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a b s t r a c t

Thermally-assisted collision-induced dissociation can substantially increase the amount of dissociation in
quadrupole ion trap mass spectrometer experiments. The experiments discussed here were performed
to assess the effect on dissociation pathways as the bath gas temperature is increased in thermally-
assisted collision-induced dissociation (TA-CID) experiments. Double resonance experiments in which a
product ion was ejected during collision-induced dissociation of the parent ion provided data to asses
eywords:
uadrupole ion trap
eptide sequencing
ollision-induced dissociation
andem mass spectrometry
nternal energy

competitive versus consecutive dissociation pathways. Consecutive dissociation pathways are indicated
when lower mass product ions decrease in intensity when a higher mass product ion is ejected during
CID. For the peptide ions studied, those that dissociate to give predominately N-terminal product ions
show increased consecutive dissociation with increased temperature during TA-CID. For peptide ions
that dissociate via formation of C-terminal product ions, competitive dissociation pathways were more
prevalent and increasing the temperature had much less effect. N-terminal product ions consecutively

rmin
dissociate to smaller N-te

. Introduction

Quadrupole ion trap mass spectrometers (QITMS) are well
nown for their high efficiency for tandem mass spectrometry
MS/MS) experiments. Over the years QITMS have become one of
he most commonly used instruments for peptide sequencing. The

ultistage MS/MS (MSn) capabilities [1–3] of the QITMS offer an
mportant advantage over other mass spectrometers for peptide
on dissociation pathway analysis via collision-induced dissocia-
ion (CID). Parent ions are resonantly excited, which increases their
inetic energy to effect CID. They collide with the bath gas and ion
inetic energy is converted to ion internal energy. As long as the ion
eaches the critical energy of dissociation before the ion’s kinetic
nergy exceeds the trapping well and the ion is resonantly ejected,
he parent ion can dissociate into product ions. A balance must
xist between resonance excitation and resonance ejection as an
on’s motion must be small enough to remain in the ion trap but
ncreased enough so that the kinetic energy to internal energy con-
ersion can induce ion dissociation [4]. Product ions that are formed

re not in resonance with the applied voltage and thus undergo lit-
le further activation and in fact lose internal energy from collisions
ith the bath gas [5–7]. A result of this collisional activation pro-

ess is that while the overall efficiency of dissociation of the parent
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al ions whereas C-terminal product ions dissociate to internal fragments.
© 2010 Elsevier B.V. All rights reserved.

ion is typically high, the number of product ions of different mass-
to-charge that are formed is often limited, especially in contrast to
beam instruments such as triple quadrupoles or quadrupole/time-
of-flight instruments. This can be good for the study of dissociation
pathways, but can limit the structural information obtained from
unknowns. MSn experiments can help improve peptide identifica-
tion [8].

A product ion can be formed by one of two general processes:
either directly from the parent ion or via sequential (consecutive)
dissociation. Consecutive dissociation is a process in which a prod-
uct ion, P2, in the MS/MS spectrum is formed from another product
ion, P1, which has been formed with excess internal energy. This
is in contrast to competitive dissociation that occurs when prod-
uct ion P2 is formed directly from the parent ion, as is product
ion P1. It has been well documented that bn ions are prominent
in most peptide CID spectra and readily fragment to form an ions
(corresponding to the loss of CO from the b ion) and bn−1 ions [9].
Other studies have found that lower bn−1 ions arise from direct
dissociation of bn ions only 50% of the time [10].

A unique experiment which ion trapping instruments are capa-
ble of that further enhances the study of dissociation pathways is
selective ejection of a specific product ion simultaneous with CID

of the parent ion [11], a so-called “double resonance” experiment.
The other product ions are not directly affected if they are not too
near the mass-to-charge of the ion being ejected because they are
not in resonance with either the voltage used to excite the par-
ent ion or eject the specific product ion. However, intensities of

dx.doi.org/10.1016/j.ijms.2010.06.038
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:glish@unc.edu
dx.doi.org/10.1016/j.ijms.2010.06.038
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ther product ions can be indirectly affected by the ejection of the
elected product ion if the ejected product ion is an intermedi-
te in the dissociation pathway [11]. Thus, a change in intensity
f a product ion not in resonance provides information about the
issociation pathway. In fact, double resonance experiments have
erified the existence of unobserved intermediate ions in the for-
ation of product ions [11]. Other experiments have shown that

n-NH3 and an-NH3 ions are not consecutive dissociation products
f bn and an ions but instead result directly from the dissociation
f the [M+H−NH3]+ ion [12].

Peptide fragmentation may be influenced by the basicity or
cidity of the amino acids [13,14] or the nature of the cation-
zing species [15–18]. For example, enhanced cleavage occurs at
spartic acid residues [15,19,20] and protonated histidine [12,21]
esidues while the presence of proline has been found to specif-
cally enhance N-terminal cleavage [22–25]. Additionally, it has
een shown that the dissociation of analogs of the peptide YGGFL to
he a4 product ion depends on the nature of the fourth amino acid
10]. Though bn ions have been found to favorably dissociate fur-
her to an and lower mass-to-charge bn product ions, C-terminus
ragmentation involves separate pathways for y4, y3 and y2 ions
26]. Multiple-resonance CID was used to establish the low-energy
equential decomposition pathways of YGGFL [26]. The y ions in
his peptide dissociated to form internal ions instead of the lower

ass-to-charge y ions.
Statistical and theoretical techniques have also been used to

nalyze peptide ion fragmentation pathways. A kinetic model has
een created for the purpose of evaluating the fragmentation pro-
ess that simulates the low-energy collision-induced dissociation
pectra of peptides dissociated in a quadrupole ion trap [27]. Addi-
ionally, the statistical test of equivalent pathways (STEP) analysis
ses the ion abundance of product ions in two MS/MS spectra to
alculate a ratio that can be used to determine whether a product
on has been formed competitively or consecutively [28].

In the QITMS the bath gas also affects fragmentation pathways
4,29–32]. The bath gas in the trapping volume serves two purposes.
he primary purpose is to collisionally cool the ions’ kinetic energy.
ecreasing the kinetic energy of the ions focuses them toward the
enter of the trapping volume. This improves resolution and sensi-
ivity [33]. In addition to the kinetic cooling, collisional cooling can
lso decrease the internal energy of an ion [6,7]. This can reduce
he dissociation of ions in MS/MS experiments [31,34]. The second
urpose of the bath gas is to serve as the target in CID. An ion’s
inetic energy can be increased via resonance excitation and then
an be converted to internal energy in a collision with the bath gas.
his is just the opposite of collisional cooling. Several studies have
hown that using heavier bath gases (such as argon) increases the
mount of internal energy that is deposited in the parent ion leading
o much more dissociation [4,29,30]. This is a result of more effec-
ive conversion of kinetic energy to internal energy with increasing

ass of the target. It has been suggested that the observation of
any low mass-to-charge ions in the MS/MS spectra indicate a

ropensity for consecutive dissociation when heavier bath gases
re used [30].

Furthermore, the bath gas temperature can affect the appear-
nce of the mass spectra by either determining the kinetics for
he first-generation product ion cooling or by thermally activating
he dissociation of first and subsequent generation product ions
31,32]. The extent to which the temperature of the bath gas is able
o affect the dissociation pathways is largely dependent upon the
ifference in the ion’s internal energy and the temperature of the

ath gas.

Thermally-assisted collision-induced dissociation (TA-CID) can
e used to access additional dissociation pathways that are inacces-
ible at ambient temperatures [35]. When the bath gas temperature
s elevated, the parent ions have more initial internal energy as
ss Spectrometry 301 (2011) 74–83 75

a result of effectively being in thermal equilibrium with the bath
gas. With more initial internal energy the dissociation efficiency of
the parent ion is increased under equivalent CID conditions used
at ambient temperature, resulting in more structural information
[35].

Clearly, peptide fragmentation pathways are complicated.
Because the dissociation pathways that are observed depend upon
the amount of internal energy in the parent ion and the rate of
collisional cooling of the product ions, the type of product ions
that are seen and the relative abundances of these product ions
can be expected to vary when different bath gas temperatures
are employed. It has already been shown that more product ions
are observed when TA-CID is used [35]. However, it has not been
studied how these product ions are formed, i.e., which dissocia-
tion pathways increase with changes in temperature. In this work,
we analyze the changing competitive and consecutive dissociation
pathways in three different peptides at three different bath gas
temperatures. Understanding the dissociation pathways that are
accessed by increasing the thermal energy may allow algorithms
to be developed that would increase the confidence of identifi-
cation similar to that obtained by doing multiple stages of mass
spectrometry [8].

2. Experimental

2.1. Materials

Three peptides were chosen for analysis and used without fur-
ther purification. YGGFL was obtained from Sigma. FLLVPLG was
synthesized by Bayer Corp. LLFGYPVYV was synthesized in the
Department of Biochemistry at the University of North Carolina at
Chapel Hill. All three peptides were dissolved in 75/20/5 percent
methanol/water/acetic acid to a concentration of 100 �M.

2.2. Mass spectrometry

Experiments were performed in a customized Finnigan
quadrupole ion trap mass spectrometer with a custom nano-
electrospray source. Helium was used as the bath gas and kept
at a pressure 8.4 × 10−4 Torr. The ion trap electrodes were heated
to 100 ◦C and 160 ◦C using a 1000-W stab-in bakeout heater as
described previously [34]. Experiments were also performed at
ambient temperature (30 ◦C). CID was performed at a parent ion qz

value of 0.25 and resonant excitation amplitudes of 140 mV, 280 mV
and 580 mV for YGGFL, FLLVPLG and LLFGYPVYV, respectively.

Dissociation pathways were analyzed by double resonance
experiments [10,11]. The parent ion of interest was isolated in the
quadrupole ion trap and resonantly excited and dissociated to gen-
erate product ions. During the resonant excitation of the parent ion,
one of the product ions was resonantly ejected. A stored waveform
inverse Fourier transform (SWIFT) waveform was built that encom-
passed a narrow range of frequencies to eject the first-generation
product ion during the parent ion dissociation event. This is called
the “double resonance” spectrum. The double resonance spectrum
was compared with one obtained in the normal operating mode,
i.e., without resonantly ejecting any product ion. To determine the
effect of the first-generation product ion ejection the intensity of
a product ion in the double resonance spectrum was divided by
the intensity of that same product ion in the CID spectrum and
then multiplied by 100. This value was subtracted from 100 to yield

the “percent decrease” for the product ion that resulted from the
ejection event. Dissociation pathway trees were created at each
temperature using the percent decreases of the product ions to
outline how the product ions dissociated on the time-scale of the
experiment to yield the final CID spectrum.



7 of Mass Spectrometry 301 (2011) 74–83

i
p
r
e
s
e
w
e
i
e
i
g
T
e
u
m
d
w
i
p
g

3

b
h
s
b
c
f
w

F
t

6 A.L. Jue et al. / International Journal

To correct for the possibility that the first-generation product
on dissociated before it was ejected, an MS3 type experiment was
erformed. The first-generation product ion was isolated and then
esonantly ejected at the voltage used in the double resonance
xperiment. The appearance of lower mass-to-charge product ions
howed if the first-generation product ion dissociated during the
jection process. The ion intensities in this control experiment
ere subtracted from the resonance ejection spectrum. In a second

xperiment to assess the possibility of ejecting/exciting product
ons near the product ion being resonantly ejected an MS4 type
xperiment was performed. The first-generation product ion was
solated and then dissociated in a conventional MS3. After the first-
eneration product ion was dissociated a spectrum was collected.
hen the resonant ejection voltage used in the double resonance
xperiment was applied and another spectrum was collected. Prod-
ct ions within a 15 mass-to-charge range on either side were
onitored for decreases in intensity. Any relative signal intensity

ecrease (calculated from comparing these two control spectra)
as added to the resonance ejection spectrum. This control exper-

ment served to correct for the unintentional ejection of nearby
roduct ions when resonance ejection was applied to the first-
eneration product ion.

. Results and discussion

In Fig. 1a, the CID spectrum of YGGFL is shown. Fig. 1b is the dou-
le resonance spectrum where the first-generation product ion, b4,
as been resonantly ejected during CID of [M+H]+. In Fig. 1b, the
ignal intensity of the a4 product ion is greatly reduced when the

4 product ion is ejected during CID of the [M+H]+ ion. This indi-
ates that most of the a4 product ion observed in Fig. 1a is formed
rom the dissociation of protonated YGGFL to the b4 product ion
hich consecutively dissociates to the a4 product ion, as previ-

ig. 1. YGGFL, 30 ◦C (a) CID of YGGFL (b) CID of YGGFL and simultaneous ejection of
he b4 product ion.
Fig. 2. YGGFL, 30 ◦C. First control experiment – ejection of the isolated b4 product
ion at 3000 mV.

ously reported [10]. The signal intensity of the b3 product ion is
only slightly reduced when the b4 product ion is ejected from the
spectrum. Therefore, the b3 product ion is not primarily formed
from the consecutive dissociation of the b4 product ion; it is formed
directly from the protonated parent ion or by additional dissocia-
tion pathways that have not yet been characterized.

Two control experiments were done for each double resonance
experiment. The first control experiment corrects for the uninten-
tional dissociation of the resonantly ejected product ion. Ideally, a
resonantly ejected product ion should be completely ejected when
a resonance excitation voltage is applied to the endcaps at the
appropriate frequency. However, as can be seen in Fig. 2, when
the isolated b4 product ion is resonantly ejected using 3000 mV, a
small amount dissociates before it can be ejected, leading to the
lower mass-to-charge peaks observed in Fig. 2. This dissociation is
corrected for by subtracting the signal intensity observed in Fig. 2
from the resonance ejection spectrum shown in Fig. 1b.

The second control experiment corrects for the ejection of other
product ions near the product ion being resonantly ejected in the
double resonance spectrum. In an MS3 experiment, the b4 product
ion was isolated, and then dissociated (Fig. 3a) and then the double
resonance ejection voltage was applied to ejected it (Fig. 3b). This
allowed for correction of any decrease in signal intensity observed
in the neighboring product ions that may have been caused by the
ejection of the b4 product ion. When the resonance ejection was
performed at 3000 mV, the neighboring product ions were usually
not affected. The MS3 control experiment, however, also provided
information about the potential dissociation pathways of the reso-
nantly ejected ions. For example, the MS3 spectrum shown in Fig. 3a
indicates that b4 dissociates to a4, the most abundant product ion
observed in this CID spectrum. Other product ions that are less
abundant in the spectrum include the m/z 380, m/z 323, m/z 295
and b3 ion. The ions at m/z 323 are the result of a rearrangement in
which the C-terminal amino acid residue of the a4 ion (F in this case)
is transferred to the N-terminus followed by the loss of the third
amino acid (G). The ions at m/z 295 are a result of loss of CO from 323
and m/z 380 is [a4-NH3]+ [36]. When these same peaks are exam-
ined in the experimental resonance ejection spectrum (Fig. 1b), the
a4 signal intensity is found to decrease most drastically when b4
is ejected. The other ions that are observed in the MS3 spectrum
(Fig. 3a) also decrease in Fig. 1b, though not to the same extent as
the a4 product ion.

When the bath gas temperature is elevated during CID experi-

ments performed in the QITMS, the YGGFL product ion distribution
changes (Table 1). As the temperature is increased from 30 ◦C to
160 ◦C the a4/b4 ratio increases. Previous studies have found that
the a4/b4 ion intensity ratio is a good indicator of the parent ion
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at 30 C, Scheme 1a shows that 2.2% of the total 5.4% b3 product
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ig. 3. YGGFL, 30 ◦C. Second control experiment. (a) CID of the first-generation b4

roduct ion (MS3). (b) Ejection of the b4 product ion after MS3.

[M+H]+) internal energy for YGGFL [37]. At higher temperatures,
he parent ion has more internal energy and a higher a4/b4 ratio.
he current results agreed with the previous findings. Table 1 also
hows that the smaller b and a-type product ions increase in overall
pectral abundance from 30 ◦C to 100 ◦C but decrease at 160 ◦C. This
ay be a direct result of the changing a4/b4 ratio. At 160 ◦C, there is

ignificantly more a4 product ion formed than b4 product ion. Pre-
ious studies have found that the a4 product ion tends to dissociate
o m/z 380, m/z 323, and m/z 295 [36]. Table 1 shows that as more
4 is formed, the m/z 380 and m/z 323 peak abundance increases.
ence, the decrease in lower b and a-type product ions may result

rom the fact that these pathways are less accessible as the a4 ion
elative abundance increases and favors the dissociation pathway
o the m/z 380, m/z 323, and m/z 295 product ions. The MS3 spec-
rum for the a4 product ion (Fig. 4) also supports the dissociation
f a4 primarily to m/z 380, m/z 323, and m/z 295 product ions.

Table 1 provides preliminary support for the existence of differ-
nces in peptide dissociation pathways at different temperatures in
he quadrupole ion trap. At 100 ◦C, all of the lower mass-to-charge
roduct ions increase in abundance while at 160 ◦C only the m/z

80, m/z 323, and m/z 295 product ions continue to increase in
bundance. It is unclear, however, from the data shown whether
he lower mass-to-charge product ions are changing in abundance
ue to increased consecutive or competitive dissociation pathways.

able 1
elative abundances of the major YGGFL product ions at different temperatures.

Temperature (◦C) Product ion

b4 a4 m/z 380

30 48.1 38.9 3.8
100 29.7 44.4 5.4
160 26.5 53.4 6.9
Fig. 4. YGGFL, 30 ◦C. Second control experiment – CID of the a4 product ion (MS3).

To gain further insight into this matter, dissociation pathway
trees that illustrate the observed dissociation pathways for the pep-
tide at each temperature were generated. Generally, only product
ions above a certain threshold intensity were analyzed (∼50 abso-
lute intensity or greater on the data system scale). Scheme 1a shows
the dissociation pathway tree for YGGFL at 30 ◦C. At 30 ◦C, YGGFL is
able to dissociate to one of four first-generation production ions, b4,
a4, m/z 380, or b3. Out of these four first-generation product ions,
b4 and a4 further dissociate into second-stage product ions. Of the
five second-stage product ions, only a4 dissociates into third-stage
product ions. Next to each arrow in the tree is a number that is
the abundance of that pathway. The abundance of each pathway
allows the origins of each product ion in the CID spectrum to be
determined. When YGGFL dissociates into first-generation product
ions, b4 forms 93% of the first-generation product ion spectrum. The
other product ions, a4, m/z 380, and b3, account for 4%, 0.8%, and
2.2% of the spectrum, respectively. However, the intensity of the
b4 ion observed in the MS/MS spectrum is not 93% because some
of the b4 ions can subsequently dissociate to lower mass product
ions on the time-scale of the experiment. Instead of accounting
for 93% of the first-generation product ion spectrum b4 accounts
for only about 52% of the product ions observed, 43% of the b4
product ions dissociate to the a4 product ion. Additionally, b4 dis-
sociates to the m/z 380 and b3 product ions, albeit in much smaller
proportions. The a4 product ions are able to consecutively disso-
ciate in a similar manner to the m/z 380, m/z 323, m/z 295, and
b3 product ions. The rest of the product ions shown in Scheme 1
as coming directly from the protonated YGGFL ([M+H]+) may be
direct dissociation or could be from consecutive dissociation of
b4 that occurs faster than the b4 ion can be ejected in the dou-
ble resonance experiment. Previous experiments determined that
it is unlikely there is enough excess internal energy in the b4 prod-
uct ion to dissociate within the 50 �s it takes to eject it [10]. If it
is assumed that these product ions come directly from the [M+H]+,

◦

ion intensity in the MS/MS spectrum is formed directly from the
dissociation of YGGFL. The two-step consecutive dissociation path-
ways ([M+H]+ → b4 → b3 and [M+H]+ → a4 → b3) account for 1.0% of
the total b3 product ion, while the three-step consecutive dissocia-

m/z 323 m/z 295 b3 b2 a2

1.9 0.6 5.4 1.2 0.2
3.6 1.1 11.2 4.3 0.5
3.8 1.1 6.9 1.4 0.2
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cheme 1. Dissociation pathway trees depicting the dissociation pathways of
GGFL. Next to each arrow is a number displaying the abundance of that dissociation
athway. (a) 30 ◦C, (b) 100 ◦C, and (c) 160 ◦C.

ion pathway ([M+H]+ → b4 → a4 → b3) accounts for the remaining
.2% of the total b3 product ion composition. The b3 ion appears
o be a terminal ion. This is probably because most b3 ions do not
ndergo the usual loss of CO to form a3 like other bn ions [38]; how-
ver, because the overall intensity is low, it is possible that there is
nsufficient sensitivity to detect consecutive dissociation.

Scheme 1b and c shows the same dissociation pathway trees
or YGGFL at 100 ◦C and 160 ◦C, respectively. These schemes show
hat both consecutive and competitive dissociation pathways are
ffected at elevated temperatures. Although the ions with lower
ass-to-charge ratios generally have higher relative abundances

t elevated temperatures, this does not necessarily always corre-
ate with an increase in a dissociation pathway. Therefore, product
on formation trees at different temperatures were also created
hat traced the relative contribution of the dissociation pathways
o the formation of a given product ion. For example, the 2.2% of

◦
he b3 product ion formed directly from the parent ion at 30 C
ccounts for 40.7% of the b3 ion intensity in the MS/MS spec-
rum. This is obtained by dividing the 2.2 relative intensity of the
M+H]+ → b3 pathway, by the total b3 ion intensity of 5.4 (2.2 + 0.7
rom [M + H]+ → b4 → b3 + 0.3 from [M+H]+ → a4 → b3 + 2.2 from
Scheme 2. Product ion formation pathway trees for YGGFL. Next to each arrow is
the relative abundance of that that pathway contributing to the formation of that
particular product ion. (a) 30 ◦C, (b) 100 ◦C, and (c) 160 ◦C.

[M+H]+ → b4 → a4 → b3). Scheme 2a–c show the product ion forma-
tion pathways for YGGFL at 30 ◦C, 100 ◦C, and 160 ◦C, respectively.
These product ion formation pathway trees for YGGFL indicate that
the increased abundances of lower mass-to-charge product ions in
the elevated temperature spectra result from an increase of both
the consecutive dissociation and competitive dissociation path-
ways. For example, in Scheme 2, when the temperature is elevated
to 100 ◦C, most of the b3 product ion is formed from the second-
and third-stage dissociation pathways (consecutive dissociation)
while much less of b3 is formed from the first-generation compet-
itive dissociation pathway. However, the relative amount of the
b3 dissociation pathway increases with increasing temperature,
indicating that is becoming a more competitive pathway too. Con-
versely, when the temperature is further elevated to 160 ◦C and
more of the b3 product ion is formed from the competitive disso-
ciation of the parent ion its formation becomes less competitive in
the second- and third-stage dissociation.

It is not surprising that elevated temperatures result in
increased consecutive dissociation pathways. When the temper-
ature is elevated, parent ions initially have more internal energy
and thus can be activated to a higher total energy. Thus, assuming
statistical partitioning of the excess internal energy to the disso-
ciation products, the product ions will have more internal energy
and can subsequently undergo more consecutive dissociation. For

instance, when the temperature is raised to 100 ◦C, the relative
abundance of the second- and third-stage b3 product ion formation
pathways increase as shown in Scheme 2. When the temperature
is further raised to 160 ◦C, the a4 competitive dissociation pathway



A.L. Jue et al. / International Journal of Mass Spectrometry 301 (2011) 74–83 79

Table 2
Relative abundances of the major FLLVPLG product ions at different temperatures.

Temperature (◦C) Product ion

b6 b4 a4 m/z 428 b3 m/z 329 m/z 315

o
f
s
a
c
r
u
i

i
p
i
T
a
1
i
p

S
P
p

30 6.1 70.2 13.7
100 6.3 66.5 15.2
160 6.9 54.0 17.9

f the [M+H]+ pathway disappears and the entire a4 product ion is
ormed from the consecutive dissociation of the b4 ion. This further
upports the assumption that the first-generation a4 ions formed
t ambient and 100 ◦C are formed by direct dissociation and not
onsecutively from the b4 before it can be ejected in the double
esonance experiment. If the b4 → a4 pathway was a fast consec-
tive dissociation, that pathway should increase with increasing

nternal energy.
The loss of the direct dissociation to a4 results in a relative

ncrease in the formation of m/z 323 and m/z 295 as third-stage
roduct ions, but their relative abundance in the MS/MS spectrum

s unchanged as this was the dominant pathway to begin with.
he relative abundance of third-stage m/z 380 product ions that

re formed also increases when the temperature is raised from
00 ◦C to 160 ◦C. Although the a4 consecutive dissociation pathway

ncreases at 160 ◦C, the formation of b3 by consecutive dissociation
athways decreases significantly, leading to an overall decreased

cheme 3. Dissociation pathway trees depicting the dissociation pathways of FLLV-
LG. Next to each arrow is a number displaying the abundance of that dissociation
athway. (a) 30 ◦C, (b) 100 ◦C, and (c) 160 ◦C.
1.1 6.0 1.9 1.0
1.4 5.6 3.5 1.4
3.3 10.3 5.5 2.2

abundance of the b3 ion at 160 ◦C as illustrated in Table 1. At
this temperature the b4 to a4 dissociation pathway becomes more
favored relative to the other second-stage product ions. Also, it has
been previously suggested that the rearrangement ions, m/z 323
and m/z 295, become more competitive with the b3 product ion
when the experimental time frame is increased and this is observed
here [36]. In fact the one consistent trend in going to higher tem-
perature is the increase in rearrangement product ions.

As a comparison to YGGFL, a larger peptide, FLLVPLG was stud-
ied. YGGFL does not have any residues that are known to have a
significant affect on dissociation, but still there is one pathway that
over 90% of the product ions go through ([M+H]+ → b4). FLLVPLG
does have a residue known to influence dissociation, proline [23,25]

and dissociation directed by the proline should give a b4 ion.

There are many similarities between the behavior of YGGFL
and FLLVPLG. Table 2 is a tabulation of the MS/MS spectra of
FLLVPLG at the three temperatures used in this study. The disso-
ciation pathway trees and product ion formation trees are shown

Scheme 4. Product ion formation pathway trees for FLLVPLG. Next to each arrow
is the relative abundance of that that pathway contributing to the formation of that
particular product ion. (a) 30 ◦C, (b) 100 ◦C, and (c) 160 ◦C.
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n Schemes 3 and 4. Like YGGFL, greater than 90% of the disso-
iation of the [M+H]+ goes through the b4 pathway for FLLPVLG
Scheme 3). Also like YGGFL, the predominant dissociation path-
ay of b4 is the formation of a4. However, b4 → a4 pathway occurs

o a much smaller extent for FLLVPLG than YGGF, less than half as
robable at all temperatures studied. This may be due to the fact
hat the neutral fragment is larger for the larger peptide and thus

ore of the excess internal energy is partitioned into the neutral,
nd thus less in the product ion, which reduces the consecutive
ragmentation.

Also analogous to YGGFL, an ion corresponding to a4-17 (m/z
28) is formed directly from [M+H]+, as a second-stage product
hrough b4, and a third-stage product through a4. There is also a cor-
esponding rearrangement ion observed at m/z 315. Interestingly,

here is an ion corresponding to a3-17 (m/z 329), but no a3. As noted
efore, b3 ions generally do not dissociate to a3, so it is not known if
/z 329 is actually a3-17 or some kind of rearrangement ion. Again,

ike YGGFL, the b3 ion appears to be a terminal ion. Another similar-

cheme 5. Dissociation pathway trees depicting the dissociation pathways of LLFGYPVY
athway. (a) 30 ◦C, (b) 100 ◦C, and (c) 160 ◦C.
ss Spectrometry 301 (2011) 74–83

ity between these two peptides is that the formation of a4 directly
from [M+H]+ disappears at 160 ◦C.

For FLLVPLG the abundance of the lower mass-to-charge prod-
uct ions increases with temperature. The b6 product ion is also
observed for FLLVPLG. Because FLLVPLG has two more residues
than YGGFL, the b6 ion might be considered analogous to the b4
from YGGFL as both result from loss of the C-terminal residue.
However, double resonance experiments indicate that b6 does not
consecutively dissociate after it is formed. This is most likely due to
constraints imposed by the proline in the fifth position of FLLVPLG.
The loss of a leucine from the b6 product ion to form a b5 product
ion is unfavorable because proline does not allow the oxazolone
structure to be formed [9]. Thus b6 → b5 is probably a high-energy
process. However, it is surprising that no a ion is observed.
6

Overall the consecutive dissociation pathways in FLLVPLG
increase with temperature, as would be expected. However, there is
little change in the relative amount of the competitive dissociation
pathways.

V. Next to each arrow is a number displaying the abundance of that dissociation
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Table 3
Relative abundances of the major LLFGYPVYV product ions at different temperatures.

Temperature (◦C) Product ion

a
1
1
1

e
p
f
i
t
a
c
d
d
i
a

S
p

b8 a8 y7 b7

30 33.1 1.5 3.7 16.5
100 24.5 2.2 2.7 16.8
160 38.8 2.7 7.1 16.8

To further compare different peptide dissociation pathways,
xperiments were performed using the peptide, LLFGYPVYV. This
eptide also has a proline which directs the dissociation, but is dif-
erent than FLLVPLG in that significant y ions are observed. Table 3
s a tabulation of the MS/MS spectra of LLFGYPVYV at the three
emperatures used in this study. The dissociation pathway trees
nd product ion formation trees are shown in Schemes 5 and 6. As

an be seen in Schemes 5 and 6, there are many more competitive
issociation pathways from the [M+H]+ and limited consecutive
issociation. The b-type product ions do not dissociate very readily

nto lower b-type product ions. The bn product ions for this peptide
ppear, instead, to readily lose water (presumably due to the

cheme 6. Product ion formation pathway trees for LLFGYPVYV. Next to each arrow is
articular product ion. (a) 30 ◦C, (b) 100 ◦C, and (c) 160 ◦C.
7 FGYPVY y6 b5 GYPVY y4

.1 0.4 3.9 3.5 0.7 35.3

.4 0.5 2.8 3.9 1.0 44.1

.0 1.3 3.5 2.0 0.7 26.4

presence of tyrosines) and to dissociate to their corresponding
an product ions. This is also evidenced in the MS3 spectra (not
shown). For instance, the b8 product ion mainly dissociates to the
b8-H2O, a8, and a8-H2O product ions. Likewise the b7 product ion
dissociates to the b7-H2O, a7, and a7-H2O product ions. Again, as
with FLLVPLG, the proline probably prevents formation of the b6
ion. However, the proline residue can be skipped as evidenced by

the dissociation of the b7 product ion to the b5 product ion.

The y-type ions in LLFGYPVYV were also ejected so that their
dissociation pathways could be analyzed. Unlike the previously
documented dissociation of b-type ions to lower b and a-type ions,
the y-type product ions that were observed in the spectrum did

the relative abundance of that that pathway contributing to the formation of that



8 of Ma

n
t
i
t
t
r
t
f
C
A
o
t
o

L
u
T
t
i
a
s
i
a
t

4

i
Y
P
t
t
p
i
l
i
p
a
a
d
i
t
t

t
w
d
e
t
i
T
t
i
t

m
c
r
t
m

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

2 A.L. Jue et al. / International Journal

ot dissociate to lower y ions. Other groups have also observed this
rend [26]. The y7 product ion was only able to dissociate to the
nternal ion, FGYPVY. Likewise, the y6 product ion was only able
o dissociate to the internal ion, GYPVY. The MS3 spectra for these
wo product ions (not shown) did show the y4 product ion with
easonable intensity but this ion was not observed to be affected in
he experimental double resonance spectra. The y-type ions, there-
ore, may preferentially dissociate to internal ions by losing the
-terminus amino acid instead of losing the N-terminus amino acid.
s there were no b ions observed to consecutively dissociate by loss
f the N-terminal residue(s) for any of the peptides, this suggests
hat “internal ions” are mainly a result of consecutive dissociation
f y ions.

Competitive dissociation pathways are clearly more favored in
LFGYPVYV than they are in FLLVPLG or YGGFL. Most of the prod-
ct ions show little change in relative abundance with temperature.
he lack of change in relative abundance suggests that their rela-
ive rates of fragmentation do not change much as a function of
nternal energy. However, the two most abundant product ions, b8
nd y4, behave differently. While b8 initially decreases in inten-
ity and then increases in going to the higher temperatures, y4
s just the opposite. This could be the result of a second dissoci-
tion mechanism for the b8 ion that becomes competitive at higher
emperatures.

. Conclusion

By performing double resonance experiments in the quadrupole
on trap the major dissociation pathways for the three peptides
GGFL, FLLVPLG, and LLFGYPVYV could be studied. For both FLLV-
LG and YGGFL the vast majority of the product ions go through
he same initial dissociation path, [M+H]+ → b4. The MS/MS spec-
ra result mainly from consecutive dissociations of N-terminal
roduct ions. Thus, as the ion internal energy is increased (by

ncreasing the bath gas temperature) consistent increases in the
ower mass-to-charge product ion abundances are observed. This
ncrease in lower mass-to-charge product ions is a result of the
roduct ions having more internal energy when they are formed
nd therefore being more likely to dissociate to generate second-
nd third-stage product ions. Many of the changes in the ion abun-
ances at different temperatures can therefore be attributed to the

ncreased consecutive dissociation pathways. YGGFL gained access
o more competitive dissociation pathways at elevated tempera-
ures whereas FLLVPLG did not.

LLFGYPVYV did not follow the same trends as the other
wo peptides. It differed in that mainly C-terminal product ions
ere formed and instead of consecutive dissociations, competitive
issociation pathways were mainly responsible for the spectra gen-
rated. None of the first-generation product ions readily dissociated
o form highly abundant second-stage product ions. Thus, increas-
ng the ion internal energy had little affect on the MS/MS spectra.
he few consecutive dissociations that were observed suggested
hat “internal ions” are the result of a yn ion subsequently fragment-
ng at the C-terminus and not a bn ion subsequently fragmenting at
he N-terminus.

These results suggest that TA-CID in a QITMS will provide
ore sequence informative ions for peptides that give N-terminal

ontaining product ions (e.g., bn ions) although rearrangement
eactions may become more prevalent. For peptides that fragment
o give C-terminal containing product ions (e.g., yn ions), TA-CID

ay not provide a significant increase in information.
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