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Singly, doubly, and triply charged bradykinin ions have been dissociated thermally in a quadrupole ion trap
operated with a bath gas comprised principally of helium at 1 mTorr. Dissociation rates as a function of bath
gas temperature were measured along with product ion spectra. Studies were conducted to show that dissociation
rates were independent of ion storage conditions and bath gas pressure. These studies indicate that good
approximations to true Arrhenius parameters could be determined from Arrhenius plots using the bath gas
temperature as a measure of the internal energy distribution of the parent ion population. Arrhenius parameters
derived in this work agree with those reported recently using blackbody-induced radiative dissociation for
the singly and doubly charged ions within experimental error. The spectrum of dissociation products were
also very similar, reflecting the equivalency of the two methods for deriving Arrhenius parameters. Arrhenius
parameters for the triply charged ion (Ea) 0.79( 0.03 eV; logA ) 9.3 ( 0.36 s-1) are reported for the first
time. Comparison of the Arrhenius parameters for the doubly and triply charged parent ions, along with
dissociation reactions of the ions formed via water loss from the two parent ions indicate that water loss
reactions from doubly protonated bradykinin and from triply protonated bradykinin proceed via distinctly
different mechanisms.

Introduction

Gaseous ions derived from biomolecules are playing an
increasingly important role in biological research. A particularly
important process is the unimolecular dissociation of gaseous
bioions, which can yield important structural information. In
the case of peptides, proteins, and oligonucleotides, the desired
information is usually the order or sequence of the individual
amino acid or nucleotide residues. A variety of factors, aside
from the primary structure of the biopolymer, underlie the
appearance of the spectrum of products derived from dissocia-
tion of a bioion. These include the instrumental factors associ-
ated with analysis and detection of product ions, time frame
for dissociation, the method by which energy is added to the
ion to induce dissociation, and the ion charge state.1-7 The latter
factor can also interplay with three-dimensional structural effects
that apparently can perform major roles in determining favored
dissociation pathways.8-11

A wide variety of means have been used to activate bioions,
including both single and multiple collisions at kiloelectronvolt12

and electronvolt13 collision energies (laboratory reference frame),
collisions with surfaces,14 single UV photon photodissociation,15

and infrared multiphoton dissociation,16 among others. In some
cases, the energy to drive dissociation is deposited in the course
of the ion formation process, as with so-called postsource
decay17 associated with matrix-assisted laser desorption ioniza-
tion. Also, energy liberated in the course of exoergic electron
capture18 or electron transfer19 processes involving multiply
charged bioions can drive fragmentation. These activation
processes represent a remarkably wide range of activation times

and energy transfer distributions. While all enjoy some degree
of success in yielding structural information via the identities
of the product ions, absolute information regarding the energetic
and entropic requirements of the various competing dissociation
reactions is usually difficult to derive because the internal energy
distributions of the activated ions are not well characterized. A
particularly important special case, however, is when the parent
ion internal energy distribution is very nearly Boltzmann and
can be characterized by a temperature. Such a condition can be
achieved using activation methods in which ion activation,
deactivation, and dissociation processes all occur in parallel.20

The parent ion internal energies assume a nearly Boltzmann
internal energy distribution when the rates for ion activation
and deactivation are large relative to unimolecular dissociation
rates. This condition has been referred to as rapid energy
exchange.21 Under this condition, reasonably accurate Arrhenius
parameters can be obtained by measuring dissociation rates as
a function of parent ion temperature. Under conditions in which
activation rates are either lower than or comparable to unimo-
lecular dissociation rates, experimentally observed dissociation
rates are determined either by the activation rate or a combina-
tion of activation rate and unimolecular dissociation rates.22,23

It has recently been shown that ions stored in a low-pressure
environment can undergo unimolecular dissociation during the
course of emission and absorption of radiation to and from the
walls of the storage device.24,25 For relatively small ions, the
dissociation rate is largely determined by the absorption rate,22,23

whereas for ions with many degrees of freedom, such as bioions,
the rate-determining step can be the unimolecular dissociation
rate. The latter condition has been exploited to measure
Arrhenius activation parameters associated with dissociation of
ions derived from biopolymers.10,21,26The technique has been
denoted blackbody-induced radiative dissociation (BIRD). An
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obvious alternative to BIRD, which relies on radiative transitions
for ion activation and deactivation, is thermal dissociation that
relies on collisions for mediating energy transfer. In fact,
collisional thermal dissociation has been effected in electrospray
ionization ion sources.27-30 However, the latter studies did not
enjoy the benefits of tandem mass spectrometry whereby parent
ion/product ion relationships can be determined with confidence.

We have recently demonstrated thermal dissociation of
protonated leucine enkephalin in a quadrupole ion trap mass
spectrometer using a bath gas (principally helium) at 1 mTorr.31

Herein, we relate the thermal dissociation behavior of singly,
doubly, and triply protonated bradykinin. These results augment
those describing the dissociation of bradykinin ions collisionally
activated under other conditions.32-36 BIRD results have already
been presented for the singly and doubly protonated species,10,26

which therefore provides a basis for comparison for techniques
that should yield equivalent information. Data for the triply
protonated ion have not yet been presented in the literature.
We show here that the thermal dissociation data for the singly
and doubly charged ions are very similar to the results reported
by BIRD both in terms of the activation parameters derived
from dissociation kinetics and in the appearance of the product
ion spectra. These results suggest that the internal temperatures
of the bradykinin parent ions can be taken as the bath gas
temperature, at least over the dissociation rate range accessed
in this work. The quadrupole ion trap, therefore, with its
capabilities for multiple stages of mass spectrometry, is a flexible
tool for deriving Arrhenius parameters for gaseous bioions via
thermal dissociation.

Experimental Section

Bradykinin (Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg or RP-
PGFSPFR) obtained commercially (Sigma, St. Louis, MO) was
dissolved in a solution of 50:50 methanol/water to a concentra-
tion of roughly 1000µM with 1% acetic acid. Working solutions
for normal electrospray (∼20 µM) were prepared by diluting
the stock solution with 99% methanol/1% acetic acid. The
solution was infused at a rate of 1.0µL/min through a 100µm
i.d. stainless steel capillary held at+3.5-4.0 kV for production
of the (M+H)+ and (M+2H)2+. A nanospray needle was used
to produce the (M+3H)3+ ions. In this case, a 99% water/1%
acetic acid solution was used to dilute the 1000µM stock
solution.

All experiments were performed with a Finnigan ion trap
mass spectrometer (ITMS, San Jose, CA), modified for elec-
trospray ionization. An electrospray interface/ion injection lens/
ion trap assembly, which has been described previously,37 was
attached to the vacuum system of the ITMS. The ITMS vacuum
system is equipped with infrared heaters and a closed-loop
temperature control system. It was found that the bath gas could
best be maintained at a constant temperature by suspending the
platinum resistance thermometer of the temperature control
system in the vacuum system (i.e., it was disconnected from its
normal attachment to the surface of the vacuum system). The
location of the platinum resistance thermometer is somewhat
remote from the ion trap itself. The temperature indicated by
the platinum resistance thermometer was therefore calibrated
against a temperature measurement made by suspending a
temperature probe (Omega) adjacent to the ion trap (in the
absence of any applied voltage) and systematically altering the
temperature set point of the temperature feedback system.
Essentially identical temperatures were also measured when the
probe was physically touching a mounting bracket of the ion
trap electrodes. Unless otherwise indicated, helium was intro-

duced into the vacuum chamber to a total pressure of 1 mTorr,
as measured on an ion gauge and corrected for response to
helium.

Following an ion accumulation period of 100-300 ms,
bradykinin ions were isolated using a single resonance ejection
ramp. That is, isolation of the parent ion of interest was effected
using a single scan of the rf-voltage amplitude applied to the
ring electrode while simultaneously applying a single frequency
in dipolar fashion chosen to sweep out ions ofm/z greater than
that of the ion of interest. Lowerm/z ions were swept out by
passing the ions through theqz ) 0.908 exclusion limit. A
relatively broad ion isolation window (i.e., severalm/z units)
was employed to avoid collisional activation of the parent ion
by off-resonance power absorption due to the isolation step.

The rates of dissociation of the parent ions were measured
by recording the product ion mass spectra as a function of
reaction time and as a function of bath gas temperature. At each
temperature, product ion spectra were obtained over reaction
periods extending to as long as 50 s. The spectrum used for
each reaction time was the average of 25-200 repetitions of
the experimental sequence described above. Dissociation rate
data were derived from plots of ln[P]t/([P + ΣF]t) versus time,
whereP is the parent ion abundance andΣF represents the sum
of the intensities of all product ions. The use of [P + ΣF]t in
the denominator is intended to normalize for nondissociative
parent ion loss. However, over the time ranges used in this work,
total ion losses were typically less than 10%.

Results and Discussion

Dissociation Kinetics.Two important considerations must
be addressed in interpreting dissociation rates derived from ion
activation in a quadrupole ion trap. The first is establishing
whether the parent ion population undergoing fragmentation
approaches the rapid energy exchange condition. If so, the ions
can be characterized with a temperature and activation param-
eters can be determined with deviations from true Arrhenius
parameters within the experimental error of the dissociation rate
measurements. The second is determining the temperature that
characterizes the parent ion population. Each issue is discussed
in turn below beginning with the subject of ion internal
temperature.

In the absence of external electric fields, the temperature of
the bath gas characterizes an ion population undergoing thermal
dissociation in the rapid energy exchange limit. In the case of
the ion trap, however, there is the possibility that ions can absorb
power from the radio frequency electric field that gives rise to
the trapping potential resulting in inelastic collisions with the
bath gas and an elevation of ion internal temperature relative
to the bath gas temperature. Such an rf-internal heating effect
arises from the micromotion imposed upon an ion stored in a
quadrupole ion trap.38 This effect is exploited in the so-called
“boundary activation” technique,39-49 whereby potentials are
applied to the ion trap electrodes to bring parent ions in close
proximity to a so-called “stability boundary”. Under this
condition, ions absorb power from the drive rf and can be
activated by inelastic collisions.

We have recently studied the rf-internal heating phenomenon
with protonated leucine enkephalin serving as a thermometer
ion50 and found that no measurable change in the dissociation
rate of protonated leucine enkephalin was observed until ions
were situated very near to a stability boundary. However,
effective parent ion temperatures of as high as 170 K over the
bath gas temperature could be readily achieved by bringing ions
close to a stability boundary. Furthermore, in a recent study of
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the thermal dissociation of protonated leucine enkephalin, no
effect on the dissociation rate was observed when parent ions
were stored withaz ) 0, qz ) 0.075-0.3.31 The dimensionless
parametersqz and az are commonly used to indicate the
conditions of storage for an ion in a quadrupole ion trap and,
for ion trap electrodes of hyperbolic shape,51 are defined as

and

whereV is the amplitude of the radio frequency voltage (applied
to the ring electrode in this work),m is the mass of the ion,Ω
is the drive rf frequency,ro is the inner radius of the ring
electrode, 2z0 is the minimum distance between the end-caps,
and U is the dc voltage applied to the ring-electrode (which
was 0 V throughout this study, i.e.,az ) 0). The range ofqz of
0.075-0.3 (az ) 0) is relatively remote from an ion storage
boundary. Figure 1 shows experimentally observed values of
dissociation rate,kdiss, as a function ofqz over the range of 0.05-
0.4 for the bradykinin (M+H)+ ion at 220°C (kdiss of roughly
0.17 s-1), the bradykinin (M+2H)2+ ion at 220°C (kdiss of
roughly 0.18 s-1), and for the bradykinin (M+3H)3+ ion at 130
°C (kdissof roughly 0.76 s-1). These results, like those observed
for protonated leucine enkephalin, indicate that rf-internal
heating is too small to affect the dissociation rates for these
ions to a measurable extent. The bath gas temperature is
therefore a good approximation for the parent ion internal energy
distribution, provided the ions approach the rapid energy
exchange limit.

For the (M+H)+ and (M+2H)2+ ions, where direct compari-
sons can be made with the BIRD studies,10,26 the dissociation
rates measured here fall within the range of those reported using
BIRD. Assuming the BIRD measurements were acquired under
rapid energy exchange conditions, and evidence was presented
that they were, it stands to reason that the ion trap measurements
were also acquired under rapid energy exchange conditions
when it is considered that the ion trap measurements were made
at pressures roughly 5 orders of magnitude greater than those
applicable to the BIRD studies. (The ion/helium collision rate
in the ion trap is roughly 105 s-1, assuming a 250 Å2 collision
cross section for the bradykinin ions.52,53) Under rapid energy

exchange conditions, the measuredkdiss values should be
independent of pressure. Figure 2 showskdiss versus bath gas
pressure plots for the (M+H)+ ion atT ) 220°C, the (M+2H)2+

ion at T ) 220 °C, and the (M+3H)3+ ion at T ) 175 °C.
Clearly, there is no measurable pressure effect onkdiss over the
limited pressure range of Figure 2. A wider range of pressure
is precluded on the low side by increasingly inefficient trapping
of ions injected from the external ion source as the bath gas
pressure decreases. On the high-pressure side, detector noise
becomes a limitation. Of the three parent ions subjected to study
here, the (M+3H)3+ ion might be expected to be most likely to
show pressure-dependent rate behavior because the dissociation
rates measured for this ion tended to be significantly higher
than those of the singly and doubly protonated species at the
same temperatures. However, no pressure effect was noted for
the (M+3H)3+ ion, and each parent ion showed linear lnkdiss

vs (kT)-1 plots (i.e., Arrhenius plots) over the entirekdiss range
studied.

The ln[P]t/([P + ΣF]t) versus time plots for the (M+3H)3+

ion are shown in Figure 3. Qualitatively similar plots were also
obtained for the (M+2H)2+ and (M+H)+ ions (data not shown).
In all cases, the ln[P]t/([P + ΣF]t) versus time lines extrapolated
to zero at zero time, within experimental error. A significant
induction period before pseudo-first-order decay of the brady-
kinin (M+H)+ ion, on the other hand, was noted in the BIRD
study.10 This delay was attributed to a slow isomerization
process that preceded loss of ammonia. The absence of an
induction period in this study may imply that the ions were
already isomerized by the time they were isolated. It is also
possible that ion activation upon ion isolation via off-resonance
power absorption could drive an isomerization process. How-
ever, relatively broad ion isolation windows were used here to
avoid collisional activation of the parent ions.

Figure 1. Experimentally observed dissociation rate,kdiss, versusqz

for the bradykinin (M+H)+ ion at 220°C (triangles), the bradykinin
(M+2H)2+ ion at 220 °C (filled circles), and for the bradykinin
(M+3H)3+ ion at 130°C (filled squares).

qz ) -2qr ) -8eV/[mΩ2(r0
2 + 2z0

2)] (1)

az ) 2ar ) -16eU/[mΩ2(r0
2 + 2z0

2)] (2)

Figure 2. Experimentally observed dissociation rate,kdiss, versus bath
gas pressure plots for the (M+H)+ ion at T ) 220 °C (triangles), the
(M+2H)2+ ion at T ) 220 °C (filled circles), and the (M+3H)3+ ion
at T ) 175 °C (filled squares).
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Figure 4 shows the Arrhenius plots obtained for the (M+H)+,
(M+2H)2+, and (M+3H)3+ bradykinin ions. Table 1 lists the
Arrhenius parameters derived from these plots along with those
reported by BIRD for the (M+H)+ and (M+2H)2+ ions. The
major products from the three ions are also listed. No distinction
is made here between the ion trap and BIRD results for the
major products because the major (and minor) products observed
by both methods were the same, at least where direct compari-

sons could be made (vide infra). All three parent ions yielded
linear Arrhenius plots over the rate ranges studied. Significant
deviations from rapid energy exchange behavior would be
expected to first appear at the highest dissociation rates, as
reflected by rate data that fall below the line. Such an
observation would suggest that the ions were beginning to fall
into the so-called roll-over region where the activation rate
begins to play an important role in determiningkdiss. The
(M+3H)3+ ion provides the most stringent test becausekdiss

values as high as about 8 s-1 were used to construct the
Arrhenius plot for this ion. The linearity of the Arrhenius plot
at high values ofkdiss is consistent with the pressure data of
Figure 2, which suggested that even atkdiss values of about 8
s-1 the bradykinin system approaches the rapid energy exchange
limit.

It is noteworthy that the Arrhenius activation parameters
obtained via the thermal dissociation of bradykinin ions in the
quadrupole ion trap and the BIRD results obtained using a
Fourier transform ion cyclotron resonance instrument are the
same within experimental error. This is the expected result
provided the ions approach the rapid energy exchange limit (or,
less likely, that both experiments deviate from rapid energy
exchange conditions to the same extent), differences in instru-
mental discrimination effects in measuring parent ions and
product ions are minimal, and the temperature measurements
are consistent. The only other systems for which both ion trap
thermal dissociation data31 and BIRD data54 have been reported
is that of protonated leucine enkephalin and its major product
ion, b4

+. In the case of the (M+H)+ ion, ion trap thermal results
(Ea ) 1.28 ( 0.08 eV; logA ) 12.55 ( 0.87 s-1) and the
BIRD results (Ea ) 1.09( 0.06 eV; logA ) 10.5( 0.6 s-1)
were not the same within experimental error. However, the
results obtained for the b4

+ product ion via thermal dissociation
in the ion trap (Ea ) 0.98( 0.07 eV; logA ) 10.6( 0.8 s-1)
and via BIRD (Ea ) 1.06( 0.02 eV; logA ) 11.2( 0.2 s-1)
agreed within experimental error. In contrast, thermal dissocia-
tion experiments conducted in an electrospray ion source at near
atmospheric pressure29 yielded a different set of activation
parameters (Ea ) 1.66 eV; logA ) 15.7 s-1, error ranges not
reported) for the (M+H)+ ion of leucine enkephalin than either
the ion trap or BIRD studies. While some speculation as to the

Figure 3. ln[P] t/([P + ΣF] t) versus time plots for the bradykinin (M+3H)3+ ion at various bath gas temperatures (see insert for temperature
symbols).

Figure 4. Arrhenius plots obtained for the (M+H)+, (M+2H)2+, and
(M+3H)3+ bradykinin ions.

TABLE 1: Arrhenius Activation Parameters Measured by
Thermal Dissociation in the Quadrupole Ion Trap (This
Work) and by BIRD 10,26 and the Major Product Ion(s)
Observed for Both Techniques

BK ion

ion trap
Ea

(eV)

ion trap
log A
(s-1)

BIRDa

Ea

(eV)

BIRD
log A
(s-1)

major
product(s)

(M+H)+ 1.27( 0.09 12.12( 1.0 1.3 12.59 (M+H-NH3)+

(M+2H)2+ 0.82( 0.06 7.63( 0.67 0.8 6.94 y7/b2

(M+3H)3+ 0.79( 0.03 9.3( 0.36 N/A N/A (M+3H-H2O)3+

a The BIRD study indicated that standard deviations for the activation
energies for (M+H)+ ion of bradykinin and its analogues were 0.03-
0.1 eV and for the (M+2H)2+ ion of bradykinin and its analogues were
0.04-0.1 eV.
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underlying reasons for the different results obtained from these
experiments might be offered, further comparisons, such as those
presented here for bradykinin, are warranted before conclusions
can be drawn regarding the relative merits of the various
methodologies for measuring Arrhenius parameters.

Linear pseudo-first-order dissociation rate behavior was noted
for all of the parent ion charge states in this work and in the
reported BIRD studies. This is noteworthy in light of studies
of nonfragmenting bradykinin ions that suggest that multiple
noninterconverting conformations of at least some of the charge
states of the ions can coexist at room temperature. For example,
multiple conformations of the (M+H)+ ions have been sug-
gested by high-resolution ion mobility measurements,53 although
all conformations appear to fall within a narrow range of cross
sections. Neither H/D exchange measurements using D2O55,56

nor hydroiodic acid attachment rate measurements57 indicated
noninterconverting mixtures of reactive conformations of the
(M+H)+ ion. In contrast, both the kinetics of H/D exchange
with D2O55 and HI attachment rate measurements57 indicated
at least two reactive conformations of the (M+2H)2+ bradykinin
ion. However, it was demonstrated in the latter study that
collisional heating of the slow reacting component of the
(M+2H)2+ ion population resulted in isomerization to a mixture
of fast- and slow-reacting species. The dissociation spectra of
the fast- and slow-reacting species were indistinguishable. These
results, and the thermal dissociation rate measurements reported
here, suggest that the doubly protonated bradykinin ions
probably dissociate from a common interconverting mixture of
conformations. Similarly, H/D exchange measurements using
deuterioiodic acid57 indicated at least two noninterconverting
reactive bradykinin (M+3H)3+ populations at room temperature.
However, the dissociation rate measurements reported here
suggest that either all noninterconverting mixture components
fragment with very similar Arrhenius parameters or, more likely,
that the ions can freely interconvert so that they fragment from
a common set of structures.

Dissociation Channels.Although the MS/MS spectra in this
study and the BIRD study were acquired using significantly
different approaches to mass analysis and detection, the major
product ions (and essentially all of the minor product ions)
reported with BIRD10,26and reported here appear to be the same
for the (M+H)+ and (M+2H)2+ ions. For example, Figure 5
shows the MS/MS spectrum of the bradykinin (M+H)+ ion
acquired with the ion trap after a 20 s storage period at a bath
gas temperature of 213°C. By far, the major product ion arises

from the loss of ammonia, as was also observed from BIRD,
although some contribution from water loss cannot be precluded
in our studies. Furthermore, as the bath gas temperature
increased beyond about 200°C, other minor fragmentation
processes began to contribute to the data, just as was reported
in the BIRD study. The identities and abundances of the products
from these minor channels appear to be very similar to those
reported using BIRD. This behavior is further evidence for the
equivalency of ion trap thermal dissociation and BIRD. That
is, the ions are observed to fragment at very similar rates over
the same temperature range, thereby yielding similar Arrhenius
activation parameters, and the identities and abundances of the
various product ions are also similar.

The loss of ammonia from the (M+H)+ ion has been
discussed in terms of the interaction of the terminal arginines26

and is consistent with a compact structure, as indicated by ion
mobility measurements.53 Small signals abovem/z1000 are also
observed that can be attributed to the consecutive loss of
ammonia and water, viz. the (M+H-NH3-H2O)+ ion, and an
ion corresponding to (M+H-HNdCdNH)+. The latter ion has
been implicated as an intermediate in the appearance of (M+H-
60)+ product ions observed in the dissociation of protonated
peptides with a C-terminal arginine.34 A significant signal
corresponding to the (M+H-60)+ ion from bradykinin was not
observed in this work, although it has been observed using
beam-type tandem mass spectrometry.34 A small signal that can
be attributed to a (b8+H+OH)+ ion (b8 ) RPPGFSPF) also
appears in Figure 5. This ion was reported to be the most
abundant product in the spectrum of metastable bradykinin
(M+H)+ ions formed by fast atom bombardment in a hybrid
sector/quadrupole tandem mass spectrometer.58 This ion was
not mentioned explicitly in the BIRD studies, but a small peak
was apparent in one of the published spectra acquired at 200
°C after a storage time of 30 s.10

A particularly attractive aspect to conducting thermal dis-
sociation studies in an ion trapping instrument is the possibility
for executing MSn experiments to facilitate identification of
parent ion/product ion relationships and for measuring directly
Arrhenius parameters of product ions, as was done with the
b4

+ ion from protonated leucine enkephalin.31,54 The MS3

spectrum involving the sequence (M+H)+ f (M+H-NH3)+

f products is shown in Figure 6 after isolation of the (M+H-
NH3)+ first generation product and storage for 30 s at a bath
gas temperature of 220°C. This experiment suggests that at
least some of the b8+ and (b8-H2O)+ product ion signal in

Figure 5. MS/MS spectrum of the bradykinin (M+H)+ ion acquired
with the ion trap after a 20 s storage period at a bath gas temperature
of 213 °C.

Figure 6. MS3 spectrum involving the sequence (M+H)+ f (M+H-
NH3)+ f products after isolation of the (M+H-NH3)+ first generation
product and storage for 30 s at a bath gas temperature of 220°C.
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Figure 5 can arise from sequential fragmentation from the
initially formed (M+H-NH3)+ product but that the y-type ions
(i.e., y5

+, y6
+, and y7+ ions, where y5, y6, and y7 are FSPFR,

GFSPFR, and PGFSPFR, respectively) are largely formed
directly from the parent ion, as is the b2

+ ion (b2 ) RP).
Similarly, the absence of the (b8+H+OH)+ ion in Figure 6 also
suggests its origin as the (M+H)+ ion. The b5+ ion (b5 )
RPPGF), on the other hand, is not observed in Figure 5 and
only becomes apparent at significantly longer storage times (data
not shown). A lengthy induction time for the appearance of a
product ion suggests that it is formed via an intermediate product
ion, and Figure 6 suggests that the (M+H-NH3)+ ion is a
possible precursor to the b5

+ ion in the thermal dissociation of
protonated bradykinin.

As noted in the BIRD10,26 and other studies, the (M+2H)2+

ion fragments very differently than does the (M+H)+ ion. Figure
7 shows the product ion spectrum derived from doubly
protonated bradykinin via thermal dissociation after a 10 s
storage period at a bath gas temperature of 213°C. In this case,
the formation of the y7+/b2

+ complementary pair is the dominant
fragmentation channel. A lesser degree of water loss is also
observed. Another complementary pair, which has been at-
tributed to (b3-H2O)+/y6

+ (b3 ) RPP), is also observed at low
abundance. The (b3-H2O)+ fragment was also observed in
sustained off-resonance irradiation collisional activation studies
of the (M+2H)2+ ion wherein the mass accuracies associated
with product ion mass determination were in the low ppm
range.35 It is curious that such an ion is formed considering
that the hydroxyl groups in the molecule are on the C-terminus
and the serine residue. Loss of water from the parent ion would
ordinarily be expected to involve one of these hydroxyl groups.
Further fragmentation of the (M+2H-H2O)2+ ion might then
be expected to yield products that reflect water loss from either
the C-terminus or the serine residue. However, if this were the
case, the y6 fragment would be expected to reflect the water
loss and not the b3 fragment. An alternative scenario is that a
b3

+/y6
+ complementary pair is formed directly from the parent

ion followed by facile loss of water from the b3
+ product.

However, no b3+ ion is observed even at short storage times
and, in any case, it is not obvious how water loss might occur
in a relatively straightforward way from the b3

+ ion. Isolation
of the y7

+ ion and storage for tens of seconds at 220°C yielded
no measurable fragmentation precluding this ion as a possible
intermediate for the formation of the lower mass product ions.
An MS3 experiment, on the other hand, in which the dissociation

products of the (M+2H-H2O)2+ ion were determined, showed
the (b3-H2O)+/y6

+ complementary pair to be most abundant
(data not shown). This result clearly suggests that the mechanism
that gives rise to water loss from the doubly charged ion is more
complex than simple loss of the serine or carboxy terminus
hydroxyl group.

Triply protonated bradykinin appears to fragment almost
exclusively by loss of water (a small contribution from loss of
ammonia, however, cannot be precluded) as illustrated in Figure
8. This figure shows the thermal dissociation spectrum of
isolated (M+3H)3+ bradykinin ions following storage for 200
ms at a bath gas temperature of 175°C. Clearly, this ion
fragments much more rapidly at a given temperature than either
the singly or doubly charged ions and follows the general trend
that, as charge state increases, parent ions tend to be more readily
fragmented. However, the activation energy for water loss from
the (M+3H)3+ ion is the same as the composite activation
energy for fragmentation of the (M+2H)2+ ion, within experi-
mental error. The higher dissociation rate of the triply charged
ion is a result of the roughly 2 orders of magnitude largerA
factor. It is also interesting to note that the major fragmentation
process for the (M+3H)3+ ion does not involve charge separa-
tion, as does the major process for the (M+2H)2+ ion. Water
loss provides no obvious reduction of charge-charge repulsion
in the (M+3H)3+ ion, although a change in the location of the
charges in the ion as a result of fragmentation cannot be
precluded. This result therefore suggests that the addition of a
third charge to bradykinin gives rise to a significant mechanistic
change in the fragmentation, rather than simply lowering the
activation energy for a similar process in the doubly charged
ion. The dissociation behavior of the ions formed by water loss
from the doubly and triply charged ions also points to a
significant difference in these processes (vide infra).

Bradykinin also clearly illustrates the common observation
that the favored dissociation channels can be highly sensitive
to parent ion charge. In the case of bradykinin ions, the favored
thermal dissociation processes are (i) ammonia loss for the
(M+H)+ ion, (ii) cleavage to yield the b2+/y7

+ complementary
pair for the (M+2H)2+ ion, and (iii) water loss for the
(M+3H)3+ ion. Other product ions from thermal dissociation
of the (M+3H)3+ ion, which are given tentative assignments in
Figure 8, are quite small. There is also a small signal corre-
sponding to the (M+2H)2+ ion that presumably arises from a
low rate of proton transfer from the (M+3H)3+ to basic neutral
species present in the vacuum system at elevated temperature.

Figure 7. MS/MS spectrum of bradykinin (M+2H)2+ via thermal
dissociation after a 10 s storage period at a bath gas temperature of
213 °C.

Figure 8. MS/MS spectrum of (M+3H)3+ bradykinin ions via thermal
dissociation following storage for 200 ms at a bath gas temperature of
175 °C.
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The increasing proton transfer reactivity with charge state for a
given polypeptide is well-documented.59-63 In this case, the
proton transfer rate is sufficiently small that it presents no
complications in determining the dissociation rate.

Relatively little structural information is forthcoming from
the thermal dissociation of the (M+3H)3+ ion over the tem-
perature range used to collect the data for the Arrhenius plot.
At higher temperatures, dissociation rates were so high that
much of the parent ion population dissociated during the ion
accumulation period so as to preclude the accumulation of
sufficient numbers of parent ions for precise rate measurements.
However, the (M+3H-H2O)3+ ion could be studied at higher
temperatures. For example, the (M+3H-H2O)3+ ion was
observed to fragment almost exclusively to yield the b2

+/(y7-
H2O)2+ complementary pair at a bath gas temperature of 220
°C (data not shown). This observation is consistent with the
water loss coming from either the serine residue or the
C-terminus (i.e., the y7 fragment contains the serine residue and
the C-terminus). This observation stands in contrast to those
made for the water loss process from the (M+2H)2+ ion. In the
latter case, water loss was observed to be followed by formation
of the (b3-H2O)+/y6

+ complementary pair. The different
A-factors associated with water loss from the (M+2H)2+ and
(M+3H)3+ ions and the different dissociation behaviors of the
species produced by water loss, as revealed by MS3 experiments,
clearly suggests that these processes are quite different for the
two charge states. Considering the lowA-factor and curious
product ions produced from the (M+2H-H2O)2+ ion, it appears
as though water loss from the doubly charged ion proceeds via
a more complex process than does water loss from the triply
charged ion. The measurement of Arrhenius parameters and MSn

experiments is clearly useful in bringing this issue to light. A
further delineation of the mechanisms for water loss from the
various charge states of bradykinin likely requires the study of
modified bradykinin ions and, perhaps, O18-labeled species,
which will be the subject of future work.

Conclusions

Dissociation of singly, doubly, and triply protonated brady-
kinin has been driven thermally in a quadrupole ion trap by
heating the bath gas, which was principally comprised of helium
at a pressure of 1 mTorr. Experiments conducted as a function
of the storage parameterqz over a range of 0.05-0.4 suggest
that rf-heating of internal modes is sufficiently small in these
studies that the parent ion internal energy distribution can be
assumed to be determined by the bath gas temperature to a very
good approximation. Dissociation rate data collected as a
function of bath gas pressure are consistent with the ions
approaching the rapid energy exchange condition, thereby
making the equating of the parent ion internal temperature with
the bath gas temperature a good approximation. Linear Arrhe-
nius plots over the entire temperature range used for these ions
are also consistent with close approach to the rapid energy
exchange condition. Arrhenius parameters and product ion
distributions for the (M+H)+ and (M+2H)2+ ions of bradykinin
obtained via thermal dissociation in the quadrupole ion trap are
very similar to data acquired for the same ions obtained via
BIRD in a Fourier transform ion cyclotron resonance instrument.
The two types of experiments are expected to be equivalent
provided they both approach rapid energy exchange conditions.
Arrhenius parameters for triply protonated bradykinin are
reported for the first time and show the usual tendency for
greater ease of fragmentation associated with more highly
charged ions. However, the greater dissociation rate of the triply

charged ion appears to be due to a mechanistic effect rather
than a reduction in the activation energy for dissociation. The
loss of water is, by far, the dominant process for the (M+3H)3+

ion, in contrast with loss of ammonia as the dominant process
for the (M+H)+ ion and formation of the b2+/y7

+ complemen-
tary pair as the dominant process for the (M+2H)2+ ion. The
capability for studying thermal dissociation in an ion storage
device, such as a quadrupole ion trap, is particularly attractive
due to the availability of MSn experiments for defining parent/
product ion relationships. Such experiments were helpful in
generating evidence that water loss from the doubly charged
ion and water loss from the triply charged ion likely proceed
via significantly different mechanisms.
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