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Dissociation of singly protonated leucine enkephalin (YGGFL) was studied using surface-induced dissociation
(SID) in a Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS) specially configured
for studying ion activation by collisions with surfaces. The energetics and dynamics of seven primary
dissociation channels were deduced from modeling the time- and energy-resolved fragmentation efficiency
curves for different fragment ions using an RRKM-based approach developed in our laboratory. The following
threshold energies and activation entropies were determined in this $figdy:1.20 eV andAS = —20 ed
(MH™—bhg); Eg = 1.14 eV andAS’ = —14.7 eu (MH—Dh,); Eo = 1.42 eV andASf = —2.5 eu (MH—Dy);

Eo = 1.30 eV andAS’ = —4.1 eu (MH—ay); Eo = 1.37 eV andAS' = —5.2 eu (MH—y ions); E; = 1.50

eV andAS = 1.6 eu (MH—internal fragments)E, = 1.62 eV andAS’ = 5.2 eu (MH—F). Comparison

with Arrhenius activation energies reported in the literature demonstrated for the first time the reversal of the
order of activation energies as compared to threshold energies for dissociation.

Introduction energy,Eo, are connected via the Tolman theorem that can be

. L . . Xpr follows:10
Fragmentation of peptide ions in the gas phase is central fore pressed as follows:

successful identification of peptides and proteins using tandem
mass spectrometry (MS/MS). The resultant MS/MS spectrum
is determined by a number of instrumental factors, the internal ) , "
energy distribution of ions, and by the energetics and mecha- Whereks is Boltzmanr! s constantiCand[ELiare the average
nisms of dissociation. Studies of fragmentation energetics and€N€"9y of the transition state and the average energy of all
mechanisms of gas-phase peptide ions provide the basis formlecules evaluated at temperatlireespectively. Equation 1
understanding and possibly predicting the MS/MS spectra of can be rewritten in the following form:

biomolecules. However, such studies are challenging because _

of the size and complexity of the ions. In addition, most of the Ba= o+ ABeor + ks (2a)
well-developed experimental approaches that have been suc- . , . .
cessfully employed in the studies of the energetics of fragmenta-v\’hereAEcorr is Tolman’s correction factor given by

tion of small and medium-sized ions are not applicable to the +

fragmentation of large molecules, for which quantitative ap- AE.,, = kBTZM (2b)
proaches are at an early stage of development. ar

The energetics of fragmentation of large molecules has been
extensively studied using blackbody infrared dissociation
(BIRD).1~2 In this method, the ions are heated by radiative
exchange with the vacuum chamber walls, and their fragmenta-
tion is studied as a function of wall temperature. It has been + +
shown that sufficiently large ions can equilibrate with the AS = kBInQ—i- kBTM (3)
blackbody radiation field and have internal energies given by a Q ar
Boltzmann distribution at a corresponding temperature. Arr-
henius parameters for the dissociation of a variety of small ions,
peptides, and proteins have been repoftéd.

Although BIRD provides a straightforward approach for
determination of the activation energy and the pre-exponential
factor for dissociation of gas-phase biomolecules, the interpreta-
tion of such data is quite complicated because the Arrhenius
activation energy contains the contribution associated with
reaction entropy. The activation enerdss, and the threshold

E,=E,+ [E'T- [EH kT 1)

andQ* andQ are partition functions of the transition state and
the excited molecule, respectively. The entropy of activation is
given by eq 3:

Clearly, Tolman’s correction factor (eq 2b), hence the activation
energy (eq 2a), is correlated with the activation entropy through
the second term in eq 3. As a result, Arrhenius activation
energies are strongly correlated with pre-exponential facfrs (
and do not necessarily reflect the relative stability of ions toward
dissociationt! For example, for reactions proceeding via a very
tight transition state (TS) (low pre-exponential factorsEcorr

is negative and the Arrhenius activation energy is lower than
the threshold energy, while for reactions characterized by a loose
" Part of the “Chava Lifshitz Memorial ssue”. TS (high pre-exponential factor) the Arrhenius activation energy
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linearly with Log(®) and ranges from—14 kcal/mol for qguadrupoles following the ion funnel provide collisional focus-
Log(A) of 6 to 36.4 kcal/mol for Logh) of 39.211 ing, mass selection of the ion of interest, and accumulation of
This analysis suggests that the strong correlation between theions external to the ICR cell. Typical accumulation times used
Arrhenius parameters can reverse the order of Arrheniusin this study were in the range of 6:0.3 s. The third
activation energies for different systems relative to the order of (accumulation) quadrupole is held at elevated pressure (about
the corresponding threshold energies. Converfiggnto the 2 x 1073 Torr) for collisional relaxation of any internal energy
threshold energyk,, using Tolman’s theorem reveals the true possessed by ions generated by electrospray ionization prior to
magnitude of the correlation between molecular complexity and their injection into the ICR cell.
stability. In this study, we will demonstrate the reversal of the  After accumulation, ions are extracted from the third quad-
order of activation energies for the two major dissociation rupole and transferred into the ICR cell where they collide with
pathways of protonated leucine enkephalin. Threshold energiesthe surface. Scattered ions are captured by raising the potentials
and reaction entropies will be derived using an RRKM-based on the front and rear trapping plates of the ICR cell by-20
modeling of the time- and energy-resolved surface-induced V. Time-resolved mass spectra were acquired by varying the
dissociation (SID) data described by us previodsf Thermal delay between the gated trapping and the excitation/detection
dissociation rates and the corresponding Arrhenius parametersevent (the reaction delay). The reaction delay was varied from
will be deduced by averaging the calculated microcanonical rate 1 ms to 1 s. Immediately following the fragmentation delay,
constants over thermal distributions at different temperatures.ions were excited by a broadband chirp and detected. The
Dissociation of protonated leucine enkephalin (YGGFL) in collision energy is defined by the difference in the potential
the gas phase has been extensively studied using a variety oapplied to the accumulation quadrupole and the potential applied
experimental approaché&s:23 Both BIRD and ion trap collision-  to the rear trapping plate and the SID target. The ICR cell can
induced dissociation (CID) experiments were utilized to study be offset above or below ground by as much -850 V.
thermal kinetics of dissociation of YGGF:25 A relatively Lowering the ICR cell below ground while keeping the potential
simple dissociation pattern and well-established thermal kinetics on the third quadrupole fixed increases collision energy for
make YGGFL an excellent “thermometer” ion for characteriza- positive ions.
tion of internal energy deposition into peptide ions in different  Experimental control is accomplished with a MIDAS data
ionization and activation processés?? station developed by Marshall and co-workers at the National
Here, we present a detailed study of the SID of protonated High Magnetic Field Laborator§t MIDAS is used to control
leucine enkephalin on a self-assembled monolayer surfacethe voltages and timing of the ion source and transfer optics,
(SAM). This ion activation method originally introduced by  as well as ion manipulation in the ICR cell. An automated script
Cooks and co-workef$3®has been extensively reviewéd33 was written to allow for unattended acquisition of the kinetic
It provides an efficient means for very fast, single-step excitation data. The script was used to vary the fragmentation delay and
of the ion in which internal energy deposition occurs in a few collision energy of the experiment. Reaction delays of 1 ms, 5
picosecond$? We have demonstrated that this single-step ion ms, 10 ms, 50 ms, 0.1 s, and 1 s were studied. Typical
activation combined with the long and variable time scale of a experiments involved changing the collision energy across a
Fourier transform ion cyclotron resonance mass spectrometerrelatively wide range from 7 to 55 eV in 2 eV increments at
(FT-ICR MS) is perfectly suited for studying the energetics and each of the six reaction delays. Time-dependent fragmentation
dynamics of peptide fragmentati®h®*The advantages provided efficiency curves (TFECs) were constructed from experimental
by SID include very fast ion activation, which eliminates mass spectra by plotting the relative abundance of the precursor
possible discrimination against higher-energy dissociation path-jon and its fragments as a function of collision energy for each
ways?’” and efficient “amplification” of small changes in delay time.
dissociation paramete?8.The large kinetic shift, the internal The SAM surface was prepared on a single gdiil} crystal
energy in excess of the threshold energy required to produce\ionocrystals, Richmond Heights, OH) using a standard
detectable dissociation of a polyatomic ion on the time scale of procedure. The target was cleaned in a UV cleaner (model
amass spectrometer, and the partial (typically 20%) transfer 135500, Boekel Industries Inc., Feasterville, PA) for 10 min
of the kinetic to internal energy in ion-surface collision are the 54 allowed to stand in a 98% 1-dodecanethiol thiol {CiHl): -
two major effects that contribute to the amplification, which SH) solution (Sigma-Aldrich) for 812 h. The target was
makes SID a very sensitive probe of the fragmentation energetics,emoved from the SAM solution and ultrasonically washed in

and dynamics. ethanol for 10 min to remove extra layers.

Leucine enkephalin was purchased from Sigma and used as
received. The sample was dissolved in a 50:50 (v/v) methanol:

Surface-induced dissociation experiments were conducted onwater solution with 1% acetic acid to a final concentration of
a specially fabricated 6T FT-ICR mass spectrom&eFhe 20—50 uM. A syringe pump (Cole Parmer, Vernon Hills, IL)
instrument is equipped with a high-transmission electrospray was used for direct infusion of the electrospray samples at 20
source, consisting of an ion funnel interf&&®llowed by three  uL/h.
quadrupoles that provide for pressure drop and ion bunching, RRKM Modeling. TFECs were modeled using an RRKM-
mass selection, and ion accumulation, respectively. The SID based approach developed by our grét§. Microcanonical
target is introduced through a vacuum interlock assembly and rate constants as a function of internal energy for all reaction
is positioned at the rear trapping plate of the ICR cell. Both the channels were calculated using the RRKM/QET expressién.
instrument and the SID experimental protocol have been detailedThe breakdown graph (BDG), a collection of breakdown curves
elsewher& and will be only briefly outlined below. (BDC) representing fragmentation probability of the precursor

lons are electrosprayed, at atmospheric pressure, into the endon into a particular reaction channel as a function of the internal
of a heated stainless steel capillary tube. The ion funnel that energy of the precursor iorE)f and the reaction timetJ, is
follows the capillary provides highly efficient ion transfer into calculated using the appropriate equations of formal kinetics
the high vacuum region of the mass spectrometer. Threederived for a particular reaction scheme. Because of the long

Experimental Section
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reaction delay times involved in our FT-ICR SID experiments, MH
radiative cooling of excited ions must be taken into account. a)
The same radiative ratkgq iS used to model radiative cooling b4 ;’N
of the precursor ion and its fragments. a, o
The energy deposition function is described by the following E
analytical expressiot?13 b3 Y, l
T 150 200 250 300 350 400 430 500 550
P(EE.q) = (E— A) exp(~(E — AYf(E)/C  (4) a
4
wherel and A are parameters; = I'(I + 1)[f(Econ)]'*t is a b) b %*
normalization factor, an€(E.q) has the form: 2 b3 Y2 b +m'
2] *
_ 2 N GF / a, | |4 =
f(EcoII) = AZEcoll + AlEcoll + Eth/(l + 1) (5) ]T‘Y L(B [ GGIF\“ FYG F a5 \ \ H
| ! | L Il L L "
whereA; and A; are parametersy, is the thermal energy of 100 150 200 250 300 350 400 450 500 550
the ensemble of peptide ions prior to ion activation, Ergl is M/Z
the collision energy. Finally, the normalized signal intensity for Figure 1. 30 eV (a) and 50 eV (b) SID spectra of protonated leucine
a particular reaction channel is given by the equation: enkephalin obtained using the HSAM surface as a target and reaction
delay of 1 s.
i(Econ) = ﬂ) BDC(Et)P(E.E.y) dE (6)

the excess energy is partitioned statistically among the frag-
_ments) by calculating all permutations of the energy partitioning
nfrom densities of states of the ionic and neutral fragments. Given
the total internal energy in the precursor id),(the probability
that the internal energy of the ionic fragment is betweamd

€ + de is given by4445

Calculated TFECs were constructed using the above proce
dure and compared to experimental data. The energy depositio
function was kept the same for all reaction times. The fitting
parameters were varied until the best fit to experimental curves
was obtained. The fitting parameters included the critical energy
and the activation entropy for all reaction channels and the d
parameters characterizing the energy deposition function 0(E.€) = P1(€)poE — Ey — €) de 7
(eqgs 45) The uniqueness of the f|t_s was conﬂ_r_med using the IE* Eo p1(€)po(E — By — €) de
sensitivity analysis described previoudby Specifically, the 0
critical energy of reaction 2 (MH—b,) was systematically
changed in increments of 0.02 eV, and the rest of the fitting )
parameters were adjusted to give the best fit. This test revealed@dMents, respectively. _ o
that dissociation energies for all primary dissociation channels  Eduation 7 is used to calculate the internal energy distribution
and most of the secondary reactions are unique within 0.05 eV; ,Of ionic fragments for eaqh internal enerdjy,of.the precursor
a larger uncertainty of 0.15 eV was obtained for reaction 10. 1O The most probable internal energy retained by the ionic
Although the model utilizes a large number of fitting parameters, A9MeNtEmp, is obtained from the maximum of the distribution.
fitting time- and energy-dependent branching ratios of different N 0ur modeling procedure, the dependenceggfon E — Eo
dissociation pathways imposes serious constraints on fittingfor each reaction are fitted with a second-order polynomial, and

parameters. Energy dependence of branching ratios is largelyth€ analytical functional form obtained in this way is used to
determined by the relative values of activation entropies. As a calculate the internal energy content of different fragment ions.
result, activation entropies remained unchanged during the
sensitivity analysis described here. It has been also confirmed
that the data could not be reproduced reasonably well using In this study, we examined SID of singly protonated leucine

wherep; andp; are the densities of states of ionic and neutral

Results

different values of activation entropies. enkephalin (YGGFL) colliding with a SAM of 1-dodecane thiol
Vibrational frequencies of the precursor ion were obtained on gold (HSAM). We have previously demonstrated that the
from the frequency model given by Chrisfie Vibrational energy transfer efficiency on HSAM surfaces is relatively small

frequencies for the transition state were estimated by removingand fragmentation occurs at high collision energies, thereby
one C-N stretch (reaction coordinate) from the parent ion minimizing ion loss on the surface. A proper choice of the SID
frequencies as well as varying all frequencies in the range of target is very important for protonated leucine enkephalin as a
500-1000 cnT? to obtain the best fit with experimental data. projectile ion. Our initial studies showed that YGGFL fragments
Energy Partitioning. Energy partitioning between ionic and  at less than 10 eV collision energy when the fluorinated SAM
neutral fragments must be taken into account for accurate (FSAM) surface is used as a target. In this energy regime, soft
modeling of consecutive dissociation pathways. In general, the landing or neutralization on the surface is the dominant process
internal energy of an ionic fragment formed from a precursor and the intensity of scattered ions is quite I§7 However,
ion with internal energyk, does not exceel — Ey (whereEy because of the lower-energy transfer efficiency, SID of leucine
is the critical energy for the reaction) and equéls- Eq only enkephalin by collisions with the HSAM surface occurs at
when a neutral fragment cannot carry away any internal energy, significantly higher collision energies than on the FSAM surface;
that is, for monatomic neutral fragments. The fraction of the this helps to substantially reduce ion loss and improve the signal-
internal energy carried off by the neutral increases with to-noise ratio in SID spectra.
increasing complexity of the neutral fragment. In our study of  Figure 1 shows representative SID spectra of YGGFL for 30
the fragmentation of bromonaphthalene radical cation, we haveand 50 eV collisions with the HSAM surface and reaction delay
shown that partitioning of energy between the ionic and neutral of 1 s. SID spectra shown in Figure 1 are similar to MS/MS
products must be included in the modeling of the fragmentation spectra of leucine enkephalin reported in the literattiréd At
kinetics of complex systemi$.This can be done (assuming that low collision energies, fragmentation is dominated by the
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Figure 2. Time- and energy-dependent fragmentation efficiency curves (TFECs) for the protonated YGGFL and its major fragments at reaction
delays of 1 msM), 5 ms @), 50 ms ), and 1 s Q).

formation of thebs/a, ion pair and loss of water from the SCHEME 1

protonated precursor ion resulting in formation of theion. ay b,—
SID spectrum obtained at 50 eV collision energy contains a YGGFL/ \b/—\
large number of sequence specific fragments including an almost \ yZ 3
complete series ob, ions (b,—bs) and y, ions 1—ys), a b,

number ofa, and a,-NHs ions (s, as*, a4, as*), a series of

internal fragments (GGF, GGFCO, GF, GFCO), and im- y<y‘
monium ions (F, Y). The formation of a rearrangement fragment F

labeled FYG Wz 323) in Figure 1b has been discussed in detail
by Glish and co-worker&: They demonstrated that the formation Scheme 1. According to this study, tbe as, bs, andy, ions
of this ion involves the loss of an internal glycine residue are formed directly from the parent ion, while the andy;
(m/z 57) and NH from the ay ion. ions result from consecutive dissociation of the primary frag-
Different fragment ions of YGGFL exhibit very different ~ments. Further fragmentation of the N-terminal fragments results
kinetic behavior. Figure 2 shows time- and energy-dependentin formation of the tyrosine immonium ion (Y), while phenyl-
fragmentation efficiency curves (TFECs) for the parention and alanine immonium ion (F) is produced from tigion.
eight most abundant fragments at four reaction delays. Strong A significantly more complicated dissociation scheme was
time dependence is observed for the precursor ion and severaproposed by Ballard and Gaskell from the analysis of metastable
fragments includindps, bs, a4*, and FYG. TFECs of they ion and collision-induced dissociation of YGGREThey suggested
show significantly weaker time dependence, while TFECs of that the reaction sequence NMttbs—a, plays an important role
thebs, GF, and F fragments do not display any time dependencein the formation of thea, ion, although it can be also formed
on the time scale examined in our experiments. It can be via the MH*—a, pathway. Second generation product spectra
concluded that the formation of th®, b4, as*, and FYG ions reported in this study suggest that andy, and F ions are
is associated with substantial rearrangements, while the forma-produced from thg; andy. fragments. They ion is a precursor
tion of theay, b3, GF, and F ions follows entropically favored for thebg, by, &, F, and Y fragment ions. The GF and GEO
pathways. The observed kinetic behavior of different fragment ions are mainly formed from thg; ion, although at long reaction
ions shown in Figure 2 will be used for critical analysis of the times these fragments can also originate from ahéon; by,
possible dissociation pathways for YGGFL in our FT-ICR SID ya4, andys-H,O were all detected as precursors of the GGF
experiments. fragment, while GGFCO is most likely formed from the,
Dissociation Pathways.Detailed modeling of dissociation — anday ions.
of protonated leucine enkephalin and the energetics and kinetics ~ Although similar dissociation patterns have been observed
of formation of its fragments requires knowledge of dissociation for YGGFL in different instruments, the partitioning between
pathways following ion activation. Dissociation pathways of various fragmentation pathways has a notable dependence on
protonated leucine enkephalin have been extensively studiedthe ion activation method. For example, while the experiments
using a variety of ion activation techniques including high- utilizing relatively fast excitation in hybrid sector/rf quadrupole
energy single-collision activatiol,low-energy multiple-colli- instruments showed that a large fraction of #&aéons is formed
sion CID}#16.2%23 and blackbody infrared irradiatiotd. directly from the MH" ion, double resonance CID experiments
The first systematic study describing dissociation pathways in an ion trap suggested that only 11% ofalions are formed
of YGGFL was reported by Alexander and BoYdThey from the parent ion and 87% from thg ion.22 Williams and
summarized low-energy (5120 eV in the laboratory frame)  co-workers found that in BIRD experiments tagion is formed
CID routes for MH" in an rf-only quadrupole as shown in  exclusively from theb, ion.2* Similarly, low-amplitude multiple-
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SCHEME 2 channels were incorporated into the modeling, we found that
K ks the rate constants for reactions-124 obtained from the best
b a; & as’ fit of the experimental data were too slow and these reactions
ﬁ,b k a2 & FYG could not compete with the alternative primary dissociation
. 141(,4 ¢ channels. It follows that according to our modeling the~a,
—a, reaction that plays a very important role in slow ion activation
YGGFL — k. by b, & ;'ﬂ experimgnts .does not contribute .signifi'can.tly to the formgtion
K, ) ' of theas ion in SI_D experiments, in which |nternal excitation
——y ions of the precursor ion occurs on a picosecond time scale.
ks K| iz RRKM Modeling. TFECs of different fragments were
— GF&GGF modeled using an approach described earlier. The breakdown
[k F graph was calculated using the appropriate equations of formal

kinetics derived for Scheme 2. The parameters of the energy
resonance CID in a collision cell reported by Rakov et al. depositi_on function an.d dissociationlparameters (critical energies
showed that in these experiments all N-terminal fragments are and activation entropies) characterizing the rate-energy depen-
formed by consecutive dissociation of the ion, while the dence of_the 14 dls_somatlon rat_e constan_ts shown in Schem_e 2
internal GF and GGF fragments are produced primarily from Were varied to obtain the best fit of experimental TFECs at six

theys andy, ions23 These results suggest that the consecutive different reaction delays. _
MH*—bs—~as pathway plays an important role when the Figure 3 shows the comparison between the experimental data
precursor ion is excited very slowly, while fast excitation of at four reaction delays and best fits obtained from the modeling.

the precursor ion favors the formation of tag ion directly ~ Despite the complexity of the model and a number of simplify-
from the MH" ion. ing assumptions involved in constructing the reaction scheme,

the agreement between the experiment and the model is fairly
good. Dissociation parameters for the seven primary reactions
1-7 obtained from the best fit are listed in Table 1, and the

microcanonical rate-energy dependences are shown in Figure

Because ion-surface collisions result in very fast ion activa-
tion, we used an expanded version of Scheme 1 in our modeling
of time- and energy-resolved SID data. The dissociation scheme

that provided the best description of our SID data is shown in 4. Because of the simplifying assumptions used to establish

Scheme 2, in which dissociation of YGGFL is described using rparent—fragment relationships described earlier, the parameters

seven primary and seven secondary reactions. The reactio . - -
scheme was simplified by combining several fragments together.c’bta'ned for the secondary dissociation pathways are character-

and modeling their cumulative abundance. For example, reactionIzecj by large uncertainties and will not be discussed here.
6 describes the formation of GF, GEO, GGF, and GGF
CO fragments. Formation of th®, b, and Y ions is described

using a single rate constamt. This is a reasonable approach  Rate Constants and Dissociation Parameterslhe results
because according to Scheme 1 theand Y ions are formed  summarized in Table 1 indicate that the lowest-energy channels
by consecutive fragmentation of tbgion. Reaction 5 describes  for the fragmentation of protonated leucine enkephalin cor-
the cumulative formation ofy1, y,, andys ions from the respond to the formation df; andbs ions. The lowest-energy
precursor ion. The most abundant ions in this family of channels are characterized by the largest negative activation
fragments are thg, andy; ions that account for ca. 70% and  entropies, suggesting that structural rearrangements occur during
30% of the relative abundance gfions, respectively. As a  the formation of these fragment ions. This finding is in
result, dissociation parameters for reaction 5 mainly reflect the agreement with our previous studies, in which we showed that
energetics and dynamics of formation of theion from the low-energy dissociation pathways of protonated peptides are
protonated peptide. Similar kinetics and strong time dependencecommonly associated with fairly tight transition states3
observed for the,* and FYG ions suggest that they are likely  Formation of theb, ion is both energetically and entropically

Discussion

produced from thé, ion. Finally, the products of thes ion more favorable than the loss of water molecule from the
(as andag*) were combined together, and their formation was  precursor ion resulting in formation of the ion, consistent
described using a single rate constaa, with our previous studies of the energetics of fragmentation of

Scheme 2 assumes that the total decomposition of thesmall alanine-containing peptidés?®
protonated precursor ion is determined by seven primary Formation of an abundarlt, ion is in agreement with the
dissociation channels as compared to four primary channelsgeneral tendency of nonbasic peptides to yield abundant
proposed by Alexander and Boyd (Schemé“(learly, the fragment ions. Our modeling suggests that the formation of the
bs ion not included in Scheme 1 is formed by loss of a water b, ion of YGGFL is 0.28 eV (6.5 kcal/mol) more favorable
molecule from the protonated YGGFL. Our initial attempts to than the formation of a smalldy; ion via reaction 49 It is
model the formation of GGF ions and phenylalanine immonium interesting to compare this result to the relative energetics of
ion via consecutive pathways did not give a satisfactory formation ofbs andbsz ions of another nonbasic pentapeptide,
agreement between the experimental and calculated TFECs forAAAAA, obtained by Paizs and Suhai using DFT calculatighs.
these fragments. Reactions 6 and 7 were added to the dissociaThis study showed that the MH-b, pathway for protonated
tion scheme for adequate description of the time and energy pentaalanine is ca.-8 kcal/mol more favorable than the
dependence of the formation of these fragment ions. MH*—bs pathway. Our results are in good qualitative agree-

Secondary reactions in Scheme 1 include the well-establishedment with this computational study.
consecutivéd,—a4 andbs—as pathways, subsequent fragmenta- The energetics of formation of thm®/y-, ion pair via reactions
tion of theas andy ions into the phenylalanine immoniumion 4 and 5 is also consistent with the behavior reported for
(F), and the formation obs, by, and Y ions from thea, ion. pentaalanine. Dissociation parameters and rate-energy depend-
The latter channel suggested by Ballard and Gaskell was ences for these two reactions are very similar. Paizs and Suhai
discussed earlief Although all seven secondary reaction suggested that these complementary ions are formed via the
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Figure 3. RRKM modeling fit of experimental data for dissociation of YGGFL. Experimental and calculated TFECs correspond to reaction delays
of 1 ms @, solid lines), 5 ms 4, dashed lines), 50 msH, dash-dot lines), ad 1 s ©, dash-dot—dot lines).

TABLE 1: Results of the RRKM Modeling of the TFECs of Primary Fragmentation Channels of YGGFL

fragment
bs bs =N bsandb, and Y y ions GF and GGF F
ki ko ks ke ks ke k7
Eo, eV 1.20 1.14 1.30 1.42 1.37 1.50 1.62
AS, eu —20.0 —14.7 —4.1 —-25 —-5.2 1.6 5.2
A st 1.1x 10 1.5x 10% 3.3x10%2 7.4 x 1012 1.9x 10% 5.8 x 103 3.5x 10*
E(k=1s?),eVv 3.38 2.94 3.42 3.90 3.78 4.06 4.38

same proton-bound intermediate complex and their relative from the N-terminus to another side of the peptide. This can be
abundance in MS/MS spectra is determined only by relative explained only based on the secondary structure of the peptide.
proton affinities of the corresponding neutral molectfeEhey Interestingly, DFT calculations of the structure of the neutral
described the formation of such fragment ion pair using a single form of leucine enkephalfd demonstrated the formation of a
rate constant. Our results indicate that there is a small butbifurcated hydrogen bond between the oxygen of the fourth
measurable difference in both energy and entropy effects of thecarbonyl group, the N-terminal amino group, and the hydrogen
two reactions: MH—bz and MH™—y,. In particular, the of OH group of the C-terminal COOH group. It follows that
reaction resulting in the formation of thye ion has somewhat  even in a neutral form the fourth carbonyl group of YGGFL is
lower threshold energy and more negative activation entropy, strongly bound to the N-terminus. In the neutral molecule, this
suggesting that the formation of this ion requires more signifi- binding is facilitated by the C-terminal acidic hydrogen, while
cant rearrangement than the formation of the corresporiting  in the protonated ion this hydrogen bond is most likely facilitated
ion. by the ionizing proton. It is expected that hydrogen bonding
The highest-energy primary reaction channels of YGGFL, between the fourth carbonyl group of YGGFL and the N-
reactions 6 and 7, correspond to the formation of GF and GGF terminal amino group is even stronger in the presence of the
internal fragments and the phenylalanine immonium ion (F). ionizing proton at the N-terminus. From the above discussion,
Cleavage of two amide bonds is required for the formation of it follows that secondary structure of the protonated leucine
these fragments, one of which is the fourth amide bond betweenenkephalin is responsible for the preferential formation of the
the phenylalanine and the leucine residues. Interestingly, thebs, a;, GGF, GF, and F fragments.
same bond cleavage results in formation of the most abundant Facile formation of thea, ion directly from the protonated
b, anday ions, suggesting that this is the most labile bond in parent ion is a rather unexpected result; reaction 3 is the third
protonated leucine enkephalin. Cumulatively, cleavage of this lowest-energy reaction channel of YGGFL. Earlier discussion
bond accounts for more than 60% fragmentation of YGGFL. also showed that in our SID experiments the alternative
Analysis of site-specific H/D exchange rates performed by consecutive pathway involving loss of CO from thg ion
Lifshitz and co-workers suggested that YGGFL is protonated cannot compete with the MH~a, pathway. Reaction 3 has a
at the N-terminal amino group.Preferential cleavage of the  higher threshold energy and more positive entropy effect than
fourth peptide bond requires a transfer of the ionizing proton reactions 1 and 2, which allows this reaction to efficiently



8560 J. Phys. Chem. A, Vol. 110, No. 27, 2006 Laskin

- - - b4
1% - - - a 1x107 3
4 p"- 4
s] —-—--GF&GGF e 3 —-—--GF&GGF
1074 b L, ot 1x10° 3
104 oo 5. . ’._{/f;",—" a ) . .
T 3 y ions . P E 1x10 5 ) \ y ions
~ 107 2 ---- b &b &Y
=, @, 1x10° 4 2
Z 1074 =
1x10° 5
10'
10° ] 1x107 4
— T . 1x10°*
2 4 6 8 1
Internal Energy, eV Internal Energy, eV
Figure 4. Microcanonical rate-energy dependences for the primary Figure 5. Reactive population&(E)P(E), calculated using rate-energy
fragmentation pathways of protonated YGGFL. dependences shown in Figure 4 and the thermal distribugi(ig), at
450 K.

compete with lower-energy pathways even at low internal
energies. However, this and other higher-energy dissociation population, it is estimated that only less than 8%spions are
pathways of YGGFL will be strongly suppressed in slow heating formed directly from the precursor ion in thermal experiments,
experiment$* We have demonstrated that multiple-collision while all other higher-energy dissociation pathways cumulatively
CID, a slow activation method, strongly discriminates against contribute less than 1.5% to the total decomposition of the
fragment ions formed via competitive high-energy reaction precursor ion.
channels? When the lowest-energy channel opens up, dissocia- The Arrhenius parameters for the total decomposition of
tion efficiency through the higher-energy channel is determined YGGFL determined from BIRD experiments &g= 1.09 eV
by the rate of ion activation. If activation is slow as compared and Log®) = 10.52* The dissociation threshold derived from
to dissociation through the low-energy pathway, the fragment the Arrhenius activation energy is 1.18 &YThe low pre-
corresponding to the higher-energy pathway is strongly sup- exponential factor indicates a tight transition state. The pre-
pressed. As a result, contribution of reactions73to the exponential factor derived from our modeling (Table 1) i$°£0
formation of fragment ions in MS/MS experiments is a strong in excellent agreement with BIRD data. The following Arrhenius
function of the rate of ion activation. activation parameters were reported for reactions 1 and 2:
In our previous study, we modeled the total decomposition Ea(1) = 0.99 eV, Logl;) = 8.7 andE4(2) = 1.11 eV, Logh,)
of the protonated leucine enkephalin using a single rate constant= 10.72* From the modeling of SID data, we derived the
Dissociation parameters obtained from such modeling \Egre  following values of threshold energies and pre-exponential
= 1.13, Log@) = 11.455 The total decomposition rate of factors at 450 K:Eg(1) = 1.20 eV, Loghs) = 9.0 andEq(2) =
YGGFL determined by combining individual decay rates of 1.14 eV, Logf;) = 10.2. Despite a very good correspondence
primary reaction channels shown in Figure 4 is best describedbetween the pre-exponential factors determined using these
using Ep = 1.13, Log@) = 10.9. It follows that modeling absolutely different approaches, there is a clear disagreement
presented in this study is in excellent agreement with our between Arrhenius activation energies and threshold energies
previously published model of the total decomposition of leucine derived from our modeling. Specifically, while thermal experi-
enkephalin. It is also consistent with SID results obtained in a ments suggest that reaction 1 has a lower threshold than reaction
double quadrupole instrument, in which fragmentation occurs 2, threshold energies follow an opposite trend.
on a microsecond time scale.Wysocki and co-workers This discrepancy is readily rationalized using Tolman’s
estimated that the most probable internal energy of YGGFL theorem analysis discussed in the Introduction. Threshold energy
ions fragmenting in a double quadrupole instrument is &&V. for reaction representing the stability of the ion toward
The total decomposition rate at 8 eV internal excitation fragmentation is related to the Arrhenius activation energy
determined from our modeling is% 10° s™* corresponding to through eq 2a. In our previous studies, we suggested that
the lifetime of 2us. correlation between the Arrhenius activation parameters is
Comparison with Thermal Kinetics. Thermal kinetics of significant and can alter the order of activation energies as
YGGFL has been studied using BIRDand rf heating in an compared to the corresponding threshold energies. This is
ion trap2® Both studies suggest that in thermal experiments the exactly the reason for the difference between the energetics of
b, and bs are the only primary fragment ions. Reactive reactions 1 and 2 reported in this study and the Arrhenius
populations of different primary fragments were calculated for energies determined in BIRD experiments.
comparison with thermal kinetics experiments. The reactive  To illustrate this point, we used dissociation parameters
population is given by the product of the microcanonical rate obtained in this study to calculate Tolman’s correction factors
constank(E) and a Boltzmann distribution of internal energies, and Arrhenius activation energies for reactions 1 and 2 at
P(E), at a particular temperature. Figure 5 shows reactive different temperatures using eqs 2a and 2b, respectively. The
populations calculated usingE) curves shown in Figure 4 and  results are plotted in Figure 6. At low temperatures, Arrhenius
the thermal distribution at the average temperature of BIRD activation energies are closely approximated by the correspond-
experiments, 450 K. The calculated branching ratio between ing threshold energies. With increase in temperature, the values
reactions 1 and 2 is 0.17. This result is in excellent agreementof Arrhenius energies decrease. The rate of this decrease is
with the value of 0.18 at 429 K and 0.132 at 476 K reported by determined by the entropy effect (pre-exponential factor) of the
Williams and co-workerd* From the calculated reactive reaction. The Arrhenius activation energy of an entropically
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12Jooo0000, Comparison of dissociation parameters for the formation of
| °°o the by and bs ions obtained in this study with Arrhenius
"a, © activation parameters reported by Williams and co-workers
L1 " ud demonstrated for the first time that Arrhenius activation energies
> 9, do not necessarily follow the same order as the corresponding
4-1 threshold energies. In particular, our modeling showed that the
. threshold energy for the formation of thg ion (1.14 eV) is
o '._. lower than the threshold energy for the formation of ligéon
007 m LE- b4 o (1.20 eV). In contrast, BIRD data showed an opposite behav-
o LE-b % ior: the activation energy of the MH~b, channel (1.11 eV)
is higher than the activation energy of the Ntttbs channel
100 200 300 400 500 600 (0.99 eV). We have previously demonstrated that the Arrhenius
T. K activation energy reflects not only the energetics of dissociation
_ _ o ~ but also contains a significant entropic contribution. The
rlguhre f6. Temperfe:)tureddbependentl:e Iof Aarrhe_mu? E}Ctlva’tIO?] energies gifference between the order of activation and threshold energies
or the formation ofb, andbs lons calculated using Tolman's theorem. ¢, ihege two reactions is a direct consequence of the difference

. L . in entropic contributions to the corresponding Arrhenius activa-
unfavorable reaction 1 decreases faster with increase in tem-_ . . S .
. oo - tion energies. Arrhenius activation energies calculated from the

perature than the Arrhenius activation energy of reaction 2 di hreshold . h
characterized by a more positive entropy effect and a higher corresponding_threshold energies show strong temperature

re-exponential factor. The two curves shown in Figure 6 cross dependence. The decrease in the activation energy with tem-
P P S nrig perature is faster for reactions with lower pre-exponential factors.
at ca. 400 K. At higher temperatures, the activation energy of

: N nversion of activation energies into threshold energi in
reaction 1 becomes smaller than the activation energy for Conversion of activation energies into threshold energies using

reaction 2. Figure 6 clearly demonstrates that assessment of thér olman theorem is the only approach for accurate determination

relative stability of different ions toward dissociation using Of the relative stability of gas-phase ions from thermal experi-
: : L . . ments.

relative Arrhenius activation energies must be done with great

care because the relative values are affected both by the

differences in entropy effects for reactions and by the differences

between the temperatures used in experiments.
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