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Abstract

We present Monte Carlo simulations of collisionally activated dissociation of noncovalent protein complexes in the collisior
cell of a triple quadrupole mass spectrometer. These simulations account for the influence of the precursor ion mass-to-che
ratio, acceleration potential, nature of the collision gas and the number of collisions experienced by the ion on the efficien
of ion dissociation. Evolution of the translational and internal energies of activated precursor ions along the collision cell wa
simulated using the hard-sphere and the diffuse scattering models. Dissociation rate constants and ion survival probability w
calculated based on the estimated internal energy content of the excited ion. It was found that dissociation of the precursor
could occur anywhere in the collision cell provided there is enough gain of relative internal energy accumulated during coll
sions. Simulated dissociation curves are in a good agreement with experimental results obtained for different collision gase:
different pressures. Monte Carlo simulations of collision events modeled by the hard-sphere and diffuse scattering approxin
tions resulted in different dynamics of precursor ion dissociation. Comparison of Monte Carlo simulations with results obtaine
using the previously proposed collision model showed a good correlation between the integral results obtained using these 1
approaches over a variety of experimental parameters. However, in contrast to the collision model, Monte Carlo simulations
low to obtain detailed information on the dynamics of ion dissociation in the collision cell. Moreover, Monte Carlo simulations
provided a first insight into collisionally activated dissociation of the precursor ion under unfolding conditions including real-
istic increase in collision cross section during ion passage through the collision cell. (Int J Mass Spectrom 221 (2002) 245-2¢€
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction multi-protein complexes from solution into vacuum
[1-5]. Recent work in a number of laboratories uti-
Application of electrospray ionization (ESI) al- lized ESI-MS to estimate qualitatively and in some
lows transferring not only individual proteins but also cases even quantitatively the affinity constants in so-
lution [6,7]. Tandem mass spectrometry (MS/MS)
_ experiments can provide valuable information on
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landstrasse 133, CH-8600 Dubendorf, Switzerland. the gas-phas_e b.lndln(?:] e_nerg|es of protein complexes
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Binding energies of noncovalent protein complexes experiments and collision model for an ion activation
have been examined in the past using a variety of were used to measure the amount of internal energy
experimental approaches. Activation energies and accumulated by the ion in excess of its initial internal
pre-exponential factors were obtained using black- energy acquired in the ion source (relative internal
body infrared radiative dissociation (BIRDY] and energies), necessary to induce dissociation of com-
thermal dissociation of ions trapped in a Paul trap plex gas-phase ioff24—26] This model accounts for
[10]. Although internal energy distributions of ions in  the translational energy loss of ions of different sizes
thermal experiments are well defined, these experi- and charge states, however, it does not provide an
ments can be performed over a rather limited range of insight on the dynamics of ion dissociation during the
temperatures. Multiple-collision activation is a viable passage of the precursor ion through the collision cell
alternative to thermal dissociation studies. Collision- [24]. Simultaneous gain of internal energy and loss of
ally activated dissociation of noncovalent protein translational energy of precursor ions occurring dur-

complexes in triple quadrupole mass spectrometer hasing multiple-collision activation is a typical stochastic

been studied either by increasing acceleration poten-

tial in the orifice-skimmer region of an electrospray
interface[11] or by collisions with neutral gas inside
the collision cell[12,13]

It is commonly assumed that low-energy collisional
activated dissociation (CAD) is a two-step process,
in which collisional activation/deactivation is fol-
lowed by the unimolecular dissociation of excited ion
[14,15] A number of statistical approaches can be
used to determine the rate of unimolecular dissocia-
tion [16,17] However, significant difficulties remain
in modeling internal energy deposited into the ion as
a result of low-energy collisions. RRKM-based mod-
eling has been developed to study the efficiency of
energy transfer upon multiple collision activation of
small peptide ions in the Penning trgi8—20] It has
been demonstrated that multiple-collision activation
resulted in deposition of the same amount of inter-
nal energy into a series of protonated polyalanines
[21]. This result was supported using master equation
modeling. However, extending this approach to colli-
sional activation of large protein complexes is not a
trivial task. An additional complication of the studies
involving triple quadrupole mass spectrometers is the
scattering of ions during their passage through the
collision cell.

Nevertheless, significant progress in characteri-
zation of the collision dynamics and deposition of
internal energy into protein complexes during CAD

problem. It is rather difficult to describe using ana-
lytical expressions but relatively easy to model using
Monte Carlo simulatiofi23,27-29] In this work CAD

of Trypsin—BPTI complex ions inside collision cell
of triple quadrupole mass spectrometer is modeled
by Monte Carlo simulations based on the hard-sphere
and the diffuse scattering mode]@2]. The effect

of experimental parameters on the position of the
survival probability curves modeled by Monte Carlo
simulations is compared with previously published
experimental data and predictions of the collision
model[24].

2. Theory
2.1. Collision model for ion activation

Collisions of gas-phase molecules with an object
can be described using diffuse or specular scattering
models[30]. Diffuse scattering is characterized by a
complete memory loss of the incident momentum and
the particle leaves the object with a cosine distribution
of angles perpendicular to the surface of the object
[22]. In contrast, specular scattering is equivalent to
the hard-sphere scattering and results in conservation
of the component of the momentum parallel to the
surface and reversal of the normal compon@2)].
Previous work showed that interaction of large protein

process in triple quadrupole mass spectrometers hasions and particles with collision gas is better described

been achieved22,23] Tandem mass spectrometry

by the diffuse scattering modg1-33]
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In MS/MS experiments in a triple quadrupole mass 2.2.1. The simple model
spectrometer, ions of protein complexes are injected To illustrate the principle of the method, the algo-
into the collision cell with increasing energies. Rel- rithm of the simple model is briefly described here.
ative internal energy, i.e., amount of internal energy Consider an ensemble of ions with initial internal
accumulated by the precursor ion during its passage energy Ug entering the collision cell. The initial
through the collision cellAU, is proportional to the  translational energy (Tg of the ions is determined
sum of the center-of-mass collision energies for each by their charge state and the acceleration potential.

of a series of low-energy collisions and is givenB§] Monte Carlo simulations model the motion of ions in
the collision cell by statistically calculating distances
mo mi ¢ Cphnpol . . .
AU = —TRp—— |1 —exp| ———— between collisions traveled by each ion until the total
M mo2 Cp mi

distance equals the length of the collision cell. The
(1) probability of an ion to experience a collisio)(

wherem; andmp are masses of the ion and the col- at a distance in the collision cell with gas number

lision gas, respectivelyf = m1 + m2, n the number densityn is given by

density of the collision gad,the distance traveled by

the ion,Cp a drag coefficienf30-32] o the collision ~ §() =1 —exp(—onl) (2)

cross-sectiong the average fraction of the center-

of-mass collision energy transferred into the internal Whereo is the collision cross-section.

energy of the ion in collision and TRis the ini- Collision probabilities £, were statistically gener-
tial translational energy of the ion injected into the ated and distances traveled by the ion between colli-

collision cell. sions were determined by

The only unknown parameter in this equation is the In(1— &)

conversion efficiency of the center-of-mass collision /i = —————— 3)
energy into the internal energy, However, there is
an increasing body of evidence suggesting that the wherei > 1 is the collision number.
energy transfer efficiency increases with the size of  Having traveled the distandgthe ion with transla-
the ion reaching 90% for a nonapeptid,35]. It is tional energy TR_1 was considered to experience an
reasonable to assume that even higher energy transfeith collision. The ratio of the ion kinetic energy before
efficiency reaching 100% would be characteristic of and after collision is given bj22]
collisions of larger ions, such as protein complexes,
with light collision gas[25]. TR;  m%+m3 maU;

TRi_1 M2  M(TRi_1)

2.2. Monte Carlo simulation

2mima UM

Two Monte Carlo models were developed to sim- + M? m2(TR;_1)
ulate the translational energy loss for ions passing
through the collision cell uniformly filled with a gas.  For inelastic collisions the amount of translational en-
The simple model assumes 100% energy transfer effi- ergy transferred into the internal energy is given by
ciency and the average scattering angle 6f 8Barac- AU; = ¢(m2/M)TR;_1. The simple Monte Carlo
teristic for hard-sphere collisions. The second model, model assumes the average fraction of the transferred
further referred to as the diffuse model, simulates ion energy of 1, thus neglecting variation of the average
motion through a collision cell taking into account scattering angle which was considered to beifiGhe
statistically generated distribution of scattering angles collision model for an ion activation. Thus, the amount
and energy transfer efficiencies. of lab energy retained by the ion afti¢h collision is
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given by a simple expression: The average total distance traveled by ion between
m2 collisions is given by
TR =TR_1| —3% 5
l ll (MZ) ®) (L) = YoicalLi + (iv1 = 1)/2](1 - P;) (12)

, o , B Y- P

The time between collisions is then given by 2i=a( i)
I; The average rate constant, internal energy and distance

fi = (2TR: /m1) 12 ®6) in the cell at which dissociation occurs can be esti-

mated from the 50% cumulative survival probability.
The entire calculation is then repeated several times
and the results are averaged. The number of iterations
was 13 in this study. Additional increase in the num-
ber of iterations did not result in a significant improve-
U =Ui_1+ (@) TRi_1 @) ment in reproducibility. Plots of cumulative survival
M probabilities at the cell exit as a function of the ac-
The dissociation rate constant was calculated using the -g|eration voltage are constructed and compared with

RRKM expression: experimental results.

The gain in the internal energy following collision is
equal to the center-of-mass energyif/M)TR;_1).
The amount of internal energy accumulated aftlkr
collision is given by

k»:v(Ui_EO>Y (8) .
i U; 2.2.2. The diffuse model

Monte Carlo simulations based on the diffuse scat-
tering model use the same algorithm while correcting
for the average scattering angle and the average frac-
tion of the transferred energy. In the diffuse model, the
average fraction of the transferred energy,is less
then 1, and the average scattering angle can be var-
P = exp(—k;t;) ()] ied from 0 to 180. Thus, the ratio of the ion kinetic
energy before and after collision is given by

wherev is the frequency factory the dissociation
threshold ands is the number of vibrational degrees
of freedom of the excited ion.

The survival probability of the precursor ion be-
tween successive collisions is given by

The total distance traveled by the ion between colli-
sions (;) was calculated and iterations were repeated g m2+m2  om2
.. 1
for a number of collisionsy), necessary to travel =-1 2 2

. . TRi.1  M? M2

through the entire length of the collision cell (20 cm). Dy

The survival probability of the ion aftgrcollisions +——>—v1— ¢ cosicum (13)

. . M
(1 < j < w) at a distance.; from the cell entrance
can be estimated using the following expression: The amount of internal energy accumulated after
i collision is given by

P(L;) = P; 10 m

(~Lj) l_[ ‘ (10) U =Ui—1+¢ (ﬁ) TR;_1 (14)

i=1

For a given acceleration potential the average disso- Histograms of the average fraction of the energy
ciation rate constant and internal energy accumulated transfer efficiencies and scattering angles are shown

during collisions can be determined from: in Fig. 1 Distribution of scattering angles was calcu-
= Zizhi A= DIl P ot the colision ae desatined rosioudBB] Avarage.
>ic1 (= PO, Pi P ' g

value of the statistically generated scattering angle
was 136, which is in agreement with previous studies
[22]. The distribution of energy transfer efficiencies

YU — PHITL P

U) =
) Yl (= PHITL1Pi

(11)
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Fig. 1. Typical computer generated distribution of (A) scattering angles, (B) average fraction of center-of-mass energy transferred to intern

energy, that were used in Monte Carlo simulation based on the diffuse scattering model.

with a mean of~0.94 was arbitrarily constrained to
the range from 0.7 to 1.

3. Results and discussion
3.1. Sngleion simulations

The results of the simple model simulation of the
motion of a single ion (MW= 30,000; charge state:
+12) through the collision cell uniformly filled with
0.5 mTorr of Kr are shown ifrig. 2 In this simulation
RRKM parameters were chosen rather arbitrarily. The
collision cross section of 2000%Avas estimated based
on the suggested collision cross sections of protein
complexes of similar molecular weigf@4].

The number of collisions experienced by the ion in-
creases linearly along the length of the collision cell
uniformly filled with neutral gasKig. 2A). The in-

lision energy, responsible for ion excitation, and the
much slower internal energy build-up towards the exit
from the collision cell.

Relatively slow increase in the internal energy re-
sults in almost exponential growth in dissociation rate
constants Kig. 20). Obviously, ions that have lower
initial kinetic energy will remain intact at the cell exit,
while higher-energy ions will fully decompose before
they exit the cellFig. 2D shows the cumulative prod-
uct of survival probabilities for precursor ions at each
point in the collision cell for a number of acceleration
potentials. In this case dissociation of the precursor
ion occurs closer to the cell end. However, for higher
acceleration voltage dissociation occurs at shorter dis-
tances. Product of survival probabilities at each point
of the collision cell gives the total survival probability
at the cell exit. This simulation was repeated for a num-
ber of acceleration potentials from 10 to 250V and
the resulting fragmentation efficiency curve is shown

crease in the number of collisions is accompanied by a in Fig. 2E The shape of the simulated dissociation
gradual increase in the internal energy accumulated by curve closely resembles the experimental dissociation

the ion as it moves through the collision célig. 2B).
The increase in the internal energy is faster for ions
having a higher initial kinetic energy. It should be
noted that the internal excitation of the precursor ion
is not a linear function of its position along the col-
lision cell. Loss of the translational energy following

collision leads to a decrease in the center-of-mass col-

curves reported in the literatuf24,25] Reproducibil-
ity of these simulations was significantly improved by
increasing the ion population to 700 ions, which was
used throughout this work.

Our results are qualitatively consistent with the re-
sults obtained previously using a simplified model-
ing approach, indicated that, unless ions accumulate
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Fig. 2. Monte Carlo simulation of the single ion passing through collision cell. Plots of (A) nhumber of collision, (B) internal energy, (C)
dissociation rate constant, (D) cumulative survival probabilities along the collision cell, and (E) dissociation of precursor ion vs. atceleratio
potential (). Mass of the precursor ion 30,000, charge stale, collision cross sectionr§ 2000 A2, initial internal energy (o) 150 eV,
dissociation thresholdEp) 1 eV, number degrees of freedors) 6000, frequency factorj 102s1, collision gas Kr, pressure 0.5 mTorr.
Numbers inside panels B, C, and D indicate acceleration potentials.
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sufficient internal energy in the ion source, dissocia- accumulated internal energies obtained from diffuse
tion of the precursor ion mostly takes place in the last and simple models resulted in a considerable, almost
4-5 cm of the collision ce[R5]. It should be noted that  two times, difference in the values of dissociation
simulated dissociation distance depends on a numberrate constants at the exit from the collision cell. Obvi-
of parameters (injection energy, the number density ously, the increase in the dissociation rate constant is
and the mass of the collision gas). Moreover, we found slower for the diffuse modeHig. 3C) and the survival
that variations in RRKM parameters such as the fre- probability is shifted towards the cell exiEig. 3A).
quency factor, threshold energy and numbers of effec- Differences in relative internal energies required for
tive oscillators also have a strong effect on the distance dissociation obtained from the two models result from
traveled by the precursor ion prior to its simulated dis- the different distribution of scattering angles and the
sociation. Presented Monte Carlo simulation showed assumption of a lower efficiency of energy transfer in

that dissociation could occur iemy part of the colli-
sion cell, depending on the RRKM parameters. Specif-
ically, under similar activation conditions ions with a
smaller number of vibrational degrees of freedom and

the diffuse model () = 0.942) as compared to the
simple model ¢ = 1). The average internal energy
increases gradually with increase in the acceleration
voltage reaching a plateau at higher acceleration po-

lower binding energies fragment close to the entrance tentials fFig. 3E). For both models plots of the average

into the collision cell, while larger and more tightly
bound complexes dissociate closer to the cell exit.

3.2. Comparison of Monte Carlo simulations based
on a simple and diffuse collision models

Previous reports on the calculation of collision cross
section of protein ions showed that analysis of the re-
sults using diffuse collision model showed better cor-
relation with known theoretical valu¢32,33] Now it
will be of interest to see whether use of either simple
or diffuse collision model during the Monte Carlo sim-
ulation will result in significant differences of CAD.
Results of Monte Carlo simulations obtained using the
simple and the diffuse collision model are compared in
Fig. 3. Left panels ofFig. 3show plots of cumulative
survival probability, rate constant and relative internal

rate constant vs. the acceleration potentidg( 3F

have a sigmoidal shape. However, as discussed earlier
the diffuse model predicts consistently lower values
for average rate constants than the simple model.

3.3. Smulation of collisionally activated
dissociation under unfolding conditions

It has been mentioned earlier that calculations of rel-
ative internal energy using Monte Carlo simulation and
the collision model for ion activation do not account
for variations in the size of the precursor ion. Itis likely
that increase in the internal energy of the precursor ion
during its motion through the collision cell can result
in unfolding of the ion and increase in its collision
cross section. We investigated the effect of the increase
in collision cross section of the precursor ion pass-

energy accumulated by the precursor ion moving along ing through the collision cell using the simple model

the collision cell calculated using these two models.
Right panels ofFig. 3 show the dependence of total
survival probability, rate constant and average internal

Monte Carlo simulations. It was assumed that the col-
lision cross section of the precursor ion increases grad-
ually along the collision cell with the overall increase

energy accumulated by the precursor ion at the exit of 50%. The results obtained with and without unfold-

from the collision cell on the acceleration potential.
According to the diffuse model the amount of inter-

ing are compared ifrig. 4. Since the collision cross
section of the ion that undergoes unfolding during its

nal energy necessary for dissociation of the precursor flight through the collision cell increases, the number
ion is reached at a longer distance as compared toof collisions experienced by the ion increases corre-

the simulation based on the simple collision model
(Fig. 3B). Relatively small differences in the values of

spondingly Fig. 4A). This results in a steeper increase
in the internal energyHig. 4B) and the dissociation
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Fig. 3. Comparison of Monte Carlo simulation based on a simple and diffuse scattering collision models. Panels A, B, and C are respective
plots of survival probability, internal energy, and rate constant along the collision cell at 200V acceleration potential. Panels D, E, and F are
plots of product of survival probabilities, average internal energy, and average rate constant at different acceleration potentials. Simulation
parameters are the same asHig. 2 Solid and dashed lines correspond to results from simple and diffuse Monte Carlo simulation,

respectively.

rate constantKig. 40). Consequently, dissociation of
the unfolded ion occurs further away from the cell exit

(Fig. 4D) and the resulting dissociation curag. 46

is shifted towards lower acceleration voltages. Com-

bility of different conformations commonly observed
in ion mobility experimentd36,37] In conclusion,

two-time increase in the collision cross section of an
unfolding ion affected its dissociation kinetics to the

parable increase in the relative internal energy under much lesser extent then proportional changes in the
similar experimental conditions was obtained using mass of the collision gas and its number density.

the collision model and assuming thatkia. (1) the
collision cross section of the precursor ion increases 3.4. Comparison with experimental data
by Ao at distance increments afz. In the above sim-

ulation it was assumed that dissociation parameters for

In this section dissociation curves, dissociation volt-

folded and unfolded ions are the same. A more realis- ages (acceleration voltage corresponding to 50% frag-
tic approach should take into account changes in sta- mentation of the precursor ion) and relative internal
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energies obtained using Monte Carlo simulations are fitting shape and dissociation voltage of modeled dis-
compared with experimental data ferl2 and+13 sociation curve to the experimental dissociation curve
charge states of Trypsin—BPTI complex reported else- for the 412 charge state of the Trypsin—-BPTI com-
where[24]. plex obtained for collisions with Kr at 0.5 mTorr, cho-
Dissociation parameters for the RRKM equation sen as a reference point for both simple and diffuse
during Monte Carlo simulations were determined by Monte Carlo models. These parameters remained the
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same for other pressures and collision gases. The ef-3.4.1. Effect of charge state on the dissociation of

fective number of oscillators{n Eq. (8) was chosen
to be equal to one-half of the total number of vibra-

precursor ion

tional degrees of freedom of the complex as suggested3.4.1.1. Comparison of simulated and experimental

elsewherg[16], i.e., 3140 for the+12 charge state
of Trypsin—BPTI complex consisting of 2095 atoms
and 3141 for the+13 charge state. Best fit of dif-
fuse Monte Carlo simulations with experimental data
for the +12 charge state was achieved by adjusting
the initial internal energy of the precursor iddg) to
35eV, threshold energyEf) to 0.4 eV, reaction fre-
quency to 5< 10’ s~1. Monte Carlo simulations based
on the simple collision model used the same set of
RRKM parameters, except fty, which was adjusted
to 25eV for the+12 charge state to obtain a good fit
with experimental data. It should be noted that evalua-
tion of dissociation rate constants of the precursor ion
using RRKM expression is simplistic. It is used here
as a first approximation for semi-quantitative compar-
ison with experimental data and is not intended to
be utilized for detailed characterization of the disso-
ciation energetics of a particular noncovalent protein
complex.

Initially, the same set of RRKM parameters was
used in the simulation conducted for bo#l2 and

dissociation voltages. The results of Monte Carlo
simulations for dissociation voltages obtained at five
different pressures of three collision gases using dif-
fuse model are summarized Table 1 Very similar
values were obtained using the simple model Monte
Carlo simulations (data not shown). Results presented
in Table 1show that dissociation voltage of the pre-
cursor ion is affected by its charge statég. 5A
shows that the dissociation curve for thd3 charge
state is shifted towards lower acceleration voltages.
Experimental data shown ifiable 1 indicates that
addition of a proton to thet12 charge state of the
Trypsin—BPTI complex results in decrease of Dy
from 114.5 to 90.6 V. Similar trend was observed in
Monte Carlo simulationsHig. 5A). The shift in disso-
ciation curve as a function of the charge stétig/(5A)

can be attributed to the increase in the initial kinetic
energy following increase in the charge state. The
initial kinetic energies for both charge states resulting
in 50% fragmentation of the precursor ion are shown
in Fig. 5B. Obviously, dissociation of the-13 charge

+13 charge states. However, dissociation voltages for state occurs at lower initial kinetic energy. However,

the +13 charge state obtained using the same RRKM

the differences in kinetic energies are rather small

parameters show a rather poor correlation with exper- (<15%). The lower kinetic energy required for ion

imental data. We found a substantially better agree-

dissociation can be either attributed to a lower sta-

ment between experimental and simulated results by bility of the +13 charge state of the complex or to

increasing the initial internal energy of thel 3 charge
state to 41 and 49eV for simple and diffuse Monte
Carlo simulations, respectively. A higher level of in-
ternal excitation accumulated by thel3 charge state
in the ion source can be easily rationalized by the
higher kinetic energy accumulated by this ion in the

the higher initial excitation of the+-13 charge state
acquired in the ion source.

3.4.1.2. Comparison of experimental and simulated
relative internal energies. Relative internal energy
(RIE) is the internal energy in excess of the initial in-

presence of acceleration fields. This results in more ternal excitation of the ion (acquired in the ion source)

energetic collisions of the-13 charge state in the ESI
interface and a more efficient heating of this ion as
compared to the+12 charge state. The experimental
data for the+13 charge state could be also repro-
duced by keeping the initial internal energy the same
as for the+12 charge state and varying the threshold
energy.

required to observe dissociation in the collision cell.
Initial ion excitation strongly depends on source con-
ditions. For example, different charge states of the
same protein complex are excited differently in the
orifice-skimmer region of the source. We use RIE for
comparison with experimental data because the posi-
tion of experimental dissociation curves reflects the
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Table 1
Experimental and computer generated parameters of dissociation for gas-phase ions of Trypsin—BPTI noncovalent complex at differe

pressures of collision gases

Gas P (mTorr) Experimental Diffuse Monte Carlo model
Dissociation Dissociation voltages (V) Reaction time.g)
voltages (V)
+12  +13 +12 Up =35eV) 413 (Up =49eV)  +12 (Up =35eV)  +13 (Ug =49eV)
Ne 1.0 151 120 132 102 67 74
1.2 129 102 108 86 76 82
1.4 114 90 94 73 83 90
1.6 102 81 83 65 89 98
1.8 91 72 74 58 96 104
Ar 0.4 160 134 166 126 59 67
0.5 124 99 133 103 67 74
0.6 109 86 109 86 76 83
0.8 86 68 84 65 89 97
1.0 68 54 68 53 102 111
Kr 0.2 143 115 159 127 60 65
0.25 119 89 127 98 69 77
0.3 99 76 105 82 77 85
0.4 77 60 80 63 92 99
0.5 66 50 65 51 104 114

RIE for dissociation rather than the absolute internal  RIE required to observe 50% fragmentation of the
energy of the excited ion. In order to extract the ab- precursor ion were calculated using both the collision
solute value of internal excitation from experimental model Eg. (1) and Monte Carlo simulations. The

data the initial excitation of ions in the ion source must collision model data was obtained directly from the

be carefully controlled. experimental values of dissociation voltage3sd).
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Fig. 5. Effect of the charge state on the dissociation of Trypsin—BPTI complex. Symbols represent experimental data, while solid line
correspond to simulation. Mass of the precursor ion 29,834, collision cross seciiprse( 1866 and 19287 for the +12 and+13

charge states, respectively. Panel A shows results of Monte Carlo simulation fitted to experimental data at 0.6 mTorr of Ar. For Mont
Carlo simulation of+13 charge state, solid and dashed lines correspond to data obtained with initial internal dugrofiet® and 35eV,
respectively. Panel B shows comparison of simulated and experimental values of initial kinetic energy required to dissociate precursor it
at different Ar pressures.
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Table 2
Experimental and simulated values of relative internal energies required to dissociated gas-phase ions of Trypsin—-BPTI noncovalent
complexes

Gas P (mTorr) Relative internal energy (eV)

Collision model Diffuse Monte Carlo model Simple Monte Carlo model
+12 +13 +12 Up =35eV)  +13 Ug =49eV) +12 Ug =25eV) +13 (Up =41eV)
Ne 1.0 135 120 132 114 143 123
1.2 136 120 129 112 140 121
14 138 122 127 109 139 118
1.6 139 122 125 107 136 117
1.8 137 120 123 106 134 115
Ar 0.4 116 108 135 116 146 127
0.5 110 98 132 114 143 124
0.6 114 100 129 111 141 121
0.8 115 102 125 107 137 117
1.0 110 97 122 104 133 113
Kr 0.2 108 96 134 117 146 126
0.25 110 92 131 113 143 123
0.3 107 91 128 110 140 121
0.4 108 94 124 107 136 117
0.5 110 93 120 104 133 113

Both simple and diffuse model Monte Carlo simula- are very similar. However, because it is impossible to
tions were referenced to the same experimental point distinguish between the internal excitation gained by
(collisions with Kr at 0.5 mTorr) as described earlier. ions in the ion source and in the collision cell, quan-
The results are summarized Table 2 titative comparison between the reactivity of different
Assuming the same initial internal energy for both charge states can be achieved only by carefully con-
charge states, very similar values of RIE were gen- trolling the initial excitation of different charge states
erated by diffuse Monte Carlo simulations (data not of the precursor ion.
shown). Similar results were produced for simple  The dependence of dissociation energetics of pro-
Monte Carlo simulations. Increase in the initial inter- tein complexes on the charge state has been debated
nal energy resulted in somewhat lower values of RIE in the literature. Activation energies of the9 and
for the +13 charge state. This is not surprising be- +12 charge states of the heme—protein complex elec-
cause RIE are referenced to the initial internal energy, trosprayed from pseudo-native solution measured in
Uo, of the ion, which is different for the two charge BIRD experiments are very similaf9]. However,
states. Namely, for the-12 charge state RIE gener- the same complex electrosprayed from denaturing
ated during diffuse Monte Carlo simulations refers to solution demonstrated decrease in activation energies
the internal energy in excess of 35eV, while for the with increase in the charge std&. The differences
+13 charge state RIE is the internal energy in excessin the dissociation energetics of these complexes
of 49eV. After accounting for 14 eV difference in were rationalized by different solution conformations
the initial excitation for the+13 charge state there of the ions[9]. In contrast, similar values of acti-
remains only 3% difference between internal energies vation energies for the-8 to 420 charge states of
required to observe dissociation for the two charge unfolded heme—protein complex were found in CAD
states. This suggests that dissociation parameters fortrapping experiment$26]. However, studies of the
both charge states of the Trypsin—-BPTI complexes gas-phase binding of the heme—protein complex by
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tandem mass spectrometry showed that similar val- Analysis of the experimental data fer12 and+13
ues of relative internal energies were obtained only charge state of Trypsin—BPTI complexes showed that
for charge states ranging from10 to +14 [26]. the dissociation voltage obtained for 1 mTorr of Ar
Further increase in charge states frai5 to +19 (68.5 and 54.1V) were twice as small as dissocia-
resulted in a consistent decrease of relative internal tion voltages obtained for 1 mTorr of Ne (150.9 and
energies. This is consistent with recent observation by 119.6 V). Two-fold increase in the MW of the collision
Chen and coworkers showing the same phenomenongas resulted in the decrease in the valueBgf by a
[25]. factor of 2.2 able 1. Similar results were observed
during Monte Carlo simulations of the dissociation of
this complex with different collision gases of the same
pressureKig. 6A). For both charge states dissociation
voltage obtained with 1 mTorr of Ne was almost two
times higher than the voltage obtained with 1 mTorr

3.4.2. Effect of the callision gas nature and its
pressure on the dissociation of precursor ion

3.4.2.1. Comparison of simulated and experimental
dissociation voltages. The nature and the number of Ar (Table J.

density of the collision gas have a strong effect on  Simulations of halfway dissociation voltages by
the collisionally activated dissociation of ions in the both simple and diffuse Monte Carlo model show a
collision cell. Fig. 6 shows that dissociation voltage, good agreement with experimental data for bett2

Dso, decreases with increase in the mass and theand+13 charge states-{g. 6) with Ar and Kr as col-
number density of the collision gas. Increase in the lision gases. The deviation between the experimental
mass of the collision gas results in the corresponding and calculated results is less than 10% for all pressures.
increase in the center-of-mass collision energy avail- However, calculated dissociation voltages for colli-
able for ion excitation and a faster accumulation of sions with Ne are systematically underestimated by
the internal energy required observing fragmentation. 20—25%. The differences between the results obtained
It follows that dissociation voltage should show a for Ne can be rationalized assuming that conversion
linear dependence on the mass of the collision gas. of the center-of-mass collision energy into the internal
Obviously, increasing the number density of the colli- excitation of the precursor ion is less efficient for Ne
sion gas increases the number of activating collisions than for Ar and Kr. In fact, excellent agreement be-
and results is a faster excitation of the precursor ion. tween experimental results and simulation for collision

180 140
) +12 "e® experiment \ +13 "*° experiment
= 160 - simulation simulation
= ’\ " 120 J °
% !
@ 140 1 Ne Ar
1 Kr Ar 100 Kr
= \
S 1204
-
= 80 -
2 100 A
Rl
=
S 80 - -
w) &
A (A) (B)
: 60 T T T 40 T L T

0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0

Pressure, mtorr

Pressure, mtorr

Fig. 6. Effect of the nature and the collision gas pressure on the dissociation of Trypsin—BPTI complextZAharge state; (B}-13
charge state. Symbols represent experimental data, while solid lines correspond to simulation.
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with Ne are obtained if the efficiency of the kinetic the experimental results obtained for Ar and Kr in the
to internal energy conversion is reduced to ca. 87% reduced coordinates, indicating a similar energy trans-
as compared to 100% efficiency used for other gases.fer efficiency for these two gaseBi¢. 7B). However,
The effect of the pressure of the collision gas experimental values oDsg with Ne as a collision
on the dissociation voltages is also demonstrated in gas are higher than dissociation voltages obtained for
Fig. 6andTable 1 Experimental data shows that dis- heavier gases. This observation is in agreement with
sociation voltages decrease with increase in pressure.our earlier discussion on the lower energy transfer ef-
Monte Carlo simulations closely reproduce experi- ficiency upon collisions of the Trypsin—BPTI complex
mental trendsKig. 6A and B. It is interesting to note  with neon.
that both Monte Carlo and experimental results show
a non-linear decrease in the halfway dissociation volt- 3.4.2.2. Comparison of experimental and simulated
age with pressure. The non-linear dependence resultsrelative internal energies. The collision model re-
from the gradual decrease in the ion kinetic energy sults presented ifiable 2indicate that increase in the
as it passes through the collision cell and undergoes mass of the neutral target results in lowering of the
collisions. It follows that the rate of accumulation values of RIE. For example, RIE required to dissociate
of the internal energy decreases with increase in the both charge states of gas-phase Trypsin—-BPTI com-
number of energizing collisions. In order to elimi- plex ions during collisions with neutral gases shows
nate the effect of the mass of the collision gas on a decrease in the order Ne Ar at the pressure of
the dissociation voltage we decided to pgy as 1mTorr. Similar decrease in the order Ar Kr was
a function of the “reduced” pressure, given by the observed for RIE of these complexes at the pressure
product of collision gas pressure and the ratio of the of 0.5mTorr. Monte Carlo simulations conducted at
collision gas mass with that of KF{(g. 7). The results the same pressure of different collision gases predict
of Monte Carlo simulations for halfway dissociation the same trendlable 3. However, the absolute values
voltages plotted in “reduced” coordinateBid. 7A) of RIE obtained using the collision model and Monte
perfectly overlap with each other. This is not surpris- Carlo simulations are quite differenTdble 9. The
ing, because the energy transfer efficiency in Monte collision model values of RIE for Ne are higher than
Carlo simulations was assumed to be the same for all simulated results, while the collision model RIE for
gases. Interestingly, there is a good overlap betweencollisions with Ar and Kr are lower and become close
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to simulated results only at higher pressures. As dis- not change with pressure. It should be noted that
cussed earlier we believe that the energy transfer effi- decrease in RIE as a function of pressure has been ob-
ciency in collisions with Ne is lower than for heavier served previously for other protein complexes using
collision gases. It follows that for Ne as collision gas the collision model treatment of dissociation voltages
both the collision model and the Monte Carlo simula- [25]. For example, increase in the pressure of the col-
tion overestimate the amount of internal energy accu- lision gas resulted in systematic decrease in relative
mulated by the ion. internal energies required to dissociate cytochrome
Monte Carlo simulations shows that increase in the c-cytochromebs complex[25].
pressure of the collision gas results in the decrease The discrepancy between the pressure dependence
of relative internal energy required to induce 50% of the RIE obtained from experimental data using the
dissociation of the precursor ioffdble 2. The de- collision model and from Monte Carlo simulations can
crease in RIE as a function of pressure and mass of be rationalized based on the following considerations.
the collision gas is associated with the corresponding Both models assume thations move only along the axis
decrease iDsp, i.e., with the decrease in the initial  of the quadrupole collision cell and there is no radial
ion kinetic energy. Motion of ions with lower kinetic  component of ions motion. However, it is well known
energies through the collision cell is slower and the that, in practice, this is not the case. The radial motion
time available for reaction is longer. As a result, the of the ion in the linearf only quadrupole can be rep-
average dissociation rate constant sampled in theseresented as a motion in an effective harmonic potential
experiments decreases with ion kinetic energy and the generated by the field [38]. However, the radial mo-
internal energy required for ion dissociation decreases tion of the ion is efficiently damped by collisions with
correspondingly. Variation in reaction times as a func- neutral gas. Collisional focusing characteristics of lin-
tion of different experimental parameters is shown earrf only quadrupoles have been widely utilized for
in Table 1 Clearly, charge-state and pressure depen- improving ion transmissiorj22,23] At sufficiently
dence of RIE are closely correlated with variations high pressures ion motion in a collisional quadrupole
in the reaction time. Namely, somewhat lower RIE can be represented as a one-dimensional drift along

obtained for thet+13 charge state result from longer
time spent by thet13 charge state ions in the col-
lision cell. Reaction time changes dramatically with

the quadrupole axis, i.e., the kinetic energy of the ion
has only the axial component. It follows that the col-
lision model and Monte Carlo simulations presented

pressure and the nature of the collision gas. For ex- in this work are best suited to represent ion motion in
ample, the two-fold increase in pressure (from 0.5 to the collision cell at high pressures. At lower pressures
1 mTorr for Ar) is associated with an almost two-fold the distance traveled by the ion inside the collision
decrease in ion’s kinetic energy required to observe cell can be substantially larger than the cell length due
50% dissociation (from 1596 to 816V, s@able J to the radial motion of the ion. Consequently, RIE ex-
and proportional increase in the reaction time (from 67 tracted from the low-pressure experimental data using
to 102us). Following the increase in the reaction time the collision model are underestimated. In contrast,
(or the residence time in the collision cell) the RIE Monte Carlo simulations presented in this work were
decreases from 132 to 122 eVaple 3. The much not utilized to obtain the best fit with experimental data
smaller change in RIE results from the exponential de- but rather to predict the trends in RIE that should be
pendence of the reaction rate constant on the internalobtained for a one-dimensional motion of ions through
energy. the collision cell. It follows that differences between

However, this trend is not observed for the the predictions of Monte Carlo simulations and the
RIE obtained from the experimental data for the trends obtained from the experimental data using the
Trypsin—BPTI complex using the collision model. collision model can be rationalized based on the above
The results shown iTable 2suggest that RIE does considerations.
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3.5. Comparison of Monte Carlo simulations with
theoretical computations

Monte Carlo simulations showed that it is possi-
ble to evaluate relative internal energy accumulated
by precursor ion through a series of low-energy colli-
sions with neutral gas. At the same time, calculation
of relative internal energy is also possible through the
use of previously derived theoretical expression from
the collision model for an ion activation.

To compare results of Monte Carlo simulations with
theoretical computations of relative internal energy,
halfway dissociation voltage and its corresponding
distance were extracted from the “computer” experi-
ment and plugged into theoretical expression from the
collision model for an ion activation. Following cal-
culation of relative internal energies from theoretical
expression and Monte Carlo simulations, their ratio

V.J. Nesatyy, J. Laskin/International Journal of Mass Spectrometry 221 (2002) 245-262

relative internal energies obtained from Monte Carlo
simulation and those calculated from the theoretical
expression has been repeated with diffuse scatter-
ing model that included statistical distribution of the
scattering angles, and the energies transferred to the
ion. It was found that for a wide range of experi-
mental parameters match of the internal energies of
ions calculated from theoretical expression with those
estimated by the Monte Carlo simulation was within
about 6% Table 3.

4. Conclusions

Monte Carlo simulations have been performed
to model collisionally activated dissociation of the
Trypsin—BPTI complex occurring in a collision cell
of a triple quadrupole mass spectrometer. Application

was determined and used as measure of correlationof collision dynamics to the statistically generated

between these two values. Monte Carlo simulations
were repeated for both simple and diffuse scatter-
ing models for five incremental frequency factors
from 1CP to 104, five values of dissociation energies
Eo from 0.6 to 1.4eV, and six numbers of effective
oscillators s from 3000 to 8000. These simulation

distances between collisions of precursor ion with
neutral gas resulted in a comprehensive description of
the precursor ion dissociation. Treatment of CAD as a
stepwise process allowed to evaluate relative internal
energy accumulated by the precursor ion after a series
of low-energy collisions and determine dissociation

were conducted for four pressures (0.5, 1, 1.5, and rate constant using the RRKM expression. We have

2mTorr) of three different collision gases (Ne, Ar,
and Ki).

Data presented iffable 3shows that for simple
model there is strong correlation between relative in-
ternal energies modeled by Monte Carlo simulation

also shown that Monte Carlo simulations can be used
to study the effect of the gradual unfolding of the pre-
cursor ion following a series of low-energy collisions
on its fragmentation efficiency. Contrary to previous
observation$25], it was found that simulation of the

and those obtained from the theoretical expression precursor ion dissociation depends on RRKM param-

derived from the collision model for an ion activa-
tion (Eq. (1). Assessment of the correlation between

Table 3

eters and does not necessarily occur near the collision
cell exit.

Correlation of the relative internal energy calculated from the theoretical expression with those generated by Monte Carlo simulation

Simple model

Diffuse model

Ne Ar Kr Kr
Points 209 296 367 368
Minimum 0.83 0.77 0.71 0.81
Maximum 1.14 1.18 1.18 1.14
Correlation 0.99+ 0.06 1.00+ 0.06 1.02+ 0.06 0.98+ 0.06
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Monte Carlo simulation of the diffuse scattering Part of this research was conducted under the auspices
collisions, that includes effects of scattering angle of the Office of Basic Energy Sciences, U.S. Depart-
and energy transfer efficiency, produced results differ- ment of Energy, under Contract DE-AC06-76RL0
ent from that obtained by a Monte Carlo simulation 1830 with the Battelle Memorial Institute, which op-
based on a simple collision model. Based on the data erates the Pacific Northwest National Laboratory, a
presented here it is difficult to evaluate which model multi-program national laboratory operated from the

better describes CAD process. Given the fact that
dissociation voltages generated by both simple and
diffuse Monte Carlo simulations were similar, smaller
values of energy transfer efficiencies associated
with diffuse Monte Carlo simulations would explain
smaller values of RIE in comparison to simple Monte
Carlo model. For both simple and diffuse scatter-
ing models relative internal energies obtained from
Monte Carlo simulation showed a strong correlation
with those calculated from the theoretical expression
over a wide range of experimental parameters. Both
simple and diffuse models can be used to reproduce
experimental dissociation curves over a variety of
experimental parameters. The major limitation of
both the collision model and Monte Carlo simula-
tions presented in this work is the assumption of a
one-dimensional motion of the ion through the colli-
sion cell.

Further improvement in the performance of Monte
Carlo simulation can be achieved by accurate mod-
eling of the total distance traveled by the ion in the
guadrupole field. Combination of Monte Carlo sim-
ulations presented with this work with recently pub-
lished semi-quantitativg39] and computer models
[28] predicting mean internal energy accumulated by
ions in the electrospray interface region can provide
a better theoretical description of ion dissociation in
tandem mass spectrometry experiments.
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