
in a configuration as shown in Scheme 1 [36], which is different
from the configuration containing a cyclic anhydride structure
[37] that was proposed to result in the formation of di ions [27].

2) ci-1 product ions from precursor ions with Arg or lysine
(Lys) as the ith residue

Some ci-1 ions were observed from CID of first-generation
product ions when Arg or Lys is the ith residue (Table 1,
Figures 2, 4, S-2, S-3, S-5, and S-6). The same type of c ions
has previously been reported by Fu et al. [38] (these ions

Table 1. Uncommon Product Ions in the Pseudo MS3 Spectra with the Precursor Ions Being the First Generation Product Ions from Nozzle-Skimmer
Dissociation of Chicken Lysozyme ionsa

Uncommon types
of product ions

Types of precursor ions Observations

Product ions Precursor ions

bi – CO2 Asp as the ith residue b18 – CO2 (P – CO2) b18
2+ cluster ions

b6 – CO2 (P – CO2) (y87b48)
+

b7 – CO2 (P – CO2) (y88b48)
+

b8 – CO2 (P – CO2) (y89b48)
+

b11 – CO2 (P – CO2), b7 – CO2 (y88b52)
+

di Asp as the ith residue d18 b18
2+ cluster ions

d6 (y87b48)
+

d7 (y88b48)
+

d8 (y89b48)
+

d11, d7 (y88b52)
+

ci-1 Asp as the ith residue c17 b18
2+ cluster ions

c5 (y87b48)
+

c6 (y88b48)
+

c7 (y89b48)
+

c10, c6 (y88b52)
+

Arg as the ith residue c4, c13 b18
2+ cluster ions

c8 y10
2+ cluster ions

c13 (b14 + H)2+

c4 b5
+, c5

+ b

Lys as the ith residue c12 b18
2+ cluster ions

c12 (b14 + H)2+

(Cys – SH) as the ith residue c5 (b18 – SH)2+

c7, y7c7 – H2O, y8c7 (y10 – SH)2+

c7 (y10 – SH)+

Neutral loss of
HN=C=NH

bi – HN=C=NH Arg as the ith residue b5 – HN=C=NH, b14 – HN=C=NH b18
2+ cluster

ym – HN=C=NH (m=1, 2 or 3), P – HN=C=NH b5
+

ym – NH3 – HN=C=NH (m=1, 2 or 3),
P – NH3 – HN=C=NH

c5
+ b

ym (I) – HN=C=NH (m=2 or 3) c (b6 – SH)+

b5 – HN=C=NH (b7 + H)+

b9 – HN=C=NH (y10 – SH)+

ymb9 – HN=C=NH (m=5, 6, 7, 8 or 9) y10
2+ cluster

P – HN=C=NH Containing one protonated Arg
residue and one non-protonated
high basicity amine group

P – HN=C=NH (y10 – SH)+

P* – HN=C=NH c5
*+ ion

P – CO – HN=C=NH (b6 – SH)+

Neutral loss of HN=C(NH2)2 cn* ion with Arg at the C-terminus P* – HN=C(NH2)2, y3
* – HN=C(NH2)2 c5

*+

bn-1 + H2O One Arg residue at (n – 1) position,
the other in the peptide backbone

(b9 + H2O)
2+, ymb9 – NH3 + H2O (m=5, 6, 7, 8 or 9),

y4b9 + H2O, y8b9 + H2O, b8 + H2O
d,

b8 – NH3 + H2O
e, b7 + H2O

e

y10
2+ cluster ions

Non-sequence ions b ion with oxazolone structure See Figure 5 (b6 – SH)+

cn-1
* cn

* ion with Arg at the C-terminus c4
* c5

*+

a“P” represents precursor ion; the label “*” indicates an ion is sodiated; in simplicity, the charge states of the product ions are not labeled when they are “1+”
bThe c5 ion most likely converts to b5 after an initial loss of NH3, which assumes the same C-terminal structure of bi ion as shown in Scheme 2a
cym (I) indicates the ion is for scrambled sequence “I” as shown in Figure 5
dThe b8 + H2O ion is generated from further dissociation of (b9 + H2O)

2+ ion
eThe b8 – NH3 + H2O and b7 + H2O ions are observed in the spectrum of (y10 – H)2+
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were termed by the authors as cx ions with Arg or Lys as the
(x+1)th residue). Fu et al. [38] proposed a mechanism for the
formation of this type of c ions directly from the precursor
ion of a particular sequence AGHKLL, where nucleophilic
attack of Cα of Lys by its side chain amine group was
involved.

Alternative mechanisms are proposed here for the formation
of such ci-1 ions with the formation of bi ions as the first step
(Scheme 2). These mechanisms are based on the lack of mobile
protons, the types of corresponding precursors ions and the
structures of bi ions with Lys or Arg at the C-terminus [22]. The
ci-1 ions are proposed to be formed from bond rearrangement
via a six-membered ring transition state resulting from the ring
structures of these bi ions.

The ci-1 ion can be detected when there is a charge
retained on the N-terminal fragment of the precursor ion.
These mechanisms can directly explain the formation of ci-1
ion from b precursor ions with Arg or Lys residue at the C-
terminus, e.g., c4

+ (Figure S-6a) and c13
+ (Figure S-5)

product ions from dissociation of b5
+ and (b14 + H)2+ ions,

respectively. On the other hand, the formation of ci-1 ion
from precursor ions of b18

2+ cluster (Figures 2 and S-2), c5
+

(Figure S-6b), and y10
2+ cluster (Figures 4a and S-3) likely

involves one additional prior step to form the corresponding

b ions with Arg or Lys residue at the C-terminus [22]
assuming the structure as shown in Scheme 2.

3) bi – HN=C=NH product ions from precursor ions with
Arg as the ith residue

Neutral losses corresponding to HN=C=NH (42.02 Da) were
observed for product ions in pseudo MS3 spectra of different
types of precursor ions (Table 1, Figures 1, 2, 4, 5,
S-2, S-3, S-6, and S-7). These product ions with neutral loss
of HN=C=NH are b, yb, or equivalent product ions (e.g., the
pseudo MS3 product y1-3 ions dissociated from b5 ion have the
same structure as b ions) with Arg as the C-terminal residue
(Scheme 2a). The bi – HN=C=NH ions probably result from
bond rearrangement of the bi ions via another set of six-
membered ring transition state that contains a part of the
guanidine group and its neighboring carbonyl group, where the
C-terminal structure of the bi ions is the same as shown in
Scheme 2a. A similar mechanism has been proposed by O’Hair
group for loss of HN=C=NH from a b2 ion structure with C-
terminal Arg residue (after loss of CH3OH from the C-terminus
of N-acyl arginine methyl ester) [39].

4) P – HN=C=NH product ions from Arg-containing
precursor ions
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Figure 2. Pseudo MS3 spectra of (b18 + H)2+ ion at the cone voltage of 100 V and collision energy of 50 eV. The uncommon
product ions in this and following figures are highlighted by enclosing in open boxes. In this and following figures, the precursor
ions are labeled as “P” with the corresponding charges; for clarity, the charge states of product ions are not labeled when they
are 1+
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A peak corresponding to neutral losses of HN=C=NH
(42.02 Da) from precursor ion (y10 – SH)+ was also
observed (Figure 4b). This precursor ion contains two Arg
residues, one protonated and the other non-protonated. Since
there is no involvement of the formation of b ion that
contains Arg residue at its C-terminus with the structure as
shown in Scheme 2a, a different mechanism is proposed for
the neutral loss of HN=C=NH (Scheme 3). The mechanism
involves transfer of a proton from the protonated Arg residue
to a non-protonated amine group of the side chain of another
Arg residue. The neutral loss of HN=C=NH from precursor
ions have also been reported in MS/MS analysis of singly
charged bradykinin and its derivative [40], and MS/MS
analysis of peptides Arg-Gly and Gly-Arg [25]. In the case
of pseudo MS3 spectrum of c5 ion, the neutral loss seems to
be more likely via the mechanism shown in Scheme 2a with
ammonia loss and the formation of bi structure as the prior step.

5) ci-1 product ions from precursor ions with dehydroalanine
(i.e., Cys – SH ) as the ith residue

Many c ions were previously observed from MS/MS of
disulfide-bonded polypeptides by McLuckey and coworkers
[12, 14] as well as by our group [15]. Peaks corresponding
to the same type of c ions were also observed in pseudo MS3

spectra of several precursor ions in this work (Table 1,
Figure 4 and Figure S-2d). Similar to that reported by
McLuckey group, the loss of SH from cysteine residue is
also found to be required for the formation of these c ion in
this study, e.g., c5 ion is only seen in pseudo MS3 spectrum
of (b18 – SH)2+ ion but not in the other spectra of the related
b18 ions (Figure S-2). Since the corresponding z ions have
the same m/z values as y – NH3 (note that the m/z values for
these even electron z ions are different from those free
radical z ions observed in ECD and ETD analysis [41]), it is
often difficult to unambiguously distinguish the two types of
ions based on m/z values of peaks (e.g., z3

+ ion in
Figure 4a); however, the existence of z13

+ ion in Figure S-
2d is obvious when comparing with Figures S-2a-c. Based
on the fact that loss of SH from cysteine residue is the first
step for the formation of c ions, the McLuckey group
proposed a mechanism that involves bond rearrangement via
a six-membered ring for the generation of such c ions [12].
The C=S double bond formation upon disulfide dissociation
appears to bring the hydrogen to the appropriate position to
form a relatively stable six-membered ring transition state.

6) bn-1 + H2O product ions from precursor y ions containing
Arg residues

m/z
100 200 300 400 500 600 700 800 900 1000 1100

%

0

100

%

0

100 773.39

701.39

254.13

237.11
129.11

443.25

426.21355.18 657.37630.35

557.30470.22

729.36

x6 1133.54

773.39

159.10
129.11

729.35254.13

216.11

443.25
426.20355.16256.12

701.41
540.27523.24 588.39 658.35

1061.55
1089.51

b4

b5
b4 – NH3

b5 – NH3

a4
b2

y4b5 – NH3

y4b6 – NH3 a6

c6 – H2O

b6 – NH3

c6

P+ –
CO2

P+ – H2O

y6b4 – NH3

y5b4 – NH3

y5b4 – 2NH3

b7

b4

P+

P+

b8

b7 – H2O

y8 – NH3
y9b4 – NH3

y8b5 – NH3

b7 – CO2

b3

b3 – H2O

(a)

(b)

y4 – NH3

a5

P+ : precursor ion (y88b48)+

P+ : precursor ion (y88b52)+

P+ – CO2

c10

c10 – H2O

d7

d11d7
b4 – NH3

b7 – NH3

c6 – NH3

c6

b5 – NH3

5 4

4 6
2 3

b

ATNRNTD
c

a

y

ATNRNTDGSTD

4 7
b
c 10

9 8

85

y

6

y4b5 – 2NH3

Figure 3. Comparison of pseudo MS3 spectra of (a) (y88b48)
+ and (b) (y88b52)

+ ions at the cone voltage of 100 V and collision
energy of 40 (a) and 50 eV (b), respectively. The labels with empty circles in the sequence map in this and following figures
indicate the cleavages only seen in internal fragments
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A peak (b9 + H2O)
2+ (a bn-1 + H2O ion) and a series of yb

type internal fragment peaks, e.g., (y8b9 – NH3 + H2O)
+

(a ymbn-1 – NH3 + H2O ion) from dissociation of (y10 – SH)
2+,

were observed in pseudo MS3 spectrum of each of the y10
2+

cluster ions (Table 1, Figure 4a and Figure S-3). In addition, a
(b8 + H2O)

+ peak (a bn-2 + H2O ion) and a (b7 + H2O)
+ (a bn-3 +

H2O ion) were also observed (Figures 4a and S-3). Interest-
ingly, no such product ions were observed in the pseudo MS3

spectrum of the ion of the same peptide but with a different
charge state—(y10 – SH)+ (Figure 4b).

Different mechanisms [42–46] have been proposed for the
formation of bn-1 + H2O ions from dissociation of peptide ions;
however, none of these mechanisms can explain why the bn-1 +
H2O (i.e., (b9 + H2O)

2+ ion) and related ions were present in the
pseudo MS3 spectrum of (y10 – SH)2+ ion but absent in that of
(y10 – SH)+ (Figure 4). A mechanism instead is proposed here
for the formation of these ions (Scheme 4), where a mobile
proton present in (y10 – SH)

2+ alongwith salt bridge formation is
involved. The different fragmentation characteristics between
pseudo MS3 spectra of (y10 – SH)

2+ and (y10 – SH)
+, i.e., many

more product ions generated and much lower collision energy
required (30 eV versus 50 eV) for the former than for the latter,
suggest the possibility of a mobile proton present in the
(y10 – SH)

2+ ion but absent in the (y10 – SH)
+ ion. The presence

of a mobile proton could result from the formation of a salt-
bridge between the guanidine group at the ninth residue (Arg)
and the C-terminal carboxyl group via proton transfer, similar
to the case for peptides with C-terminus Arg residue interacting
with cysteic acids [47]. Thus for (y10 – SH)

2+, only one proton
is sequestered by Arg at the sixth residue, while the other

proton is mobile. The mobile proton is proposed to initially
localize at the N-terminus amine group; the protonated
N-terminus amine group then forms a hydrogen bond
with the (n – 1)th amide oxygen and induces the nucleophilic
attack of the amide carbon center by the negatively charged
oxygen of the C-terminal carboxyl group; bond rearrangement
follows and leads to the formation of the (b9 + H2O)

2+ product
ion, which is stabilized by a salt-bridge. Similar reactions
account for the formation of the (b8 + H2O)

+ and (b7 + H2O)
+

product ions. When the formation of (b9 + H2O)
2+ product ion

is followed (or preceded) by backbone bond cleavages and
ammonia loss, (ymb9 + H2O – NH3)

+ ions—a series of internal
fragments with water adduct and ammonia loss, are formed.

The mechanism proposed here combines features of those
previously proposed mechanisms. Such features include the
stabilization of deprotonated C-terminal carboxyl group by a
salt-bridge [42], the weakening of the (n – 1)th amide bond
by a hydrogen bond between protonated Arg and the amide
oxygen [43, 45], the nucleophilic attacking of the amide
carbon center by the negatively charged oxygen of the C-
terminal carboxyl group [25, 42, 46] (which is supported by
the disappearance of the bn-1 + H2O ion from dissociation of
precursor ion of peptide RYGGFL upon C-terminal methyl-
ation [26]), and the stabilization of the transition ion and
product ion by a salt-bridge [42]. Our proposed mechanism
is very similar to the one proposed by Gonzalez et al. [42],
however, with one important difference, i.e., the weakening
of the amide bond. Gonzalez et al. [42] proposed “the
cationized guanidine group involved in a salt bridge could
interact more efficiently with its own carbonyl group via the

NH2
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Scheme 1. Formation of di and bi – CO2 ions from further dissociation (pseudo MS3) of a bi ion with Asp at the C-terminus
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compact ring formation” for the enhancement of the effect
by Arg at n – 1 position; Vachet et al. [45] and She et al.
[43] also proposed that the (n – 1)th amide bond was weakened
by a hydrogen bond between protonated Arg and the amide
oxygen. In contrast, based on the absence of bn-1 + H2O ion in
the pseudo MS3 spectrum of (y10 – SH)+, we propose it is the
hydrogen bond formed between the protonated N-terminus
amine group and the (n – 1)th amide oxygen that weakens the
amide bond; the reason is likely that the protonated N-terminus
amine group is more flexible and probably undergoes less
energy strain and steric hindrance for the hydrogen bond
formation compared with the protonated Arg residue.

Our proposed mechanism can also explain the previous
different and sometimes even contradictory reports on
positions of Arg residue that enhance the formation of b +
H2O ions [40, 42–45]. These positions include the (n – 1)
position [42], at or near C- [44, 45], or N-terminus [44], or
alternatively, a combination of one at the C-terminus and the
other somewhere in the peptide backbone [40]. When one
Arg residue was at the C-terminus, two of the reports on bn-1 +
H2O ions are contradictory: absent in one work [42], while
significantly present in another [44], with the former report

partially supported by a systematic study on the formation of
bn-1 + H2O ions, where a non-C-terminal basic residue was a
proposed requirement [43]. These different observations can be
rationalized based on Scheme 4. An Arg residue at or close to
the C-terminus [42, 44, 45] can more easily abstract a proton
from the C-terminal carboxyl group to result in nucleophilic
negatively-charged-oxygen, while an Arg residue on N-
terminus[44] or non-C-terminus[43] or somewhere in the
middle of the sequence [40], which will be on the N-terminal
fragment of the precursor ion, can retain a charge and thus
makes the bn-1 + H2O ion observable. An Arg residue on N-
terminus [44] may also be more flexible than that in the middle
of the sequence and thus more readily form a salt-bridge with
the C-terminal carboxyl group. When an Arg residue is at the
C-terminus [42–44], the loss of an Arg residue will carry away
a charge due to its high basicity (Scheme 4), thus the bn-1 + H2O
ion will not be observed if the precursor ion contains only one
charge [42] unless there is another Arg residue [43, 44] or other
basic residues [43] in the sequence to compete for a proton.

7) Non-direct sequence product ions from precursor b ion
with protonated oxazolone structure
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voltage of 100 V and collision energy of 30 eV (a) or 50 eV (b)
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In the pseudo MS3 spectrum of (b6 – SH)+, other than
several peaks identified as the sequence ions (including
sequence ions with neutral losses), most of peaks correspond
to non-direct sequence ions of a scrambled sequence or the
precursor ion with neutral losses (Figure 5). Sequence
scrambling has previously been reported for MS3 analysis
of b ions and the corresponding mechanism has been
proposed with the involvement of multiple sequences
generated from ring opening of macrocyclic b isomers [48–
50]. In contrast, only one scrambled sequence appears to be
dominant in this study. It has also been reported by Stipdonk
and coworkers that an Arg residue apparently inhibits the
sequence scrambling [51]; however, in this study, the Arg
residue does not appear to have such an effect

Amechanism is proposed for the formation of this scrambled
sequence (Scheme 5). The precursor ion (b6 – SH)

+ is proposed
to contain an oxazolone structure formed through a pathway
involving the protonation of the N-terminal amide nitrogen of
the glutamic acid residue by its side chain carboxyl group
(Scheme 5). This step is similar to the dissociation mechanism
proposed by Paizs and coworkers with the mobilization of a
proton from the C-terminal carboxyl group [23], The next step
is the formation of a head-to-tail macrocyclic b isomer. The
dominant scrambled sequence (C – SH)KVFGR is then formed

due to the preferential nucleophilic attack by the guanidine
group of the Arg residue to its C-terminal amide carbon atom.
The likelihood of this scrambled sequence was supported
by the peaks corresponding to (y2 – HN=C=NH)+ and
(y3 – HN=C=NH)+ for the scrambled sequence, which
could have been generated from a precursor b ion with
Arg as the C-terminus residue (see above discussion).

The proposed mechanism may also explain the reason for
the difference between our observation and that by Stipdonk
and coworkers [51]. In Scheme 5, the oxazolone structure
retains a proton that can induce the macrocyclic ring
structure formation; while in the scheme proposed by
Stipdonk et al. [51], with the dissociation via the imine-enol
pathway [23], no proton is retained on the oxazolone
structure. Sequence scrambling was not pronounced for
pseudo MS3 analysis of all other b and yb precursor ions
discussed in this manuscript, probably because no significant
amount of protonated oxazolone structure is formed for
these other ions.

For the peaks corresponding to neutral losses from the
precursor ion, including (P – CO)+, (P – CO – HN=C=NH)+

and (P – CO – NH3 – HN=C=NH)+, their formation could
involve another pathway of macrocyclization, where the
head-to-tail macrocyclic b isomer was formed by nucleo-

bi

bi

(a)

(b)

ci-1

ci-1

Scheme 2. Formation of ci-1 or bi – HN=C=NH ion from bi ions with (a) arginine or (b) lysine as the ith amino acid residue
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philic attack of the N-terminal amine to the Cα of the C – SH
residue (Scheme S-1) instead of the carbonyl C of the
oxazolone ring (Scheme 5). The loss of HN=C=NH is likely
caused by a proton transfer from Arg residue to the side
chain amine group of Lys residue, similar as illustrated in
Scheme 3.

8) cn-1* (sodiated cn-1) and neutral loss of HN=C(NH2)2
product ions from cn* (sodiated cn) ion

All the precursor ions for the pseudo MS3 analysis in this
study were protonated except for one case—sodiated c5

+

(c5*
+, where “*” indicates the ion is sodiated; for conve-

nience, the same label will apply to other sodiated ions). The
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sodium ions could originate either from solvents or from
glass [52]. Pseudo MS3 analysis of c5

*+ ion generated
fragments corresponding to the precursor ions with neutral
loss of NH3, NH=C=NH or HN=C(NH2)2 ions as well as a
series of y*+, a*+, b*+, and c*+ ions (Figure 6). Highly
abundant y* and a* ions derived from sodiated peptides
have also been reported previously [53, 54]. The frequently
reported [b + OH + Na]+ ions [53, 55–57] from dissociation
of sodiated peptide ions were not observed in this study,
probably because the C-terminus of c5

*+ is an amide group
instead of a carboxyl group. The mechanism for the neutral
loss of HN=C=NH is likely similar to that proposed in
Scheme 3. The mechanisms for the formation of the other
major ions are discussed as follows.

The mechanisms for generation of cn-1*
+ and (P* – HN=

C(NH2)2)
+ ions from dissociation of c5*

+ are proposed in
Scheme 6, where a salt bridge between protonated Arg and
deprotonated imidic acid is involved. Deprotonation of
amides has been reported previously [58]; the imidic acid
structure of the corresponding c ion [12] could have made
deprotonation even easier. The neutral loss of HN=C(NH2)2
is proposed to involve the nucleophilic attack of Cδ atom by
the negatively charged oxygen of the C-terminal carboxyl
group. The neutral loss of HN=C(NH2)2 has also been
reported in MS/MS analysis of Arg derivatives [59], and

MS/MS analysis of peptides Arg–Gly and Gly–Arg [25].
The HN=C(NH2)2 loss did not show up for y10 cluster ions,
which could be due to higher energy required for the
formation of a nine-membered ring transition state compared
with a six-membered ring. On the other hand, in the pseudo
MS3 spectrum of c5

+ ion (Figure S-6b), there is a peak
corresponding to neutral loss of HN=C(NH2)2 from the
precursor ion; however, this peak seems to be more likely
caused by a loss of NH3 followed by a loss of HN=C=NH
via the mechanism discussed above for bi – HN=C=NH
product ions.

The mechanism for the formation of cn-1* ion from c5*
+

(Scheme 6) is proposed to be analogous to that for the
formation of bn-1 + H2O ion from y10

2+ cluster ions
(Scheme 4), where the salt bridge in c5*

+ was formed via a
proton transferred to the Arg side chain from the imidic acid
group [12] instead of from the C-terminal carboxyl group,
while the amide bond was weakened by coordination
between the sodium ion and the amide oxygen instead of
by a hydrogen bond between the protonated N-terminal
amine and the amide oxygen. The mechanism for the
formation of often reported [b + OH + Na]+ ions from
peptide ions is likely similar to what is proposed here for the
formation of cn-1* ions, except that the nucleophilic attack
was by carboxyl oxygen instead of imidic nitrogen.
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9) Summary of fragmentation characteristics
Although the 20 precursor ions for the pseudo MS3 analysis
discussed in this study appear to lack mobile protons, many
high-intensity product ions were observed. This could be due to
the release of a proton from the formation of a salt bridge
between a protonated arginine residue and a deprotonated
carboxyl group (side chains of glutamic acid and aspartic acid
residues, or C-terminal carboxyl group) or imidic acid
(C-terminus of ci-1 ions, where i

th residue being dehydroalanine,
Arg or Lys residues, as discussed above) residue. For instance,
for b18 precursor cluster ions, a salt bridge could form between
the protonated Arg at the fifth residue and the deprotonated
glutamine (Glu) at the seventh residue; while for (y10c126)

+ ion,
a salt bridge could form between the protonated Arg and the
deprotonated imidic acid at the C-terminus. The released proton
result from the salt bridge formation then induces dissociation
via the mobile proton model. Multiple ion structures, including
regular structures (with no salt-bridge formation) and those
containing a salt-bridge (and thus mobile protons), could co-
exist for precursor ions of the same sequence and charge state.

The intensities of product ions could be affected by the relative
abundances of the salt-bridged structures. The salt-bridge
formation could also lead to some uncommon product ions as
discussed above.

Depending on the ion structure formed, dissociation may
involve a six-membered ring transition state followed by
bond rearrangements under the influence of lone pair
electrons on the hetero-atoms. Due to the large size of sulfur
atoms compared with carbon atoms, bond rearrangement can
also occur via a four-membered ring transition state when
sulfur atom is involved, e.g., disulfide bond cleavages from
MS/MS analysis of chicken lysozyme protein ions [15].

Identification of Chicken Lysozyme via Database
Search

Using Batch-Tag, the 20 pseudo MS3 spectra (Chicken
lysozyme was assumed to be an unknown protein) were
searched against database of the Gallus gallus or all species,

P*+

c4*

P*+ – HN=C(NH2)2

Rn (n = 1, 2 or 3): side chain of 
amino acid; the subscript 
indicates the nth amino acid residue from 
the C-terminus

SB: salt bridge

SB

SB

Scheme 6. Formation of major product ions from dissociation of c5*
+ (sodiated c5) ion
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with the digest “no enzyme” (for both databases) or “full
protein” (for the Gallus gallus database). The results are
presented in Table 2. All searches identified lysozyme of
chicken (or along with lysozyme of three other relevant
species when searched against all species) as the only match.

The search against “Gallus gallus” with “no enzyme”
identified chicken lysozyme as the only hit with 14 unique
spectra matching to those of chicken lysozyme, seven of
which with the expectation value G0.05. The matches
include the spectra of eight b and yb precursor ions, two c
and yc precursor ions, and five y precursor ions (Table 2).
The searches for the specific types of precursor ions were
also tried by adjusting the parameters; however, no
significant improvements were achieved. In contrast, the
search against “Gallus gallus” with “Full Protein” and
“Nonspecific” at “N-term” identified chicken lysozyme as
the only hit with all five spectra of y precursor ions matching
to those of chicken lysozyme; the corresponding expectation
values are more than three orders lower compared with those
from the search with “no enzyme” (Table 2). Combining the
two types of search results against the Gallus gallus
database, i.e., the search with “Full Protein” and “Nonspecific”
at “N-term” (applicable to spectra of y precursor ions only) and
the search for all types of precursor ions with “no enzyme,” 12
pseudo MS3 spectra match those of chicken lysozyme with the
expectation values G0.02.

The search of the 20 spectra against all species identified
lysozyme of four different but relevant species, i.e., CHICK,
COLVI, LOPCA, and NUMME, as the only hits. The
lysozyme of the former and latter two species were matched

by 6 and 7 spectra, respectively. The expectation values for
three of these spectra are less than 0.02. These three spectra
correspond to ions of the b18

2+ cluster, which is not
surprising since the chance of random matches is low for
fragments with long sequences. In contrast, the spectra of
precursor ion m/z 605.41 matched amidated KVFGR
(corresponding to the c5

+ ion) of 51 different proteins,
indicating more random matches for short sequence ions.
The confidence in identification of proteins may be
improved by separating the maximum numbers of the
variable modifications for C-terminus and for cysteine
residues—in this work they were combined, which might
have decreased specificity.

This database search method is not limited to disulfide-
bonded proteins. For proteins without the need of disulfide
bond cleavages, it is not necessary to perform MS3 or pseudo
MS3 analysis of the precursor ions in the absence of mobile
protons. Therefore, the corresponding MS3 or pseudo MS3

spectra could share more similarity with MS/MS spectra in a
typical bottom up approach and, thus, be more suitable for the
search with Batch-Tag. Internal disulfide bonds in the pseudo
MS3 precursor ions were not considered in this study. To take
internal disulfide bonds into consideration, a variable modifi-
cation of “Cys → Dehydro” may need to be included into the
search parameters along with an increase of the maximum
number of modifications accordingly.

Examination of the database search results for these
spectra revealed some relatively high intensity unassigned
fragment peaks. Some of these missed assignments are due
to uncommon ions (including the ones discussed above) not

Table 2. Database Search Results for 20a pseudo MS3 Spectra of Precursor Ions Being the First-generation Product Ions (Derived From Nozzle-Skimmer
Dissociation) of Chicken Lysozyme (Assumed to be an Unknown Protein) Ions

Exp. m/z Δ(m/z) (ppm) Sequence Precursor Score Expectation value for different types of searchesb

Gallus gallus (2173 entries) All species (519348 entries)

No enzyme Full proteinc No enzyme

605.41 31 KVFGR c5
+ 22.9 0.001(2) N/A 0.1 (51)

584.33 – 27 VQAWIRGCRL (y10 – SH)2+ 22.8 0.66 3.1×10– 4 —
600.32 – 14 (y10 – H)2+ 20.4 3.5 0.0014 —
601.30 – 62 (y10 + H)2+ 18.2 2.5 0.0016 —
617.33 22 (y10 + SH)2+ 15.5 7.9 0.0043 —
1167.72 41 (y10 – SH)+ 24.7 0.15 2.2×10– 4 —
975.56 33 KVFGRCELAAAMKRHGLD (b18 – SH)2+ 42.5 2.8×10– 6 N/A 1.8×10-4 (4)
991.51 – 7.8 (b18 – H)2+ 32.6 1.8×10– 4 N/A 0.074 (4)
992.52 – 4.6 (b18 + H)2+ 35.5 4.9×10– 5 N/A 0.0018 (4)
1008.52 7.0 (b18 + SH)2+ 45.2 1.3×10– 5 N/A 0.0081 (4)
657.40 26 KVFGRC (b6 – SH)+ 9.4 — N/A —
820.46 51 KVFGRCE (b7 + H)+ 16.3 0.062 N/A —
781.46 48 KVFGRCELAAAMKR (b14 + H)2+ 20.9 0.015 N/A 4.4 (4)
702.35 43 TNRNTD (y87b48)

+ 9.9 — N/A —
773.39 44 ATNRNTD (y88b48)

+ 11.0 — N/A —
901.45 47 QATNRNTD (y89b48)

+ 9.2 1.9 N/A —
1133.54 51 ATNRNTDGSTD (y88b52)

+ 10.2 7.9 N/A —
828.51 33 VQAWIRG (y10c126)

+ 30.9 0.017 N/A 2.2 (3)

aThe searches for two spectra of the precursor ions m/z 588.37 and m/z 627.39 did not result in any matches and were not listed in the table. The two spectra
were manually analyzed and the precursor ions corresponded to b5

+ (KVFGR) and sodiated c5
+ (KVFGR), respectively

bThe matches not identified and not applicable are indicated with “—” and “N/A”, respectively; when the match is more than 1, the total numbers of matches
are indicated in the parenthesis
cWith the digest “Full protein”, “Non-specific” at “N-term” applied
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considered by Batch-Tag for database searching, as well as
imperfection in spectra processing by the MassLynx program,
including incomplete conversion of doubly charged precursor
ions to single charges and incorrect de-isotoping for peaks with
1 Da apart. The confidence in protein identification could be
increased by the incorporation of the uncommon types of ions
in search programs and improvement of programs for spectra
processing.

Conclusions
The pseudo MS3 approach described in this report can be
applied for the identification of disulfide-bonded proteins or
proteins in general. Unlike conventional bottom-up methods,
many labor-intensive procedures (e.g., proteolytic digestion,
reduction, and alkylation) are not required with this
approach. Similar results are expected for true MS3 analysis
of intact protein (not necessarily disulfide-bonded) ions. This
approach may benefit PTM characterization of proteins,
especially when combined with top-down MS/MS analysis.
On the other hand, this pseudo MS3 (and true MS3)
approach could also be applied for identification of
components of disulfide-bonded peptides (generated from
proteolytic digestion without reduction) to assist in the
determination of disulfide bond linkages in proteins [60].

Various types of uncommon product ions were observed
in the pseudo MS3 spectra in this study. These uncommon
product ions may also be present in MS/MS analysis of
proteolytic peptides, especially in the case when the
precursor ions lack mobile protons. Consideration of these
types of uncommon product ions may help interpret spectra,
confirm identification, and determine false identification.
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