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Abstract

Surface-induced dissociation (SID) of four model peptides: LDIFSDF, LDIFSDFR, RLDIFSDF, and LEIFSEFR, was
studied using a novel Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS) specially equipped to perfo
SID experiments. The energetics and dynamics of selective cleavages at acidic residues were deduced by modeling the ti
and energy-resolved fragmentation efficiency curves (TFECs) using an RRKM-based approach developed in our laboratc
RRKM modeling revealed that addition of a basic residue—arginine—to the C-terminus of a peptide has a very small effe
on the dissociation threshold. However, the dynamics of dissociation is dramatically affected by the presence of arginine. T
Arrhenius pre-exponential factor for dissociation of LDIFSDF is two orders of magnitude higher than the pre-exponentia
factor for dissociation of arginine-containing peptides. The difference in the pre-exponential factors is indicative of a comple
rearrangement process associated with selective fragmentation. Molecular mechanics modeling of the four parent ions gi
some qualitative insight into the differences in fragmentation mechanisms. (Int J Mass Spectrom 222 (2003) 313-327)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction energy (1-100 eV) polyatomic ions with different sur-
faces have been recently reviewé{l Self-assembled
Electrospray ionization is an effective method for monolayers (SAMs) of fluorinated alkyl thiols on gold
ionization of many biologically relevant molecules substrates are preferred targets for SID studies because
[1,2]. Additionally, surface-induced dissociation of the reduced neutralization efficiency compared to
(SID) is not only an effective means for activation metal surfaces and the relatively high efficiency of
of large biological ions but also provides valuable internal excitation that can be easily achieved. Follow-
peptide sequence informatiof8,4]. Physical and ing collision of a protonated parent ion with a SAM
chemical processes occurring during collisions of low surface, a significant percentage (12—-35%) of the par-
ent ion’s kinetic energy is converted into the internal
* Corresponding author. E-mail: julia.laskin@pnl.gov energy[4]. This virtually instantaneous increase in
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the ion’s internal energy results in fragmentation that,
for the peptides investigated here, is well described
by an RRKM-based statistical model.

Most of the SID instruments in use today are of the
“tandem-in-space” variety. These instruments usually
consist of a quadrupole for mass selection of the
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counting from the N-terminus fdy ions and from the
C-terminus fory ions[12,13] Theseb, andy, type
ions are extremely effective at assigning the relative
positions of the amino acids within the peptide chain
being studied.

Most SID spectra of peptides contain numerbys

parent ion and incorporate quadrupole or TOF detec- andy, fragment ions, as well as fragment ions result-
tors for fragment ion mass analy$&-10], providing ing from additional losses of #D, NHz, CO and inter-
good parent ion selection as well as efficient detec- nal fragments. However, it has been demonstrated that
tion of fragment ions. However, because of the short peptides containing a highly basic amino acid, such
time scales of these instruments (cauB) dissoci- as arginine or lysine, and aspartic or glutamic acid in
ation of complex polyatomic ions is associated with the sequence fragment selectively at acidic residues
a substantial kinetic shift. The kinetic shift, defined [14-18] A fragmentation spectrum resulting from
as the amount of internal energy necessary for the selective cleavage of a peptide contains only a small

ion to fragment on the time scale of the instrument
[11], is quite large for complex peptide ions dissoci-

ating on a microsecond time scale. The high internal
excitation required to observe fragmentation in these
instruments results in efficient opening of a variety
of dissociation channels, even at the lowest collision
energies. Consequently, it is increasingly difficult to

distinguish between the high- and the low-energy

number of fragment ions. These fragment ions are
typically of only one type, eithéb,, ory,, depending
on which end of the peptide includes the basic residue.
Several groups have studied selective cleav-
ages at acidic residues. Beauchamp and co-workers
made some of the first observations of selective
cleavages at aspartic acid in experiments involving
collision-induced dissociation (CID) of sodiated pep-

tides [19]. They pointed out that sodiated peptides
fragmented via highly specific cleavages C-terminal
Coupling SID with a Fourier transform ion cy- to aspartic acid. They suggested a salt bridge mech-
clotron resonance mass spectrometer (FT-ICR MS) anism in which the sodium ion stabilized the ion
provides the distinct advantages of long and variable pair intermediate formed by transfer of a proton
reaction times (milliseconds to seconds), which both from the carboxylic acid side chain of aspartic acid
greatly reduces the kinetic shift and provides a means to the adjacent amide nitrogen of the peptide bond.
for investigating kinetic shifts phenomenologically. A similar mechanism was proposed by Gaskell and
Reducing the kinetic shift results in shifting frag- co-workers to rationalize selective cleavages of pro-
mentation efficiency curves to much lower collision tonated peptides at acidic residues in the presence of
energies than are observed in tandem in-space instru-arginine[16]. The interaction between the protonated
ments. Moreover, studying ion fragmentation follow- guanidino group of the arginine with the carboxylic
ing impact with a surface in the FT-ICR MS enables acid side chain of the aspartic acid residue results
both accessing the lowest energy channels at low col- in deprotonation of the acidic side chain followed
lision energies and accessing separately higher-energyby the proton transfer to the amide nitrogen located
channels that open at higher internal excitation. C-terminal to the acidic residue. This results in a
Surface-induced dissociation spectra of peptides arefacile cleavage of the corresponding peptide bond.
characterized by backbone cleavages resulting in for-  Wysocki and co-workers found that selective cleav-
mation ofb andy type ions. Ab,, ion is formed if the ages occur in arginine-containing peptides when the
charge remains on the N-terminus, whilg/,aion is number of ionizing protons does not exceed the num-
the result of the charge remaining on the C-terminus. ber of basic residuegd7]. They proposed a different
Then refers to which peptide bond has been cleaved, mechanism of selective fragmentation that favors

fragmentation pathways as the complexity of the
precursor ion increases.



T.H. Bailey et al./International Journal of Mass Spectrometry 222 (2003) 313-327

315

remote cleavage at the acidic residues in which the peptides[23,24] Arrhenius pre-exponential factors

ionizing proton resides on the highly basic arginine
side chain and does not play an active role in the
cleavag€d17,18] The protonated arginine side chain
is solvated through an interaction with the closest car-
boxylic acid group, while selective cleavage occurs at
the acidic residue remote from the protonated guani-
dino group. The cleavage is initiated by the acidic
proton of the aspartic acid side chain interacting with
the amide nitrogen of the C-side peptide bond.
Recent work by Gaskell and co-workei20] has

shown the utility of coupling selective cleavages to

extracted from the modeling indicate that parent

ion decomposition via selective cleavages proceeds
slower, by two orders of magnitude, than parent ion

decomposition via non-selective cleavages. This is a
result of the large negative entropy changes calcu-
lated for the arginine-containing peptides, indicating

that selective cleavages take place only after complex
rearrangements.

2. Experimental

database searching in peptide mass mapping. Exper-

iments involving CID of tryptic peptide fragments
demonstrated that knowing the location of an aspartic
acid residue within the tryptic fragment greatly re-

Surface-induced dissociation experiments were
conducted on a home-built 6T FT-ICR mass spectrom-
eter. The instrument is equipped with a high-transmis-

duces the number of tryptic fragments necessary for sion electrospray source, consisting of an ion funnel

accurate protein identification via database searching.

We infer that defining the mechanism(s), by which se-
lective cleavages take place and the resulting ability to
predict mass spectral characteristics will significantly

interface [25] followed by three quadrupoles. The

instrument is also fitted with a vacuum interlock as-
sembly that allows the SID target to be positioned just
inside the rear trapping plate of the ICR cell. Both the

improve computer-based techniques for peptide and instrument and SID experiment have been detailed

protein identification.
In this study we present a detailed investigation of

elsewherg26] and will only be briefly outlined below.
The SAM surface was prepared on a single gold

the energetics of selective cleavages at acidic residuescrystal (Monocrystals, Richmond Heights, OH) us-

by examining time- and energy-resolved fragmen-
tation of four peptides that vary in the content and
relative position of an arginine residue (LDIFSDF,
LDIFSDFR, RLDIFSDF, LEIFSEFR). Fragmentation

ing a standard procedure. The target was cleaned in
a UV cleaner (Model 135500, Boekel Industries Inc.,
Feasterville, PA) for 10 min and allowed to stand in a
1 mM ethanol solution of F& (CR(CF)9CoH4SH),

of these peptides has been studied recently usingfor 24-36 h. The target was removed from the SAM so-

a variety of activation techniqug4d6,17] Three of

lution and ultrasonically washed in ethanol for 10 min

the peptides studied fragment via selective cleavagesto remove extra layers. Immediately after washing, the

(LDIFSDFR, RLDIFSDF, and LEIFSEFR), while the
fourth fragments totally non-selectively (LDIFSDF).
All three of the peptides that fragment selectively con-
tain an arginine (R) and either two aspartic acids (D) or
two glutamic acids (E). The fourth peptide, LDIFSDF,
contains two aspartic acid residues, but no arginine.
In this work we utilized an RRKM-based model-
ing approach developed in our laboratd®i,22] to
extract the energetics and dynamics of peptide frag-
mentation from the time- and energy-resolved data.

SAM surface is positioned on the end of an insertion
probe and is inserted into the ultra-high vacuum region
of the FT-ICR, through a vacuum interlock at the rear
of the instrument. The surface is positioned 1-2 mm
inside of the rear trapping plate of the ICR cell. Once
positioned, the surface is electrically connected to the
rear trapping plate power supply. This ensures that the
SAM surface and the rear trapping plate are at the
same potential throughout the experiment.

lons are electrosprayed, at atmospheric pressure,

This approach has been previously applied to study into the end of a heated stainless steel capillary tube.

fragmentation energetics of small alanine-containing

The ions travel through the capillary tube, into the
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vacuum system, and into the entrance of the ion
funnel. The ion funnel provides highly efficient ion
transfer into the high vacuum region of the mass spec-
trometer. The first quadrupole, immediately following
the ion funnel, collisionally cools the ions exiting the
ion funnel. Upon exiting the first quadrupole, the par-
ent ion of interest (singly protonated ions in all of the
following experiments) is mass selected in the second
quadrupole and accumulated in the third quadrupole
for 0.3-0.8s. The third (accumulation) quadrupole is
held at an elevated pressurex2.0-2 Torr) for colli-
sional relaxation of stored ions. Collisional relaxation
is necessary to insure efficient thermalization of the
parent ion population.

After accumulation, the ions are extracted from the
third quadrupole with an extraction pulse 3s®wide
(ion accumulation and ejection are controlled by ap-
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and ion trajectories are constant and independent of
collision energy[26].

Experimental control is accomplished with the MI-
DAS data statiorj27]. MIDAS is used to control the
voltages and timing of the source and transfer optics,
as well as the excite/detect events in the ICR cell. An
automated script was written to allow for unattended
acquisition of kinetic data. The script was used to vary
the reaction delay and collision energy of the experi-
ment. Reactions delays of 1, 10, 50ms, 0.1, 0.3, and
1 s were studied. Typical experiments involved chang-
ing the collision energy across a relatively wide range
(5-60eV). The automated script allowed for acquisi-
tion of SID spectra across the entire range of collision
energies, in 1 eV increments, at each of the six reac-
tion delays. Time-dependent fragmentation efficiency
curves (TFECs) were constructed from experimental

plying the necessary voltages to apertures positionedmass spectra by plotting the relative intensity of the

on either side of Quadrupole three). Following ion
ejection, a time-of-flight (TOF) delay allows the ions
time to fly through the transfer optics to the ICR cell
where they collide with the surface. The TOF delay
is typically 80—-14Qus, depending on the parent ion

precursor ion as a function of collision energy for each
reaction delay.

Samples of LDIFSDF, LDIFSDFR, RLDIFSDF
were provided by Prof. V.H. Wysocki; LEIFSEFR was
purchased from Peptron Inc. (Taejon, South Korea)

mass. Scattered ions are captured by raising the poten-and used as received. All samples were dissolved in

tials on the front and rear trapping plates of the ICR
cell by 10-15V. Time-resolved mass spectra were ac-
quired by varying the delay between the gated trap-
ping and the excitation/detection event (the reaction
delay). Typically, the reaction delay was varied from

1.0ms to 1.0s. Immediately following the reaction

delay, ions were excited by a broadband chirp and
detected.

The collision energy is defined by the difference in
the potential applied to the accumulation quadrupole
and the potential applied to the rear trapping plate and
the SID target. The ICR cell can be offset above or
below ground by as much ag150V. Lowering the
ICR cell below ground, while keeping the potential on
the third quadrupole fixed, increases collision energy
for positive ions. Because ion energy is changed within
the constant high magnetic field region of the ICR we

a 70:30 (v/v) methanol:water solution with 1% acetic
acid. A syringe pump (Cole Parmer, Vernon Hills,
IL) was used for direct infusion of the electrospray
samples at flow rates ranging from 20 to &0h.

2.1. RRKM modeling

The TFECs were modeled using an RRKM-based
approach developed by our gro(pl—-24] Energy-
dependent microcanonical rate constants for the total
decomposition of the precursor iok(E), were cal-
culated using RRKM/QET. Relative abundance of the
parent and the fragment ions as a function of the in-
ternal energy of the parent ion and the experimental

11t should be noted that this definition of the FEC is different
from the definition used in some other SID studies, where the FEC

anticipated and have shown that the ion transmission is constructed by plotting the relative yield of all fragment ions. The

characteristics of the instrument remain the same at all

collision energies. Consequently, parent ion currents

current definition allows constructing the fragmentation efficiency
curve for each ion in the spectrum (including the precursor ion)
in the same way.
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observation timet(), F(E, t;), was calculated taking Insight Il software suite (Biosym Technologies, San
into account radiative cooling of the excited ion. The Diego, CA). The peptides were constructed using the
energy deposition function was described by the fol- amino acid library contained in the Biopolymer mod-

lowing analytical expression: ule. Both the N- and C-terminus of the peptide were
1 . E— A capped with hydrogens and left neutral. The ionizing
P(E, Ecoll) = E(E —4) exp(— f(Ecoll)) 1) proton was then placed at the most basic sight (the

N-terminus for LDIFSDF, and the arginine side chain
whereC = I'(l + D[ f (Econ]"** is a normalization - for | pIFSDFR, RLDIFSDF, and LEIFSEFR). Using
factor,| and A are parameters, ani@Ecor) has the  he piscover module the structures were subjected to
form: a steepest descent minimization for 1500 iterations
F(Ecol) =A2E§0||+A1Econ+Ao 2 using the CFF91 force field. After minimization,
the optimized structures were repeatedly annealed
at 400K for 1500 cycles. The resulting annealed
structures were again minimized and the resulting
minimized structure annealed again. The process was
repeated until a local minimum was achieved and
L(Ecol) = /OOFi(E’ )P(E, Econ) dE 3) the intramolecular interactiops could be observed. In-

tramolecular hydrogen bonding was observed by turn-
Collision energy-resolved fragmentation efficiency ing on the hydrogen bonding feature of the program,
curves at different reaction times (TFECs) were con- using the default parameters, during the minimization
structed using the above procedure and compared toand annealing (dynamics) experiments. All other pa-
experimental data. The energy deposition function rameters for the minimization and annealing were left
was kept the same for all reaction times. The fitting at their default values. Approximately 15 structures
parameters were varied until the best fit to experi- obtained by repeated annealing/optimization were
mental fragmentation efficiency curves was obtained. compared for each of the four peptides.

The fitting parameters included critical energies and
activation entropies of the major reaction channels
and parameters characterizing the energy deposition
function Egs. (1) and (2) The uniqueness of the fits
was confirmed using sensitivity analysis described 3-1- Dissociation pathways
elsewherd22,23]

Vibrational frequencies of precursor ions were ob-
tained from the frequency model given by Christie
and co-workerg28]. Vibrational frequencies for the
transition state were estimated by removing one C—

whereAg, A; andA; are parameters, arte is the
collision energy.

Finally, the normalized signal intensity for a partic-
ular reaction channel is given by the equation:

3. Results and discussion

Surface-induced dissociation spectra for RLD-
IFSDF, LDIFSDFR, LEIFSEFR, and LDIFSDF are
shown inFig. 1 The spectra were acquired at a reac-
N tion delay of 1.0s and at collision energies of 39.5,

stretch (reaction coordinate) from the parent ion fre- 39-5, 31.5, and 21.5eV, respectively. In agreement
quencies as well as varying 15 frequencies in the range With Previous studiegl6,17] SID spectra for the three

of 300-1500 cm? to obtain the best fit with experi- ~ &rginine-containing peptides (RLDIFSDF, LDIFS-
mental data. DFR, LEIFSEFR) are clearly dominated by specific

cleavages C-terminal to either the aspartic acid (D) or

2.2. Molecular mechanics modeling glutamic acid (E) residues, depending on the peptide,
while LDIFSDF is not.

Molecular mechanics modeling of parent ion con-  The spectrum of RLDIFSDF is dominated by the
formations was done using the Discover module of the b3 andbz ions resulting from selective cleavages at
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two aspartic acid residues (D) located in positions 3 though thebg ion (resulting from cleavage C-terminal
and 7. A small amount of thies ion originating from to the D residue in position 6) is the most abundant
a non-selective cleavage is observed in the mass specion in the spectrum, many other fragment ions are ob-
trum. As expected, because of the relative position served in the SID spectrum indicating that LDIFSDF
of the arginine residue, ng-type ions are observed. does not undergo specific cleavages.
Since arginine is the most basic residue in the peptide  Collision energy-resolved studies demonstrate that
sequence it sequesters the proton during or immedi- arginine-containing peptides fragment exclusively
ately following electrospray ionization. After cleavage via selective cleavages at low collision energies.
C-terminal to the aspartic acid (D) and glutamic acid This confirms that these selective cleavages are the
(E) residues, the proton remains on the basic arginine lowest-energy dissociation pathwaysig. 2 shows
residue as demonstrated by dominbgtandb7 ions fragmentation efficiency curves (FECs) obtained at
in the spectra. a reaction delay of 1 ms for fragment ions resulting
Specific cleavages C-terminal to both aspartic acid from selective cleavages at the acidic residues. The
(D) and glutamic acid (E) residues are also observed short time scale minimizes secondary fragmentation
for the peptides LDIFSDFR and LEIFSEFR, respec- resulting from non-specific cleavages and/or con-
tively. Spectra from both peptides are dominate¢py  secutive dissociation of primary fragments. Arrows
andyg fragment ions. Highly basic arginine sequesters indicate the collision energy at which the overall
the proton and cleavage occurs C-terminal to both the intensity of other reaction channels (non-specific
aspartic acid (D) and glutamic acid (E) residues. As cleavages and consecutive fragmentation) rises above
in the case of the RLDIFSDF, following cleavage the 10%. Interestingly, fragmentation efficiency curves
proton remains on the arginine residue. However, since for both fragments originating from selective cleav-
the relative position of the arginine residue has moved ages overlap at low energies, indicating similar en-
to the C-terminus of the peptidg;type ions rather  ergetic requirements for both low-energy reaction
thanb-type ions are formed. channels. However, for LDIFSDFR and LEIFSEFR
In the case of LDIFSDF, there is no highly basic dissociation at the acidic residue remote from the
amino acid to attract the ionizing proton. Therefore, arginine residue is somewhat slower than dissocia-
the proton most likely resides on the N-terminus. Al- tion at the acidic residue located closest to arginine.
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Fig. 2. Collision energy-resolved fragmentation efficiency curves for fragments originating from selective cleavages at two acidic residue
for: (a) RLDIFSDF; (b) LDIFSDFR; (c) LEIFSEFR acquired at reaction time of 1 ms. The arrow represent the collision energy, at which
dissociation through other pathways (non-selective cleavages and consecutive fragmentation of primary fragments) exceeds 10%.
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This results in more extensive fragmentation at the study followed the previously discussed salt-bridge
acidic residue closest to argining,(fragment for mechanism.
both LDIFSDFR and LEIFSEFR) at all collision Our results for the fragmentation of LDIFSDFR
energies. It should be noted that in the case of RLD- and LEIFSEFR are in a good agreement with the
IFSDF, the essentially equal intensities lof and charge-directed mechanism proposed by Summerfleld
b7 ions are observed at low collision energies. Evi- et al.[16]. Specifically, dissociation at the aspartic or
dently a different secondary structure of this peptide glutamic acid located closest to the arginine residue is
is obtained than for peptides with arginine on the somewhat faster than dissociation at the remote acidic
C-terminus. residue. This suggests that the arginine residue is di-
Two different mechanisms for selective cleavages at rectly involved in dissociation process, providing a
acidic amino acid residues when arginine is present in stronger interaction of the protonated guanidino group
the peptide sequence have been previously proposedwith the closest acidic side chain and initiating a faster
Summerfield et al[16] suggested that interaction cleavage at the amide bond adjacent to that side chain.
between the protonated guanidino group of arginine However, the dissociation pattern of RLDIFSDF can
residue with the carboxyl group of the acidic residue be rationalized as a combination of the “salt-bridge”
results in the deprotonation of the acidic side chain and the “remote” mechanismBig. 2aindicates that
and proton transfer to the amide nitrogen C-terminal the formation of theb; ion (cleavage remote from
to the acidic residue. The resulting structure is sta- arginine) has a slightly lower threshold than the for-
bilized via a strong electrostatic interaction between mation of thebs ion (cleavage close to the arginine
the protonated guanidino group and deprotonated residue). The latter channel is entropically favored and
carboxylic group. Proton transfer weakens the adja- rises faster with collision energy. Competition of these
cent amide bond and results in a facile fragmentation two factors results in nearly equal production tef
C-terminal to the acidic residue. andbz fragment ions at low collision energies.
Wysocki and co-workers proposed a mechanism ac-
cording to which interaction between the acidic and 3.2. Molecular mechanics modeling
basic side chains results in charge solvation, while
fragmentation preferentially occurs at acidic residues  Molecular mechanics modeling was done on all
not involved in charge solvatiofiL7]. This mecha- four peptides using the Insight Il software suite to
nism explains their observation that doubly protonated gain a better understanding of possible fragmen-
RLDIFSDFR displayed a selective cleavage only at tation mechanisms. Although not exhaustive, the
the aspartic acid in position 7 (no cleavage at the search for minimum energy structures revealed sev-
third residue) resulting in the formation of the/y, eral interesting trends described below. For example,
complementary pair of fragments. The charge-remote we found that the non-arginine-containing peptide,
mechanism also accounts for the observed selectiveLDIFSDF, has a very different conformation than
cleavages at acidic residues in fixed-charge derivativesthe three arginine-containing peptides, LDIFSDFR,
of peptides containing aspartic adied]. In this case RLDIFSDF, and LEIFSEFR. The most obvious dif-
molecular ions of derivatized peptides are not proto- ference is the position of the ionizing proton. For LD-
nated. However, even in the absence of a proton, se-IFSDF, the ionizing proton resides on the N-terminus,
lective cleavages occur at peptide bonds C-terminal the most basic site for this peptide. In the three
to aspartic acid residues. These results are in qualita-arginine-containing peptides the imine nitrogen of the
tive agreement with observations made by Beauchamp guanidino group on the arginine side chain is the most
and co-workers on selective fragmentation of sodi- basic site and is the site of protonation, rather than the
ated peptides containing acidic resid{E3], although N-terminus. In all four peptides the hydrogen atom
the mechanistic explanation presented in the latter on the carboxylic acid side chain of the aspartic acid
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(D) and glutamic acid (E) residues is H-bonded to the the N-terminus the protonated guanidino group of the
nitrogen of the peptide bond immediately C-terminal arginine appears to have easier access to both acidic
to the acidic residue. This H-bonding results in the residues in the peptide. This explains the essentially
formation of a stable ring structure and rationalizes equal intensities of thbs andb7 ions at low collision
cleavages C-terminal to the aspartic and glutamic energies ig. 29. In contrast, molecular mechanics
acids. However, this does not explain the dominance modeling of LDIFSDFR and LEIFSEFR indicates that
of selective cleavages when arginine is present in con- preferential interaction occurs between the C-terminal
junction with the aspartic and glutamic acid residues arginine and the acidic residue in position 6 facil-
in the peptides. itating cleavage at D6 and E6 for LDIFSDFR and

As stated above, the ionizing proton resides on LEIFSEFR, respectively. In fact, all conformations
either the N-terminus in LDIFSDF or on the arginine in which the protonated guanidino grouping these
side chain in the three arginine-containing peptides. peptides interacted with both acidic side chains after
In the case of the three arginine-containing peptides, repeated heating and minimization steps converged to
molecular mechanics modeling shows a strong ten- a family of structures with only one interaction with
dency for the peptide chain to be wrapped around the the closest acidic residue.
basic side chain of the arginine residue. This results For LDIFSDF significant interaction between the
in extensive H-bonding between the basic arginine carboxylic acid side chains and the nitrogen of the
side chain and the side chains of the other amino acid C-side peptide bond is present. This H-bonding facil-
residues, as well as significant H-bonding to the pep- itates breaking the peptide bond, to give the ldnge
tide backbone itself. In most of the optimized struc- ion observed in the LDIFSDF SID spectra. However,
tures H-bonding interactions are observed between thethe lack of additional interactions with the highly ba-
acidic aspartic acid and glutamic acid residues and the sic arginine side chain results in formation of not only
basic side chain of the arginine residue. Interactions bg ions but also other fragments. The abundbgt
are also observed between the arginine side chain andion in SID spectra of LDIFSDF can also result from
the peptide bonds immediately N- and C-terminal to a propensity observed previously in many studies of
both the aspartic and glutamic acid residues. Itis likely singly protonated peptides to lose the last amino acid
that this extensive H-bonding of the basic arginine side residue. Further no lard® ion is observed from pep-
chain to the peptide bond, C-terminal to the aspartic tide bond cleavage C-terminal to the aspartic acid (D)
and glutamic acid residues, as well as the H-bonding residue in position 2. Selective cleavages are not ob-
of the same peptide bond to the acidic side chains served in LDIFSDF since peptide bonds C-terminal to
of the aspartic and glutamic acid residues, facilitates the aspartic and glutamic acids are not as destabilized
deprotonation of the acidic side chain followed by as in the case of the arginine-containing peptides.
formation of a salt-bridge intermediate as suggested This presumably reflects interactions of the peptide
previously[16]. It should be emphasized that we do bond in question with the basic side chain of an argi-
not suggest a proton transfer from the protonated nine residue. Further work is required to define the
guanidino group to the site of cleavage but rather in- interaction or interactions responsible for observed
fer that the proximity of the charge manifested by the selective cleavages.
presence of the hydrogen bonding between the basic
side chain and the peptide bond being cleaved assists3.3. Collision energy-resolved fragmentation
fragmentation. efficiency curves (FECs)

More extensive solvation of the arginine side chain
occurs when the arginine is located at the N-terminus  Fragmentation efficiency curves (FECs) for the four
of the peptide rather than the C-terminus, as in the peptides obtained using a 1 s reaction delay are shown
case of RLDIFSDF. By positioning the arginine on in Fig. 3. The FEC represents a plot of the relative
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The Esgq, data for LDIFSDFR and RLDIFSDF indi-
1007 m= o B LDIESDF cate that the RLDIFSDF is slightly more stable than
% U. %o U LDIFSDFR the LDIFSDFR peptide. LEIFSEFR is the most stable
807 . D’. ° ; ié;gg?; of the four peptides studied, having &goo almost
z s o Q 8eV higher than LDIFSDFR. This indicates that spe-
g 60 % o cific cleavages involving the glutamic acid residues of
= '_ © % OO LEIFSEFR are energetically less favorable than selec-
-E 407 m O '. Ooo tive cleavages involving the aspartic acid residues of
% g % LDIFSDFR, which is in good agreement with litera-
R 20- LI R ture datg{16,17}
1 y, %m LDIFSDFR is the same size as RLDIFSDF and has
0- - the same number of degrees of freedom. Both peptides
10 20 30 40 50 60 70 . . . .
. contain two D residues and fragment via selective
Collision Energy, eV

cleavages, yet theiEsgy, values differ by approxi-

Fig. 3. Fragmentation efficiency curves (FECs) for LDIFSDF (filed Mately 3eV (24.6 and 27.4 eV, respectively). It follows

squares), LDIFSDFR (open squares), RLDIFSDF (filled circles),
and LEIFSEFR (open circles) at a reaction delay of 1.0s.

intensity of the precursor ion as a function of collision
energy. If the efficiency of kinetic-to-internal energy
transfer  — V transfer) is known, qualitative in-

formation on the relative stability of different peptide

that dissociation of the peptide with C-terminal argi-
nine is energetically more favorable than dissociation
of the peptide with arginine located at the N-terminus.

3.4. Time-resolved fragmentation efficiency curves
(TFECs)

TFECs were acquired by varying the delay between

ions can be obtained based on the relative position of trapping and excitation of the scattered ions (reaction
corresponding FECs. Our studies on the fragmentation delay). Fig. 4 shows TFECs for LDIFSDFR at the
of small alanine-containing peptides indicated that the

efficiency ofT — V transfer decreases monotonically

with increasing peptide size for small peptid&§)]. 100
For larger peptides containing five amino acid residues o ® 1ms
very slow dependence of thE — V transfer effi- %0 ooDD . O 10ms
ciency on the peptide size was found. It can therefore ? /@0 -. ® 50ms
be assumed that for the eight to nine residue peptides £ Se 0 O Ols
; . 8 60 o U A 03s

examined in this study the percent of energy transfer = ‘g@ o0, = A 10s
exhibits very slow dependence (if any) on peptide size. ® . =l '
It follows that the relative stability of these peptides is '§
directly reflected in the relative position of their FECs. E

LDIFSDF is, by far, the easiest peptide to frag- 207
ment of the four molecules studied. 1K, value

0 T

is 8.6 eV lower than the next peptide in the order of

increasing stability (LDIFSDFR) and 16.8eV lower

than the most stable peptide studied (LEIFSEFR). The

three arginine—containing peptides are all more stable Fig. 4. Time-resolved fragmentation efficiency curves for LD-
IFSDFR at reaction delays of 1 ms (filled squares), 10 ms (open

than the non-arginine—containing peptide and requ"e squares), 50ms (filled circles), 0.1s (open circles), 0.3s (filled
more energy to reach the point of 50% fragmentation. triangles), and 1s (open triangles).

Collision Energy, eV
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Fig. 5. Time dependence of the collision energy required to observe
50% fragmentation of the precursor i0Bsfo).

six reaction times studied (1, 10, 50ms, 0.1, 0.3, and
15s). The energy required for fragmentation increases
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all peptides should be of the order of T@sClearly,

the slower the dissociation the more dramatic decrease
in Esgy is observed as a function of reaction time.
Shifts in the Esgu, Of 3.2, 7.1, 9.4, and 9.3eV for
LDIFSDF, LDIFSDFR, RLDIFSDF, and LEIFSEFR,
respectively, were observed by changing the reaction
delay from 1msto 1s.

3.5. Modeling of experimental data

RRKM modeling of the experimental data provides
guantitative values for dissociation threshold energies
and decomposition rates and further rationalizes the
trends observed in the experimental data. The TFECs
for each of the four peptides were modeled using the
RRKM-based approach briefly outlined above. The re-
sult of the modeling for LDIFSDFR is shown Fig. 6.

The points on the plot represent the experimental
data, while the modeling results are represented by
the lines. Fits of similar quality were obtained for

as the reaction delay decreases rather significantly atgi,er systems (results not shown).

short times and becomes essentially invariant at longer

times. This dependence is a direct result of the kinetic
shift. To observe fragmentation on the shortest time
scale (1 ms), the ion requires much greater internal
energy relative to fragmentation occurring on the 1s
time scale. An increase in collision energy is required
to achieve this increase in internal energy. In the case
of LDIFSDFR, decreasing the reaction delay from 1s
to 1 msresults in a 7.1 eV increase in collision energy
required to reach the point at which 50% of the parent
ion has disappeared4go). It is noted that changing
the time scale for fragmentation only affected the en-
ergies at which fragmentation was observed and had
no effect on the types of fragment ions observed in
the spectra.

Time dependence of the values Bfgy, is sum-
marized inFig. 5. Esg decreases dramatically as a
function of reaction time at relatively short times and
levels off at reaction times exceeding 0.1s. The lev-
eling off is associated with the competition between
dissociation and radiative cooling of excited precursor
ions. For radiative cooling to compete efficiently with
dissociation on this time scale, the radiative rate for

Dissociation rate constants and modeling parame-
ters for all four peptides are summarizedHig. 7 and
Table 1 The results of the modeling are in excellent

100 + 2%

Relative Intensity
ES 3 3

(3=
(=
!

Collision Energy, eV

Fig. 6. RRKM modeling results fit to time-resolved fragmentation
efficiency curves for LDIFSDFR. The modeling output is rep-
resented by the lines while the points represent the experiment
TFECs for reaction delays of 1 ms (filled squares), 10ms (open
squares), 50ms (filled circles), 0.1s (open circles), 0.3s (filled
triangles), and 1s (open triangles).
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Fig. 7. Microcanonical rate-energy dependencies for LDIFSDF
(solid line), RLDIFSDF (dash-dot line), LDIFSDFR (dotted line),
and LEIFSEFR (dashed line).

agreement with the experimental data in terms of rel-
ative stability of the peptides. The threshold energies,
Eop, calculated from the RRKM modeling follow the
same trends as thesgo, values observed experimen-
tally with LDIFSDF being the least stable of the four
peptides and LEIFSEFR being the most stable. It is
interesting to note that addition of an arginine residue
to the C-terminus of LDIFSDF results in a very small
increase in the dissociation threshold (0.04eV). The
substantially faster dissociation of LDIFSDF, com-
pared to dissociation of the arginine-containing pep-
tides, mainly results from entropic effects that will
be discussed later. The relative position of the argi-

T.H. Bailey et al./International Journal of Mass Spectrometry 222 (2003) 313-327

ciation threshold for the peptide with the N-terminal

arginine (RLDIFSDF). Replacing aspartic acid (D)

with glutamic acid residue (E) results in a 0.09 eV in-

crease in dissociation threshold, which is correlated
to the difference in acidities of the corresponding side
chains. Consequently, dissociation of LEIFSEFR is
about 10 times slower than dissociation of LDIFSDFR
(seeFig. 7).

The higher dissociation threshold observed for
RLDIFSDF as compared to LDIFSDFR provides
further support in favor of the “salt-bridge” (or
charge-directed) mechanism discussed earlier. If argi-
nine played the role of a charge holder with the
cleavage initiated by acidic hydrogen of the aspartic
acid remote from the site of protonation one would
expect to obtain the same energetics and dynamics of
fragmentation of these two peptides. In fact, arginine
located at the C-terminus should be a better “charge
holder” because it can interact with the C-terminus of
the peptide and thereby stabilize the charge more effi-
ciently than arginine in the N-terminal position. This
implies that according to the charge-remote mecha-
nism the dissociation threshold for RLDIFSDF should
be the same or lower than the dissociation threshold
for LDIFSDFR, which does not agree with our results.

It is remarkable that the differences in threshold
energies (1.20, 1.24, 1.31, and 1.33 eV, for LDIFSDF,
LDIFSDFR, RLDIFSDF, and LEIFSEFR, respec-
tively) are so small in comparison with the differ-

nine residue in the peptide sequence has a small butences in experimental values &gy, (16.1, 24.6,

measurable effect on dissociation rates. Dissociation
threshold for LDIFSDFR is 0.07 eV lower than disso-

27.3, and 32.6eV for LDIFSDF, LDIFSDFR, RLD-
IFSDF, and LEIFSEFR, respectively). The 0.07 eV

Table 1
Results of the RRKM modeling of the experimental time-dependent fragmentation efficiency curves
LDIFSDF LDIFSDFR RLDIFSDF LEIFSEFR
Eo (eV) 1.20 1.24 1.31 1.33
ASF (e.ur) 0.4 -7.9 -8.6 ~125
A 2.1E+13 4.8E+11 3.3E+11 4.6E+10
T — V transfer (%) 215 19.8 20.1 20.2
E(k =1) (eV) 3.8 5.4 6.1 6.6

Ep is the threshold energyA§ the entropy change for the transition stafethe pre-exponential factol — V transfer (%) the

percentage of the ion’s kinetic energy converted to internal energy
fragmentation at a rate of 1§.
*e.u. = cal/mol K.

upon collisiof srithe amount of internal energy required to cause
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difference in the threshold energy for LDIFSDFR and
RLDIFSDF is translated into the 2.7 eV difference in
Esow. This “amplification” of quite subtle variations

in threshold energies results from a combination of
two effects. First, there is a very substantial kinetic
shift for dissociation of ions of this size even on a
long time scale of the FT-ICR experiment. Internal
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microsecond time scale than its analogs containing
the aspartic acid residue. This suggests that selective
cleavages in peptides containing glutamic acid residue
are less likely to be observed on a microsecond time
scale in the presence of other competing pathways
that are expected to open up at high enough internal
energies. This result is in agreement with the finding

energies required for dissociation rate constants of that selective cleavages at glutamic acid are observed

1s1 E(k = 1), are listed inTable 1 The difference

in internal energies required for dissociation of LD-
IFSDFR and RLDIFSDF is 0.7 eV. The second factor
leading to the “amplification” is the efficiency of the

kinetic-to-internal energy transfer. Average values of
T — V transfer are close to 20% for all peptides. It
follows that the difference in SID collision energies

required observing fragmentation is about five times
larger than the difference in the corresponding inter-

only in trapping instruments sampling long reaction
times[14,15]

The activation entropy for LDIFSDF differs from
the activation entropies for the three arginine-contai-
ning peptides by approximately 8e.u.—@.4,
—7.9, —8.6, and—12.5e.u. for LDIFSDF, LDIFS-
DFR, RLDIFSDF, and LEIFSEFR, respectively).
Large negative entropy changes, and therefore low
pre-exponential factors, may be a “signature” char-

nal energies. This makes surface-induced dissociationacteristic for complex rearrangement processes in

in FT-ICR an extremely sensitive investigative tool
for establishing small differences in fragmentation
energetics and dynamics of large peptide ions.
Dissociation of all peptides is characterized by large
negative activation entropy. However, dissociation of
LDIFSDF is kinetically favored compared to dissoci-
ation of all arginine-containing peptides. The calcu-
lated Arrhenius pre-exponential factor for LDIFSDF
is 2.1 x 10'3s~1. This value is two orders of magni-

tude higher than the pre-exponential factors calculated

for the three arginine-containing peptides3# 10,
3.3x 10', and 46 x 10'%s~1, for LDIFSDFR, RLD-

peptides. This process can be associated either with a
complex rearrangement, or constrained by a require-
ment for a very specific configuration to be reached
in the transition state. The latter situation applies
when only one conformation, or a small number of
conformations, will result in the specific cleavage.

4. Conclusions

FT-ICR mass spectrometry is very well suited
for time and energy-resolved SID studies. The long

IFSDF, and LEIFSEFR, respectively). As a result, the time scale of the FT-ICR instrument (milliseconds to
rate of decomposition of LDIFSDF rises much faster seconds) results in decreased kinetic shifts for large
with internal energy than the rate of decomposition molecules as compared to typical tandem-in-space
of the arginine-containing peptides (deig. 7). SID instruments (1Q.s time scale). Varying the re-
Replacing aspartic with glutamic acid results in action delay between collision of the parent ion with
lowering the pre-exponential factor by an order of the surface and fragment ion detection enables the
magnitude. As a result, the microcanonical rate con- construction of TFECs. From these TFECs qualitative
stant rises slower for LEIFSEFR than for the other two observations could be made about the relative stabil-
arginine-containing peptides. Clearly, the rate-energy ities of the peptides studied, as well as the relative
dependencies for LDIFSDFR and LEIFSEFR diverge kinetics for the decomposition of the precursor ions.
significantly at high internal energies required to ~ We have demonstrated very efficient amplification
obtain a rate constant of 3671, characteristic of  of the small differences in threshold energies in our
tandem-in-space instruments. As a result, LEIFSEFR collision energy-resolved experiments. This makes
is characterized by a much larger kinetic shift on a FT-ICR SID an extremely sensitive tool for probing
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small differences in dissociation thresholds of large
molecules. The amplification results from the kinetic
shift, which is observed for large peptides even on
a long time scale of FT-ICR experiments, and the
fact that only a fraction of the collision energy is

converted into internal excitation of precursor ions.
We have also shown that ion excitation by impact
with a surface in combination with FT-ICR detection

is an efficient means for studying both high- and
low-energy fragmentation pathways, which are easily
distinguished by their appearance energies.

In agreement with previous studig$4-17] we
found that LDIFSDFR, RLDIFSDF, and LEIFSEFR
fragmented via selective cleavages C-terminal to the
aspartic and glutamic acid residues, while SID spec-

T.H. Bailey et al./International Journal of Mass Spectrometry 222 (2003) 313-327

peptide bonds C-terminal to the aspartic and glutamic
acid residues. This, in conjunction with H-bonding
of the same peptide bond to the acidic side chains of
the aspartic and glutamic acids, results in the prefer-
ential cleavages observed. Although the same acidic
side chain interactions between aspartic and glutamic
acids and the peptide bonds are observed in LD-
IFSDF, the absence of the highly basic arginine group
results in many competing dissociation pathways for
this peptide.
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