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Abstract

Surface-induced dissociation (SID) of four model peptides: DRVYIHPF, RVYIHPF, RVYIHAF, and RVYIHDF was studied using a
novel Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS) specially configured for SID experiments. The energetics
and dynamics of peptide fragmentation were deduced by modeling the time- and energy-resolved survival curves for each precursor ion
using an RRKM based approach developed in our laboratory. Accurate dissociation parameters can be obtained from these experiments
because collision-energy-resolved SID data are very sensitive to both the energetics and dynamics of dissociation. We found that transition
from selective to non-selective fragmentation as ion kinetic energy is increased is associated with a substantial (ca. 0.5eV) increase in the
dissociation energy and a 3—4 orders of magnitude increase in the pre-exponential factor. Dissociation thresholds for angiotensin analogs
derived from the experimental data are as follows: 1.62 eV for RVYIHAF and RVYIHPF, 1.14 eV for RVYIHDF and 1.13 eV for DRVYIHPF.
Pre-exponential factors of Bx 10, 7.2 x 10*?, 3.1 x 1(®, and 50 x 10’ s~ were obtained for RVYIHPF, RVYIHAF, RVYIHDF, and
DRVYIHPF, respectively. Contribution from shattering to the total decomposition of the precursor ion increases for kinetically hindered
fragmentation. The largest contribution is observed for a peptide ion that has the largest negative reaction entropy—DRVYIHPF.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction such as arginine, lysine or histidine higher energy is required
to “mobilize” the proton to make it available for backbone
Gas-phase dissociation of peptide ions has been utilizedfragmentation.
in a large number of mass spectrometric studies focused Peptide ions that contain both acidic (aspartic or glutamic
on structural characterization and identification of peptides acid) and basic residues undergo very specific fragmen-
and proteins using tandem mass spectrometry (MS/MS). Atation when the number of protons does not exceed the
general model describing dissociation of peptide ions has number of basic residud8]. Preferential cleavage of pep-
emerged[1-7]. This model asserts that protons are trans- tide backbone C-terminal to the acidic residue has been
ferred intramolecularly from the initial protonation site of studied by several group8-12] Two different mecha-
the peptide to carbonyl oxygens along the backbone in or- nisms for selective cleavages at acidic amino acid residues
der to initiate backbone cleavages. The electropositive car-when arginine is present in the peptide sequence have been
bon of the protonated carbonyl is then attacked by a nearbyproposed. The charge-directed mechanism proposed by
N-terminal carbonyl group leading to cleavage of the pep- Gaskell and co-worker§ll] suggests that interaction of
tide backbone close to the protonation site. It has also beenthe protonated guanidino group of arginine residue with the
suggested that basic residues of the peptide can sequester thmarboxyl group of the acidic residue results in the deproto-
proton. Consequently, for peptides containing basic residuesnation of the acidic side chain, followed by proton transfer
to the amide nitrogen C-terminal to the acidic residue. The
resulting structure is stabilized via a strong electrostatic
* Corresponding author. Tek:1-509-376-4443; faxs-1-509-376-3650.  interaction between the protonated guanidino group and
E-mail address: Julia.Laskin@pnl.gov (J. Laskin). deprotonated carboxylic group. Proton transfer weakens
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the adjacent amide bond leading to facile fragmentation namics of dissociation of singly protonated angiotensin
C-terminal to the acidic residue. Wysocki and co-workers 1l (DRVYIHPF) and its analogs (RVYIHPF, RVYIHAF
[8,12] have proposed an alternative charge—remote mech-and RVYIHDF). All peptides in this series contain a basic
anism. According to this mechanism interaction between residue—arginine (R). Two of the peptides containing as-
the acidic and basic side chains results in charge solvation,partic acid (D), DRVYIHPF and RVYIHDF, fragment via
while fragmentation preferentially occurs at acidic residues selective cleavages, while the other two peptides, RVYIHPF
not involved in charge solvation. and RVYIHAF, fragment totally non-selectively.

Although gas phase fragmentation of peptide ions has
been extensively studied phenomenologically, little is known
on the energetics and dynamics of peptide fragmentation2. Experimental
and their dependence on the presence of acidic and basic
residues in the peptide. Detailed studies of this kind are  Surface-induced dissociation experiments were conducted
hindered by difficulties in deriving accurate energetics and on a specially fabricated 6T FT-ICR mass spectrometer. The
dynamics of peptide fragmentation from mass spectral data.instrument is equipped with a high-transmission electrospray
The major obstacle for data interpretation is the presencesource, consisting of an ion funnel interfgf@2] followed
of a large kinetic shift (KS)13], defined as the internal by three quadrupoles. The instrument is also fitted with a
energy in excess of the dissociation threshold required to vacuum interlock assembly that allows the SID target to be
produce detectable dissociation of a polyatomic ion on the positioned just inside the rear trapping plate of the ICR cell.
timescale of a mass spectrometer, for complex molecules.Both the instrument and SID experimental protocol have
Consequently quantitative analysis of dissociation of large been detailed elsewhdi23] and will be only briefly outlined
ions requires statistical modeling of the microcanonical rate below.
constants. This can be done using the RRKM/QET or the The SAM surface is positioned 1-2 mm inside of the rear
phase space theory (PS[LA]. trapping plate of the ICR cell. The surface is electrically

We have recently developed an RRKM-based approachconnected to the rear trapping plate power supply. This en-
for analysis of collision-energy-resolved fragmentation of sures that the SAM surface and the rear trapping plate are
large ions excited by multiple collisions in the gas phase or at the same potential throughout the experiment. lons are
by collisions with surfacefl5,16] This approach has been electrosprayed, at atmospheric pressure, into the end of a
extensively utilized for analysis of multiple-collision acti- heated stainless steel capillary tube. The ion funnel that fol-
vation (MCA-CID) and surface-induced dissociation (SID) lows the capillary provides highly efficient ion transfer into
of ions in a Fourier transform ion cyclotron resonance mass the high vacuum region of the mass spectrometer. Three
spectrometer (FT-ICR M$)17-20] We found that the sensi-  quadrupoles follow the ion funnel to provide collisional fo-
tivity of RRKM modeling to dissociation parameters can be cusing, mass selection of the ion of interest and external ac-
significantly improved when collision-energy-resolved data cumulation of ions. Typical accumulation times are in the
is acquired at different reaction times. Time-resolved sur- range of 0.3-0.8s. The third (accumulation) quadrupole is
vival curves for the precursor ion are obtained by varying held at an elevated pressurex210-3 Torr) for collisional
ion collision energy and reaction time and plotting the rel- relaxation of stored ions.
ative abundance of the precursor ion as a function of col-  After accumulation, the ions are extracted from the third
lision energy for each fragmentation delay. Reaction times quadrupole, transferred into the ICR cell where they collide
that can be reliably explored using SID in the FT-ICR MS with the surface. Scattered ions are captured by raising the
in our laboratory vary from 1 ms to many seconds. potentials on the front and rear trapping plates of the ICR cell

We have recently conducted a detailed investigation of by 10-20V. Time-resolved mass spectra were acquired by
the energetics of selective cleavages at acidic residues byarying the delay between the gated trapping and the excita-
examining time- and energy-resolved fragmentation of four tion/detection event (the reaction delay). The reaction delay
peptides that vary in the content and relative position of an was varied from 1 ms to 1 s. Immediately following the frag-
arginine residue (LDIFSDF, LDIFSDFR, RLDIFSDF, LEIF- mentation delay, ions were excited by a broadband chirp and
SEFR)[21]. We demonstrated that addition of arginine to detected. The collision energy is defined by the difference
the C- or N-terminus of a peptide has a very small effect on in the potential applied to the accumulation quadrupole and
the dissociation threshold. However, the dynamics of disso- the potential applied to the rear trapping plate and the SID
ciation is dramatically affected by the presence of arginine. target. The ICR cell can be offset above or below ground by
Selective fragmentation is characterized by a very large neg-as much ast150V. Lowering the ICR cell below ground
ative reaction entropy arising from the complex rearrange- while keeping the potential on the third quadrupole fixed
ment process associated with this type of fragmentation. increases collision energy for positive ions.

This study is a continuation of the on-going research  Experimental control is accomplished with a MIDAS data
in our laboratory focused on the influence of acidic and station[24]. MIDAS is used to control the voltages and tim-
basic residues on the energetics and dynamics of peptideing of the source and transfer optics, as well as ion manip-
fragmentation. Here we report on the energetics and dy- ulation in the ICR cell. An automated script was written to



J. Laskin et al./International Journal of Mass Spectrometry 234 (2004) 89-99 91

allow for unattended acquisition of kinetic data. The script wherekaq is the rate constant for radiative cooling of the

was used to vary the fragmentation delay and collision en- excited ion. The energy deposition function was described

ergy of the experiment. Reactions delays of 1, 10, 50 ms, by the following analytical expression:

0.1, 0.3, and 1 s were studied. Typical experiments involved !

changing the collision energy across a relatively wide range P(E, Ecol) = (E — 4) exp(E = 4)/f(Ecol))

from 15 to 65eV. The automated script allowed for acqui- ¢

sition of SID spectra across the entire range of collision en- wherel and A are parameters; = I'(l + 1)[ f(Econ)]' Tt is

ergies, in 1 eV increments, at each of the six fragmentation a normalization factor anf{E¢q) has the form:

delays. Time dependent survival curves were constructed 2

from experimental mass spectra by plotting the relative in- J(Ecoll) = A2Egq + A1Ecoll + Ao (3)

tensity of the precursor ion as a function of collision energy whereAg, A1, andA, are parameters, ariLo is the col-

for each fragmentation delay. lision energy. Finally, the normalized signal intensity for a
The self-assembled monolayer (SAM) surface was pre- particular reaction channel is given by the equation:

pared on a single golfl1 1 1} crystal (Monocrystals, Rich- 00

mond Heights, OH, USA) using a standard procedure. I;(Ecol) = / F;(E,f)P(E, Ecoi) dE (4)

The target was cleaned in a UV cleaner (Model 135500, 0

Boekel Industries Inc., Feasterville, PA, USA) for 10 min Collision-energy-resolved survival curves at different re-

and allowed to stand in a 1 mM ethanol solution of{FC  action times were constructed using the above procedure

(CR3(CRy)9CoH4SH), for 24-36 h. The target was removed and compared to experimental data. The energy deposition

from the SAM solution and ultrasonically washed in ethanol function was kept the same for all reaction times. The fit-

for 10 min to remove extra layers. ting parameters were varied until the best fit to experimen-
Angiotensin Il (DRVYIHPF) and angiotensin Il (RVY- tal curves was obtained. The fitting parameters included the

IHPF) were purchased from Sigma. Angiotensin analogs critical energy and the activation entropy for the total de-

RVYIHAF and RVYIHDF were purchased from Peptron composition of the precursor ion, the threshold for the fast

Inc. (Taejon, South Korea). All samples were dissolved in fragmentation and parameters characterizing the energy de-

a 70:30 (v/v) methanol:water solution with 1% acetic acid. position function Egs. (2) and (3) The uniqueness of the

A syringe pump (Cole Parmer, Vernon Hills, IL, USA) was fits was confirmed using sensitivity analysis described pre-

used for direct infusion of the electrospray samples at flow viously [16].

()

rates ranging from 20-50 h—1. Vibrational frequencies of precursor ions were obtained
from the frequency model given by Christie and co-workers
2.1. RRKM modeling [25]. Vibrational frequencies for the transition state were es-

timated by removing one C-N stretch (reaction coordinate)

The survival curves were modeled using an RRKM-based from the parent ion frequencies as well as varying all fre-
approach developed by our gro{(,16} For the model- quencies in t.he range of 500-1000cthto obtain the best
ing we separated time-dependent and time-independent fragfit with experimental data.
ments and used two dissociation rate constants for the total ) )
ion decomposition to account for the slow and fast fragmen- 2-2. Molecular mechanics modeling

tation, as indicated schematically below: _ _ _
Molecular mechanics modeling of parent ion conforma-

K , tions was done using the Discover module of the Insight
5“’)7 Time-dependent fragments Il software suite (Biosym Technologies, San Diego, CA,
USA). The peptides were constructed using the amino acid
library contained in the Biopolymer module. Both the N- and
Keast Time-independent fragments C-terminus of the peptide were capped with hydrogens and
left neutral. The ionizing proton was then placed at the most
Microcanonical rate constants as a function of inter- basic sight (the N-terminus for LDIFSDF, and the arginine
nal energy for the slow channel were calculated using Side chain for LDIFSDFR, RLDIFSDF, and LEIFSEFR).
the RRKM expression. For the fast reaction pathway the Using the Discover module the structures were subjected to
rate—energy dependence is very sharp and is best describe@ Steepest descent minimization for 1500 iterations using the
by a step-function originating from the assumed threshold CFF91 force field. After minimization, the optimized struc-
energy[19]. tures were repeatedly annealed at 400 K for 1500 cycles. The
Fragmentation probability as a function of the internal 'esulting annealed structures were again minimized and the

energy of the parent ion and the experimental observationfesulting minimized structure annealed again. The process
time ), F(E, t), is given by: was repeated until a local minimum was achieved and the in-

tramolecular interactions could be observed. Intramolecular
F(E, ty) = e~ koal(E)thad)tr 1) hydrogen bonding was observed by turning on the hydrogen

MH* Kiotai=KstowtKrast
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bonding feature of the program, using the default param- at position 1. Since it is the most basic site in the peptide,
eters, during the minimization and annealing (dynamics) protonation likely takes place on the arginine side chain.
experiments. All other parameters for the minimization and The protonated side chain is then free to initiate cleavage
annealing were left at their default values. Approximately C-terminal to the aspartic acid residue. The proton remains
15 structures obtained by repeated annealing/optimizationon the basic arginine side chain in the cleavage step and
were compared for each of the four peptides. the y; fragment is the detected product. The spectrum also

contains a fragment of significant intensity resulting from

the loss of water from the parent ion (MH™ — H20). The

3. Results and discussion remainder of the spectrum contains fragments resulting from
non-sel ective fragmentation or successive fragmentation of
3.1. Dissociation pathways y7 or MH* — H,0 fragment ions.

Singly protonated RVYIHDF contains both an arginine

Surface-induced dissociation spectra for the four pep- and anaspartic acid residues and fragments selectively. This
tides—DRVYIHPF, RVYIHPF, RVYIHAF, and RVYI|-  selective fragmentation is indicated by the large intensity
HDF—are shown irFig. 1, while Table 1lists all fragment ~ Of the bg ion (Fig. 1). It is interesting to note that the bg
ions observed in the range of collision energies used in fragment inthe RVYIHDF spectrum is much larger than the
SID experiments. All four spectra iRig. 1 were acquired Y7 fragment in the spectrum of DRVYIHPF, even though
with a reaction delay (time between collision with the SAM  both are selective cleavages resulting from the interaction of
surface and the excitation/detection event) of 1s. The two aginine and aspartic acid residues. A possible explanation
peptides that do not contain acidic residues fragment totally is that the y7 ion in DRVYIHPF is formed in competition
non-selectively showing cleavages at almost every peptideWwith the loss of water from the parent ion (MH* — H20).
bond. In contrast, the base peak in both of the aspartic acidln contrast, the bg ion from RVYIHDF has no competing
(D) containing peptides, DRVYIHPF and RVYIHDF, is a loss of water from the parent ion and has higher intensity.
fragment resulting from selective cleavages C-terminal to The relative abundance of the bg ion from RVYIHDF is
the aspartic acidj; andbg, respectively. Selective fragmen-  Similar to the summed relative abundance of the y7 and
tation of this kind is characteristic of peptides containing MH™—H2Oionsfrom DRYVIHPF. Boththey7 and MH™ —
both acidic residues (aspartic or glutamic acids) and very H20 ions from DRVYIHPF appear at the same collision
basic residues (arginine or lysine) in the sequence. It hasenergy, approximately 20eV at a reaction time of 1s, and
been demonstrated that selective fragmentation C-terminalare therefore in direct competition.
to the acidic residue occurs when the number of ionizing ~ The spectra of both RVYIHPF and RVYIHAF are dom-
protons is smaller or equal to the number of basic sites in inated by non-selective fragmentation. In both cases, the
the peptidg8]. ionizing proton most likely resides on the highly basic side

They7 fragment in the SID spectrum of DRVYIHPF isthe ~chain of the arginine residue. Since no acidic residues are

result of selective cleavage C-terminal to the aspartic acid present to direct cleavage, the protonated peptides decom-
pose via non-selective fragmentation upon collision with the

surface. For both peptides, mainly b-type fragment ions re-

MH" sulting from backbone cleavages with the proton remaining
RVYIHDF b, DRVYIHPF on the arginine residues at the N-termini are observed. Ad-
Yo ditional losses of NH3 from many of the b-typeions are also
N MH i observed in both peptides. A series of y ions (from y» to
& . = ys) is observed for all peptides except for RVYIHDF. In ad-
D,m b\ z § b dition, at higher collision energies several abundant immo-
e ‘f’} Moo B Y& e | nium ions and small internal fragments (Y IH, IH, HP, HD,
T OV PV v———y HA) are observed_. It sh_ould be noted that hlghTenergy f_rag-
MH* MH" mentation of angiotensin Il (data not shown) is very simi-
RVYIHPF RVYIHAF lar to fragmentation of RVY IHPF shown in Fig. 1. Indeed,
the y7 ion resulting from DRVYIHPF is the same species
~ NN ’;m b, o as RYYIHPF. Consecutive fragmentation of the y; ion of
;L s 9 V@ ':' S 55 5 g DRVY IHPF results in formation of the same fragment ions
NI T e n“"%% observed for RVY IHPF.
" IM JMI il el Jm M b m
200 400 800 1000 200 400 800 1000 3.2. Results of molecular mechanics modeling
M/Z M/Z

Fig. 1. Surface-induced dissociation spectra for RVYIHDF, 35.5eV col- Molecular mechanics modeling was carried out on all four

lision; DRV'Y IHPF, 39.5eV collision; RVYIHPF 3956V collision; RVY- peptides to gain insight concerning interactions taking place
IHAF, 39.5eV collision. within the protonated peptides. Fig. 2 shows the modeling
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Table 1
List of SID fragments for different precursor ions
Sequence N-terminal fragments C-terminal fragments  Internal fragments Immonium ions
RVYIHPF a1, &, a3, &, & Y1, Y2, Ya, ¥5 bions: YIH, YIH — H,0, VYI, YI, IH, HP P,H, Y
a*, &*, a, a*, as* aions: VYI*, IHP*, YI, IH, HP

by, by, bs, by, bs

b1*, b2*, bs*, bs*, bs*
bs**’ 35**: bZ**y aQ**
bs + H20, bz — H>O

DRVYIHPF & Y2, Y3, Ya, Y7 bions: RVYIH, RVYIH*, RVYI*, RVY, RVY*, P,H,Y, R
YIH, YIH — H20, YI, RV, RV*, IH, HP
ag* aions: RVYIH, RVYI, RVY, YI, IH, HP
b2, bs, bs, bs
bo*, bz*, bs*
MH* — H,0, MH* — 2H,0
RVYIHDF &, &, ag, &, 3 Y1, Y2, V3 bions: YIH, IHD, YI, VY, IH, HD H,Y
ar*, a*, ag*, a1, ™ aions: YI, IH, VY

by, b, bs, ba, bs, bg
b1*, b2*, bz*, bs*, bs*, be*
bs+ H20, bs — H,O

RVYIHAF &, &, ag, &, % Y1, Y3, Y5 bions: YIHA, YIH, [HA, YI, VY, IH, HA R, H,Y
a*, a*, ar*, a" aions: YI, IH, HA
by, b2, bs, bs, bs, bg
b1*, bo*, bs*, bs*, bs*, bg*
bg + H20, bz — H,0, MH*T— H>0O

*Denotes loss of NH3 from the corresponding fragment. Major peaks are highlighted with bold letters.

results for DRVYIHPF. This peptide ion assumes an elon-
gated conformation, with most of the internal interactions
taking place in the N-terminal part of the peptide contain-
ing residues 1-4 (DRVY). The carbonyl oxygen between
the aspartic acid residue and the arginine residue is inter-
acts strongly with the protonated arginine side chain (light

Fig. 2. Optimized structure of singly protonated DRV'Y IHPF from molec- Fig. 3. Optimized structure of singly protonated RV'Y IHDF from molecular
ular mechanics modeling. Interactions discussed in the text are highlighted mechanics modeling. Interactions discussed in the text are highlighted
with light blue and yellow lines. with light blue and yellow lines.
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blue lines in Fig. 2). This interaction promotes cleavage
C-terminal to the aspartic acid, accounting for the large y7
fragment ion observed in the spectrum. In addition to the
interaction with arginine, the side chain of the aspartic acid
residue participates in H-bonding with the carbonyl oxygens
(yellow line) between theresiduesin positions 2 and 3 (R-V)
and positions 4 and 5 (Y-I) (Fig. 2).

The other peptide that undergoes decomposition by se-
lective cleavage, RVYIHDF (Fig. 3), aso shows an interac-
tion between the protonated arginine side chain and the car-
bonyl oxygen C-termina to the aspartic acid residue (light
blue line). Selective cleavage C-terminal to the aspartic acid
results in the large bg ion observed in the SID spectrum
(Fig. 1). There is no direct interaction between the arginine
and the aspartic acid side chain analogous to that observed
for DRYVIHPF. This absence of direct interaction with the
aspartic acid side chain may be the reason that water 10ss
from the parent ion is not observed.

Molecular mechanics modeling also predicts an interac-
tion between the amine of the peptide bond on the N-terminal
side of the aspartic acid with the side chain of the histidine
residue (yellow ling). This rationalizes the formation of the
bs ion when RVYIHDF is a precursor. Since histidine is
known to direct cleavage C-terminal to itself when proto-
nated [5], it is possible that the formation of bs fragment
ion is the result of proton transfer from the arginine to the
histidine residue followed by dissociation. If the histidine
residue were protonated, the proton would most likely reside
on the nitrogen in position three of the histidine side chain
ring. The protonated side chain could then interact with the
carbonyl group of the peptide bond C-terminal to the histi-
dine residue. Cleavage could then occur at the peptide bond
following an intramolecular proton transfer between the his-
tidine side chain and carbonyl group of the H-D peptide
bond.

The remaining peptides, RVYIHPF and RVYIHAF, do
not contain an aspartic acid and therefore do not undergo se-
lective cleavages. Their spectra are dominated by backbone

—&— RVYIHPF

100

5 8 8
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]

o
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20 30 40 50 60
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cleavages (see Fig. 1). Molecular mechanics modeling (not
shown) of both peptides shows numerous interactions be-
tween the basic arginine side chain and other peptide bonds
within the peptide chains rationalizing the extensive back-
bone fragmentation observed for these ions.

3.3. Kinetic studies

Kinetic experiments were conducted by changing thetime
delay between ion impact and the detection event from 1 ms
to 1s. Comparison of the survival curves for al four pep-
tides at reaction times of 1ms and 1s is shown in Fig. 4.
With increase in reaction time the amount of internal en-
ergy needed for fragmentation (the kinetic shift) decreases;
thisisreflected in corresponding shiftsin survival curves to
lower collision energies. It is also interesting to note that
the shapes of survival curves and their time behavior are
quite different for the four peptides. At 1 ms reaction time
al curves are steep, indicating that fragmentation is quite
fast. Surviva curves for RVYIHPF, RVYIHDF and RVYI-
HAF overlap at this reaction time. Based on results obtained
at 1 msdelay timeit seemsthat these three peptides have ap-
proximately the same stability, while DRVY IHPF is some-
what more stable. However, shapes of survival curves of the
two peptides that undergo selective fragmentation obtained
with 1s reaction time are dramatically different. Specifi-
caly, survival curves for RVYIHDF and DRVYIHPF are
very shallow and the onset for dissociation is substantially
lower for these two peptides as compared to RVY IHPF and
RVYIHAF. This dramatic effect of the reaction time on the
shape and position of the survival curve results from sig-
nificant entropy differences for selective and non-selective
fragmentation.

Close examination of the position of surviva curves
shown in Fig. 4 reveals that fragmentation of aspartic
acid-containing peptides (RVYIHDF and DRVYIHPF), i.e.,
selective fragmentation, is characterized by lower thresh-
old energy than dissociation via non-selective pathways

—A—DRVYIHPF  —<—RVYIHAF —O—RVYIHDF

100

80

Coallision Energy, eV

Fig. 4. Fragmentation efficiency curves for RVYIHPF (filled squares), DRVYIHPF (open triangles), RVYIHAF (crosses), and RVYIHDF (open squares)

at reaction delays of 1ms (left panel) and 1s (right panel).
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(RVYIHPF and RVYIHAF). The shapes of the curves at
1s are characteristic of the reaction entropy. Kinetically
unfavored reactions with large negative reaction entropy are
associated with shallow survival curves, while fast (kineti-
cally favored) fragmentation results in steep survival curves.
Shallow curves obtained for RVYIHDF and DRVY IHPF
at 1s reaction time indicate that selective fragmentation is
characterized by large negative activation entropy, while rel-
atively fast fragmentation occurs when a peptide fragments
non-selectively.

The dramatic change in the shapes of the curvesfor RVY-
IHDF and DRVY IHPF with reaction time can be rational-
ized by considering competition between slow RRKM-type
fragmentation and instantaneous fragmentation of ions on
the surface (shattering). We have shown that shattering of
peptide ions on surfaces becomes dominant at high collision
energies and short reaction times [19]. Steepness of survival
curves for RVYIHDF and DRVYIHPF a 1ms reaction
time indicates that shattering is the major fragmentation
mechanism for these peptide ions on a short timescale. An
important conclusion deduced from Fig. 4 is that it is not
possible to access relative stability of large peptide ions
based on the energy-resolved results obtained at a single
reaction delay. Thisis particularly important for short reac-
tion times because dissociation on a microsecond timescale
is often dominated by shattering and the energy dependence
of the relative abundance of the precursor ion on ion kinetic
energy does not reflect its stability if thisis the case.

A good measure of therelative amounts of energy required
to observe fragmentation at different timescalesis the value
of Espy, i.e., the collision energy, at which fragmentation
efficiency equals 50%. Time dependence of the values of
Esoo for al four peptidesis summarized in Fig. 5. The dra
matic decrease in Esqgy, from short to long times, followed

55 —O— DRVYIHPF
—0—RVYIHPF
—A— RVYIHAF
504 —O—RVYIHDF

0.0 0.2 I 014 I 0:6 I 0.8 1.0
Reaction Delay, s

Fig. 5. Time dependence of the collision energy required to observe 50%
fragmentation of the precursor ion (Esgy) for DRVY IHPF (open circles),
RVYIHPF (open squares), RVYIHAF (filled triangles), and RVYIHDF
(open diamonds).

by the gradual leveling off, is very similar to that reported
in previous studies [21]. The leveling off in these curves re-
sults from competition between dissociation and radiative
cooling of excited precursor ions. The Esgo, curves of RVY-
IHPF, RVYIHAF arevery similar and show asmaller shiftin
the values of Esgy, as afunction of time as compared to the
pair of peptides that fragment selectively. Slower dissocia-
tion resultsin amore dramatic decreasein Esqge, asafunction
of reaction time. Shifts in the Esqgo, of 16.4, 11.5, 9.4, and
15.9¢eV for DRVYIHPF, RVYIHPF, RVYIHAF, and RVY -
HDF, respectively, were observed by changing the reaction
delay from 1msto 1s. The observed shifts are consistent
with qualitative conclusions made earlier, namely, that de-
composition via selective cleavages is entropicaly less fa-
vorable than decomposition via non-selective pathways.

3.4. RRKM modeling of experimental data

Quantitative description of the kinetics of decomposition
of angiotensin analogs was obtained by modeling the ex-
perimental survival curves using the RRKM based method
outlined earlier. Fig. 6 shows the results of the RRKM mod-
eling for al four peptides, while the corresponding dissoci-
ation parameters are summarized in Table 2. (It should be
noted that dissociation parameters listed in Table 2 repre-
sent an average over al dissociation channels.) Symbolsin
Fig. 6 represent experimenta points obtained at fragmenta-
tion delays of 1, 10, 50ms, and 1s, while modeling results
are shown as solid lines. There is agood agreement between
experimental and simulated results. Dashed lines in Fig. 6
were obtained by blocking the fast fragmentation channel to
represent the relative contribution of slow fragmentation to
the total decomposition of the precursor ion. Microcanoni-
cal rate-energy dependences for al four ions are shown in
Fig. 7. We shortly discuss the results of RRKM modeling
and compare them to our previous study of peptides con-
taining LDIFSDF motif [21].

In our previous study we examined the effect of addition
of an arginine residue on dissociation of peptides containing
acidic residues. We found that addition of a basic residue
to peptides containing aspartic acid results in a very small
increase in the dissociation threshold, while the dynamics
of dissociation is affected dramatically. Threshold energies
of 1.24 and 1.31eV were reported for selective fragmenta-
tion of LDIFSDFR and RLDIFSDF, respectively, indicating
a small but measurable effect of the position of the basic
amino acid on the fragmentation energetics. Pre-exponential
A-factors for selective fragmentation were at least two or-
ders of magnitude lower than the A-factor for non-selective
fragmentation (4.8 x 10 and 3.3x 10! s~1 for LDIFSDFR
and RLDIFSDF, respectively, as compared to 2.1 x 1013 s~1
for LDIFSDF).

In the present study we examined the effect of addi-
tion of an acidic residue (aspartic acid) on dissociation of
arginine-containing peptides. Table 2 shows that addition of
the aspartic acid to peptide sequence has a dramatic effect



96

DRVYIHPF

Relative Abundance

Relative Abundance

Collision Energy, eV

J. Laskin et al./International Journal of Mass Spectrometry 234 (2004) 89-99

RVYIHDF

50
Collision Energy, eV

70

Fig. 6. RRKM modeling results fit to time resolved survival curves for DRVYIHPF, RVYIHDF, RVYIHPF, and RVYIHAF. The modeling results taking
into account slow and fast dissociation channels are represented by solid lines while the points represent the experiment survival curves for reaction
delays of 1 ms (filled squares), 10ms (open circles), 50ms (filled triangles), and 1s (open squares). Dashed lines represent the contribution of the slow

decay channel to the total decomposition of the parent ion.

on both the threshold energy and the dissociation entropy.
Threshold energies for peptide ions that do not contain the
aspartic acid and therefore undergo non-selective fragmen-
tation are almost 0.5 eV higher than the values characteristic
of selective fragmentation. Thereisalso a3—4 orders of mag-
nitude difference in pre-exponential factors characteristic of
non-selective (8.2 x 10! and 7.2 x 102571 for RVYIHPF
and RVYIHAF, respectively) and selective (3.1 x 108 and
5.0x 107 51 for RVYIHDF and DRVY IHPF, respectively).

Dissociation threshold obtained for selective fragmen-
tation (1.14eV) is close to but dlightly lower than the

previously published values of 1.24eV for LDIFSDFR and
1.31eV for RLDIFSDF, while pre-exponential factors ob-
tained for selective fragmentation of angiotensin analogs are
significantly lower than the corresponding values obtained
for LDIFSDFR and RLDIFSDF. However, similar relative
differences between pre-exponential factors for selective
and non-selective fragmentation were obtained for the two
different series of peptides. Specifically, transition from
non-selective to selective fragmentation is characterized by
a 34 orders of magnitude decrease in the pre-exponential
factor.

Table 2
Results of the RRKM modeling of the precursor ion survival curves (uncertainties are shown in parentheses)

RVYIHPF RVYIHAF RVYIHDF DRVYIHPF
Ep (eV) 1.62 (0.03) 1.62 (0.05) 1.14 (0.03) 1.13 (0.03)
ASF (cal mol~t K1) —7.0 (0.3) —2.72 (0.6) —22.7 (0.5) —26.3 (0.5)
A 8.2 x 101! 7.2 x 1012 3.1 x 108 50 x 107
Efast (€V) 12.0 (0.4) 115 (0.7) 11.3 (0.5) 11.9 (0.7)
T— V transfer (%) 21.9 (0.8) 19.8 (1.5) 21.2 (0.9 20.5 (1.2)
Krag (s71) 14 21 25 15
DOF 396 384 393 435
KS (t =19) (eV) 6.3 5.9 4.2 5.0

Ep is the threshold energy, ASt isthe entropy change for the transition state, A is the pre-exponential factor at 500K, Efag is the threshold for shattering;
T — V transfer (%) is the percentage of the ion’s kinetic energy converted to interna energy upon collision, kyy is the radiative decay rate, DOF is the
number of vibrational degrees of freedom, and KS (¢ = 19) is the kinetic shift at 1s fragmentation delay.
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Fig. 7. Semilogarithmic plot of microcanonical rate—energy dependences
for DRVY IHPF (dashed dotted line), RVY IHDF (dashed line), RVY IHPF
(dotted line), and RVYIHAF (solid line).

The relative position of the acidic and basic residues in
RVYIHDF and DRVYIHPF does not affect the dissociation
threshold but has a measurabl e effect on the dissociation en-
tropy. Slower fragmentation is observed when the aspartic
acid residue is located at the N-terminus (DRVY IHPF). We
infer that this difference reflects differences between entropy
effects for the cleavage C-terminal to aspartic acid and the
loss of water from the peptide, the dominant competitive re-
action channel for DRVYIHPF. No competitive water 10ss
was observed for RVY IHDF. Because in this study we mod-
eled only the total decomposition rate for each peptide ion,
the presence of a second dissociation channel in competition
with the selective cleavage C-terminal to aspartic acid is the
most probable cause of the differences in dissociation en-
tropiesfor the total decomposition of RVY IHDF and DRVY-
IHPF. A similar difference in entropy effects is reported for
dissociation of RVYIHPF and RVYIHAF. Namely, replac-
ing proline with alanine results in a 10-fold increase in dis-
sociation rate, while the dissociation threshold remains the
same. Because dissociation patterns for these two peptides
are very similar, this entropy effect reflects the influence of
secondary structure of the peptide on the dissociation en-
tropy.

It is important to note that these relatively small differ-
ences between dissociation parameters can be accurately
evaluated from our experimental data. This results from the
significant amplification that occursin SID experiments for
large peptides described in our previous studies[19-21]. The
amplification results from two factors: the kinetic shift ob-
served for large peptides even on along timescale of FT-ICR
experiments and the fact that only a fraction of the collision
energy isconverted into internal excitation of precursor ions.
The values for kinetic shiftslisted in Table 2 provide aclear
indication of such amplification. Small differences in reac-
tion entropies are trandlated into 0.4 eV difference in kinetic
shifts for RVYIHPF and RVYIHAF and 0.8eV difference
for RVYIHDF and DRVYIHPF. The differences in kinetic

shifts are further supported by microcanonical rate—energy
dependences shown in Fig. 7. Although rate—energy depen-
dences for each pair of peptides (RVYIHPF/RVYIHAF and
RVYIHDF/DRVYIHPF) have the same origin they display
significant deviation at higher internal energies because of
differences in reaction entropies. Further, because only ca.
20% of ion kinetic energy is converted into the internal en-
ergy of the ion, these values are multiplied by a factor of
5to give 2 and 4 eV shiftsin survival curves for the RVY-
IHPF/RVYIHAF pair and RVYIHDF/DRVY IHPF pair, re-
spectively. We have previously demonstrated this two-step
amplification for accurate measurement of small differences
in dissociation thresholds of large ions using FT-ICR SID
experiments [21]. In this study the same concept is demon-
strated for the situation when small differences between re-
action entropies are measured experimentally.

Dissociation thresholds obtained for non-selective frag-
mentation are higher than values reported by us previously
for arginine-containing peptides of similar size. In addition
to threshold energies for LDIFSDFR and RLDIFSDF listed
above, we have established dissociation thresholds of 1.17
and 1.09eV for des-Arg!- and des-Arg®-bradykinin (PPGF-
SPFR and RPPGFSPF), respectively [19]. Although these
peptides do not contain the aspartic acid residue their frag-
mentation is also very selective at low collision energies.
Significantly larger values obtained in this study for RVY-
IHAF and RVYIHPF are in a general agreement with the
“mobile proton” model that suggeststhat the dissociation en-
ergy increases when arginine is present in peptide sequence.
However, our observations al so indicate a strong influence of
the reaction entropy on dissociation of large ions. Although
non-sel ective fragmentation of the angiotensin analogsisas-
sociated with much higher pre-exponential factors than se-
lective fragmentation, it is still fairly slow when compared
to peptides containing the LDIFSDF motif.

The calculated values of kinetic shifts for 1sreaction de-
lay arelisted in Table 2 along with the number of vibrational
degrees of freedom (DOF) for each ion. Because of the sig-
nificantly different entropy factors for dissociation, there is
no correlation between the excess internal energy required
to observe dissociation and the number of DOF. This ob-
servation isimportant because it is commonly assumed that
a simple linear correction for the DOF effect can be ap-
plied to collision-energy-resolved data [8]. This assumption
isstrictly correct only for reactions that are characterized by
the same entropy effects. We have previously demonstrated
that reaction entropies associated with peptide fragmentation
in the gas phase show substantial variations as a function
of both the primary and secondary peptide structure. The
DOF correction should therefore not be used unless there
are independent measurements demonstrating very similar
entropies of dissociation for the reactions being compared.

Dashed lines in Fig. 6 represent the relative contribution
of the slow unimolecular decomposition to the overal de-
cay of the precursor ion as a function of collision energy
and reaction time. Similarly to our previous studies fast
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fragmentation becomes significant for short reaction times
and high collision energies. This fragmentation is modeled
in the “sudden death” approximation and represents instan-
taneous fragmentation of ions during their collision with
the surface (shattering). The average value of the shattering
threshold obtained for angiotensin analogs is 11.5eV. The
smallest contribution of shattering to the total decomposi-
tion of the precursor ion is observed for RVYIHAF—the
peptide ion with the highest dissociation entropy in this
series. A somewhat larger effect is observed for RVY IHPF,
for which simulated survival curves with and without con-
tribution of the fast decay deviate at 1 ms reaction delay.
However, for the two peptides that fragment selectively the
contribution of shattering is very significant. It accounts for
more than 50% decomposition of RVYIHDF and for more
than 80% decomposition of DRVYIHPF at 1 ms reaction
delay. This clearly explains the dramatic variation in the
shapes of survival curves as a function of reaction delay
observed for these two ions discussed earlier. Specifically,
the steepness of the survival curve for DRVYIHPF at 1 ms
delay time results from shattering. The curve at 10 ms delay
shows a clear break in the slope as a function of collision
energy—at low collision energy the slope reflects slow sta-
tistical decay while at higher collision energy fast decay is
dominant. Similar changes in the slope are observed for the
1ms survival curve of RVYIHDF. Finally, at long reaction
times the relative contribution of the fast decay process is
relatively small and the shape of the curve is determined
mainly by the slow decay rate.

4, Conclusions

In this work we have utilized time- and energy-resolved
SID experiments to establish the energetics and dynamics
of dissociation of large peptide ions containing arginine and
aspartic acid residues. Because collision-energy-resolved
SID data are very sensitive to both the energetics and dy-
namics of dissociation accurate dissociation parameters can
be obtained from these experiments. This sensitivity results
from an efficient amplification of differencesin dissociation
parameters. Two factors contribute to the amplification: the
substantial kinetic shift obtained for large molecules even
on along timescale and the T — V conversion efficiency,
close to 20% for peptides studied in this work. SID con-
version efficiency provides an additional factor of 5 ampli-
fication of the differences in the internal energies required
to observe dissociation on the experimental timescale. In
addition, measuring the time dependence of the precur-
sor ion survival curve imposes serious constraints on the
RRKM-based modeling results. This alows an efficient
separation of energy and entropy effects on the survival
CUrves.

The series of peptides studied in thiswork can be divided
into two pairs: peptides that fragment non-selectively (RVY-
IHPF and RVYIHAF) and peptides that undergo selective

fragmentation (RVYIHDF and DRVYIHPF). Addition of
the aspartic acid residue to peptide sequence resulting in
transition from non-selective to selective fragmentation is
associated with a substantial (ca. 0.5eV) reduction in the
dissociation energy and 3—4 orders of magnitude reduction
in the pre-exponential factor. The difference between en-
tropy factors for selective and non-selective fragmentation
indicate that selective cleavages are associated either with
substantial rearrangements or require a very specific confor-
mation in order to undergo dissociation. In addition small
entropy effects within each pair of peptides was observed.
We found that the relative position of the acidic and basic
residues in RVYIHDF and DRVYIHPF do not affect the
dissociation threshold but rather have a measurable effect
on the dissociation entropy. This effect was attributed to
the presence of a competing water loss channel that con-
tributes to the total decomposition of DRVYIHPF that is
not observed for RVYIHDF. In contrast, an order of mag-
nitude difference in pre-exponential factors for dissociation
of RVYIHAF and RVYIHPF was attributed to the influ-
ence of the secondary peptide structure on the dissociation
dynamics.

Similarly to our previous studies we modeled the total
decomposition of the precursor ion using two decay rates:
slow unimolecular fragmentation of the excited precursor
ion scattered off the surface and fast instantaneous decay on
the surface (shattering). The largest contribution of the fast
decay was observed for ions that undergo sel ective fragmen-
tation. The fast decay has a strong effect on the shape of the
parent ion survival curve and its evolution as a function of
reaction time. Specifically, more than 80% fragmentation of
DRVYIHPF at 1 msis caused by shattering. Because disso-
ciation isvery fast a steep survival curve is obtained for this
ion at 1 msreaction delay. With increase in reaction time the
contribution of the fast decay rapidly decreases. The overall
shape of survival curves at long reaction delay is determined
by the slow decay rate. These observations are particularly
important because they strongly suggest that it is not possi-
ble to access relative stability of large peptide ions based on
the energy-resolved results obtained at a single reaction de-
lay. Great caution should be taken when energy dependence
of fragmentation of large ions is examined on a microsec-
ond timescale. For short reaction times dissociation is likely
dominated by shattering and the energy dependence of the
relative abundance of the precursor ion does not reflect its
stability.
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