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Abstract

A method for determining the internal energy of biomolecule ions activated by collisions is
demonstrated. The dissociation kinetics of protonated leucine enkephalin and doubly protonated
bradykinin were measured using sustained off-resonance irradiation (SORI) collisionally activated
dissociation (CAD) in a Fourier transform mass spectrometer. Dissociation rate constants are
obtained from these kinetic data. In combination with Arrhenius parameters measured with
blackbody infrared radiative dissociation, the “effective” temperatures of these ions are obtained.
Effects of excitation voltage and frequency and the ion cell pressure were investigated. With typical
SORI-CAD experimental conditions, the effective temperatures of these peptide ions range between
200 and 400 °C. Higher temperatures can be easily obtained for ions that require more internal energy
to dissociate. The effective temperatures of both protonated leucine enkephalin and doubly
protonated bradykinin measured with the same experimental conditions are similar. Effective
temperatures for protonated leucine enkephalin can also be obtained from the branching ratio of the
b4 and (M + H — H,0)* pathways. Values obtained from this method are in good agreement with
those obtained from the overall dissociation rate constants. Protonated leucine enkephalin is an
excellent “thermometer” ion and should be well suited to establishing effective temperatures of ions
activated by other dissociation techniques, such as infrared photodissociation, as well as ionization
methods, such as matrix assisted laser desorption/ionization.

Introduction

Fourier transform mass spectrometry (FTMS) has become a powerful tool for the analysis of
large biopolymers due to its hlgh mass measuring accuracy (sub ppm) sensmw%/
(subattomole detection p055|ble) ultrahigh resolving power (>10° at m/z 1000), and
extensive capabilities for MS" experiments. 4 In combination with electrospray ionization,
tandem FTMS has been applied to biomolecules as large as bovine serum albumin (66.8 kDa).
5 Many different activation methods have been implemented in FTMS to fragment large
biomolecular ions. These methods mclude collisionally activated dissociation (CAD),°™
surface-induced dlssouatlon (SID), 10-12 jnfrared multiphoton dissociation (IRMPD) both
witha CO, laser!3 and blackbody radiation, 14,15 and electron capture dissociation (ECD)

CAD has been widely used in a variety of mass spectrometers for the structural elucidation of
biopolymers. In FTMS, CAD can be implemented with both on®17-21 and off-resonance
methods.8:22,23 With on-resonance CAD, the Kinetic energy of an ion is increased using a
radio frequency (rf) signal with a frequency equal to the ions’ cyclotron motion. lons are excited
to a radius corresponding to the de5|red klnetlc energy and undergo collisions with a gas, the
pressure of which is static18 or pulsed Multlple collisions occur under typical experimental
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conditions. Additional collisions can increase the energy deposited into the ion. However, each
sequential collision that occurs after the rf wave form is turned off has a lower center-of-mass
collision energy. This reduces the efficiency of these subsequent collisions. Multiple excitation
collisional activation (MECA), in which undissociated precursor ions are repeatedly reexcited
after they relax back to the center of the FTMS cell, has the advantage that the fragmentation
efficiency can be increased.1920 This was first demonstrated as a method to improve the
efficiency of dissociating peptide ions formed by 252Cf plasma desorption.20 McLafferty and
co-workers8 applied MECA to the 11+ charge state of the protein ubiquitin and demonstrated
that much higher fragmentation efficiency (80%) could be obtained compared to a conventional
on-resonance CAD experiment (fragmentation efficiency <30%). Brauman and co-
workers?! demonstrated that repetitive acceleration and deceleration of trapped ions without
ejecting them from the cell could be accomplished by periodically phase shifting the resonant
excitation wave form 180°. In this very low energy (VLE) CAD experiment, ions undergo
multiple collisions with the target gas and the internal energy of the ion is slowly increased.

Off-resonance wave forms can also be used to increase the kinetic energy of ions. With
sustained off-resonance irradiation (SORI) CAD, ions are excited with an rf wave form that
has a frequency that is typically between ~75 Hz and 4 kHz off-resonance with the cyclotron
frequency of the precursor ion.22 This causes the ions to undergo many acceleration/
deceleration cycles, as the excitation frequency and the cyclotron frequency of the ions go in
and out of phase (the beat frequency). The cyclotron radius (r(t)) of the ions varies sinusoidally
as a function of time (eq 1),

(1)

D) = | sin(Awt / 2) |

£
B Aw
where AQ is the beat frequency, which is the difference between the ions cyclotron frequency

and the applied excitation frequency, ¢ is the electric field used for the excitation, and B is the
magnetic field strength.22

McLafferty and co-workersS evaluated MECA, VLE, SORI, and conventional CAD methods
for the dissociation of large multiply charged biomolecular ions formed by electrospray
ionization and concluded that SORI-CAD is the preferred method due to its high dISSOCIatIOH
efficiency, selectivity, and relatively simple implementation. Smith and co- -workers? have
demonstrated MS# of the protein cytochrome ¢ using SORI-CAD. The dissociation spectra
varied dramatlcally for cytochrome c variants that differed by only 3 out of 104 amino acids.
Shin and Han24 have demonstrated that the oscillating cyclotron radius of ions excited with
SORI can be exploited to radially separate ions of slightly different m/z, leaving only ions of
one m/z on axis in the path of the laser light. This allows mass -selective photodissociation
without ejecting ions from the cell. Smith and co- -workers2® used SORI-CAD to remove
noncovalent adducts from biomolecular ions, without significant dissociation of covalent or
specific noncovalent interactions. This in-trap “cleanup” simplifies the mass spectra and
provides improved mass measuring accuracy for large proteins.

The maximum center-of-mass collision energy in SORI-CAD can be varied as a function of
several readily adjusted parameters, including the excitation wave form frequency and
amplitude, and the collision gas pressure inside the FTMS cell. The translational energy (E)
of the excited ions in the SORI experiment is given by

/«/_) i Z(Ag)t)

£ 2"
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where ezizs the ion charge, t is the duration of the excitation wave form, and m is the mass of
the ion.

The steady-state kinetic energy distribution of ions activated with a phase-shifting resonant rf
sié:]nal (VLE, a process similar to SORI excitation) has been modeled by Craig and Brauman.
26 The distribution was found to differ si2q7nificantly from a standard thermal Boltzmann
distribution. Beauchamp and co-workers 28 ysed SORI-CAD dissociation data in
conjunction with RRKM calculations to investigate the dissociation mechanisms of
deprotonated peptides, and suggested that the SORI-CAD process could be modeled with the
master equation to obtain threshold dissociation energies. However, the internal energy
distribution and effective temperature (Te¢) Of ions activated by SORI has not been well
characterized.

Measuring the internal energy distribution of an activated ion Eopulation isadifficultchallenge.
One common approach is to use a “chemical thermometer.” 9,30 An ideal thermometer ion
fragments by a simple sequence of reactions with well-known activation energies and transition
state entropies. From the observed fragmentation, the internal energy distribution of the
dissociating ion population can be inferred. A number of thermometer ions have been used,
including Fe&CO)g,’ZQ‘31 methanol,32 and n-butylbenzene.21!33 For example, Brauman and
co-workers2L used n-butylbenzene, for which the ratio of fragment ions m/z 91 to 92 as a
function of internal energy for dissociation is known,34 to gauge how far above threshold ions
are activated with VLE-CAD. Thibault et al.35 have suggested that the ratio of a4 to b4 fragment
ions from protonated leucine enkephalin could be used as a measure of the degree of internal
excitation. They found that the ratio of the intensities of the a4 to b, fragments increased linearly
with the center-of-mass collision energy with collisional activation in a hybrid mass
spectrometer. Vachet and Glish36 investigated the use of heavy gases to improve the efficiency
of collisional activation in an ion trap. They used the ratio of a4 to b4 fragment ions from leucine
enkephalin to gauge the energy deposition into the ion as a function of different collision gases.
Very recently, McLuckey and co-workers3” measured leucine enkephalin dissociation kinetics
as a function of resonant excitation amplitude in a quadrupole ion trap to investigate the
relationship between excitation amplitude and ion internal energy.

Here, we demonstrate that peptide ions, whose Arrhenius activation parameters have been
measured with blackbody infrared radiative dissociation (BIRD), can be used as “thermometer
ions,” to quantitatively characterize the internal energy deposited by CAD. The SORI-CAD
dissociation kinetics of several peptide ions are measured. In combination with Arrhenius
activation parameters measured by BIRD, the effective temperature of the ion population
activated by SORI as a function of several different experimental parameters is obtained.

Experimental Section

All peptides were obtained from Sigma (St. Louis, MO) and were used without further
purification. Gas-phase ions were generated by electrospray from ~500 «M 50/50 MeOH/
H,0 solutions. The Fourier transform mass spectrometer used in this work is equipped with a
2.7 T superconducting magnet and an Odilssey Data system (Finnigan-FTMS, Madison, WI).
This instrument is described elsewhere.

A typical sequence used in these experiments is illustrated in Figure 1. A 1 s “quench” delay,
in which one of the trapping plates is held at + 9.5 V and the other at —9.5 V, is used to remove
any residual ions from the cell at the start of the experiment. The electrospray generated ions
are accumulated in the FTMS cell for 3-5 s. Nitrogen gas is introduced through a pulsed valve
to enhance ion trapping during the ion accumulation step. The precursor ion of interest was
isolated using stored wave form inverse Fourier transform (SWIFT):‘)’8 excitation to eject all
unwanted ions from the cell. SORI-CAD was performed with a single-frequency low
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amplitude (0.9-7Vp) excitation wave form applied 200 to 1200 Hz below the ions measured
cyclotron frequency (w.). Excitation wave forms were monitored with a Tektronix digital
oscilloscope (Tektronix Inc., Beaverton, OR). The voltage on the trapping plates was lowered
from 6 to 1.5 V during the SORI excite and the detection slice to minimize its effect on the
ions’ cyclotron frequency. Nitrogen was used as a collision gas at pressures between 1 and 8.3
x 1076 Torr and was introduced for 2 s prior to, during and 1-2 s after the SORI pulse. Cell
pressures were measured using an uncalibrated ion gauge. The pressure in the FTMS cell
returned to the base pressure of ~5 x 1072 Torr after a 5 s delay prior to detection.

Double resonance experiments with SORI excitation were implemented in two ways. In one,
a5 ms 1.5V, SORI rf wave form and one or more 10 Vp,, double resonance rf wave form-(s)
are digitized and summed together. This wave form is saved as a SWIFT wave form and applied
to the cell during the SORI reaction delay. Additional 10V, rf wave form(s) were applied for
500 ms immediately after this SWIFT to continue ejecting any fragment ions formed after the
SORI excite wave form was turned off. The other method was implemented with only single
frequency wave forms. A short (5-15 ms) SORI pulse was applied in the typical manner; this
pulse was immediately followed by the application of a second single frequency excite
(10Vpp) on resonance with one of the fragment ions. This double resonance excite was applied
for 10-1000 ms. The same results were obtained with both methods. The latter method was
employed more often because it is easier to implement.

The SORI-CAD kinetic data were collected by varying the duration of the single frequency rf
excitation wave form. Pseudo-first-order rate constants for dissociation were obtained by
performing a standard unweighted linear least-squares analysis to a plot of In((M*]/([M*] + Y.
[F*])) versus the time of the SORI pulse, where M* and F* are the precursor and fragment ions,
respectively.

Results and Discussion

Dissociation Products and Pathways of Leucine Enkephalin.

The major fragment ions of protonated leucine enkephalin (LE) observed with SORI-CAD

(Figure 2) are the same as those observed by other “slow heating” dissociation techniques,?’9
such as resonant excitation collisional activation in an ion trap mass spectrometer40 and BIRD
in FTMS.4L A double resonance experiment was performed to determine which fragment ions
are formed directly from the dissociation of LE versus those formed by consecutive reactions
under these SORI-CAD conditions. In this experiment, a selected fragment ion is continuously
ejected from the FTMS cell as the precursor ion dissociates. A typical SORI-CAD spectrum
of LE using a wave form applied for 5 ms 500 Hz below the cyclotron frequency of the ion

(maximum kinetic energy (ET”r‘aX) = 11 eV) at a pressure of 2 x 1078 Torr is shown in Figure

2a. The spectrum in Figure 2b was obtained under identical conditions but with an additional
rf excitation (Vpp = 10 V) applied on resonance with the by ion during the SORI-CAD excite.
Because significant dissociation can occur immediately after the SORI excite wave form is
turned off (vide infra), the double resonance rf excitation is also continuously applied for an
additional 1 s after the SORI excitation. The only fragment ion of significant abundance (>3%)
observed is (M + H — H,O)*. When the (M + H — H,0)* ion is continuously ejected from the
cell, the abundances of all the other ions are not affected (Figure 2c). These results indicate
that singly protonated LE dissociates to form b, and (M + H — H,0)* directly under these
experimental conditions. A similar experiment in which the a4 ion was continuously ejected
(Figure 2d) resulted in the appearance of only the b and (M + H — H,O)* fragment ions. This
indicates that the smaller fragment ions observed in Figure 2a are formed by subsequent
dissociation of the a4 ion.

J Phys Chem B. Author manuscript; available in PMC 2006 April 13.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schnier et al.

Page 5

Figure 2e shows a SORI-CAD spectrum measured under identical conditions as Figure 2a but
with an additional rf excitation at m/z 450 that is off-resonance with all ions. This SORI
spectrum is identical to that obtained without any additional rf excite (Figure 2a), indicating
that the continuous rf excite effects only the fragment ions that are on resonance. The excitation
wave form used for the double resonance experiment does not significantly perturb any other
ions in the FTMS cell.

The dissociation pathways for singly protonated LE deduced from these double resonance
experiments are shown in Scheme 1.

These two parallel processes are subsequently referred to as i and ii. These pathways are the
same as those observed previously using BIRD.4L Glish and co-workers#0 reported slightly
different results for CAD in an ion trap; 87% of the a, ion was formed by subsequent
dissociation of the by ion, but 13% was formed directly from protonated LE.

SORI-CAD Kinetics.

Collision Frequencies.—With SORI-CAD, multiple low-energy collisions are used to
slowly heat an ion. Collision frequencies for LE were calculated by estimating a collision cross
section, calculating the velocities of singly protonated LE ions, and determining the average
collision frequency over many cycles of SORI excitation. Using ion mobility, Bowers and co-
workers#2 determined that singly protonated bradykinin (1061 Da) has a globular
conformation with a cross section of 245 A2, A collision cross section of ~150 A2 for LE (556
Da) was estimated by modeling it as a sphere with half the volume of bradykinin. Using the
hard sphere model, the arithmetic average of the cross sectional radii of LE and N, was used
to estimate the mean free path as a function of N, pressure. The translational energies in the
absence of collisions (eq 2) were used to calculate the velocity and collision frequency of ions
excited by an off-resonance wave form. Because these parameters are a function of time, the
collision frequency was calculated at discrete temporal increments over many acceleration/
deceleration cycles and averaged to obtain an average collision frequency for a given set of
excitation parameters.

lon Motion.—Ilons that are excited by a slightly off-resonance wave form continuously
undergo many acceleration/deceleration cycles. The kinetic energy of the excited ions and their
position in the cell is a periodic function of time (eq 2). Thus, the ions’ kinetic energy
immediately after the SORI excitation is turned off is a function of the length of the excitation
wave form provided that collisions, which can dephase the ions, do not occur during this time.
lons that are left kinetically excited after the SORI wave form is stopped can continue to
dissociate before the final excitation/detection step. This effect is illustrated in Figure 3 which
shows the abundance of singly protonated LE as a function of the time that the nitrogen gas
pulse is extended after the SORI wave form is turned off. The SORI frequency is 200 Hz lower
than the cyclotron frequency of the ion. Thus, the ions undergo one complete excitation/
deexcitation cycle every 5.0 ms. No dissociation occurs when the SORI wave form is applied
for 5.0 ms, even when the nitrogen gas is introduced for an additional 1000 ms after the
irradiation step.

The collision frequency of protonated LE is ~100 s~ with the experimental conditions used
to obtain the data in Figure 3. On average, the ions do not undergo any collisions during the
5.0 ms that the SORI wave form is applied. In addition, the ions are returned to the center of
their original orbits at the end of the 5 ms so that they are left with no net kinetic energy. Thus,
few if any energetic collisions occur and no dissociation is observed. In contrast, 52%
fragmentation occurs when the ions are irradiated with the same SORI wave form under
otherwise identical conditions but for only 2.5 ms (Figure 3). The ions are excited for one-half
of one complete beat when the SORI wave form is stopped. This leaves the ions in their
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maximum cyclotron radius (5.0 mm, 7.9 eV of kinetic energy). On average, the ions do not
undergo any collisions during the SORI wave form, but collisions can occur after the wave
form is turned off but prior to detection. The extent of dissociation increases with the duration
of nitrogen pulse gas after the SORI step for times up to ~400 ms (Figure 3). After 400 ms, no
additional fragmentation is observed presumable due to the collisions which remove most of
the excess kinetic and internal energy. Similar results are obtained when the ions are excited
for 3.0 ms. The overall extent of dissociation is less compared with the 2.5 ms wave form,
because the ions have a smaller kinetic energy (7.1 eV) when the wave form is stopped at 3.0
ms.

Five single scan (no averaging) SORI-CAD spectra of LE with a 200 Hz off-resonance wave
form applied for 2.5 ms (no additional pulse gas after excite) had an average fragmentation
efficiency of 47 £ 7%. When the pulse gas is left on for an additional 1 s after the SORI wave
form, the fragmentation efficiency was 74 * 1%. The lower reproducibility of the spectra when
the pulse valve and SORI excite are turned off simultaneously is presumably due to variations
in the pressure in the main vacuum chamber after the pulse valve is turned off and the chamber
pumps out. Maintaining a constant pressure in the FTMS cell as the ions collisionally cool after
the SORI wave form (Figure 1) improves the reproducibility of the experiment. All SORI-
CAD kinetics described subsequently are obtained in this manner.

Beat Frequency.—Figure 4 shows the normalized abundance of singly protonated LE as a
function of irradiation time for a 75.27 kHz excitation wave form (AQ = 250 Hz, ET”r“’X =35

eV). At short irradiation times (<20 ms), the normalized abundance of singly protonated LE
issinusoidal as a function of time. The frequency of this oscillation is 250 Hz which corresponds
to the beat frequency between the SORI wave form and the ions’ cyclotron frequency. This
sinusoidal behavior at short irradiation times is due to a coherent packet of ions being left with
different kinetic energies when the excitation wave form is stopped as discussed in the
preceding section. It is interesting to note that the “tops” of the sine wave are relatively flat.
This is most likely due to the necessity for ions to be excited above a certain threshold kinetic
energy before dissociation is observed.

In the absence of collisions, the ions are repeatedly accelerated to a maximum Kinetic energy
(eq 2) as a coherent packet. With collisions, this initially coherent ion packet will dephase with
time. This behavior for SORI excitation is similar to that reported by Craig and BraumanZ26
for ions accelerated by phase-shifting a resonant rf signal. With the conditions used to obtain
the Figure 4 data, the average collision frequency is ~230 s~1. On average, one collision occurs
every 4.4 ms or once during a beat cycle. At short irradiation times, the majority of dissociation
occurs after the excitation wave form is turned off. As the number of beats increases, the
amplitude of the oscillation decreases (Figure 4). This damping of the oscillations with
increased irradiation time was also observed by Shin and Han. 4 This damping is due to the
dephasing of the ion packet.

Rate Constants.—The effects of the beat frequency observed at short times complicate the
extraction of accurate kinetic data at these short times. However, the data at longer times can
be readily fit to pseudo-first-order kinetics. This is illustrated in Figure 4, which shows data

points obtained at times corresponding to when the SORI wave form is stopped exactly when
the irradiated ions have a maximum (open squares) and a minimum (open circles) cyclotron

radius. The dissociation rate constant is obtained from the slope of the natural log plot of these
kinetic data at long times where the sinusoidal behavior is no longer apparent. The natural log
of these data fit a straight line at long times (>35 ms under these experimental conditions). For
the Figure 4 data, the rate constants corresponding to the ions “parked” at their maximum and
minimum radius after the SORI wave form is turned off are 10.0 and 9.4 51, respectively. This
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indicates that the ions have reached a steady-state internal energy distribution and that the
majority of the dissociation occurs during the SORI wave form for these relatively long
excitation times.

Effective Temperature.

A measure of the internal energy deposited into ions activated by SORI-CAD can be obtained
by comparing the SORI-CAD kinetics to those measured by BIRD at a given temperature.
Figure 5a shows a plot of In-{[M*])/([M*] + S[F*])} versus time for LE dissociated by BIRD

(203 °C) and SORI-CAD (AQ = 1200 Hz, E£{** = 2.2 eV). The dissociation Kinetics obtained

for both activation methods are nearly the same (ksor; = 0.092 s, kgjrp = 0.088 s™1) under
these experimental conditions. Mass spectra from these kinetic data for both SORI-CAD and
BIRD at a reaction delay of 5 s are shown in Figure 6a and b. The fragmentation efficiencies
C [FICIF'] + [M*])) are 38.6% and 39.4%, for dissociation by SORI-CAD and BIRD,
respectively. Under these gentle SORI-CAD conditions, once the b, ion is formed from the
parent, it does not have sufficient internal or kinetic energy to undergo subsequent dissociation.
At higher excitation amplitudes, additional fragment ions are formed by subsequent
dissociation of the b, ion (Figure 6c¢). In the BIRD experiment, the fragment ions remain in
the heated FTMS cell for the entire duration of the experiment. These fragment ions are further
activated by black body photons and can continue to dissociate. As illustrated by the double
resonance experiments, however, the dissociation pathways for LE are identical with both of
these activation methods. Thus, the dissociation kinetics for both of these activation techniques
are directly comparable.

The primary dissociation products of doubly charged bradykinin (BK) with both SORI-CAD
and BIRD are the bo/y; complementary ions as well as loss of water (Figure 7). The ratio of
loss of water to bo/y7 formation is 0.36 and 0.10 for SORI-CAD and BIRD, respectively.
Although the major fragments for both activation method are the b,/y7 ions, the different
branching ratios will introduce some error to the extracted effective temperature. The fragments
observed for dissociation of BK2* with SORI-CAD under these experimental conditions are
slightly different than those reported by Heck and Derrick.23 With their higher energy

collisions ( %" = 28 eV), loss of water and formation of the by/yg were the primary fragments

observed; the combined intensity of the b, and y7 ions was 40% that of the (M + 2H —
H,0)2* ion.

Under the BIRD conditions employed, the dissociation of both LE and BK occurs in the rapid
energy exchange (REX) limit. 4143 In this limit, the rates of energy transfer in to and out of
the ion far exceed the unimolecular dissociation rate and the ions equilibrate with the blackbody
radiation field. In the REX limit, the internal energy of the ion population is given by a
Boltzmann distribution and the ion internal energy can be described by a temperature. In the
SORI-CAD experiment, the internal energy distribution is not well characterized. Under a
given set of SORI-CAD conditions, the ion population reaches a steady-state energy
distribution and dissociates with a pseudo-first-order rate constant, ksor,. Using the standard
definition of “effective temperature,”44 Tess Of the SORI-CAD ion population is given by eq
3:

- E - E
a a
k = A exp —)=k = A exp 3)
SORI R TEff thermal R Tthermal

where E, and A are the REX limit Arrhenius activation energies and frequency factors,
respectively, and Kinermal iS the unimolecular rate constant for the dissociation of a Boltzmann
population of the ions at temperature Tinermal- The measured overall Arrhenius activation
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energies and frequency factors for the dissociation of LE4L and BK43 are given in Table 1.
As defined, the Tegf of ions dissociated by SORI-CAD is equal to Tinermal When Ksor) =
Kihermal- FOr example, the rate constant for dissociation of LE ions activated by SORI-CAD

using a 1200 Hz off-resonance excite with a £ = 2.2 eV (Figure 5a) is essentially equal to

the rate constant of a thermal population measured with BIRD at 203 °C (Figure 5a). Thus, the
Tess Of the LE ions activated by SORI-CAD under these conditions is 203 °C. It should be
emphasized that Te¢ does not imply that the ions activated by SORI-CAD have a Boltzmann
internal (or kinetic) energy distribution.

The maximum center-of-mass collision energy with SORI-CAD can be varied by changing
either the frequency difference (AQ2) between the cyclotron and irradiation frequency or the
amplitude of the excitation wave form. The dissociation kinetics are also significantly affected
by the collision gas pressure inside the cell. The effect of these parameters on the effective
temperatures of the excited ions is discussed in the following sections.

Effect of Excitation Amplitude.

Plots of In([M*]/(IM*] + S[F*])) versus time for SORI-CAD dissociation data of singly
protonated LE with a frequency 1200 Hz off-resonance, a cell pressure of 2.6 x 107 Torr, and
maximum Kinetic energies ranging from 2.2 to 11.0 eV are shown in Figure 5b. These data
were obtained with relatively long excitation times (up to 6000 ms) so that the beat frequency
did not interfere with obtaining a rate constant, as discussed above. These data are linear at all
times and have zero y-intercepts, indicating that the internal energy of these ions has reached

a steady state. When Ep)** is 2.2 eV, the only fragments observed are the by and (M + H —

H,0)" ions (Figure 6b). When E;** is increased to 11 eV, additional fragment ions appear

(Figure 6¢). At higher collision energies, the b, ion can be formed with sufficient internal and/
or kinetic energy to undergo subsequent dissociation. Double resonance experiments
confirmed that additional fragments seen in these spectra were formed from subsequent
dissociation of the b, ion.

The effective temperature of LE and doubly charged BK ions are obtained from eq 3 using the
measured SORI-CAD dissociation rate constants (Figure 5b for LE) and the overall Arrhenius
activation parameters measured using BIRD (Table 1). These effective temperatures are shown
in Figure 8 as a function of the excitation amplitude. The effective ion temperature for both
LE and BK ranges from ~203 to 318 °C when Vp, is changed from 2.6 to 6.0 V. The effective
temperatures obtained for both singly charged leucine enkephalin and doubly charged
bradykinin are similar even though for a given excitation amplitude and offset frequency

Ep.* differs slightly for these two ions due to their slightly different m/z.

Effect of Excitation Frequency.

With SORI-CAD, the excitation frequency can also be used to control the maximum kinetic
energy of the irradiated ions. Figure 9 shows the effective temperature of LE and BK ions as
a function of the excitation frequency with other experimental parameters held constant (Vpp
=3V; cell pressure = 2.6 x 1078 Torr). The effective temperature of both ions increases linearly
with the excitation frequency over this range. It is interesting to note that the linear relationship
between the effective temperature and the excitation frequency versus the more complicated
relationship with the excitation amplitude is consistent with previous observations that
changing excitation frequency provides better control of the collision energy than does
changing the excitation voltage.45 Again, the effective temperature of both singly charged LE
and doubly charged BK are similar.
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Effect of Collision Gas Pressure.

The extent to which ions are excited is also influenced by the collision gas pressure in the
FTMS cell. Figure 10 shows the effective temperature of LE as a function of the pressure of

nitrogen gas pulsed into the FTMS cell ( £;** = 15 eV; AQ = 500 Hz). As the collision gas

pressure is increased, Tess increases and then plateaus. lons undergo more collisions with
increasing pressure and are activated to a higher effective temperature. Under these
experimental conditions, the collision frequency is ~100 and 700 s 1, at 1.2 x 1076 and 8.3 x
107% Torr, respectively. This corresponds to an average time between collisions of 10 ms and
1.4 ms, respectively. One complete beat cycle occurs every 2 ms. When a collision occurs only
once every several beat cycles, the damping of the average maximum kinetic energy is expected
to be minor. After a collision, the individual ion “rephases” with the applied wave form and
will again reach its original maximum kinetic energy (eq 2). As the collision frequency
approaches the beat frequency, damping of the maximum kinetic energy of the ions will be
more significant. The extent of energy deposited plateaus as the collisional dampening takes
effect, leading to a plateau in Test. (Figure 10). Over a pressure range of 1.2-8.3 x 1076 Torr,
Teff varies by ~100 °C. Thus, it is critical to precisely control the pressure in order to obtain
accurate kinetics with SORI excitation. However, dissociation kinetics are more reproducible
at higher pressures, since variations in the pressure have a smaller influence on the effective
temperature of the ions.

Branching Ratios of LE Fragment lons.

The effective temperatures in Figures 8-10 are obtained using average Arrhenius parameters
for the dissociation of LE and BK measured by BIRD. For LE, however, the branching ratio
between processes i:ii, determined from the ratio of (M + H — H,0)" to the sum of all other
fragments, has a small temperature dependence. From this temperature dependence, individual
Arrhenius parameters for these two parallel processes can be obtained.# This branching ratio
can be expressed as

b,
4
k A, exp(— E /RT)
[b‘I] _ b‘} _ b‘} a (4)
[~H01 .0 ~Hy0
2 A*HZO exp (= E, RT)

where kp4 and k-p,0 are the rate constants for formation of by and (M + H — H,0)",
-H,0
respectively, and Apg, A-H,0, Eab‘t and £, 2~ are the Arrhenius parameters for the formation
of each individual fragment ion measured previously by BIRD (Table 1). Obtaining Arrhenius
parameters in this manner is analogous to the kinetic method in which thermochemical

properties are extracted from rates of competitive dissociation of cluster ions.46

Figure 11 shows the branching ratio of process i:ii for each SORI-CAD kinetic data set in
Figure 5 as a function of Tgg. This ratio is averaged over all reaction times. The error bars in
the figure are the standard deviations of the data used to determine the averages. In general,
the branching ratio i:ii increases with Ty, as expected from the measured Arrhenius parameters
for these two processes. The solid line in Figure 11 is the calculated branching ratio of processes
i:ii from the individual Arrhenius parameters for each process (eq 4), over the temperature
range 203 to 318 °C. The experimental branching ratio of the SORI-CAD data and the
calculated branching ratio from the BIRD data are in reasonable agreement.

This agreement indicates that the effective temperature can be obtained directly from the
branching ratio i:ii. This measure of Tg is independent of the method of extracting effective
temperatures from the overall dissociation kinetics. However, because of the relatively large
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error in measuring this ratio (Figure 11), extracting Tess from the overall dissociation kinetics
is preferable. This will be true in general when there is not a strong temperature dependence
to the relative fragment abundances as is the case for LE. For ions in which the temperature
dependence of a branching ratio is significant, using the branching ratio to obtain Tes may be
preferable. This analysis was not performed for the doubly charged bradykinin ions since
individual Arrhenius parameters for the two processes were not measured.

It has been proposed that the ratio of a4 to by fragment ions from leucine enkephalin can be
used as a measure of the peptides’ internal energy.35’36 However, the a4 ion is a dissociation
product of the b, ion and is not formed directly from LE in significant abundance. The ratio
of a4 to b, can depend on factors other than the internal energy of the precursor ion. If fragment
ions are activated once they are formed, then the abundance ratios will not necessarily be a
reliable indicator of the precursor internal energy. For example, the LE ions in Figure 6a and
b were activated to the same effective temperature with SORI-CAD and BIRD. However, the
ratios of [bs]/[a4] in these spectra are 30 and 1, respectively. Similar results are expected from
IRMPD or from CAD under conditions where the fragment ions are formed with sufficient
kinetic energy that further collisions result in subsequent dissociation. The ratio of process i
and ii or the overall dissociation kinetics provides a significantly better measure of the ions’
internal energy.

Effective Temperature Parameter Space.

As demonstrated, the SORI-CAD Kkinetics are strongly affected by the excitation wave form
amplitude and frequency, as well as the cell pressure. Measuring the effective temperature as
a function of all three parameters is not practical. However, it is useful to combine the results
obtained from the investigation of the effects of excitation amplitude and frequency. Figures
8 and 9 represent two slices of the Tq¢s parameter space as a function of these SORI-CAD
parameters. By combining the results in these two figures, Teff as a function of peak-to-peak
voltage and frequency can be calculated for any permutations of these parameters. Figure 12
shows a contour plot of the effective temperature of the ion population as a function of both
excitation voltage and frequency at a pressure of 2.6 x 108 Torr. With conditions typically
used in SORI-CAD experiments, the effective temperature of protonated leucine enkephalin
can range from room temperature to approximately 400 °C. LE dissociates with a rate constant
of 160 s71 at an effective temperature of 380 °C and only about 6% of the precursor remains
after ~15 ms. At shorter excitation times, the beat frequency obfuscates the measurement of
the dissociation kinetics. Therefore, experimental conditions that heat this ion above ~400 °C
were not investigated. Kinetics at effective temperatures greater than 400 °C could be measured
for ions that have greater thermal stability. Many sodium attached peptides ions would be well
suited to this application.

Conclusions

A method to quantitatively determine the internal energy of activated biomolecule ions is
presented. This method is demonstrated with two peptides in order to obtain the effective
temperature of ions activated by SORI-CAD. SORI-CAD kinetics are measured as a function
of excitation frequency, voltage, and ion cell pressure. Dissociation rate constants are obtained
from these kinetic data taken immediately after the ion population dephases and reaches a
steady-state internal energy distribution. The effective internal temperature of the ions is
determined from the SORI-CAD rate constants and from the Arrhenius activation parameters
measured by BIRD in the rapid energy exchange limit. With typical SORI-CAD experimental
conditions, the effective temperature of the activated ions in this study can range from room
temperature to about 400 °C. At higher effective temperature, dissociation of doubly protonated
bradykinin and singly protonated leucine enkephalin occurs too quickly to measure rate
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constants accurately. lons that are more thermally stable could be used as thermometer ions at
these higher temperatures.

The effective temperatures of both protonated leucine enkephalin and doubly protonated
bradykinin dissociated under the same SORI-CAD conditions are similar. Thus, it may be
possible to develop an empirical formula for the effective temperature of SORI activated ions
as a function of mass and all variable experimental parameters, such as the SORI frequency
and voltage, and cell pressure.

Protonated leucine enkephalin dissociates by two competitive pathways that have slightly
different Arrhenius parameters. The branching ratio of the fragment ions formed by these two
pathways changes as a function of temperature and can also be used to obtain the effective
temperature of the ions. Effective temperatures determined from this branching ratio are in
good agreement with those obtained from the absolute kinetics. These two methods for
determining effective temperatures make protonated leucine enkephalin an excellent
“thermometer” ion in this range of temperatures. Although the ratio [b4]/[a4] has been used
previously to estimate internal energy deposition,35 this ratio is not necessarily a reliable
indicator of the precursor ion internal energy.

While demonstrated for SORI-CAD, this method should be equally useful for quantitatively
characterizing the effective temperature of ions activated by other methods, such as IRMPD.
This method could also be used to determine the internal energy deposited into ions from
ionization methods, such as matrix assisted laser desorption/ionization, and could be used to
quantitatively measure the effects of various parameters, such as different matrixes, on the ion
internal energy. Measured effective temperatures should also be invaluable for calculations
that model the internal energy deposited into ions via various activation or ionization methods.
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Figure 1.
Experimental sequence for SORI-CAD experiments.
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Figure 2.

(a) SORI-CAD spectrum of protonated leucine enkephalin with the excitation frequency
applied for 10 ms, 500 Hz below the ions cyclotron frequency (2.5 V). Spectra collected
under the same conditions as (a) but with an addition excitation (10Vpp) to continuously remove
(b) the by ion, (c) (M + H — H,0)*, (d) the a4 ion, and (€) m/z 450 (b—e are double resonance
experiments). * indicates a harmonic of the precursor ion.
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Figure 3.

SORI-CAD dissociation data (AL = 200 Hz, Vp, = 850 mV) as a function of the time that the
nitrogen gas pulse is extended after the irradiation of the ions. The three irradiation times leave
the ions at their maximum radius (5.0 mm, 2.5 ms), an intermediate radius (4.4 mm, 3.0 ms),
and minimum (unexcited) (5.0 ms) radius.
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Figure 4.

Normalized precursor ion abundance of protonated leucine enkephalin as a function of SORI
excitation time. The open squares and open circles represent data points sampled at times in
which the excitation wave form is stopped exactly when the irradiated ions have a maximum
and minimum cyclotron radius, respectively.
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Figure 5.

Dissociation data for protonated leucine enkephalin fit to unimolecular kinetics. (a) Blackbody
infrared radiative dissociation kinetics obtained with a cell temperature of 203 °C (o) and
SORI-CAD kinetics with an excitation 1200 Hz below the ions cyclotron frequency (2.6
Vpp) (4); (b) SORI-CAD kinetics collected at different excitation voltages (AQ = 1200 Hz, cell
pressure = 2.6 x 1078 Torr).
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Dissociation spectra of protonated leucine enkephalin with (a) BIRD (5 s reaction, 203 °C),
and (b) SORI-CAD (AQ = 1200 Hz) with a 2.6V, wave form applied for 5 s, and (c) 6.0

Vpp wave form, applied for 10 ms. * indicates a harmonic of the precursor ion.
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Figure 7.
Spectra of doubly protonated bradykinin dissociated by (a) BIRD (30 s reaction delay, 150 °
C), and (b) SORI-CAD (0.5 s reaction delay, A2 = 1200 Hz).

J Phys Chem B. Author manuscript; available in PMC 2006 April 13.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Schnier et al.

Page 20

B

8

Bradykinin (2+)

8

260

Leucine Enkephaling {1+)
240

220

Effective Temperature {°C)

L e e N L B e | uanan |

r T
3.0 s 4.0 4.5 5.0 5.5 6.0
Peak to P'eak Voltage

Figure 8.

The effective temperature of singly protonated leucine enkephalin and doubly protonated
bradykinin ions as a function of the excitation amplitude with AQ = 1200 Hz and a cell pressure
of 3x 1076 Torr.
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Figure 9.

Effective temperature of singly protonated leucine enkephalin and doubly protonated
bradykinin ions as a function of the excitation frequency with Vi, = 3 VV and a cell pressure of
3x 1076 Torr.
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Figure 10.
Effective temperature of protonated leucine enkephalin as a function of collision gas pressure

during the SORI excite (AQ = 1200 Hz, Vpp = 1.1 V).
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Figure 11.

Branching ratio of process i:ii (see text) for each SORI-CAD Kkinetic data set in Figure 5 as a
function of T The solid line is the calculated branching ratio from the individual Arrhenius

parameters for each process.
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Figure 12.

Calculated contour plot of the effective temperature of protonated leucine enkephalin as a
function of excitation frequency and voltage at a collision gas pressure of 2.6 x 1076 Torr. The
data were obtained by combining and extrapolating the data shown in Figures 8 and 9.
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TABLE 1
Measured Arrhenius Activation Parameters for the Dissociation of Singly Protonated Leucine Enkephalin® and

Doubly Protonated Bradykinin®

peptide activation energy (eV) log(A)
bradykinin 2+ 0.84 8.0
leucine enkephalin 1+ (overall) 1.09 10.5
11 0.99 8.7
= (M- H,0)*
i 111 10.7
= b 4

aFrom ref 41,

bFrom ref 43,
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