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Energetics and Dynamics of the Fragmentation Reactions of Protonated Peptides
Containing Methionine Sulfoxide or Aspartic Acid via Energy- and
Time-Resolved Surface Induced Dissociation
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The surface-induced dissociation (SID) of six model peptides containing either methionine sulfoxide or aspartic
acid (GAILM(O)GAILR, GAILM(O)GAILK, GAILM(O)GAILA, GAILDGAILR, GAILDGAILK, and
GAILDGAILA) have been studied using a specially configured Fourier transform ion-cyclotron resonance
mass spectrometer (FT-ICR MS). In particular, we have investigated the energetics and dynamics associated
with (i) preferential cleavage of the methionine sulfoxide side chain via the loss ¢8GH (64 Da), and (ii)
preferential cleavage of the amide bond C-terminal to aspartic acid. The role of proton mobility in these
selective bond cleavage reactions was examined by changing the C-terminal residue of the peptide from
arginine (nonmobile proton conditions) to lysine (partially mobile proton conditions) to alanine (mobile proton
conditions). Time- and energy-resolved fragmentation efficiency curves (TFECs) reveal that selective cleavages
due to the methionine sulfoxide and aspartic acid residues are characterized by slow fragmentation kinetics.
RRKM modeling of the experimental data suggests that the slow kinetics is associated with large negative
entropy effects and these may be due to the presence of rearrangements prior to fragmentation. It was found
that the Arrhenius pre-exponential factd) for peptide fragmentations occurring via selective bond cleavages

are -2 orders of magnitude lower than nonselective peptide fragmentation reactions, while the dissociation
threshold Ey) is relatively invariant. This means that selective bond cleavage is kinetically disfavored compared
to nonselective amide bond cleavage. It was also found that the energetics and dynamics for the preferential
loss of CHSOH from peptide ions containing methionine sulfoxide are very similar to selective C-terminal
amide bond cleavage at the aspartic acid residue. These results suggest that while preferential cleavage can
compete with amide bond cleavage energetically, dynamically, these processes are much slower compared to
amide bond cleavage, explaining why these selective bond cleavages are not observed if fragmentation is
performed under mobile proton conditions. This study further affirms that fragmentation of peptide ions in
the gas phase are predominantly governed by entropic effects.

of peptide ions containing methionine sulfoxide is characterized

The identification and characterization of post-translational PY the preferential diagnostic loss of methane sulfenic acid
modifications (PTMs) of peptides and proteins remains one of (CHsSOH) (64 Da) from the methionine sulfoxide side cRain
the formidable challenges of tandem mass spectrometry (MS/when the number of ionizing protons is less than the number
MS) based proteome analysis technigtiégspecially if the of arginine residues, i.e., under nonmobile proton conditféns.
PTM dramatically alters the fragmentation behavior of the Previous studies have shown that, under similar conditions of
peptide ions. One such PTM which changes peptide fragmenta-low proton mobility, peptide ions containing aspartic acid
tion behavior is the commonly observed single oxidation of a yesjdues (and to a lesser extent glutamic acid) undergo prefer-
methionine residue to methionine sulfoxide. The fragmentation ¢ntial backbone cleavage at the peptide bond C-terminal to the
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SCHEME 1: Mechanism for Preferential Loss of Methane Sulfenic Acid (CHSOH) from the Side Chain of Methionine
Sulfoxide under Nonmobile Proton Conditions
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SCHEME 2: Proposed Mechanism for Selective Amide Bond Cleavage C-Terminal to Aspartic Acid under Nonmobile
Proton Conditions via (a) Charge Remote cis-1,2-Elimination Mechanism and (b) Salt-Bridge Mechanism

+ 0
(a) HaN NH, F
o] (o] HzN NH;
amide bond et +
b o]

” NH
cleavage
2N —_—
o ( 0—H
‘V\I\J'I\ /CH\ 4).(:
H C—NH—Peptide—H CO,H
[N NH,— Peptide—N COH
O 2 H 2
(b) I
o] (u\o
’N\L CH‘~< +
N/ 0
ki +
H_+ H H HzN NH
SNH_ N S K ; 2 Y 2
D) 5 Y amide bond
3 NH
& N, H* transfer 9 e cleavage
Q |/ H) —_— o c=0 2 I
NWU\ _CH__RH_ MJL cc ﬁHz
N ¢ Peptide—N COH H/ \h:/ . “‘Peptide—n CO.H
o
o NH;—Peptide—N CO,H
from oxidized S-alkyl cysteine residuesand disulfide (S-S the ionizing charge in the fragmentation process. For example,
and C-S) bond cleavage from cystine moieti€s. a charge remote cis-1,2-elimination reaction has been proposed

How do these empirical observations relate to the mechanism-by Tsaprallis et af.(Scheme 2a), where the ionizing proton is

(s) of these selective cleavages? The mechanism feSOH sequestered by the arginine residue (R) and where the charge
loss from methionine sulfoxide side chains has previously beenis not solvated and is also not involved in the bond cleavage
investigated using a combination of multistage™¢S8periments, process. Another charge remote mechanism is shown in Scheme
isotopic labeling experiments, and molecular orbital calcula- 2b. In this mechanism, the ionizing proton is sequestered at the
tions31! It was noted that if the peptide fragments under guanidine side chain of arginine but is solvated by the aspartic
nonmobile proton conditions, GG3OH loss proceeds via a acid side chain, which forms a salt-bridge intermediate upon
charge remote cis-1,2-elimination mechanism involving con- intramolecular proton transfer. This salt-bridge intermediate is
certed abstraction of thé-hydrogen by the moderately basic then the “reactive geometry” involved in the amide bond

sulfoxide moiety? to form a vinylglycine derivative (Scheme  cleavage reactiott.

1). In contrast, if the peptide fragments under mobile proton A key aspect relevant to the mechanisms of these selective
conditions, loss of CBBOH occurs via a charge-directed cleavages relates to their energetics and dynamics. Using a
mechanism involving nucleophilic attack by the amide carbonyl specially constructed Fourier transform ion-cyclotron resonance
on the N- or C-terminal side of the methionine sulfoxide residue, mass spectrometer (FT-ICR MS), the selective dissociation at
albeit only at diminished abundance relative to peptide bond the aspartic acid residue has previously been investigated via
cleavagé time- and energy-resolved surface induced dissociation (SID)

Several plausible mechanisms for preferential cleavage of theexperiments for LDIFSDF, LDIFSDFR, RLDIFSDF, and
peptide bond C-terminal to aspartic acid residues have beenLEIFSEFR® as well as angiotensin analogues (DRVYIHPF,
proposed:1314Most of these mechanisms do not directly involve RVYIHPF, RVYIHAF, and RVYIHDF)6 From RRKM-based
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modeling of the time- and energy-resolved fragmentation relaxation of any internal energy possessed by ions generated
efficiency curves (TFECSs), the dissociation threshdig) for by electrospray ionization prior to their injection into the ICR
selective fragmentation due to the aspartic acid residue wascell.

determined to be very similar to nonselective sequence ion After accumulation, mass-selected ions are extracted from
formation. In addition, the RRKM modeling suggests that the the third quadrupole and transferred into the ICR cell where
Arrhenius pre-exponential factor for Asp cleavage is 2 orders they collide with the surface. Scattered ions are captured by
of magnitude smaller than that for nonselective fragmentation; raising the potentials on the front and rear trapping plates of
i.e., preferential fragmentations are kinetically disfavored pro- the ICR cell by 16-20 V. Time-resolved mass spectra were
cesses, indicative of complex rearrangements taking placeacquired by varying the delay between the gated trapping and

preceding selective fragmentatién. the excitation/detection event (the reaction delay). The reaction
Here we report the first comparative study on the energetics delay was varied from 1 ms to 1 s. Immediately following the
and dynamics of two important selective cleavages;&bH fragmentation delay, ions were excited by a broad-band chirp

loss from methionine sulfoxide residue versus amide bond and detected. The collision energy is defined by the difference
cleavage C-terminal to Asp residue, using time- and energy- in the potential applied to the accumulation quadrupole and the
resolved SID experiments of the model “tryptic” peptides Potential applied to the rear trapping plate and the SID target.
GAILDGAILX and GAILM(O)GAILX, where X = R, K, or The ICR cell can be offset above or below ground by as much
A. These peptides were designed to have (1) the same numbeS+150 V. Lowering the ICR cell below ground while keeping
of amino acid residues, (2) the same sequence except for arfhe potential on the third quadrupole fixed increases collision
internal residue, which is either Asp (D) or methionine sulfoxide €nergy f_0f positive ions. ) _

(Met(0)), and (3) varying C-terminal residues (arginine (R), E_xp?glmental control was accomplished with a MIDAS data
lysine (K), or alanine (A)) to manipulate the proton mobility ~Station:> MIDAS is used to control the voltages and timing of

and thus examine how this factor influences the energetics andthe source and transfer optics, as well as ion manipulation in
dynamics of peptide fragmentation. the ICR cell. An automated script was written to allow for

unattended acquisition of kinetic data. The script was used to
vary the fragmentation delay and collision energy of the
experiment. Reactions delays of 1 ms, 5 ms, 10 ms, 50 ms, 0.1

Materials. All peptides GAILDGAILR, GAILDGAILK, s, and 1 s were studied. Typical experiments involved changing
GAILDGAILA, GAILMGAILR, GAILMGAILK, and the collision energy across a relatively wide range from 15 to
GAILMGAILA were purchased from Auspep (Melbourne, 65 eV. The automated script allowed for acquisition of SID
Australia) and were used without further purification. All SPectra across the entire range of collision energies, in 1 eV
samples were dissolved in a 70:30 (v/v) methanol:water solution increments, at each of the six fragmentation delays. Time-
containing 1% acetic acid. A syringe pump (Cole Parmer, dependent survival curves were (_:onstructed from experimental
Vernon Hills, IL) was used for direct infusion of the electrospray Mass spectra by plotting the relative abundance of the precursor
samples at flow rates ranging from 20 to &0/h. ion as a function of collision energy for each delay time.

Oxidation of Methionine Derivatives. Lyophilized methion- The sel-assembled monolayer (SAM) surface was prepared

. . : . - on a single gold{111} crystal (Monocrystals, Richmond
ine-containing peptides (1 mg) were dissolved in&0of 50% . ;

S B - Heights, OH) using a standard procedure. The target was cleaned
0, ﬂlﬂ
CH;OH/50% HO containing 0.1 M acetic acid. Then, in a UV cleaner (Model 135500, Boekel Industries Inc.,

of 30% aqueous hydrogen peroxide was added and the reacnori:easterville PA) for 10 min and allowed to stamda 1 mM

was allowed to proceed at room temperature for 15 min. The .
mixture was dried and used without further purification. Based ethanol solution of FG, (CF(CF2)eCH4SH), for 24-36 h. The
target was removed from the SAM solution and ultrasonically

on the electrospray ionization/MS precursor ion abundances Ofwashed in ethanol for 10 min to remove extra layers
the Met(O) derivatives, the reaction had proceeded to near RRKM Modeling. The survival curves (SCs) representing

I 0,
completion ¢ 98%). i i the relative abundance of the parent ion as a function of collision
Mass Spectrometry Experiments.SID experiments were energy were modeled using an RRKM-based approach devel-

conducted on a specially desighé T Fourier transform ion-_ oped by our group®21We modeled separately time-dependent
cyclotron resonance (FT-ICR) mass spectrometer as descnbectsmw) and time-independent (fast) kinetics and used two

elsewheré.’ The instrument is equipped with a high-transmis- gissqciation rate constants for the total ion decomposition, as
sion electrospray ionization source, consisting of an ion funnel ;jicated schematically below:

interfacé® followed by three quadrupoles that provide for

Experimental Methods

pressure drop and ion bunching, mass selection, and ion storage, ky ‘
respectively. The SID target is introduced through a vacuum ‘ Time-dependent fragments
interlock assembly and is positioned at the rear trapping plate [M+H]" Kioa=Kslow+Krast

of the ICR cell. Both the instrument and SID experimental
protocol have been detailed elsewHéend will be only briefly
outlined below.

lons are electrosprayed at atmospheric pressure into the enqO
of a heated stainless steel capillary tube. The ion funnel that
follows the capillary provides highly efficient ion transfer into
the high vacuum region of the mass spectrometer. Three
qguadrupoles following the ion funnel provide collisional focus-
ing, mass selection of the ion of interest, and accumulation of
ions external to the ICR cell. Typical accumulation times are
in the range of 0.30.8 s. The third (accumulation) quadrupole B
is held at elevated pressure (about 20-3 Torr) for collisional F(EL) = g tou® el 1)

Keast Time-independent fragments

Microcanonical rate constants as a function of internal energy
r the slow channel were calculated using RRKM. For the fast
reaction pathway the rateenergy dependence is best described
by a step function originating at the assumed threshold erférgy.

Fragmentation probability as a function of the internal energy
of the parent ion and the experimental observation titpe (
F(Et), is given by
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Figure 1. SID MS/MS product ion spectra of singly protonated model peptide ions containing aspartic acid as a function of proton mobility: (a)
GAILDGAILR, (b) GAILDGAILK, and (c) GAILDGAILA at 45 eV collision energy. SID experiments were performed using FSAM surface as
target and with reaction delays of 1.0 s. TheH,O anda,-NHj3 ions are represented Il anda.*, respectively.

wherekqis the rate constant for radiative cooling of the excited parent ion frequencies and varying all frequencies in the range
ion. A breakdown graph for dissociation of the parent ion into of 500—1000 cnT? to obtain the best fit with experimental data.
several fragments was constructed using formal kinetics equa-
tions corresponding to a specific reaction scheme. Results and Discussion

The energy deposition function was described by the follow-

. - o Fragmentation Reactions of Protonated Peptides Contain-
ing analytical expression:

ing Aspartic Acid and Methionine Sulfoxide Residue.As it
| had previously been demonstrated that preferential cleavage due
P(EE.) = (E—-4A) xd — E-A @) to aspartic acitP and methionine sulfoxide residifemre highly

ol C f(Econ) dependent on proton mobility, we have examined the energetics
and dynamics for these selective fragmentation reactions of
singly protonated model peptides under various proton mobility
conditions: GAILDGAILA and GAILM(O)GAILA, which
fragment under mobile proton conditions due to the absence
5 of any basic amino acid residues; GAILDGAILK and
coll T ArEcon T Ao ®) GAILM(O)GAILK, which fragment under partial mobile proton

conditions due to the presence of the moderately basic amino

whereAo, Ay, andA; are parameters, arteko is the collision acid, lysine (K); and GAILDGAILR and GAILM(O)GAILR,
energy. Finally, the normalized signal intensity for a particular which fragment under nonmobile proton conditions due to the

wherel and A are parameters; = I'(I + 1)[f(Econ)]'*t is a
normalization factor, anf(E.q) has the form

f(Ecoll) = AZE

reaction channel is given by the equation presence of the highly basic amino acid, arginine (R).
Figure 1 shows the SID spectra of singly protonated peptides
L(Epop) = fmF-(Et) P(EE,,) dE (4) containing aspartic acid GAILDGAILR (Figure la), GAILD-
1 CO! 0 I T 1—Co

GAILK (Figure 1b), and GAILDGAILA (Figure 1c) at a
collision energy of 45.0 eV using a fluorinated self-assembled
Time- and collision-energy-resolved SCs or fragmentation monolayer (FSAM) surface and a reaction delay of 1.0 s. The
efficiency curves (TFECs) for different fragments were con- spectrum for GAILDGAILR is characterized by the almost
structed using the above procedure and compared to experi-exclusive formation of thgs ion due to selective amide bond
mental data. The energy deposition function was kept the samecleavage C-terminal to the aspartic acid (D) residue. Other
for all reaction times. Fitting parameters were varied until the fragments observed for this peptide include ygéNHs, y1, and
best fit to experimental curves was obtained. These parameterghe immonium ion of arginine (R). Note that onyytype ions
included the critical energy and the activation entropy for the are formed due to the proton being sequestered at the C-terminal
total decomposition of the precursor ion, the threshold for the arginine residue. This result is consistent with previous work,
fast fragmentation, and parameters characterizing the energywhich demonstrated that the preferential amide bond cleavage
deposition function (egs 2 and 3). The uniqueness of the fits due to aspartic acid residue can dominate the fragmentation
was confirmed using sensitivity analysis described previotlsly. when the experiment is performed under nonmobile proton
Vibrational frequencies of precursor ions were obtained from conditions®15
the frequency model given by Christie and co-workérs. Amide bond cleavage C-terminal to the aspartic acid (D) still
Vibrational frequencies for the transition states were estimated dominates the spectrum when the C-terminal amino acid residue
by removing one €N stretch (reaction coordinate) from the is substituted with lysine (K) (Figure 1b). However, many
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Figure 2. SID MS/MS product ion spectra of singly protonated model peptide ions containing methionine sulfoxide as a function of proton
mobility: (a) GAILM(O)GAILR, (b) GAILM(O)GAILK, and (c) GAILM(O)GAILA at 45 eV collision energy. SID experiments were performed
using FSAM surface as target and with reaction delay of 1.0 sbf&0, a,-NHs, b,-CH3;SOH, by-CH;SOH-H0, anda,-CH;SOH-NH; ions are
represented b, a.*, by¥, by**, anda,**, respectively.

additional sequence ions are also observed in the spectrum. The For the [M+ H]™* precursor ion of GAILM(O)GAILK, where
SID spectrum of GAILDGAILK appears to be the intermediate fragmentation occurs under partial mobile proton conditions
case of the two extremes: GAILDGAILR, which fragments (Figure 2b), the product ion spectrum is still dominated by the
selectively, and GAILDGAILA, which fragments nonselectively. loss of CHSOH from the precursor ion. In addition, product
This therefore suggests that nonselective amide bond cleavageons corresponding to subsequent fragmentation of the-[M
competes with selective cleavage at aspartic acid for this peptide.— CH;SOH]" ion are also observed (tha-CH3;SOH-NH;,
Furthermore, more N-termindd-type fragment ionsh(,, n = b,-CH3;SOH, andb,-CHsSOH-H:0 ions, labeled as,™, b,
3—8) are observed in the fragmentation of GAILDGAILK due andb,**, respectively). Sequence ions are also formed directly
to the reduced basicity of lysine. Sorbg-H,O ions are also from the [M + H]™ of GAILM(O)GAILK, including the a,,
observed (labeled d%* ions). When the nonbasic alanine (A) bp, andb,-H,O (n = 3, 4, 7 and 8). This result demonstrates
residue is at the C-terminus, very little selective aspartic acid that partial sequestration of the proton not only affects the initial
(D) amide bond cleavagéy ion) is observed in the MS/MS  proton mobility during dissociation of the peptide ion, but also
spectrum (Figure 1c). Instead, the spectrum is dominated byinfluences the proton mobility of the fragment ion. Therefore,
bn, bn-H20, a,, a-NHs, and internab (note thata,-NH3 ions when fragmentation occurs under partial proton mobility, the
are labeled ag,*) sequence ions. From the extensive series of ionizing proton is only partially sequestered at the basic residue
b ions formed, the identity of the peptide can easily be to sample more sites and increase the probability for the
determined. formation of sequence ions directly from the precursor ion and
Similar fragmentation behavior is observed from the product also from the [M+ H — CH;SOH]" product ion. When the
ion spectra of singly protonated peptides containing methionine C-terminal residue is substituted with the nonbasic alanine (A)
sulfoxide GAILM(O)GAILR (Figure 2a), GAILM(O)GAILK residue, abundant sequence ions are formed, inclubing
(Figure 2b), and GAILM(O)GAILA (Figure 2c), obtained at bn-H20, anda,-NHj;, (n =5, 7, 8, and 9) as shown in Figure
collision energies of 45.0 eV using the FSAM surface and a 2¢ for GAILM(O)GAILA. Remarkably, a low abundance
reaction delay of 1.0 s. For GAILM(O)GAILR, the almost Product ion corresponding to GBHOH loss is observed. The
exclusive loss of methane sulfenic acid (§H, 64 Da) is presence of abundant products corresponding to subsequent
observed, due to the proton being sequestered at the C-terminafragmentation of the [M- H — CHsSOHJ" ion (e.g.,by-CHs-
arginine (R) residue (nonmobile proton conditions). As previ- SOH and b,-CH3SOH-HO ions) suggest that the initially
ously mentioned, this diagnostic GBOH loss has been formed [M+ H — CH;SOH]" ion is fairly unstable and readily
demonstrated to occur by a charge remote process, i.e., thdragments on the time scale of the experiment. Note that only
ionizing proton is not involved in dissociatidrand hence is ~ N-terminal product ions are formed from fragmentation of
consistent with CHSOH loss being capable of dominating the GAILM(O)GAILA, due to a lack of a basic residue on the
fragmentation even in the absence of a mobile proton. A small C-terminal side of the peptide.
abundance of; andys ions are also formed, and interestingly These results suggest the following: (i) if fragmentation of
b,-CH3SOH andb,-CH3;SOH-H,0 ions (forn = 7,8) are also protonated peptides containing methionine sulfoxide occurs
observed (thes®,-CH3;SOH andb,-CH3SOH-H,0O ions are under nonmobile proton conditions, the diagnostic loss of
labeled ash,* and b,*, respectively). The latter two product CHsSOH can dominate the MS/MS spectrum, limiting the ability
ions are most likely formed by consecutive fragmentation of to subsequently determine the sequence of the peptide; (ii) if
the [M + H — CH3SOH]J" ion. fragmentation occurs under mobile proton conditions, abundant
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Figure 3. Comparison of survival curves of parent ions for all peptides
studied at (a) 1 ms and X4 s reaction delays. 201
sequence ions are formed, together with the formation of i TR
sequence ions arising from subsequent fragmentation from the 0 1'5 2'5 3'5 4'5 55 65
[M + H — CH3SOH]" ion, thus further enhancing the ability
to identify the peptide. Similar formation ob,-CH;SOH Collision Energy, eV

fragmen_t i_ons have been report’éc{)onsiste_nt Wi_th pr(_evi_ous Figure 4. Time- and energy-resolved fragmentation efficiency curves

reports, it is also noteworthy that the selective dissociation due (TFECs) for (a) GAILM(O)GAILK and (b) GAILM(O)GAILR at 1

to aspartic acid and methionine sulfoxide residues at different ms, 5 ms, 10 ms, 50 ms, 0.1 s, and 1 s. Also included in the figures are

proton mobility conditions are very simildr. the RRKM-based modeling fit to the experimental time-resolved
Energy-Resolved Survival Curves (SCs)The advantage of fragmentation efficiency curves. The experimental TFECs at various

f - - . I . reaction delays are shown by the points, while the modeling fit to the
performing SID experiment in an ion-trapping instrument is that experimental data is represented by the lines. Dotted lingsépresent

reaction can be monitored as a function of time (reaction delay) modeling of the experimental TFEC without any contribution from fast
so that product ions formed by fast and slow dissociation fragmentation.

processes can be observed. The stability of the precursor ions
of different peptides can also be studied and compared at various
reaction delays. Collision-energy-resolved survival curves (SCs) —#— GAILM(O)GAILR
of all peptides obtained at 1 ms i s reaction delays are 45 ¥ GAILM(O)GAILK
shown in parts a and b, respectively, of Figure 3. The SC —A— GAILM(O)GAILA
represents the relative abundance of the unfragmented precursc 49 —— GAILDGAILR
ion as a function of collision energy. Generally, more energy —¥— GAILDGAILK
is required to dissociate the precursor ion at shorter reaction il & GAILDGAILA
delay. For example, the 30 eV onset of fragmentation for §‘35
GAILDGAILK at the shortest reaction delay of 1 ms is
significantly higher than the 20 eV onset atth s reaction 30-
delay. This observation is common for the fragmentation of large
precursor ion® and is attributed to the reduced kinetic shift at
longer reaction delay?. : ;
For all peptides studied, the nonbasic peptides GAILM(O)- 0.0 0.2 0.4 0.6
GAILA and GAILDGAILA required lower energies for dis- .
sociation. The GAILDGAILK peptide, on the other hand, Reaction delay, s
appears to be the most stable peptide in the series of peptidesrigure 5. Esoy (collision energy required to observe 50% fragmentation
studied with the SC shifted to higher energies at 1 ms reaction of the precursor ion) of all peptides studied as a function of reaction
delay. For peptides that fragment by selective or partially delay-
selective dissociation, it is noted that GAILM(O)GAILR and nearly coincide a1 s of reaction delay. The SCs of these
GAILM(O)GAILK require lower energy for dissociation than  peptides are characterized by not only the change in onset for
the corresponding Asp-containing peptides. However, it is also dissociation as the reaction delay is changed from 1 msto 1 s,
of interest to note that the SCs of GAILDGAILR and GAILD-  but also the relative position of the curves and the shape of the
GAILK, and of GAILM(O)GAILR and GAILM(O)GAILK, SCs, indicating differences in entropy effects in dissociation.

=
o0
=
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TABLE 1: Results of the RRKM Modeling of the Experimental Time- and Energy-Resolved Fragmentation Efficiency Curve$
GAILDGAILA  GAILDGAILK  GAILDGAILR GAILM(O)GAILA  GAILM(O)GAILK  GAILM(O)GAILR

Eo (eV) 1.27 1.28 1.33 1.33 1.15 1.20
AS(calmortK-l)  —7.0 -12.9 ~-115 -3.1 -145 -12.3
A(s? 7.7 x 101 3.8x 10 8.0 x 101 5.4 x 1012 1.8 x 101 5.3 x 101
Etast (€V) 10.4 10.4 10.4 9.2 10.6 10.8

2y is the threshold energS' is the entropy change for the transition statés the pre-exponential factor at 450 K, aBgs is the threshold
energy for shattering.

It has previously been shown that the shapes of SCs arecontribution of the fast decay is known to affect the shape of
characteristic of the reaction entrofyKinetically unfavored the SC at the short reaction delay, and in the case of GAILM-
reactions with large negative reaction entropies are associated O)GAILK this is characterized by a steep SC at 1 ms reaction
with shallow SCs, while fast (kinetically favored) fragmentation delay (see Figure 3a).
results in steep SCs. Interestingly, the SCs of the nonbasic It should be noted that, according to our time- and energy-
peptides (GAILM(O)GAILA and GAILDGAILA) are steeper  resolved SID spectra for the lysine (K) containing peptides,
than the basic peptides, suggesting that dissociations of theseselective cleavage accounts for-6880% fragmentation of the
peptides are kinetically favored. This is consistent with previous precursor ion over a broad range of collision energies (data not
studies showing that formation of sequence ions via nonselectiveshown). This suggests that the dissociation rate (see below)
fragmentations are characterized by significantly faster kinetics obtained for lysine containing peptides mainly reflects the rate
than selective fragmentatidf16 of selective fragmentation. At higher collision energy nonspe-

The time- and energy-resolved SCs for GAILM(O)GAILK  cific cleavages become important but do not have a significant
and GAILM(O)GAILR obtained at various reaction delays (1 effect on the relative stability of the [M- H]* ion. Nevertheless,
ms, 5 ms, 10 ms, 50 ms, 0.1 s, and 1 s) are shown in parts athey are very important for obtaining good sequence information.
and b, respectively, of Figure 4. As expected, the dissociation The dissociation parameters obtained from the RRKM
of both GAILM(O)GAILK and GAILM(O)GAILR at 1 ms modeling of SCs of all peptide ions studied are shown in Table
requires higher energy than at longer reaction delay due to thel. The dissociation threshol&q) of 1.15 eV was obtained for
kinetic shift. However, the energy required to fragment both GAILM(O)GAILK. Substituting the C-terminal amino acid with
peptides seems to be constant after 50 ms of reaction delayarginine (R) increases the dissociation threshég) by 0.05
This is further illustrated in Figure 5, which shows the collision eV (Table 1). While this increase in dissociation threshéi) (
energy required to fragment 50% of the precursor Bfa«%) as is very small, it can still be measured in our instrument.
a function of reaction delays for the [M- H]" ions of all Interestingly, the highest dissociation threshdid) (was ob-
peptides studied. ThEsge, values of all peptides are character- served for GAILM(O)GAILA, which fragments nonselectively.
ized by a dramatic decrease as the reaction time is increasedt is important to emphasize that the relative stabilities observed
from 1 ms to 0.1 s, but then tail off after 0.1 s. This leveling of experimentally do not necessarily reflect the relative values of
the Esgo, results from the competition between the unimolecular dissociation thresholds. The relative stabilities reflect a com-
dissociation and the radiative cooling of the vibrationally excited bination of the energetic and entropic effects (see below), which
precursor ion, which becomes a dominant process at longcan compensate one another. Reaction with high dissociation
reaction delays. It is interesting to note that while at 1 ms threshold may have a faster experimental rate constant if the
reaction delay th&sgy, of GAILM(O)GAILR is lower than the activation entropy for the reaction makes it kinetically favorable.

Esov 0f GAILM(O)GAILK they perfectly overlap at the longer Very similar dissociation thresholds were obtained for all the
reaction delay. The decreases in gy, values of GAILM- peptides containing aspartic acid residues. The dissociation
(O)GAILR, GAILM(O)GAILK, GAILM(O)GAILA, GAILD- threshold for GAILDGAILK is 1.28 eV, which is 0.13 eV higher

GAILR, GAILDGAILK, and GAILDGAILA as the reaction than the value obtained for its methionine sulfoxide counterpart.
delay was increased from 1 ms 1 s were determined to be A similar small increase in the dissociation threshold (from 1.28
9.0, 11.2, 7.3, 10.3, 10.2, and 7.5 eV, respectively. From Figure to 1.33 eV) was also observed when the C-terminal amino acid
5 it was also observed that the nonbasic peptides (GAILM(O)- was substituted from the moderately basic lysine (K) to the
GAILA and GAILDGAILA) were the least stable toward highly basic arginine (R). However, in contrast to the result
fragmentation, and consistent with the energy-resolved SCsobtained for the methionine sulfoxide peptides, the dissociation
(Figure 3a), GAILDGAILK is the most stable peptide toward threshold for the nonbasic GAILDGAILA (1.27 eV) is very
dissociation. similar to the dissociation threshold of GAILDGAILK (Table
RRKM Modeling of the Time-Resolved Survival Curves. 1). Both the absolute values and the relative trends in dissocia-
Modeling of the experimental time- and energy-resolved SCs tion thresholds for peptides containing aspartic acid are con-
using the RRKM-based approach outlined in the experimental sistent with previously reported resulfdt is interesting to note
section provided further insights into the energetics and dynam-that even though there are some small differences in the
ics of dissociation, and the modeling parameters can be dissociation thresholdsEf) for fragmentation of peptides
compared for different peptides. The results of RRKM-based containing aspartic acid (D) or methionine sulfoxide (M(O))
modeling of the experimental SCs for GAILM(O)GAILK and  residues under different proton mobility conditions, the differ-
GAILM(O)GAILR at various reaction delays are also shown ence in the dissociation threshol for all peptides studied
in parts a and b, respectively, of Figure 4. Dotted lines in Figure is in fact relatively small, but significant (maximuxEy; = 0.18
4 show only the contribution of slow fragmentation to the SCs. eV).
The larger deviation between the experimental SCs and the Another equally important parameter in determining the
dotted lines indicates that the fragmentation of these peptidesrelative stability of peptide ions toward dissociation is the
has greater contribution from the fast (shattering) compo#fent. kinetics of dissociation, which is characterized by the activation
From Figure 4, it is clear that GAILM(O)GAILK has greater entropy or the Arrhenius pre-exponential factd).(When the
contribution from fast decay than GAILM(O)GAILR. This results of dissociation threshol&d) are combined with the
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6 (a) - at the internal energy of ca. 5.5 eV, corresponding to experi-
/ =TIl mental rate constant of ca. 17Is It follows that, at
4 g internal energies above 5.5 eV, nonselective fragmentation of
o GAILM(O)GAILA is always faster than selective fragmentation
of GAILM(O)GAILK and GAILM(O)GAILR.
The observation that selective fragmentation of the aspartic
acid containing peptides are kinetically disfavored are consistent
- GAILM(O)GAILA with a previous study? which demonstrated a dramatic decrease
y GAILM(O)GAILK in the Arrhenius pre-exponential factoA)(by 2 orders of
-2 ;‘/ ~~~~ GAILM(O)GAILR magnitude for the transition from selective to nonselective
- . - fragmentation. Interestingly, the present study also demonstrates
0 5 10 15 20 that selective fragmentation due to methionine sulfoxide follows
6 _— a similar trend of being kinetically disfavored. It should be noted
(b) — B that substituting the C-terminal arginine (R) residue with lysine
el (K) alters the kinetics of the fragmentation. For example, the
- pre-exponential factor of GAILM(O)GAILK (1.8< 100 s™1)
is 3 times smaller than that of GAILM(O)GAILR (5.8 10
s71) and that of GAILDGAILK (3.8 x 109 s71) is 2 times
smaller than that of GAILDGAILR (8.0< 10'9s71). Thus, the
. GAILDGAILA fragmentation of both pgptides under par_tial proton mobility
/2 . GAILDGAILK also suffers from entropic effects. The microcanonical rate
2 /7 - GAILDGAILR energy dependencies of these lysine-containing moderately basic
/f peptides show behavior similar to that of the basic peptides with
0 5 10 15 20 the rate constant increasing slowly as the internal energy of the
Internal energy, eV precursor ion increases; thus these peptides are stable toward
dissociation (Figure 6).

2

k(E), s!

k(E), s

Figure 6. Microcanonical rate energy dependencies for (a) peptides
containing methionine sulfoxide residue, GAILM(O)GAILA, .
GAILM(O)GAILK, GAILM(O)GAILR; and (b) peptides containing Conclusions

aspartic acid residue, GAILDGAILA, GAILDGAILK, GAILDGAILR. . L . .
By using the powerful combination of rationally designed

Arrhenius pre-exponential factor, an energy-dependent micro- peptides and the unique capabilities of a SID FT-ICR mass
canonical RRKM rate constant can be determined for each spectrometer, we have been able to further shed light on
peptide studied. Figure 6a shows the microcanonical rate important aspects of the energetics and dynamics of two key
constants as a function of internal energy for the fMH]™ selective cleavages. First, this study further highlights the role
ions of GAILM(O)GAILA, GAILM(O)GAILK, and of proton mobility in the fragmentation of protonated peptides
GAILM(O)GAILR, while those for the [M+ H]* ions of containing aspartic acid or methionine sulfoxide under SID
GAILDGAILA, GAILDGAILK, and GAILDGAILR are shown conditions. Under nonmobile proton conditions, the fragmenta-
in Figure 6b. tion of protonated GAILDGAILR is dominated by the formation

The Arrhenius pre-exponential factor for dissociation of of aysion via selective fragmentation C-terminal to the aspartic
GAILM(O)GAILA is 5.4 x 10% s1, which is 2 orders of acid residue, while GAILM(O)GAILR fragments almost ex-
magnitude higher than the pre-exponential factor obtained for clusively by the loss of methane sulfenic acid S®H, 64
the more basic analogue GAILM(O)GAILRA(= 5.3 x 1010 Da). These preferential bond cleavages prevent the formation
s™h) and 300 times higher than the pre-exponential factor of “sequence” ions, thereby hindering the identification of these
obtained for GAILM(O)GAILK (A = 1.8 x 10'9s™1). Similarly, peptides. In contrast, under mobile proton conditions, protonated
the pre-exponential factor for GAILDGAILA (7.% 101 s71) GAILDGAILA and GAILM(O)GAILA fragment via nonselec-
is an order of magnitude higher than tAdactor for GAILD- tive formation of sequence ions. Peptide ions with a partially
GAILR (8.0 x 10'9s™1) and 20 times higher than thefactor mobile proton (GAILDGAILK and GAILM(O)GAILK) repre-
for GAILDGAILK (3.8 x 10'°s7Y). These results demonstrate sent an intermediate case, with some selective dissociation
that the nonselective fragmentation is kinetically favored occurring. Thus protonated GAILDGAILK yields an abundant
compared to the selective fragmentation. This behavior is alsoys ion together with other sequence ions, while protonated
reflected in the energy-dependent RRKM rate constant, which GAILM(O)GAILK gives abundant CHSOH loss in conjunction
rises very quickly with increasing internal energy for with the formation ofbn, b,-CHs;SOH, andbn,-CH3SOH-H0O
GAILM(O)GAILA and GAILDGAILA compared to the mi- sequence ions. The observation df,-CHsSOH, and
crocanonical rate constants obtained for selective fragmentationb-CH3SOH-HO sequence ions highlights the fact that partial
(see Figure 6 for the microcanonical RRKM rate constants of sequestration of the ionizing proton not only affects the initial
GAILDGAILA and GAILM(O)GAILA). Thus, on the time scale ~ proton mobility during dissociation of the [M- H]* ion, but
of a trapping instrument, such as an FT-ICR MS, these two can also influence the subsequent fragmentation of thet-[M
nonbasic peptides are least stable toward fragmentation. H — CH3SOHJ" ion.

While the dissociation threshold for GAILM(O)GAILA is Second, RRKM modeling of time- and energy-resolved
higher than the threshold energies of the corresponding lysine-survival curves (SCs) reveal that selective cleavage due to
and arginine-containing peptides, the much larger activation methionine sulfoxide and aspartic acid residues are characterized
entropy observed for GAILM(O)GAILA causes its microca- by a large difference in dissociation dynamics; i.e., the Arrhenius
nonical rate constant to increase much faster with internal energypre-exponential facto#y) of peptide fragmentation via selective
than the microcanonical rate constants of the lysine- and bond cleavage is-12 orders of magnitude lower than nonselec-
arginine-containing peptides. As a result, HE) curves cross tive peptide bond cleavage, while the dissociation threstie)d (
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is relatively invariant. Thus selective bond cleavage is kinetically sulfinic acid, and cysteine sulfonic aciapid Commun. Mass Spectrom.
disfavored compared to nonselective amide bond cleavage. 2003 19, 23-30.

PR : ; (9) Chowdhury, S. M.; Munske, G. R.; Ronald, R. C.; Bruce, J. E.
Another key observation is that the energetics and dynamics Evaluation of Low Energy CID and ECD Fragmentation Behavior of Mono-

of pr_efefential |05_S of CkSOH frpm peptide ion_s containing Oxidized Thio-Ether Bonds in Peptidek.Am. Soc. Mass Spectro207,
methionine sulfoxide are very similar to selective C-terminal 18, 493-501.
amide bond cleavage to aspartic acid residue. Interestingly, the (10) Lioe, H.; O'Hair, R. A. J. A Novel Salt Bridge Mechanism

: ; ; : o1 Highlights the Need for Non-Mobile Proton Conditions to Promote Disulfide
fragmentation of protonated peptides occurring under partial Bond Cleavage in Protonated Peptides under Low-Energy Collisional

proton mobility is characterized by fragmentation dynamics Aactivation. J. Am. Soc. Mass Spectrog007, 18, 1109-1123.
similar to those occurring under nonmobile proton conditions.  (11) O'Hair, R. A. J.; Reid, G. E. Neighboring group verscis-
These results suggest that while preferential cleavage canelimination mechanisms for side chain loss from protonated methionine,
compete with amide bond cleavage energetically, dynamically, mZeEtrhggAne sulfoxide and their peptiddsur. J. Mass Spectron1999 5,
these processes are much slower co_mpared to amide bon (12) Lioe, H.; O'Hair, R. A. J.; Gronert, S.; Austin, A.; Reid, G. E.
cleavage, explaining why these selective bond cleavages areexperimental and theoretical proton affinities of Methionine, Methionine
not observed if fragmentation is performed under mobile proton sulfoxide and their N- and C-terminal derivativést. J. Mass Spectrom.
conditions. This study also highlights the importance of entropic 20(()17’3')”3;52 W.; Kim, H. S.: Beauchamp, J. L. Salt Bridge Chemistry
effects in the gas-phase fragmentation of peptldg ions. Applied to éaé—PHase bebtidé Sequenciné: .Se-lective Fragmentation of
The SID FT-ICR MS approach has yet again proven to Sodiated Gas-Phase Peptide lons Adjacent to Aspartic Acid Residlues.
provide valuable information on the energetics and dynamics Am. Chem. Socl99§ 120, 3188-3195. o
of important fragmentation processes. Given the large number __(14) Summerfield, S. G.; Whiting, A.; Gaskell, S. J. Intra-ionic interac-
of other reactive residues in a peptide, other selective bond 9oy '?Gezlefgg_s%iyed peptide iorst. J. Mass Spectrom. lon Processes
C|eaVage_ reaCtiO.nS are also possiiland these can pqtentially (15) Bailey, T. H.; Laskin, J.; Futrell, J. H. Energetics of selective
be examined using time- and energy-resolved studies. Indeedgleavage at acidic residues studied by time- and energy-resolved surface-
this approach is currently being used to study the energetics'”duced dissociation in FT-ICR M$t. J. Mass Spectron2003 222, 313~

and dynamics of other types of reactions, including electron (16) Laskin, J.; Bailey, T. H.; Futrell, J. H. Fragmentation energetics

and proton transféf and peptide-antibiotic interactior® for angiotensin Il and its analogs from time- and energy-resolved surface-
induced dissociation studielt. J. Mass Spectron2004 234, 89—99.
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