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Several phospho- and sulfopeptides were subjected to atmospheric pressure thermal dissoci-
ation (APTD), which was effected by passing peptide ions generated by electrosonic spray
ionization (ESSI) through a heated coiled metal tube. Sequence informative fragment ions
including a-, b-, c-, and y-types of ions were observed with increased relative intensities under
APTD compared with collision-induced dissociation (CID), performed inside the ion trap. A
certain degree of preservation of phosphate and sulfate ester moieties was observed for some
fragments ions under APTD. The neutral fragments generated outside the mass spectrometer
were further analyzed via on-line corona discharge to provide rich and complementary
sequence information to that provided by the fragment ions directly obtained from APTD,
although complete losses of the modification groups were noted. Improved primary sequence
information for phospho- and sulfopeptides was typically obtained by analyzing both ionic
and neutral fragments from APTD compared with fragment ions from CID alone. Localization
of the modification sites of phospho- and sulfopeptides was achieved by combining the
structural information acquired from APTD and CID. (J Am Soc Mass Spectrom 2008, 19,
1897–1905) © 2008 American Society for Mass Spectrometry
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Protein identification and characterization, which
has become one of the central activities in pro-
teomics, relies heavily on the information that can

be obtained from gas-phase dissociation of peptide ions
[1]. For this reason, there has been a strong interest in
developing and improving dissociation methods over the
past two decades. The most commonly used method to
dissociate peptide ions is still collision-induced dissocia-
tion (CID), which involves energetic collisions between
ions and inert neutral bath molecules [2]. Structurally
informative amide bond cleavages are generally observed
under CID conditions, giving rise to b- and y-type ions.
While CID has been quite successful in identifying the
primary sequence of peptides and hence of proteins, it,
however, often fails to provide complete sequence infor-
mation due to the existence of strongly preferred fragmen-
tation channels [2]. Other than CID, a wide variety of
approaches has been developed and examined for disso-
ciating gas-phase peptide ions. For example, surface in-
duced dissociation (SID) has been applied to peptide and
protein ion dissociation [3]. Photodissociation techniques,
including infrared multiphoton dissociation (IRMPD) [4,
5], blackbody infrared dissociation (BIRD) [6], and single-
photon UV dissociation [7, 8] also show potential in
providing useful structure information and thermochemi-
cal data. Electron capture dissociation (ECD) [9, 10] and
electron-transfer dissociation (ETD) [11, 12] of multiply

Address reprint requests to Dr. R. G. Cooks, Department of Chemistry,

Purdue University, West Lafayette, IN 47907-1393, USA. E-mail: cooks@
purdue.edu

© 2008 American Society for Mass Spectrometry. Published by Elsevie
1044-0305/08/$32.00
doi:10.1016/j.jasms.2008.07.019
charged peptide or protein ions demonstrate unique
features, with more sequence independent fragmenta-
tion preserving labile post-translational modifications
(PTMs) than CID in most cases.

All the above dissociation techniques can be applied
more or less successfully to identify the primary se-
quence of a peptide or a protein. This makes it an
important issue that needs to be addressed to charac-
terize proteins with PTMs by mass spectrometry (MS),
considering the critical roles they play in biological
systems [1, 13]. For example, reversible protein phos-
phorylation, the most widely observed PTM, plays key
regulatory roles in cellular processes and in intracellu-
lar signal processing, resulting in countless functional
consequences [14–16]. Tyrosine-sulfation, the most fre-
quently observed sulfation within proteins, has been
reported to be involved in various biological events
such as mediation of inflammatory leukocyte adhesion,
chemokine receptors, and modulation of blood coagu-
lation cascade [17]. In the case of structural character-
ization of phosphopeptides [18, 19] and sulfopeptides
[20–22], the primary sequence of a peptide is typically
acquired through examination of the fragment ions
generated by CID. Since sequence-specific backbone
fragmentation is frequently suppressed upon CID of
deprotonated phosphopeptides due to facile loss of the
phosphate groups [23], CID in the negative ion mode is
useful for phosphopeptide detection, but sequencing of
phosphopeptides is commonly done in the positive ion
mode [24, 25]. Localization of phosphorylation or sul-

fation sites via CID resorts to the detection of pairs of
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peaks with mass shifts of 98 or 80 Da both for N- and
C-terminal fragments (b- and y-type ions) [26]. Owing
to the labile nature of phosphate and sulfate ester
groups, complete elimination of the modifications from
the corresponding fragments is frequently observed
under typical collisional activation conditions, which
precludes pinpointing the modification sites. Alterna-
tively, ECD and ETD of multiply charged phosphopep-
tide ions can produce extensive backbone fragmenta-
tion with preservation of phosphate groups [27–30],
which greatly enhances the characterization process.
Studies on ECD and ETD of sulfopeptides also show
promise in sequencing and characterization, although a
certain degree of sulfate loss is reported [31].

Atmospheric pressure thermal dissociation (APTD)
represents a novel method for fragmentation of proteins
and peptides ions and is performed outside the mass
spectrometer [32]. Peptide ions generated by elec-
trosonic spray ionization (ESSI) [33] or another ioniza-
tion method are carried through a heated coiled metal
tube where they fragment. Extensive fragmentation
is typically obtained with this method, which makes it
attractive for peptide/protein primary sequence eluci-
dation. More importantly, neutral fragments arising
from APTD can be characterized by on-line corona
discharge ionization, providing complementary struc-
tural information that is not easily accessible via disso-
ciation methods conducted in vacuum. Neutralization-
reionization mass spectrometry (NRMS) experiments in
vacuum require special instrumentation; they have
proven to be a valuable source of information on
molecular structure, especially on the existence of exotic
neutral molecules [34–36]. Motivated by these earlier
observations, APTD and subsequent neutral reioniza-
tion (NRI) was applied to several standard peptides
with PTMs, i.e., phosphorylation and sulfation. The
fragmentation patterns of these peptides under APTD
conditions were systematically studied and compared
with those recorded using ion trap collision-induced
dissociation. Improved primary structure information
was generally observed from APTD by analyzing ionic
and neutral fragments. Localization of the modification
sites was achieved for phospho- and sulfopeptides with
high confidence by combining the structure information
acquired from APTD and CID.

Experimental

Materials

Peptides were purchased from different companies
(AnaSpec, San Jose, CA; Biomol International, Ply-
mouth Meeting, PA; Peptide International, Louisville,
KY) and used without purification. The peptides are
referred to by number and their single letter sequences
are given in Tables 1 and 2. For samples examined in
the positive ion mode, the peptides were typically
prepared as a 0.1 mg/mL in 50:50 methanol/water

solution containing 0.1% acetic acid. For negative ion-
ization mode, 0.1% ammonium hydroxide was added to
0.1 mg/mL peptide solutions in 50:50 methanol/water.

Mass Spectrometry

All experiments were performed using an LTQ mass
spectrometer (Thermo Fisher, San Jose, CA) fitted with
a heated transfer capillary atmospheric pressure inter-
face. The apparatus used for ion generation and thermal
dissociation at atmospheric pressure consisted of an
ESSI source and a stainless steel tube coiled to form two
loops wrapped with heating tape, as described previ-
ously [32]. The fused silica capillary of the ESSI source
was inserted into the mouth of the coiled tube, the exit
of which was placed about 1 cm away from the inlet to
the transfer capillary of the mass spectrometer. The
temperature of the coiled tube was controlled by ad-
justing the voltage applied to the heating tape and
monitored at the outer wall of the tube using an Omega
thermocouple sensor (OMEGA Engineering, Stamford,
CT). The tube temperature ranged from 30 to 450 °C.
The peptide solutions were sprayed using a nebulizer
gas pressure of 175 psi and the solution flow rate was
fixed at 10 �L/min for all experiments. The ESSI source
voltage was set at �5 kV or �5 kV for ionization in the
positive or negative ion mode, respectively. The result-
ing thermally generated fragment ions emerging from
the heated tube were mass analyzed using the LTQ
mass spectrometer. The neutral reionization (NRI) ex-
periments employed a pair of parallel metal plates as an
“ion switch” to remove all charged species carried in
the gas stream before the reionization step. One plate
was grounded while the other was supplied with a
potential bias of �3 kV to deflect all ions as monitored
by the LTQ mass spectrometer. Neutral fragments were
ionized via atmospheric pressure ionization (API) [37]
by placing a corona discharge needle between the metal
plates and the transfer capillary of the LTQ mass
spectrometer. NRI mass spectra were recorded with a
�4 kV or �4 kV voltage (depending on whether the
positive or negative ionization mode was chosen) ap-
plied to the corona discharge needle while the ESSI gas
stream passed through the ion switch. Different combi-
nations of ESSI source polarity and corona discharge
polarity were used to record a family of NRI mass
spectra, i.e., [� �], [� �], [� �] and [� �]. The first
sign in the brackets represents the ion polarity for
APTD, while the second sign is the ionization polarity
for API. Not all these spectra were recorded for every
chemical system. The nomenclature used for peptide
ions is the standard nomenclature proposed by Roep-
storff and Fohlman [38].

Results and Discussion

Phosphopeptides

The fragmentation pattern of the ESSI formed phos-

phopeptide (Peptide 1, single letter sequence: EPQ-pY-



Table 1. Assigned fragment ions for analyzed phosphopeptides under APTD, NRI, and CID conditions

Sequence coverage

Peptide �APTD NRI �CID �APTD NRI �CID

1 EPQ-pY-EEIPIYL b3
�-b10

�*, b4
�*, b5

�*,
b7

�*, y2
�, y4

�

[� �] y1
�, y4

�-y 7
� b4

�-b10
�, b4

�*,
b5

�*, y2
�, y4

�

y6
�-y9

�, y8
-*, y9

�* [� �] y1
�-y7

�, y8
�*,

y9
�*

y4
�, y6

�, y7
�,

y9
�, y8

�*,
y9

�*
2 KRS-pY-EEHIP b5

�-b8
�, b5

�*-b8
�*, y8

� [� �] y2
�-y5

�, y6
�*,

y 7
�*

b5
�-b8

�, b5
�*, b5

2�,
b8

2�, b7
2�, b6

�*,
b8

�*

b8
-*, a7

�, a7
�*, y4

�, y5
�,

y6
�*, y7

�*
[� �] y2

�-y5
�,

y6
�*, y7

�*
b5

�, b8
�,

b8
�*, b8

2-*,
x7

�, y7
�*,

y4
�, y5

�,
y7

�, y6
�*,

y7
�*

3 pY-VNV b2
�, b3

�, b3
�*, y2

� [� �] y3
� b2

�, b3
�, y1

�, y2
� VN�, c2

�, c2
�*, b3

�,
b3

�*
[� �] y3

� b3
�, b3

�*,
y1

�, VN�,
c2

�*
4 TRDIYETD-pY-YRK b3

�, b8
�, b11

�*, y2
�-y4

�,
y4

�*, y6
�*, y9

�*, y10
� *

[� �] b5
�, y3

�, y4
�* b6

�, b8
�, b11

�*, y4
�,

y4
�*, y6

�*,
y8

�*-y10
�*

b5
�-b8

�, b8
�*, b9

�*, y3
�,

y4
�, y9

�, y9
�*

[� �] b5
�, c2

�, y3
�,

y4
�*

b5
�, b7

�, b 8
�,

b8
�*, b11

�*,
y4

�, y9
�,

y9
�*

TRDIYETDY-pY-RK b6
�, b8

�, b11
�*, y9

�, y9
�*,

y4
�*, -y6

�*
[� �] b3

�, b5
�,

y5
�*

b4
�-b8

�, b8
�, b11

�*,
y4

�, y5
�, y9

�,
y3

�*, y4
�*, y7

�*,
y9

�*

b5
�-b8

�, y4
�, y9

�, y4
�*,

y7
�*, y9

�*
[� �] b5

�, y3
�* b6

�, b7
�, y4

�,
y9

�, y7
� *,

y9
�*

6 RRREEE-pT-
EEEAA

b2
�-b6

�, b7
�*, a8

�*, y11
�* [� �] y3

�-y5
�, y6

�*,
y7

� *
b2

�-b7
�, b7

�*-b9
�*,

y7
�, y11

�, y9
�*-

y11
�*

y3
�-y9

�, y6
�*-y11

�* [� �] y3
�-y5

�, y6
�*,

y7
�*

b7
�*-b9

�*,
b9

�, y5
�,

y6
�*-y11

�*,
y10

�

7 RRREEE-pS-
EEEAA

b2
�-b6

�, b7
�*, y5

�, y11
�,

y10
�*

[� �] y3
�-y5

�, y 6
�* b3

�-b6
�*, b7

�*-b9
�*,

y7
�, y11

�, y10
�*,

y11
�*

y3
�-y9

�, y6
�*-y11

�* [� �] y3
�-y5

� y3
�-y5

�, y7
-*-y11

�*

Ions formed with loss of the phosphoric acid (H3PO4) are labeled with an asterisk. For NRI, the corresponding APTD and API ion modes are, respectively, denoted in a separate column, inside the brackets.
Fragments obtained from CID of singly and doubly protonated ions on the one hand and deprotonated peptide molecular ions on the other are summed in the corresponding CID columns.
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EEIPIYL) was studied using both APTD and ion trap
CID. The neutral fragments induced by APTD were
analyzed further using neutral reionization (NRI) as
described previously [32]. The data acquired under
these three modes are compared in Figure 1 for posi-
tively and negatively charged peptide ions, respec-
tively. The fragment ions generated in the set of six
experiments are also summarized in Table 1 for a
variety of different conditions.

A range of temperatures (30 to 450 °C) was tested in
the APTD experiments. Generally at temperatures be-
low 200 °C little fragmentation was achieved, while
complex spectra were observed at temperatures above
400 °C due to extensive fragmentation. Thus, the tem-
perature on which the fragmentation had the highest
yield together with limited secondary fragmentation
was chosen to perform the APTD experiments, which
was set at 350 °C. Upon APTD at 350 °C, Peptide 1
(EPQ-pY-EEIPIYL) yields a main series of b-type ions in
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Figure 1. Mass spectra of the Peptide 1 (EPQ-pY
(b) neutral species generated by positive ion mod
([� �] NRI); (c) CID of [M � H]� ions in the posi
neutral species generated in negative ion mode AP
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Table 2. Assigned fragment ions for analyzed sulfopeptides und

Peptide �APTD NR

8 FDMWGT-sY-DQE y8
�*-H2O, c7

�, c7
�* [� �] c1

�-c6
�,

y4
�*,

9 FDMWGM-sY-D b5
�*, y6

�, y7
�,

y6
�*

[� �] c2
�-c6

�,

Ions formed with combined SO3 and H2O losses are labeled with an aste
the brackets. Fragments obtained from CID of singly and doubly depro
are labeled with an asterisk.
the positive ion mode and a series of y-type ions in the
negative ion mode as shown in Figure 1a and d. In both
modes, fragment ions that retain phosphate groups
were detected together with those formed with losses of
phosphate groups (denoted with an asterisk). This
preservation of phosphate groups in APTD is remark-
able, considering that the activation energy for H3PO4

loss is very low (�0.5 eV) [39, 40] compared with that
for peptide amide backbone cleavage (�1.2 eV) [41–43].
If the energy deposition from APTD were similar to
thermal activation or IRMPD in vacuum, a preferred
phosphoric acid loss should be observed with little
backbone fragmentation or backbone fragmentation
with phosphate group attached due to the slow heating
nature of those methods [44]. The survival of phosphate
groups therefore indicates that thermal activation of
gas-phase ions is not the only activation mechanism in
the APTD process. Some other activation processes that
can deposit higher internal energy into peptide ions,

/z
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such as collisions with the coiled tube surface leading to
surface induced dissociation, might therefore play a
role. At the same time, we are aware that ions might
exist in microsolvated forms during some or all the
APTD process, which could provide some degree of
protection of the ions during activation.

The neutral species formed by thermal dissociation
were ionized by API after emerging from the coiled
tube. Figure 1b shows the NRI mass spectrum arising
from APTD in the positive ion mode and subsequently
ionized in the negative ion mode by API, denoted as
[� �] NRI in the figures and tables. A series of
deprotonated y-type ions (yn

�, n � 1, 4–7) is observed,
complementary to the fragments observed in APTD
(Figure 1a). The appearance of y4 ions in both the APTD
and NRI spectra indicates they can be generated in both
the ionic and corresponding neutral forms. The NRI
spectrum recorded in the positive APTD and positive
API mode ([� �] NRI) provided the same y-type
fragments as the [� �] mode although in the proton-
ated form, demonstrating the effectiveness of API for
peptide neutral fragment reionization in either polarity.
For that reason these data are not shown. The NRI mass
spectrum was also obtained in the negative APTD and
positive API ([� �] NRI) mode as shown in Figure 1e.
Interestingly, some expected neutral fragments, e.g.,
b-type fragments, complementary to the APTD ionic
products (Figure 1d), were not observed, while a series
of y-type ions was detected. This observation suggests
that under APTD conditions, dissociation of species
other than completely desolvated ions in the gas phase,
where complementary fragments are always encoun-
tered, may contribute. Another possibility is that b
fragments are not as stable as y fragments and can
undergo further reactions during reionization. It is also
noted that in NRI spectra the fragments formed with
loss of the phosphate group are detected in greater
abundance compared with those that preserve the
phosphate groups in the ions directly observed from
APTD. This may be because corona discharge is not soft
enough to preserve the phosphate groups during ion-
ization [45]. Although this feature prevents the confi-
dent use of neutral fragment ionized by API to charac-
terize phosphorylation sites on a peptide, the rich
fragment information obtained from NRI spectra is still
very useful for primary structure elucidation as dis-
cussed later.

Ion trap collision-induced dissociation was applied
to study the fragmentation of singly and doubly pro-
tonated and also deprotonated peptide molecular ions.
The fragments shown in the “�CID” and “�CID”
columns of Table 1 are the summed fragment ions
derived from both charge states for each ion polarity.
Figures 1c and f display the ion trap CID spectra
acquired for [M � H]� and [M � H]� ions of Peptide 1,
respectively. The fragmentation induced by CID shows
similar patterns to those obtained from APTD (compar-
ing Figure 1a–c and 1d–f). Similar sequence coverage

(the number of peptide amide bond cleavages) were
obtained by CID and APTD of Peptide 1 in the positive
or the negative ion mode. Combining the data from
both techniques, 8 out of 10 possible b ions were
detected, together with 6 out of 10 possible y ions from
fragments produced in both polarities, while an almost
complete series of y ions (9 out 10) was detected in NRI.
Since there is no lower limit on the mass range for ions
generated outside an ion trap under APTD compared
with the approximately one third low mass cut-off limit
in ion trap CID [46], small ions, e.g., y1, can be observed
and this increases the coverage of fragment ions.

To localize the PTM site in a peptide, it is important
to observe as many as possible of the peptide backbone
fragments that bracket the potential modification sites.
In the case of Peptide 1 (EPQ-pY-EEIPIYL), observation
of y1, y2, y7, and y8 (y8*), as well as b3, b4, (b4*), b9, and
b10 is desirable since either Tyr4 or Tyr10 could be
phosphorylated. The positive ion mode data from
APTD and CID provided the necessary b ions, which
established the phosphorylation site as Tyr4. The pair of
y8

�(y8
�*) peaks with a mass difference of 98 Da was

detected only by APTD in the negative ion mode.
Negative mode CID yielded similar fragment ions but
the ion y8

�* was seen without the corresponding pres-
ence of y8

�. Additional information about the phos-
phorylation site can also be obtained with NRI since the
ions y1 and y2, which are important to evaluate the
phosphorylation at Tyr10, are only seen by [� �] NRI.
Thus, by combining the information from ionic and
neutral fragments associated with APTD, all important
ions needed to localize and cross-check the modification
site are observed (y1, y2, y7, y8, y8*, b3, b4, b4*, b9, and
b10). Therefore, it is possible to pinpoint the phosphor-
ylation site with higher confidence than just using CID
alone.

Another example in which APTD combined with
NRI gives complementary information to CID for phos-
phopeptide fragmentation and localization of the mod-
ified site is Peptide 6 (RRREEE-pT-EEEAA). Figure 2
shows the fragmentation patterns of Peptide 6 recorded
in the set of six spectra from APTD, NRI, and CID with
the observed sequence ions being summarized in Table
1. Only one of the reionization polarity, i.e., [� �] and
[� �] NRI data are considered for the reasons given
previously. In the positive ion mode, APTD and CID
yield similar sequence ions containing both b- and
y-types of ions, while the relative abundance of the
fragments is greater in APTD. The corresponding neu-
trals (Figure 2b) from positive APTD show mainly
y-type fragments, ranging from y3 to y7. In the negative
ion mode, collision activation of the [M � H]� ions
yields both b- and y-types of ions. Negative mode
APTD, however, gives rise to a full series of y ions from
y3 to y11, while the resulting neutrals consist of frag-
ments from y3 to y7 as shown in Figure 2e. To localize
the phosphorylation site in Peptide 6 (RRREEE-pT-
EEEAA), it is necessary to observe y5, y6 (y6*), b6, and b7

(b7*) fragments. While both CID and APTD yield frag-

ments y5, y6* (negative ion mode), and b6, b7* (positive
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ion mode), the intact b7 ions (with the phosphate group
attached) are only generated by CID in the positive ion
mode and the intact y6 ions are only observed by APTD
in the negative ion mode. Thus, it is necessary to
combine the information from both APTD and CID in
this case to achieve phosphopeptide characterization
with high confidence.

In addition to Peptides 1 and 6, another five phos-
phopeptides containing either Tyr or Ser phosphoryla-
tion were subjected to APTD, subsequent NRI, and ion
trap CID. The sequence information is summarized in
Table 1. For all the phosphopeptides studied, abundant
peptide backbone fragments were generally observed
independent of the ionization polarity under APTD
conditions. Rich sequence information can be obtained
by analyzing both the ionic and neutral fragments
resulting from APTD, which often complements and
exceeds that obtained from CID alone. In addition, by
combining the fragmentation information from APTD
and CID, characterization of the phosphorylation sites
can be achieved with high confidence. In the case of
NRI, similar spectra are obtained for a given APTD
mode independent of reionization polarities. NRI is
therefore considered as a soft-ionization technique,
since no additional backbone fragmentation is ob-
served, which is consistently observed for all phos-
phopeptides studied herein.

Sulfopeptides

Due to the low ion yield achieved in the positive ion
ESSI mode, sulfopeptides were analyzed by CID and
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ion mode; (e) neutral species generated in the n
negative ion mode ([� �] NRI); (f) CID of [M �
of the phosphoric acid group are labeled with a
APTD only in the negative ion mode, while NRI exper-
iments were performed in the negative APTD mode
combined with API in both the positive and negative
ion modes. Figure 3a and b show APTD and ion trap
CID mass spectra of Peptide 8 (FDMWGT-sY-DQE) in
the negative ion mode, respectively. From both activa-
tion methods, the predominant fragmentation channels
are the loss of SO3 and combined losses of SO3 and H2O
from [M � H]� ions. Backbone fragment ions such as
y9

�* and the c7
�/(c7

�-SO3) pair are apparent in the
APTD spectrum (asterisk denotes ions formed with
combined SO3 and H2O losses). While the same set of
ions is detected in CID, the relative abundances are
greatly reduced compared to APTD. Good coverage for
the peptide amino acid sequence is not obtained by any
of the dissociation techniques. The formation of c7

� ions
is expected since it is common for deprotonated pep-
tides containing aspartic acid to undergo a fragmenta-
tion reaction involving nominal cleavage of the N-C�
bond N-terminal to the aspartic acid residue to form the
c ion and the complementary product [47]. The neutral
fragments generated from negative APTD were ana-
lyzed in positive and negative mode API, as shown in
Figure 3c and d, respectively. Abundant fragments
were observed, including cn (n � 1–7) and yn (n � 2–5,
9) ions. Note that the fragments which should have
sulfono-moiety were detected with loss of SO3 or com-
bined losses of SO3 and H2O.

The assigned c ions from NRI were subjected to ion
trap collisional activation for structure elucidation.
Amide bond cleavages were generally observed giving
rise to new b- and y ions, consistent with literature
reports on CID of c-type ions [48, 49]. The assignments
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can also be validated by comparing the CID data of the
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presumed c ions and the C-amidated peptides, which
share the same sequences and therefore have the same
structures as the c ions. Figure 4a and b compare ion
trap CID data of [M � H]� ions of C-amidated phenyl-
alanine formed by positive ESSI, with the assigned c1

�

ions from neutral reionization. The exact same dissoci-
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Figure 4. Mass spectra showing (a) CID of protonated C-
amidated phenylalanine (m/z 165) and (b) CID of the assigned c � ion
1

obtained from [� �] NRI of peptide caerulein.
ation pattern (loss of formamide, 45 Da) strongly sug-
gests the similarity in structure between the two species
and further supports the c ion assignment. Although it
is rare to observe c ions upon collisional activation of
protonated peptides, it is not uncommon for deproto-
nated peptide ions, where several pathways can con-
tribute to the formation of c ions, especially in the
presence of aspartic acid residues [50, 51].

The fragment ions of Peptide 8 obtained by CID,
APTD, and NRI are summarized in Table 2. It is not
surprising that the backbone fragmentation in CID is
largely suppressed, while SO3 loss, the most facile
fragmentation channel dominates, considering the slow
heating nature of ion trap collisional activation [44].
(See, however, the earlier arguments regarding dephos-
phorylation indicate that the process is somewhat more
complex). In the case of APTD, the backbone fragments
are more abundant than those formed by ion trap CID.
This phenomenon is consistently observed for all the
peptides studied here, which may be due to higher
energy deposition during activation. Although thermal
activation plays a significant role in APTD, activation
due to surface collisions similar to SID cannot be
excluded. Nevertheless, the sequence coverage for the
Peptide 8 is not improved by just analyzing the ions
(two sequence ions) directly formed in APTD. As a
major contrast, when the neutrals produced from APTD
are analyzed, eleven sequence fragments are obtained.
Clearly, NRI coupled with APTD maximizes the re-
trieval of sequence information from Peptide 8. To
localize the post-translational modification site in Pep-
tide 8 (FDMWGT-sY-DQE), it is important to verify the
ions formed near residues Thr6 and Tyr7, since either of
the two residues can be sulfated [22]. APTD data
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80 Da, which suggests a modification site at either Thr6

or Tyr7. In NRI data, the observation of a series of y ions
and a 98 Da loss started from y4 ions (at the N-terminal
side of Tyr7) allows pinpointing the modification site as
Tyr7 instead of Thr6. Therefore, by combining the infor-
mation of ions and neutrals generated from thermal
dissociation, sequencing and characterizing peptide
with a labile modification, such as sulfation, is possible.

Another sulfopeptide, Peptide 9 (FDMWGM-sY-D)
was also studied by APTD, subsequent NRI, and CID.
The fragments observed under each condition are sum-
marized in Table 2. Several b- and y-type of ions were
identified in APTD and CID. As observed for Peptide 8
(FDMWGT-sY-DQE), the intensities of the sequence
ions were largely suppressed due to abundant neutral
losses (loss of 80 and 98 Da). On the other hand, an
almost complete series of c ions was observed in NRI,
allowing facile sequencing of this peptide. Also note
that the same identities of a set of fragment ions are
produced by reionization in positive and negative ion
modes of a particular APTD polarity for both sulfopep-
tides. Although the sulfopeptides studied herein are
quite limited, the rich sequence informative data ob-
tained from NRI warrants further studies of other
sulfopeptides to determine the generality of the obser-
vations made in this work.

Conclusions

The results of this work show that rich information on
amino acid primary sequence and PTM sites can be
obtained for phospho- and sulfopeptides by analyzing
both ionic and neutral species generated from APTD.
The sequence information acquired from APTD when
combined with NRI often complements and exceeds
that obtained from ion trap collisional activation alone.
A combination of the information from APTD and CID
allows characterization of the modified peptides with
higher confidence. The neutral fragments arising from
APTD occur with losses of the modification sites. Al-
though this feature prevents direct use in characterizing
the modification sites, the rich sequence information
that NRI coupled with APTD provides is still very
valuable for peptide sequencing. The importance and
necessity of analyzing neutral fragments is highlighted
by the data of sulfopeptides, where sequence-specific
fragment ions are largely suppressed due the presence
of facile neutral loss channels. The promising results
noted for APTD coupled with NRI warrant their further
exploration as a tool to study the fragmentation pat-
terns of post-translationally modified peptides. A follow-
up study to replace neutral fragment ionization using
API by softer ionization with extractive electrospray
ionization (EESI) [52], which might lead to observation
of neutral fragments with preserved labile modifica-

tions, is under way.
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