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Abstract
The dissociation behavior of phosphorylated and sulfonated peptide anions was explored using
metastable atom-activated dissociation mass spectrometry (MAD-MS) and collision-induced
dissociation (CID). A beam of high kinetic energy helium (He) metastable atoms was exposed to
isolated phosphorylated and sulfonated peptides in the 3– and 2– charge states. Unlike CID,
where phosphate losses are dominant, the major dissociation channels observed using MAD
were Cα – C peptide backbone cleavages and neutral losses of CO2, H2O, and [CO2+H2O] from
the charge reduced (oxidized) product ion, consistent with an electron detachment dissociation
(EDD) mechanism such as Penning ionization. Regardless of charge state or modification, MAD
provides ample backbone cleavages with little modification loss, which allows for unambiguous
PTM site determination. The relative abundance of certain fragment ions in MAD is also
demonstrated to be somewhat sensitive to the number and location of deprotonation sites, with
backbone cleavage somewhat favored adjacent to deprotonated sites like aspartic acid
residues. MAD provides a complementary dissociation technique to CID, ECD, ETD, and EDD
for peptide sequencing and modification identification. MAD offers the unique ability to analyze
highly acidic peptides that contain few to no basic amino acids in either negative or positive ion
mode.
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Introduction

Post-translational modifications (PTMs) are chemical
alterations of peptides and proteins following translation

that usually provide a specific function such as signaling and
activation. The need to unambiguously identify the type of
PTM and the exact site of modification is critical to understand

the biological function and consequence. Phosphorylation and
sulfonation are two examples of modifications that occur on
carbohydrates and lipids in addition to proteins and peptides.
One of the more common and well-studied modifications is
phosphorylation: an addition of –HPO3 to tyrosine, threonine,
and serine amino acid side chains. Phosphorylation detection is
an integral part of proteomics because it is a major
player in cell regulating mechanisms and signaling
pathways, which control a wide variety of biological
functions [1, 2]. Tyrosine O-sulfonation is a less
prevalent PTM, which occurs by a –SO3 transfer from
phosphoadenosine phosphosulfate (PAPS) to the side
chain of tyrosine residues. O-sulfonation is associated
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with protein transport and the regulation of protein–
protein interactions in the extracellular space [3].

For several decades mass spectrometry (MS) and tandem
MS (MS/MS) have been used to identify and locate PTMs.
Traditionally, the standard polarity and dissociation method
used to analyze PTMs is positive ion mode and CID,
respectively. Although there are thousands of articles on
PTM analysis in positive ion mode within the past decade,
fewer than 1% of the publications on PTM analysis have
been dedicated to the use of negative ion mode. Despite the
advances in PTM detection with MS/MS, there are some
major drawbacks. Traditional CID preferentially cleaves side
chain PTMs rather than the peptide backbone, thereby
leading to ambiguous site determination. Even though
phosphorylation modifications tend to be among the more
stabile PTMs, Palumbo and Reid have shown evidence that
under positive mode CID conditions, the phosphate groups
can migrate to different amino acids and thereby result in
ambiguous or unambiguously incorrect PTM site determi-
nation [4]. In addition, highly acidic peptides, such as those
that contain phospho- and/or sulfo- groups, are difficult to
observe in positive ion mode because of their low pKa
values and poor ionization efficiency [5, 6]. However, acidic
peptides have been shown to ionize more readily in negative
ion mode [6, 7]. O-sulfonation, which is highly labile in
positive ion mode, has shown to be slightly more stable in
negative ion mode [5, 8]. To date, the ability to routinely
determine both phosphorylation and sulfonation modifica-
tions in anions, especially in highly acidic peptides and
proteins, is not a routine mass spectrometry process.

To combat some of these issues, alternative dissociation
techniques utilizing electron-radical chemistry such as
electron capture and electron transfer dissociation (ECD
and ETD) have become the preferred new way to sequence
and analyze modified peptides and proteins [9–12]. These
two methods have the ability to retain labile side chain
modifications, while achieving extensive N–Cα bond cleav-
age of multiply charged cations. ECD and ETD have
enhanced the ability for peptide sequencing and PTM site
determination. To date, both methods have been successfully
employed to determine phosphorylation [13, 14], glycosyla-
tion [15–17], and sulfonation [9, 10] modifications, among
others. On the other hand, it has been recently shown that
certain modifications, such as phosphorylation [18] and
nitration [19–21], have hindered ECD and ETD sequence
coverage and modification identification. Liu and Håkansson
showed that highly acidic peptides with no basic amino
acids produced complete loss of the sulfonated modification,
thereby rendering site determination impossible by ECD
[22]. To achieve improved ionization efficiency and mod-
ification retainment of highly acidic sulfonated peptides in
ECD, charge enrichment through the formation of a divalent
metal cation–peptide complex is necessary. In a similar
experiment, Medzihradszky et al. investigated the labile
nature of sulfonated peptides that contained only one basic
amino acid employing both ETD and ECD [23]. Under

native ETD and ECD conditions, 15% (in the best case) of
the –SO3 modification retainment was observed for the
multiply protonated cations [23]. The modification retain-
ment improved to 73% (in the best case) when the peptides
were complexed with Na+.

Traditionally, ECD and ETD were only applicable to
multiply protonated species. Recently, new methods such as
electron detachment dissociation (EDD), negative ETD
(NETD), and negative-ion mode ECD (niECD) have been
explored and applied to peptide anions. EDD, first applied to
sulfonated di-anions in 2001 by Zubarev and co-workers,
results in Cα–C peptide backbone cleavage by irradiating
peptide anions with fast electrons (910 eV), which induces
electron detachment from the peptides [24]. Similar to ECD,
EDD requires costly FT-ICR instruments and has proven to
be an inefficient process with interaction times on the scale
of several seconds [25, 26]. Coon et al. first demonstrated
NETD or ion/ion reactions of xenon radical cations with
polyanions resulting in Cα–C peptide backbone cleavage and
neutral losses of CO2 and HPO3 from the product ions [27].
More recently, Huzarska et al. utilized a fluoranthene radical
(C16H10

+•) as the NETD reagent cation to induced EDD like
fragmentation through the abstraction of an electron from the
peptide anion by the reagent cation radical leaving the
phosphorylation modification intact [28]. The difference in
the degree of modification retainment in NETD is attributed
to the difference in the recombination energy of the electron
transfer process between the two reagent ions studied; 6.7–
8.7 eV for Xe+• and 2.5–4.5 eV for the fluoranthene radical.
Håkansson and co-workers unveiled impressive results
exploring the ECD version for peptide anions termed
negative-ion ECD at the 58th ASMS Conference on Mass
Spectrometry and Allied Topics in Salt Lake City. However,
little information is available to date [29, 30].

In the last five years, a new type of dissociation method
has been introduced in rf ion trap instruments, which uses
metastable atoms as the electron source or potential energy
source to induce fragmentation. Extensive backbone cleav-
ages in the form of a-, b-, c-, x-, y-, and z-type ions, and
PTM retainment, is achieved through the interaction of
isolated precursor ions with high or low kinetic energy beam
of noble gas metastable atoms. Our research shows evidence
that peptide dissociation occurs through two competing
mechanisms, Penning ionization (PI) and charge reduction
[31, 32]. The later mechanism is very similar to ECD and
ETD. PI occurs when the potential energy of the metastable
atom is greater than the ionization potential of the
biomolecular ion and has been well characterized for
neutrals [32, 33]. Metastable atoms are attracted to, and
therefore most reactive with, regions of high electron density
such as the lone pairs on nitrogen atoms or carbonyl oxygen
atoms that are found throughout the peptide backbone and in
amino acid side chains. Several papers have been devoted to
this new type of research, characterizing multiply- and
singly-charged cations, phosphorylated peptides, disulfide
bond cleavage, isoleucine/leucine differentiation, and proline
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ring cleavage [31, 32, 34–37]. However, a small portion of
these studies has been dedicated to the study of the
interaction between metastable atoms and peptide anions
[31, 32, 37]. To date, our group has been the only group to
explore PTMs on peptide anions using MAD [32, 38].

In this present study, we investigate the ability of
metastable atom-activated dissociation (MAD) to character-
ize acidic phosphorylated and sulfated peptide anions. The
majority of fragment ions observed are a-/x-type ions, which
correspond to Cα–C peptide backbone cleavages and is
consistent with fragmentation observed in EDD. Addition-
ally, we observed modest neutral losses of the phosphor-
ylation and the sulfonation modification in comparison to
CID. We compare the non-modified and modified 2– forms
of the phosphorylated and sulfonated peptides. The PTMs
did not appear to significantly hinder fragmentation, unlike
nitrosylation [32]. Sequence coverage for the 3– forms of the
phosphorylated and sulfonated peptides was superior to the
2– charge states. Due to the unique chemistry of MAD, we
were also able to acquire MS/MS from the highly acidic 1+
peptides that contain no basic amino acids. Complete
peptide sequencing with unambiguous sulfonation site
determination was also possible in positive ion mode; a
unique feature of this technique.

Experimental
Instrumentation

All of the experiments were performed on a modified Bruker
EsquireLC QIT MS (Bruker Daltonics, Bremen, Germany),
which contains a 2 mm hole in the top portion of the ring
electrode. The metastable atoms are generated by a modified
Ion Tech FAB gun (P50 PSU; Teddington, UK), which is
centered directly over the ring electrode hole. A deflection
electrode positioned and mounted 1 cm from the exit orifice
of the FAB gun deflects the majority of the free electrons
and ions from entering the trap allowing neutral metastable
atoms to enter the top hole of the ring electrode and interact
with the isolated precursor ions in the center of the trap. One
electrode on the deflection electrode was grounded and the
other was biased to +800 V using a high voltage power
supply (EL 03R 15 L; Glassman High Voltage Inc., High
Bridge, NJ, USA). To achieve a pulsed beam of high kinetic
energy metastable atoms, the FAB gun anode power supply
was replaced with a 10 kV high voltage amplifier (ANT
10B10, Matsusada Precision Inc., Shiga, Japan). To pulse
the metastable atom beam on only during the mass
spectrometry duty cycle designated for dissociation, a trigger
was taken from the Bruker EsquireLC corresponding to the
start of ion accumulation and fed to a function/arbitrary
waveform generator (33250A; Agilent, Santa Clara, CA).
Complete instrumentation modification and pulse operation
details has been previously described [31]. In order to
decrease background ion signal, the FAB gun was turned on
at a constant voltage between 5 and 6 V to ‘pre-burn’ away

residual contaminants for 30 miutes prior to use each day.
Although the lack of commercially available instrumentation
may hinder the adoption of MAD by other laboratories, the
hardware requirements necessary to achieve MAD are no
more arduous than those required to achieve ETD. The main
difference between adding MAD to a commercial instrument
versus adding ETD is the requirement for a straight line-of-
sight path for the metastable atoms to interact with the
isolated ion cloud. ETD uses charge reagent anions, which
can be steered using ion optics.

Preparation of Peptides

All of the following peptides were provided by Protea
Biosciences Inc. (Morgantown, WV, USA): the phosphory-
lated and non-phosphorylated forms of angiotensin II,
cholecystokin (10–20) and calcitonin (15–29); the sulfated
and non-sulfated forms of cholecystokinin (26–33), leu-
enkephalin, and hirudin. Methanol (HPLC grade), ammo-
nium hydroxide, and glacial acetic acid were purchased from
Sigma-Aldrich (St. Louis, MO, USA). All peptides were
reconstituted in a 1:1 mixture of methanol and water with
either 1% acetic acid or 1% ammonium hydroxide (for the
positive and negative ion mode, respectively) to provide
solutions between 20 and 40 μM of the individual peptides.
Ultrahigh-purity helium (Airgas, Parkersburg, WV, USA)
was further purified on-line with a noble gas purifier (HP2;
VICI, Houston, TX, USA) before use in the FAB gun.

Method

An electronic syringe pump (BM-1000; Protea Bioscience
Inc, Morgantown, WV, USA) was utilized to directly inject
all peptides at a flow rate of 200 μL/h. Depending on the
modification and precursor charge state, the ion isolation
windows varied between m/z 1 and 5. Ion accumulation was
set to 15–25 ms to reach an ion target of 20,000. Depending
on peptide and precursor charge state, the precursor ion
intensity ranged from 8×104 to 4×105 AU. All fragment ion
identifications and assignments were manually determined
based on predicted fragmentation patterns and were within
m/z ±0.8 of the expected product ions. Peaks intensities
needed to meet at least three times the signal-to-noise ratio
to be assigned. The 2-, 3-, and 1+ precursor ions were
identified according to the expected m/z value and the
presence of an isotope envelope peak at m/z +0.5 and +0.3,
respectively. Setting a trapping voltage that corresponds to a
low mass cutoff value above m/z 200–400 (depending on
charge state and ion mode) allowed for the removal of
additional low mass background ions, which presumably result
from Penning ionization of residual pump oil. In theory, the
trapping qz value could be lowered in MAD to permit the
detection of ions well below ~1/3 the precursor ion mass,
which would overcome the low-mass-cut-off (LMCO) prob-
lem commonly experienced with CID. However, at present our
LMCO is limited by the presence of background ions
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from residual contaminants, so we cannot yet take full
advantage of the potential LMCO benefit of MAD.

CID

All peptides were fragmented using the “SmartFrag” option
in the Bruker EsquireLC NT 4.5 software, which applied a
sweeping collisional energy starting at 20% and ending at
165% of a set value. The fragmentation time was set to
20 ms in all experiments. The collisional energy was set to
0.5–0.8 V depending on precursor mass and compound
stability. CID MS/MS data was acquired in 1 min intervals,
which consisted of approximately 30 scans.

MAD

All peptide precursor ions were exposed to a high kinetic
energy beam of He metastable atoms with the FAB anode
powered at 6 kV. Depending on the charge state of the
precursor ion, the metastable atom beam was pulsed on for
75–150 ms while the isolated precursor ions were ‘frag-
mented’ at a collision energy of 0 V (i.e., no collisional
activation). The pressure was measured with a Granville-
Phillips Series 343 Bayard-Alpert vacuum gauge. The
pressure in the vacuum chamber, outside the ion trap, was
kept at 1.8 mbar (uncorrected) with helium leaking out of the
trap and an additional 1.0 mbar (uncorrected) of the noble
gas from the metastable atom source. MAD MS/MS data
was acquired in 2 min intervals, which consisted of
approximately 60 scans.

Results and Discussion
Phosphorylated Peptide Anions

Phosphorylated peptides had a precursor ion mass increase of
79 Da relative to the unmodified peptides, confirming the
addition of a –PO3 group. Peptide sequence inserts in all
figures omit those fragment ions that have undergone a neutral
loss of the PTM modification. A lower case ‘p’ indicates the
amino acid directly to the right is phosphorylated. Figure 1a
and b show MAD spectra of the non-phosphorylated and the
phosphorylated 2– species of the peptide cholecystokinin
(IKNLQSLDPpSH), respectively, which contains two serine
residues with the tenth residue phosphorylated (Ser-10). PI
causes oxidation or a change of +1 of the charge state of
a given target molecule or ion. For cations, PI results in a
charge increase, but for anions PI results in a less
negative charge. For this reason, the PI products of 1–
charge states are most likely to be overall neutral in
charge and not observable.

Themain features ofMADof the 2– peptides in Figure 1a and
b are the neutral losses from the oxidized species, [M – 2H]–•,
corresponding to CO, CO2, and [CO2+H2O] for both peptides
and HPO3, and [HPO3+H2O] (or H3PO4) for the phosphorylated

peptide. Sequence coverage for both peptides is about 80%.
MAD of the non-phosphorylated precursor ion (Figure 1a)
produced 12 distinct fragment ions in total, comprising of
eight a-/x-type ions, two c-/z-, and two y-type ions.
Similarly, MAD of the phosphorylated precursor ion
(Figure 1b) produced eight a-/x-type ions, three c-/z-,
and three b-/y-type ions, totaling fourteen distinct frag-
ment ions. The abundant observation of a-/x-type ions is
consistent with observations with other types of negative
electron transferring dissociation techniques such as EDD
[24, 39] and NETD [27, 28]. Only two fragment ions, c7
and b8, underwent a neutral loss of the phosphorylation
modification. However, both of these ions were also
observed with the modification intact. MAD of the
doubly-deprotonated cholecystokinin therefore enables
unambiguous site determination to the Ser-10 residue. One
notable difference between the modified and unmodified forms
of the peptide is the relative abundance of the fragment ions x6
and b8. These ions are among the most abundant ions in the
mass spectrum of the phosphorylated form of cholecystokinin
(Figure 1b), but are absent or in very low abundance in the non-
modified spectrum (Figure 1a).

Figure 1c and d show MAD spectra of the non-
phosphorylated and the phosphorylated doubly-deprotonated
species of the peptide calcitonin (DFNKFHpTFPQTAIGV),
respectively, which contains two threonine residues with the
seventh residue phosphorylated (Thr-7). Similar to chole-
cystokinin, the most dominant features in Figure 1c are the
neutral losses of H2O, CO2, and [CO2+H2O] from the
oxidized species [M – 2H]–•. MAD of the non-phosphory-
lated calcitonin produced seventten distinct fragment ions
with eleven of those ions comprised of a-/x-type ions.
Conversely, when the same peptide is phosphorylated
(Figure 1d) the number of fragment types slightly
decreases and sequence coverage drops from 86% to
72%. MAD of the 2– phosphorylated precursor ion
(Figure 1d) produced fourteen product ions, with ten
a-/x-type ions and three c-/z-type ions. The most abundant
peaks in Figure 1d correspond to the oxidized species,
[M –2H]–•, and the neutral losses of CO2 and [HPO3+
H2O] (or H3PO4) from the oxidized species. Regardless of
the slight decrease in sequence coverage, MAD still
produces enough information to unambiguously determine
the site of modification to the Thr-7 residue. Finally,
MAD of the phosphorylated peptides produces very
similar results in comparison to the non-phosphorylated
peptide spectra such as: (1) ample backbone cleavage
adjacent to and in the vicinity of the modification, and (2)
abundant a-/x-type fragment ions showing consistent
cleavage mechanism regardless of whether or not the
phosphorylation group is present.

MAD Versus CID

We compared the fragmentation behavior of peptides
through MAD and CID, which contained a phosphorylated
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tyrosine, threonine, or serine residue; the latter is
described in Supplemental Figure 1S. MAD and CID
mass spectra of the 3– form of calcitonin are compared in
Figure 2a and b. The MAD spectrum in Figure 2a allows
for complete peptide sequencing and unambiguous site
determination. CID only achieves 43% sequence coverage
with four fragment ions showing modification loss. In this
case, CID cannot distinguish which of the threonine
residue contains the phosphorylation because there are
no cleavages between the seventh and eleventh residues.
In total, MAD produced twenty four fragment ions and
CID produced eight fragment ions. Only four fragments
were common to both methods (Supplemental Figure 2S).
The main dissociation channels in CID are the neutral
losses of H2O, HPO3, and [HPO3+H2O] (or H3PO4)
from the precursor ions. In MAD, however, CO2 is the
only neutral loss observed from the two oxidized species,
[M – 3H]2–• and [M – 3H]–••.

Figure 2c and d show MAD and CID mass spectra of the
3– form of angiotensin II. Again, MAD achieves signifi-
cantly more sequence coverage in comparison to CID. MAD
also retained the phosphorylation modification almost all of
the time. Conversely, CID retains the modification only 25% of
the time. CID produced only seven distinct fragments, whereas
MAD produced thirteen. Again, only four fragment ions were
common to both methods (Supplemental Figure 2S). MAD
(Figure 2c) produced neutral losses of CO2 and [HPO3+H2O]
(or H3PO4) from the two oxidized product ions, [M – 3H]2–•

and [M – 3H]–••, but no neutral loss of the modification from
the precursor ion was observed in CID (Figure 2d). However,
CID of the 3– form of angiotensin II showed a dominant
y4 ion and very little sequence information. The phos-
phate group was lost in most of the CID fragments.
Similar results were also observed when comparing MAD
and CID of the 2– charge state of phosphorylated
cholecystokinin and calcitonin (Supplemental Figure 3S).

Figure 1. He MAD of cholecystokinin and calcitonin in the 2– charge state: (a) MAD of non-phosphorylated IKNLQSLDPSH,
(b) MAD of phosphorylated IKNLQSLDPpSH, (c) MAD of non- phosphorylated DFNKFHTFPQTAIGV, and (d) MAD of
phosphorylated DFNKFHpTFPQTAIGV. An arrow in each plot indicates the precursor. An asterisk (*) indicates fragments having
lost the modification. Fragments that do not retain the modification are omitted from the peptides sequence inserts
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Effect of Charge State on Peptide Backbone
Cleavage

Cleavages produced by MAD of the 2– and 3– forms of
phosphorylated cholecystokinin, calcitonin, and angiotensin
II are compared as Venn diagrams in Figure 3 and in
Supplemental Table 1S. In general, sequence coverage
increases only slightly as charge state increases. This
observation is likely due to two reasons: (1) as additional
charges are added to the precursor ion, the peptide unravels
due to Coulombic repulsion and has a more open structure,
and (2) the fragmentation energy (exothermicity) is different
in Penning ionization of the 3– versus the 2– precursor. In
our previous work with positive ion mode MAD, it was
observed that the types of fragment ions produced by MAD
were highly dependent on the charge state of the precursor
ion [32]. In contrast to positive ion mode MAD, the types of

fragment ions produced in negative ion mode MAD are
apparently much less dependent on charge state. Between
one-third and one-half of the total product ions observed in
negative ion mode MAD are common to both the 2– and 3–
charge states (Figure 3a, b, and c).

Figure 4 and Supplemental Table 2S compare the
amounts and types of fragment ions MAD produces from
the 2+ and 2– forms of the phosphorylated peptides. In
contrast to negative ion mode MAD, positive ion mode
MAD produces more product ion types. Additionally,
positive ion mode MAD enabled extensive fragmentation
and modification retainment. The phosphorylation mo-
dification showed no deleterious effect on positive ion
mode MAD backbone cleavage (Supplemental Figure 4S)
unlike ECD of the 2+ phosphorylated species [18].
Compared to the respective 2+ charge states, MAD of
the 2– charge state does not provide very many unique
ions for two of the three peptides (cholecystokinin and

Figure 2. Comparison of He MAD and CID spectra of different phosphorylated peptides in the 3– charge state: (a) MAD and
(b) CID of phosphorylated calcitonin (DFNKFHpTFPQTAIGV), (c) MAD and (d) CID of phosphorylated angiotensin II
(DRVpYIHPF). An arrow in each plot indicates the precursor. An asterisk (*) indicates fragments having lost the modification.
Fragments that do not retain the modification are omitted from the peptides sequence inserts
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angiotensin II) but shows very unique fragments for the
2– form calcitonin. In general MAD of phosphorylated
peptide anions is less dependent on charge state than
positive mode and offers simpler mass spectra. Positive
ion MAD generates more fragment ion types, but more
complicated spectra. Each polarity has pros and cons and
provides complementary fragment types.

Sulfonated Peptide Anions

The precursor ion masses of the various sulfonated peptides
showed an increase of 79 Da relative to the non-modified
peptide in Figure 5b and d, confirming the addition of an –
SO3 group. A lower case ‘s’ indicates the amino acid
directly to the right is modified. Figure 5a and b are the mass
spectra of the 2– form of cholecystokinin, DsYMGWMDF,
which corresponds to the non-sulfonated species and the
sulfonated species dissociated with MAD. Again, the frag-
ment ions that underwent a neutral loss of the modification
are omitted in the peptide inserts in each of the figures. The
non-sulfonated 2– precursor ions (Figure 5a) produced
100% sequence coverage with five a-/x-type ions, four c-/
z-type ions, and only one b-type ion. The most abundant
dissociation channels are C–N and N–Cα backbone cleav-
ages between the methionine and aspartic acid residues,
which correspond to the fragment ions b6 and c6.

MAD dissociation of the sulfonated precursor ions also
produced five a-/x-type ions, three b-/y-type ions, and four

c-/z-type ions as seen in Figure 5b. Comparing the degree
and type of fragment ions observed between the non-
sulfonated and the sulfonated precursor ions with MAD
(Figure 5a and b), a small decrease (two ions) in sequence
coverage is observed. The fragmentation behavior is similar
to that observed by Zubarev and co-workers using EDD of
the 2– form of sulfonated caerulein (pEQDsYTGWMDF), a
very similar peptide to cholecystokinin [24]. Using EDD,
Budnik et al. observed mainly a-, c-, and x-type ions [24].
However they observed more neutral losses of CO2 and
HSO3 from the fragment ions than we observed here with
MAD. Observation of additional backbone cleavage
(Figure 5b) between the tryptophan and methionine, espe-
cially between the Cα–C bonds (a5 ion), and the decrease in
the abundance of the b5 and c5 ions suggests that sulfonation
alters the preferred dissociation channels compared with the
unmodified peptide.

Despite the differences in fragment ion types, an intense
oxidized product ion, [M – 2H]–•, is observed in both
Figure 5a and b. In addition, the same neutral losses for the
sulfonated on the non-sulfonated peptides are observed from
the oxidized product ion, which correspond to H2O, CO2,
[CO2+H2O], and HSO3. Both peptides undergo a neutral
loss of the aspartic acid side chain, (•CHO2) resulting in the
d7 ion. Additionally, both peptides undergo neutral losses of
the side chains of the methionine residue (indicated with a †
in Figure 5a and b) corresponding to a neutral loss of 74 Da
(•C3H6S) [40], and the tryptophan residue (indicated with a †

1 13 14
32

DFNKFHpTFPQTAIGV

3 5 7
2 3

DRVpYIHPF

6 9 4
32

IKNLQpSLDPSH(a) (c)(b)

Figure 3. Venn diagrams comparing the number of fragment ion types produced after He MAD of the 2– and 3–
phosphorylated peptides: (a) cholecystokinin (IKNLQSLDPpSH), (b) calcitonin (DFNKFHpTFPQTAIGV), and (c) angiotensin II
(DRVpYIHPF)

24 7 1

2+
2

DRVpYIHPF

22 10 4

22+

IKNLQpSLDPSH

32 3 11
2

2+
DFNKFHpTFPQTAIGV(a) (b) (c)

Figure 4. Venn diagrams comparing the number of fragment ion types produced after He MAD of the 2+ and 2–
phosphorylated peptides: (a) cholecystokinin (IKNLQSLDPpSH), (b) calcitonin (DFNKFHpTFPQTAIGV), and (c) angiotensin II
(DRVpYIHPF)
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in Figure 5a and b) corresponding to a neutral loss of 116 Da
(•C8H6N) from the oxidized product ion [41]. Comparing
MAD and CID of the sulfonated species in Figure 5b and
Supplemental 5S, the sequence coverage is clearly superior
using MAD. The sulfonation modification is lost only once
when employing MAD, but many of the CID fragments lose
the sulfonation group. The most abundant peak in the CID
spectrum is the neutral loss of water from the precursor ion.

Figure 5c and d are MAD spectra of the 2– form of
hirudin (DFEEIPEEsYLQ) in the non-sulfonated and sulfo-
nated forms, respectively. Even though the sequence cover-
age increases from 40% to 60% from the non-sulfonated to
the sulfonated species, the overall fragmentation efficiency
is slightly less for the sulfonated peptide. The sulfonated
peptide shows a much smaller charge reduced ion, [M –
2H]–•, and a larger [M – H]– ion from a radical hydrogen
loss. In addition, the fragment ions produced from the non-
sulfonated species undergo several neutral losses, including
•OH, CO2 and [CO2+H2O] from the oxidized product ion.

No water losses from the fragment ions are observed when
the peptide is modified, but all the neutral losses besides
•OH are observed from the oxidized product ion (Figure 5d).
When dissociating the sulfonated species with MAD
(Figure 5d), five of the eight fragment ions are a-/x-type
ions. CID of the sulfonated 2– form of hirudin (Supplemen-
tal Figure 5S) showed a large degree of neutral losses of
water from the precursor and product ions. Additionally,
CID achieves only three sequence ions and produces only
two fragment ions that retain the modification.

MAD and CID fragmentation of the sulfonated 3–
peptides of cholecystokinin and hirudin are compared in
Figure 6. MAD dissociation of the sulfonated cholecystoki-
nin (Figure 6a) produced five a-/x-type ions, three b-type
ions, and four c-/z-type ions, which achieved 72% sequence
coverage and no modification losses, a total of thirteen
product ions. Additionally, MAD produced a d7 ion, which
results from a side chain cleavage of the aspartic acid residue
from the a7 ion. Two oxidized species, [M – 3H]2–• and [M –

Figure 5. He MAD of sulfonated cholecystokinin and hirudin in the 2– charge state: (a) MAD of non-sulfonated DYMGWMDF,
(b) MAD of sulfonated DsYMGWMDF, (c) MAD of non- sulfonated DFEEIPEEYLQ, and (d) MAD of sulfonated DFEEIPEEsYLQ.
An arrow in each plot indicates the precursor. An asterisk (*) indicates fragments having lost the modification. Fragments that do
not retain the modification are omitted from the peptides sequence inserts
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3H]–••, are observed in Figure 6a, presumably resulting from
two consecutive Penning ionization reactions. CID
(Figure 6b) only produced one b ion and one c ion and
almost no structural information. When the 2– form of the
non-sulfonated cholecystokinin is fragmented with MAD the
b6 and c6 ions are very dominant (Figure 5a). When
sulfonated at the tyrosine residue (Tyr-2) the b6 and c6 ions
are dramatically reduced and the a5 ion is more dominant
(Figure 5b). When the same sulfonated peptide is frag-
mented in 3– charge state with MAD (Figure 6a) the b6 and
c6 ions return as the most abundant fragments. CID of either
the 2– or 3– charge state of the sulfonated peptide also
produces the b6 and c6 in high abundance indicating that
these two fragments have a relatively low activation energies
and are highly favorable. These observations indicate that
when cholecystokinin is not sulfonated the charge has a high
propensity for the aspartic acid at the Asp-7 position and
promotes backbone cleavage adjacent to this residue. When
the peptide is sulfonated at Tyr-2, an additional site of potential

deprotonation is created. Because of the highly acidic nature of
the modification, the charge has a higher probability of residing
on the sulfate group than the aspartic acid residue. The
remaining charge is then located on one of the three remaining
acidic sites. The effect of sulfonation is to reduce the
probability of locating the charge at the Asp-7 position.

When the peptide is in the 3– charge state there is an
additional charge, so the probability of deprotonation at the
Asp-7 position increases. The increased probability of
charge-directed fragmentation adjacent to the aspartic acid
residue for the 3– precursor explains the increased relative
abundance of the b6 and c6 ions relative to the 2– charge
state. This suggests that the specific site of deprotonation,
such as acidic acids and the sulfate moiety, appears to
influence the favorability for site-specific cleavages.

MAD dissociation of the sulfonated 3– hirudin (Figure 6c)
achieved 90% sequence coverage with no observed loss of the
modification. CID of the same 3– precursor provided 30%
coverage and only three fragment ions that retained the

Figure 6. Tandem mass spectra comparing He MAD and CID of sulfonated cholecystokinin and hirudin in the 3– charge state:
(a) MAD of sulfonated DsYMGWMDF, (b) CID of sulfonated DsYMGWMDF, (c) MAD of sulfonated DFEEIPEEsYLQ, and (d) CID
of sulfonated DFEEIPEEsYLQ. An arrow in each plot indicates the precursor. An asterisk (*) indicates fragments having lost the
modification. Fragments that do not retain the modification are omitted from the peptides sequence inserts
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modification (Figure 6d). MAD produced seventeen fragment
ions in total with eight a-/x-type ions, four b-/y-type ions, and
five c-/z-type ions. Two oxidized species are observed in
Figure 6c resulting from consecutive Penning ionization
reactions. However the most intense peaks within the isotopic
distributions, [M – 2H]2– and [M – H]–, which correspond to
neutral losses of H• and 2H• or H2, respectively, which is a
common observation in EDD that is similarly indicated by
electron abstraction [39]. CID of the 3– form of hirudin
produced six distinct fragment ions, all cleaving the weaker C–
N peptide backbone bonds. Dissociation with CID produced
abundant water loss from the precursor and product ions,
which is not observed with MAD. With the limited number
of peptides studied to date, the 3– charge states seem to
offer slightly better sequencing and modification retain-
ment than the 2– charge states.

Sulfonated Peptide Cations: 1+ Charge State

Unlike ECD and ETD, MAD does not utilize a charged
reagent to initiate electron transferring/abstraction processes.
Therefore MAD has the unique ability to dissociate 1+
species and perform analysis of peptides without basic amino
acids, such as DsYMGWMDF and sYGGFL (Figure 7). The
mass spectrum in Figure 7a is of 1+ cholecystokinin, which
contains no basic amino acids and a sulfonated tyrosine residue
at the Tyr-2 position. Therefore, the only places for protonation
are at the N-terminus or along the peptide backbone. The
oxidized product ion, [M+H]2+•, along with three 2+ product
ions provides evidence for the mechanism of Penning ioniza-
tion. Extensive backbone cleavage in the form of Cα–C, C–N,
and N–Cα bond cleavages produced 100% sequence coverage
with He MAD. In total, 23 distinct fragment ions were
observed with nine c-/z-type ions, nine b-/y-type ion, and five
a-/x-type ions. The intense peaks at m/z 331 and 359, which
correspond to the a2 and b2 fragment ions, suggest that the main
dissociation channel is adjacent to the sulfonated tyrosine
residue. In addition, neutral losses from the side chain of the
methionine residue are observed twice. One such loss is the
methionine side chain from the oxidized product ion, corre-
sponding to neutral loss of 74 Da (indicated with a † in
Figure 7). This loss is similarly seen in negative ion mode
MAD. The second neutral loss is observed from the z5 ion,
corresponding to a neutral loss of a •C2H5S, thereby producing
the w5 ion. These neutral losses from the methionine residue
are also observed in ECD [40, 41]. Several neutral losses from
the precursor ions are observed in the form of •OH, 2[•OH],
and CO2. The majority of fragment ions retained the labile
sulfate modification, which allowed for unambiguous site
determination. These results are in stark contrast to the
complete sulfonate loss that Liu and Håkansson 2 observed
when employing ECD on 2+ cholecystokinin, which was
attributed to the promotion of a mobile proton on the peptide
backbone amide nitrogens [22]. Modification retainment
improved in ECD when the cholecystokinin was complexed
with different divalent metal cations. However 100% sequence

coverage was not achieved and significant neutral losses of
NH3, CO2, H2O, CH3CO2H, and H• were observed.

Figure 7b shows a MAD spectrum of 1+ leucine-
enkephalin with a sulfonated tyrosine residue at the Tyr-1
position and no basic amino acids. Including those fragment
ions that have undergone a neutral loss of the modification,
cleavage between each amino acid is achieved. A total of
twelve fragment ions are observed with the majority
consisting of b-/y-type ions. A small PI peak, [M+H]2+•, is
observed, as well as one 2+ product ion, [z5]

2+. The y2
product ion also undergoes a neutral loss of 43 Da. This ion
allows for the differentiation of leucine over isoleucine
because of the different neutral losses of the sides chains:
43 Da for leucine (•CH(CH3)2) and 29 Da for isoleucine
(•CH2CH3) [42]. The major dissociation channel for leucine
enkephalin appears to be the loss of the sulfonation group
from the precursor ion. Only three of the twelve fragment

Figure 7. He MAD spectra of sulfonated angiotensin II and
leucine enkephalin in the 1+ charge state: (a) DsYMGWMDF
and (b) sYGGFL. An arrow in each plot indicates the
precursor. An asterisk (*) indicates fragments having lost the
modification. Fragments that do not retain the modification
are omitted from the peptides sequence inserts
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ions experienced a neutral loss of the sulfonation. These
fragments allowed for unambiguous PTM site determination.
Unlike ECD, MAD does not require additional charge
enrichment steps to improve ionization efficiency or to
stabilize the modification. MAD of the 1+ charge state of the
sulfated cholecystokinin appears superior to the 2– and 3–
charge states even though the same method of activation, PI,
is responsible in all three cases. Clearly, the fragmentation
methods and the fragmentation ions resulting from PI are
influenced to some degree by the overall charge and
conformation of the precursor ion.

Conclusion
Phosphorylated and sulfonated peptides are highly important
modifications that need routine MS/MS analysis. The
majority of today’s analysis techniques rely on positive ion
mode polarity mass spectrometry coupled with CID for
modification identification. However, these techniques are
not always optimal due to the modifications’ acidic nature
and their tendency to be cleaved during collisional activa-
tion. Coupling negative ion mode with MAD is a viable
alternative to the traditional MS/MS analysis because
sulfonated and phosphorylated peptides ionize more readily
in the negative mode and MAD retains the more labile
modifications. Ample backbone cleavage was observed for
the 2– and 3– forms of phosphorylated and sulfonated
peptides, allowing for peptide sequencing. Regardless of
which amino acid is phosphorylated (serine, threonine, or
tyrosine), MAD achieves unambiguous modification site
determination even when numerous potential phosphoryla-
tion sites exist. In addition, MAD has the unique ability to
dissociate 1+ peptides without the need of charge enrich-
ment steps or metal adduct formation. MAD offers a
complementary alternative to traditional collisional or other
electron mediated dissociation techniques.
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