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Abstract

Energetics and mechanism of dissociation of singly protonated angiotensin Il (RVYIHPF) and its analogs RVYIFPF, RVYIYPF, RVYIHAF
and RVYIHDF was studied using surface-induced dissociation (SID) in a Fourier transform ion cyclotron resonance mass spectrometer (FT-ICF
MS) specially configured for studying ion activation by collisions with surfaces. 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 o
laboratory. Fragmentation mechanisms were inferred from comparison of time- and energy-resolved fragmentation efficiency curves (TFECSs) o
different fragment ions followed by RRKM modeling of dissociation of angiotensin Il into six major families of fragment ions. Detailed modeling
demonstrated that dissociation of these peptides is dominated by loss of ammonia from the precursor ion and characterized by a high-ener
barrier of 1.6 eV. Loss of Nkland subsequent rearrangement of the'M\H; ion results in proton mobilization and release of ca. 30 kcal/mol
into internal excitation of the MHNH5 ion. The resulting highly excited ion accesses a variety of non-specific dissociation pathways with very
high rate constants. Fast fragmentation of excited"NNtHs ion forms a variety of abundant,#NHs; and g-NHz fragment ions. Abundant XH
and HX internal fragments are also formed, reflecting the stability of histidine-containing diketopiperazine structures.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of small molecules such as CO, Midnd HO from the proto-
nated peptide and from its subsequent shorter chain fragments is
Dissociation of peptide ions in the gas phase is an activeommonly observed in tandem mass spectra. Internal fragments
area of research in mass spectrometry. Mechanistic understarahd immonium ions resulting from simultaneous or consecutive
ing of fragmentation of singly and multiply protonated peptidesrupture of two peptide bonds are also commonly observed in
provides an important background for peptide sequencing anblS/MS spectra. Current understanding of gas-phase ion chem-
protein identification using tandem mass spectrometry (MS/MSistry leading to the observed fragmentation of peptide ions in
[1]. Structural information is extracted from the identification of mass spectrometry has been summarized in a number of com-
sequence-specific fragments that originate from bond cleavagesentary article$2—5] and a recent revie{é].
along peptide backbone. Gas-phase fragmentation of protonated Experimental fragmentation patterns are influenced to vary-
peptides is typically dominated by cleavages of peptide (amidejg degrees by a number of factors, including the method of ion
bonds resulting in formation of b and y ions if the chargeactivation and the resulting internal energy distribution of the
remains on the N-terminus or C-terminus, respectively. Losgxcited ions, the intrinsic parameters of the ion such as the num-
ber of vibrational degrees of freedom (DOF) and the energetics
— and dynamics of each individual dissociation pathway, the time-
* Corresponding author. Tel.: +1 509 376 4443; fax: +1509 376 3650. .70 characteristic of the mass analyzer and possible mass dis-
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1 present address: Metara Inc., 1225 E. Arques Ave., Sunnyvale, CA 940g&fimination. Detailed understanding of such a multidimensional
USA. problem s extremely challenging. Two additional complications
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for understanding the dissociation behavior of large ions arénstrument and SID experimental protocol have been detailed
the characteristically large kinetic shift (KEj)] — the internal  elsewherg20] and will be only briefly outlined below.
energy in excess of the dissociation energy required to produce lons are electrosprayed, at atmospheric pressure, into the
detectable dissociation of a polyatomic ion on the time-scalend of a heated stainless steel capillary tube. The ion funnel
of the mass spectrometer — and the relatively slow, stepwistinat follows the capillary provides highly efficient ion transfer
ion activation methods employed in most MS/MS experimentsnto the high vacuum region of the mass spectrometer. Three
[8]. We have previously demonstrated that fragmentation viguadrupoles following the ion funnel provide collisional focus-
the lowest-energy reaction channel efficiently competes witting, mass selection of the ion of interest and accumulation of
slow activation when competing reactions have substantialljons external to the ICR cell. Typical accumulation times are
higher dissociation energies. This results in effective discrimin the range of 0.3-0.8s. The third (accumulation) quadrupole
ination against high-energy channels and much lower ion yieldis held at elevated pressure (abowt 20~2 Torr) for collisional
or complete deletion of these channels in the MS/MS spectrurrelaxation of any internal energy possessed by ions generated by
[9]. electrospray ionization prior to their injection into the ICR cell.
We have also argued that surface-induced dissociation (SID) After accumulation, the ions are extracted from the third
offers significant advantages over slow activation methods foquadrupole and transferred into the ICR cell where they col-
investigating mechanisms of peptide ion dissociation. In particlide with the surface. Scattered ions are captured by raising the
ular, SID resulting from collisions of ions with semiconductive potentials on the front and rear trapping plates of the ICR cell by
surfaces of self-assembled monolayers (SAMIB)11]provides  10-20 V. Time-resolved mass spectra were acquired by varying
an efficient means for very fast, single-step excitation of the iorthe delay between the gated trapping and the excitation/detection
in which internal energy deposition occurs in a few picosec-event (the reaction delay). The reaction delay was varied from
onds or les§12]. Coupling SID with a Fourier transform ion 1msto 1s. Immediately following the fragmentation delay, ions
cyclotron resonance mass spectrometer (FT-ICR MS) providesere excited by a broadband chirp and detected. The collision
the additional distinct advantage of long and variable reactiomnergy is defined by the difference in the potential applied to the
time (milliseconds to seconds), both greatly reducing the KS andccumulation quadrupole and the potential applied to the rear
enabling access to the lowest-energy dissociation pathways ftrapping plate and the SID target. The ICR cell can be offset
large molecule§l3,14] Collision energy-resolved SID studies above or below ground by as much #450V. Lowering the
provide important information on the appearance energies dCR cell below ground while keeping the potential on the third
fragment ions and competition between different dissociatiomuadrupole fixed increases collision energy for positive ions.
pathways. The ability to perform kinetic studies on the FT-ICR  Experimental control is accomplished with a MIDAS data
instrument adds a level of dimensionality to the SID experimenstation[22]. MIDAS is used to control the voltages and timing
that cannot be achieved in an instrument with a fixed reactionf the source and transfer optics, as well as ion manipulation in
time. Ithas been observed that several fragments can have simildae ICR cell. An automated script was written to allow for unat-
appearance energies, yet exhibit very different kinetic behaviotended acquisition of kinetic data. The script was used to vary
Clearly time- and energy-resolved SID experiments provide veryhe fragmentation delay and collision energy of the experiment.
detailed information on the fragmentation of large ions. Reactions delays of 1 ms, 5ms, 10 ms, 50 ms, 0.1s and 1 s were
In this work we present a detailed analysis of time- andstudied. Typical experiments involved changing the collision
energy-resolved fragmentation of singly protonated angiotensianergy across a relatively wide range from 15eV to 65eV. The
Il and its analogs. Experimental results are analyzed quarautomated script allowed for acquisition of SID spectra across
titatively using RRKM-based modeling described elsewherghe entire range of collision energies, in 1 eV increments, at each
[15,16] This approach has been previously used for extractef the six fragmentation delays. Time-dependent survival curves
ing total decomposition rates for a variety of model peptidesvere constructed from experimental mass spectra by plotting the
[17-19] Here we extend it to examine relative rates of differ- relative abundance of the precursor ion as a function of collision
ent dissociation pathways. While it is impossible to model eaclenergy for each delay time.
separate reaction channel, we shall analyze the trends and pro-The self-assembled monolayer (SAM) surface was pre-
pose mechanisms of formation for distinct families of fragmentpared on a single go{d 1 1} crystal (Monocrystals, Richmond

ions. Heights, OH) using a standard procedure. The target was cleaned
in a UV cleaner (Model 135500, Boekel Industries Inc., Feast-
2. Experimental erville, PA) for 10 min and allowed to stand in a 1 mM ethanol

solution of FG2, (CR3(CR)9C2oH4SH), for 24—-36 h. The target

SID experiments were conducted on a specially fabricatesvas removed from the SAM solution and ultrasonically washed
6T FT-ICR mass spectrometer described elsewf@dg The in ethanol for 10 min to remove extra layers.
instrument is equipped with a high-transmission electrospray Angiotensin Il (RVYIHPF) was purchased from Sigma.
source, consisting of an ion funnel interfd@d] followed by  Angiotensin Il analogs (RVYIHAF, RVYIHDF, RVYIFPF
three quadrupoles that provide for pressure drop and ion buncland RVYIYPF) were purchased from Peptron Inc. (Taejon,
ing, mass selection and ion storage, respectively. The SID taBouth Korea). All samples were dissolved in a 70:30 (v/v)
get is introduced through a vacuum interlock assembly and imethanol:water solution with 1% acetic acid. A syringe pump
positioned at the rear trapping plate of the ICR cell. Both theg(Cole Parmer, Vernon Hills, IL) was used for direct infusion of
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the electrospray samples at flow rates ranging from2® to  deposition function (Eq$2) and(3)). The uniqueness of the fits

50L/h. was confirmed using sensitivity analysis described previously
[16].
2.1. RRKM modeling Vibrational frequencies of precursor ions were obtained from

the frequency model given by Christie and co-workg4].

The survival curves (SCs) representing the relative abunVibrational frequencies for the transition state were estimated
dance of the parent ion as a function of collision energy werdy removing one C—N stretch (reaction coordinate) from the
modeled using an RRKM-based approach developed by oyrarent ion frequencies and varying all frequencies in the range
group[15,16]} We modeled separately time-dependent (slow)of 500-1000 cmi* to obtain the best fit with experimental data.
and time-independent (fast) kinetics and used two dissocia-
tion rate constants for the total ion decomposition, as indicated. Results
schematically below:

Time-dependent fragments In this study we examined fragmentation of singly protonated
angiotensin Il (RVYHPF) and its four analogs: RVHAF,
RVYIHDF, RVYIFPF and RVYIYPF. All peptides in this series

Time-independent fragments contain arginine (R) as the most basic residue. Fragmentation
- of RVYIHAF and RVYIHDF has been briefly discussed in our
Ko Kston K previous study that focused on trends in the overall stability

Microcanonical rate constants as a function of internal energgf peptide ions to dissociation rather than on mechanisms and
for the slow channel were calculated using RRKM. For the fastletailed analysis of different dissociation pathw#i8]. The
reaction pathway the rate—energy dependence is best descritggtond pair of peptides: RVYIFPF and RVYIYPF was selected
by a step function originating at the assumed threshold energy address the effect of histidine — the second most basic residue
[23]. in the sequence — on the energetics and mechanisms of peptide

Fragmentation probability as a function of the internal energyfragmentation. It has been demonstrated that histidine protona-
of the parention and the experimental observation tslef(E,  tion directs cleavage of a peptide bond at its C-terminal side
tr), is given by: [25]. For this series of peptides arginine is the preferred proto-
F(E. 1) = e (ora(E) +ead ) Eia;[:%?nzite. However, because of the relatively high basicity of

(230 kcal/mol versus 248 kcal/mol for arginiti2],
wherekagqis the rate constant for radiative cooling of the excitedSOMe population of the parent ion could be protonated at the
ion. Breakdown graph for dissociation of the parent ioninto Sevhistidine reSidue rather than the arginine reSidue at h|gh internal
eral fragments was constructed using formal kinetics equatior@nergies.
corresponding to a specific reaction scheme.

The energy deposition function was described by the follow-3. /. Fragmentation pathways
ing analytical expression:

; 3.1.1. General trends
P(E. Eeqn) = (E —CA) ex ( E—A ) @ Fig. 1shows a comparison of SID spectra of three peptides:

~ f(Econ) RVYIHPF, RVYIFPF and RVYIYPF for 60 eV collisions with
wherel andA are parameters, = I'(I + 1)[{Econ)]*** a normal- bkt RVYIFPE
ization factor angi{Eq) has the form: ] Gk
Z VY I (- )
2 AR b o 4 pooarhs .
J(Eco) = AzEgon + A1Ecoll + Ao S M R L L L S S
whereAg, A1 andA, are parameters, arftlq is the collision
energy. Finally, the normalized signal intensity for a particular RVYIYPF
reaction channel is given by the equation: J
MH
. _ i . | ||Il| m IJ Lol ‘JL 1il| ! L
Ii(Econ) = Fi(E, tr) P(E, Econ) dE 4) ‘ ‘ ‘
0 HP o
~ | g =
Time- and collision energy-resolved SCs or fragmentation o Sl 2 =z RVYIHPF
efficiency curves (TFECSs) for different fragments were con- Z \ ¥ >\ =
structed using the above procedure and compared to experi- | I \ 0 = | M’Hf Im. o MH’
mental data. The energy deposition function was kept the same 190 200 300 400 500 600 700 800 900
for all reaction times. Fitting parameters were varied until the M/Z

best fit to experimental curves was obtained. These parame-

t included th itical d th tivati t f Fig. 1. 60 eV SID spectraof angiotensin Il and its analogs obtained using FSAM
€rs include € criical energy an € activation entropy Ol'sun‘ace as a target and reaction delay of A glenotes common noise peaks.

the total decomposition of the precursor ion, the threshold fobnly unique fragment ions observed for RVYIHPF are labeled in the bottom
the fast fragmentation and parameters characterizing the energyectrum. p-NH; and a-NHs ions are labeled as,band & in this figure.
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Table 1
Relative abundance of major fragments of angiotensin Ill analogs normalized to the parent ion intensity obtained using 60 eV SID on the FSAMisusface an

reaction delay

Fragment ion RVYHPF RVYIHAF RVYIHDF RVYIYPF RVYIFPF
Backbone fragments
by 1.2 0.6 1.1 11 1.0
bz-NH3-NHCNH 0.5 0.4 0.4
ap-NH3 5.9 5.7 5.9 4.2 4.1
& 0.4 0.4 0.3
bp-NH3 6.3 5.0 5.4 4.3 4.2
by 0.6 0.5 1.0 0.4 0.4
b3-NH3-NHCNH 0.5 0.5 0.3
ag-NH3 0.5 0.2 0.2
b3-2NH3 0.8 0.3 0.3
ag 0.6 0.3 0.3
b3-H20 0.6 0.3 0.3 0.5 04
b3-NH3 3.8 29 2.8 2.9 2.8
b3 0.8 0.4 0.3 0.6 0.5
ay-NH3 24 15 15 2.3 2.3
ay 1.0 0.5 12 0.8 0.7
bs-NH3 1.2 1.0 1.2 2.0 21
by 0.7 0.0 0.8 0.5 0.5
as-NH3 0.9 0.2 0.4 1.0 1.0
a 0.0 0.0 0.7 0.8
bs-NH3 0.5 0.6 14 1.0 1.0
bs 0.6 0.3 25 0.6 0.5
be-NH3 0.3 0.9
bg 10.0
be + H20 0.2 0.5 0.4
Immonium ions and internal fragments
P 0.9 0.7 0.6
H(110) 4.4 1.6 1.0
R 1.6 0.8 0.5 12 1.2
H(138) 1.0 0.5 0.7
Yl 0.3 0.4 0.4
IH 11 0.8 11
vY 2.2 1.9 2.0
YIH 0.8 0.3 0.3
YIH-H20 11 0.6 0.4
y3bg ions HP HA HD YP FP
15 3.9 3.2 0.5 0.5

the FSAM surface and reaction delay of Ilable 1gives a  CID spectrum[25]. In addition to N-terminal backbone frag-
summary of major peaks observed for all peptides in the seriesnents just discussed SID, of angiotensin Il analogs generates
Because the basic arginine residue is located at the N-termindisagment ions corresponding to loss of 42 Da (NHCNH) from
of these peptides, SID spectra are dominated by N-terminall abundant p-NH3 and g-NHj3 ions, internal fragments—Y],
fragments (e.g., b a,, b,-NH3, 8,-NH3). Other major peaks VY and ysbg ions formed by cleavage C-terminal to the sixth
include internal fragments and immonium ions. A small MH residue and N-terminal to the fourth residue (e.g., HP, FP, YP,
NH3 peak is present in low-energy (<50 eV collision energy)HD or HA depending on the sequence), along with immonium
SID spectra. In addition, a small peak corresponding to the losens P, R, Y.

of the C-terminal amino acid g H,O) [27] was observed Although the same backbone fragments are observed for
for all peptides. Interestingly, fragmentation patterns of RVY-histidine-containing peptides in the series they also produce
IFPF and RVYIYPF are almost identical. Fragmentation of botha number of distinct fragment ions such as H (both at 110
peptides results in formation of a series of very abundant b and 138 Da), IH, YIH and YIH-HO. All these fragments are
NH3 and &-NHs3 ions and less abundant, land g ions. A histidine-directed cleavages suggesting that some fraction of
similar MS/MS spectrum of angiotensin Ill was obtained by precursor ions is protonated at histidine at elevated internal
Wysocki and co-workers using sustained off-resonance excenergies. Comparison of all five peptides shows that the abun-
tation (SORI-CID) in FT-ICR MS25]. However, when argi- dance of gbg ions for histidine-containing peptides (i.e., HP,
nine was replaced with a fixed-charge derivative (tris(2,4,6,HD, HA) is significantly higher than the relative abundance
trimethoxyphenyl) phosphine) no peaks corresponding to loss aif FP and YP fragments of RVYIFPF and RVYIYPF, respec-
ammonia from backbone fragments were observed in the SORtively. This finding is unexpected because histidine directs
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Fig. 2. Comparison of collision energy dependence, 0B and b-NH3 ions of angiotensin Il for =1-5 for 1 s reaction delay.

fragmentation C-terminal to itself; hence, this mechanismaccount for the formation ofsNH3 and g-NHj3 fragments. For
fails to account for the formation of abundant HP, HD andexample, for =2-5 all b, and b,-NH3 fragments have the same
HA ions. experimental threshold. However, the branching ratio between

Singly protonated RVYIHDF contains both an arginine andthese fragments varies dramatically as a function of size. Frag-
an aspartic acid residues and undergoes selective fragmentatiorentation efficiency curves (FECs) of &nd ky-NH3 perfectly
C-terminal to the aspartic acid8—31] This selective fragmen- overlap while the j/b,-NH3 ratio decreases from 1 to ca. 0.1
tation is indicated by the large intensity of the ion. Con-  with decrease im. It is unlikely that forn =2-5 k,-NH3 ions
secutive fragmentation of this ion is responsible for increasedre formed by consecutive dissociation of the corresponding b
abundance of theshon. Other fragments observed for this pep- ions to any significant extent. However, the relative position of
tide are similar to fragment ions observed for the remaining=ECs of the hand h -NH3 fragments suggests that the latter ion
peptides in the series. could be produced from its corresponding b ion. Similar reason-

ing can be applied to describe the formation,gfhNH3 ions. For

3.1.2. Formation of b,-NH3 and a,-NH3 ions n=2 and 4 both the experimental threshold and the abundance

Loss of ammonia from protonated arginine side chain facil-of these fragments are inconsistent with consecutive formation
itates formation of p-NHsz or y,-NH3 fragments in MS/MS  from the corresponding,b b,-NH3 or g, ions (Fig. 3), while
spectra of arginine-containing peptides. SID spectra shown iag-NHz and a-NH3 are most likely formed by loss of CO from
Fig. 1 indicate very facile formation of sNH3 and g§-NH3 bs-NH3 and k-NHg3 fragments.
fragments for angiotensin Il analogs, some 2—-10 times more FECs of different p-NH3 ions are compared iRig. 4 The
abundant than the correspondingdnd a ions. Several alter- results indicate that smallestNHsz ions (2 = 2—4) can be formed
native pathways can account for facile formation pNiHz and ~ from the ky-NHg ion but the 4 3 — 2 pathway forn = 2—4 ions
a,-NHs ions. They can be formed by consecutive loss of ammois not supported. Further insight on the formation,gNHz ions
nia fromthe correspondingfand g ions, consecutive backbone can be obtained by examining time-resolved fragmentation effi-
fragmentation of the ME+NHg3 ion or larger h-NH3 ions, or  ciency curves (TFECs). Consecutive pathways exhibit similar
directly from the precursor ion. It will be shown that time- and kinetic behaviorFig. 5shows TFECs for pNHgz ions @z = 2-5)
energy-resolved SID data distinguish between these pathwayst three delay times (5ms, 50 ms and 1s). While thdbl3

Fig. 2shows a comparison of collision-energy dependent dataurves show significant time dependence TFECs of smaller frag-
for b,, b,-NH3 and g-NH3z (n = 1-5) fragments of angiotensin ments follow different kinetics—specifically4sNH3 ion does
[l for 1s reaction delay. Interestingly, each family of curves not show any time dependence, whielMH3 and b-NH3 show
shows a very different behavior suggesting that no single rule cavery weak dependence on reaction delay time. These results

X a-NH, A
n 3 n
20 1.2 - 61
g n=2 W 10 |0=3 4 n=4 2o
5 154 *X A *%
s X 08 4 A a4 X ae
£ : N X
2 10 o 0.6 a & %
= 4 6 ‘Q”( x
g X 04 o 2 X Al
BS54 X assa Tada,
3 f 02 X ‘
o 4 - x A
= sty A AAAAL 0
B e e
30 40 50 60 70 3040 50 60 70 30 40 50 60 70

Collision Energy, eV

Fig. 3. Comparison of collision energy dependence,&rad &-NH3 ions of angiotensin 1l for = 2—4 for 1 s reaction delay. For angiotensin Hlaand & ions were
not observed in SID spectra.
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20 7 b -NH, ions Table 2
~ ‘ ) Results of the RRKM modeling of the precursor ion survival curves
® n=
E s P RVYIHPF RVYIFPF RVYIYPF
= ) Ve
3 i DOF 396 405 408
E r Eo (eV) 1.62 1.59 1.60
< 104 7 =3 ASt (e.u.) -7.0 -6.9 —6.7
: e A(sh 7.6x 101 7.9x 10t 8.6x 10!
= n=>5 oo = E(k=1s1) (eV) 7.8 7.6 7.7
& NS d
3 '.'q"-,’- / n=4 Ey is the threshold energy\s* the entropy change for the transition state,
1 Q’»MAAAA n=1 the pre-exponential factor at 450 K, DOF the number of vibrational degrees of
"'5 ®ee A: Af' -~ freedom and? (k= 1s71) is the internal energy corresponding to a rate constant
—1
30 40 50 60 70 80 of1s™.

Collision Energy, eV

high pre-exponential factor (ca. #&1). Survival curves for
angiotensin Il and its analogs (RVYIFPF and RVYIYPF) at
two different delay times are shownkig. 6. The almost exact
show that consecutive-5 4 fragmentation does not take place, Overlap between the curves suggests that the overall stability of
while 5— 3 and 5 2 reactions are not confirmed but cannot these peptides towards dissociation is not affected by the pres-

be ruled out based on qualitative comparison of their TFECs. €nce of the histidine residue. Dissociation parameters shown in
Table 2obtained from the best fit of the experimental data are

3.2. RRKM modeling consistent with this suggestion. Both dissociation energies and
activation entropies obtained for all three peptides are the same
RRKM modeling of TFECs provides additional insight on the within the uncertainty of the model. It follows that, despite some
stability of peptides and their dissociation mechanisms. Relativélifferences in dissociation pathways described above, histidine
stability is obtained from modeling of survival curves of differ- Presence does not affect the overall stability of angiotensin Il
ent precursor ions, while more detailed modeling of individua/@nalogs.
reaction channels provides better understanding of mechanistic

Fig. 4. Dependence of the relative abundance,eflblz ions of angiotensin Il
on collision energy for 1 s reaction delay.

aspects of peptide fragmentation. 3.2.2. Energetics of different dissociation pathways of

angiotensin I11
3.2.1. Effect of histidine on the relative stability of SID of angiotensin Il analog results in formation of ca. 40
angiotensin Il analogs fragment ions. Because detailed modeling of such complex dis-

In our previous study we found that fragmentation of sociation is not possible it is necessary to simplify the reaction
angiotensin analogs that do not contain an acidic residue is chaseheme by combining fragments into several families. In this
acterized by fairly high threshold energy (1.62 eV) and relativelystudy we chose to model dissociation of the precursor ion of
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Fig. 5. Time- and energy-dependent fragmentation efficiency curvesHa ions of angiotensin Il1.
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Fig. 6. Experimental survival curves for angiotensin Ill and its analogs at two reaction delays.

k k i i 1
e MHNHES b & 2 NH, directly from the precursor ion. In both schemes formation of

each family of fragments is described using one rate constant
K, calculated using RRKM/QET formalism. The breakdown graph
—b&a is calculated using the appropriate equations of formal kinet-
MH' — . ics derived for each reaction scheme. The parameters of the
Al energy deposition functions were obtained from modeling of
L total decomposition of the precursorion as described earlier. Dis-
—** Immonium sociation parameters characterizing the rate—energy dependence
of six dissociation rate constants showisthemes 1 and(2rit-
ks, Internal fragments ical energies and activation entropies) were varied to obtain the

best fit of experimental TFECs at six different reaction delays.
Fig. 7 shows the comparison between the experimental data
corresponding to 1 s reaction delay and best fits obtained using
angiotensin Il into six families of fragments: (1) MFNH3 Schemes 1 and. Because of simplifying assumptions of the
ion, (2) b, and g ions (b & a), (3) h-NH3 and a-NHz ions (b modeling approach described above we do not expect a perfect
& a-NH3), (4) y, ions, (5) internal fragments and (6) immonium overlap between the experimental data and the model. However,
ions. Although such modeling ignores the details of the TFEC4t is clear thaScheme provides a poor fit for the MH#NHz ion
of individual fragment ions it captures the major kinetics fea-and b and a ions, whil8cheme Inodeling achieves very good
tures. correspondence with experimental data. Dissociation parame-
Two dissociation schemesS¢hemes 1 and)Z2involving  ters for reactions 1-5 obtained from the best fit are listed in
these families of fragments were evaluated in this studyTable 3 Microcanonical rate—energy dependences are shown in
Schemes 1 and are the reactions used in RRKM modeling. Fig. 8 The rate of reaction 6 was best described using a step
The first scheme assumes thgtNH3 and k-NH3 ions are  function with threshold energy of 8.72 eV shown as a vertical
formed consecutively from the MHNH3 ion, while the second  line in the figure.
scheme assumes that all six families of fragmentions are formed

4. Discussion

Scheme 1.

ll(l
— - MH'-NH; 4.1. Loss of ammonia from MH* and formation of b,-NH3
L and a,-NH3 ions
——b&a
MH —] | Modeling of experimental TFECs suggests that most,ef b

- ys NH3 and a-NH3 fragments of angiotensin Il are formed by a
very fast fragmentation of the MHNH3 ion. Reactions 1 and 6

in Scheme Tccount for ca. 55% of dissociation of the precur-
sorion. Itis therefore not surprising that dissociation parameters
obtained for reaction 1Table 3 closely resemble dissociation
parameters obtained for modeling of the total decomposition
of protonated angiotensin llTéble 2. Because fragmentation
behavior of all peptides in the series except RVYIHDF is very
Scheme 2. similar it can be concluded that dissociation energies obtained

4 .
— Immonium

ks
—* Internal fragments

ke
—*b&a-NH;
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Table 3

Results of the RRKM modeling of the TFECs of different families of fragment ions of RVYIHPF
MH*-NH3 b & aions y ions Immonium ions Internal fragments
k1 ko k3 ka ks

Ep (eV) 1.62 1.52 1.59 1.82 1.60

ASt (e.u.) -7.1 -14.5 -12.9 -3.4 -10.2

A 7.1x 101 1.7x 1010 3.9% 100 4.7x 1012 1.5x 10t

E(k=1s1) (eV) 7.8 8.2 8.6 9.0 8.1

51 . MH'-NH,  50(b & a)-NH,
’ ions

—_
& 1

8

= == 5

S 20 30 40 50 60 70 20 30 40 50 60 70 20 30 40 50 60 70
=

=

=]

- Internal 25, .

o 20/ - 3 Immonium .

= " |Fragments ! 1 Z

= - 20 Tons

=

o

-3
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Collision Energy, eV

Fig. 7. RRKM modeling fit of experimental data for dissociation of RVYIHRE 1 s) combined into major families of fragments (see text for details). Solid line
corresponds t&cheme jldashed line corresponds$eheme 2

from modeling of survival curves of different precursor ions cor-They found that ammonia loss from arginine involves pro-
respond to the barrier for loss of ammonia from the protonatedbon shift inside the guanidine group characterized by a
arginine residue. The large values of ca. 1.6 eV obtained for altery large energy barrier followed by heterolytic cleav-
peptides that do not contain the aspartic acid residue are consige of the corresponding carbon-nitrogen bo8dheme 3
tent with the mobile proton model that assumes that proton ishows a plausible pathway for NHoss from angiotensin

sequestered by the basic arginine residue of a peft]de Il that is in agreement with the computational stuf82].
Recently Csonka et al. reported a computational studyoss of NH; results in formation of a protonated carbodi-
on gas-phase fragmentation of protonated arginj82]. imide group. Formation of carbodiimide is supported by the
10° 4 A HNYNHE HN@H}
4] ) ¥ : &
10 _NH; NH
_ 104 i
g 0 s
& 10°4 NH _C NH _C.
2 10 HN" ¢ “NHuwwwY [HPF HNT ~C” NHowns Y [HPF:
10" 4 0 0
10" -NH
Hr;lx HP\J‘ l 3
-1 o
10 A % E-I
: ' _ ' . N NH'
5 10 15 20 25 30
Internal Energy, eV 9 H 0
_NH _C_ ) N O
Fig. 8. Microcanonical rate—energy dependencies for the primary fragmentation #:N" ¢ )/\ NEFw¥THEE gy ¢’ “NHww YIHPF
pathways of singly protonated RVYIHPF; (—) reaction 1; (- - -) reaction-2); ( 0 0

reaction 3; (---) reaction 4; (-----) reaction 5. Vertical line shows the onset of
reaction 6. Scheme 3.
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observation of NHCNH loss from a number of-bH3 ions )
(Table J). l

—n

_C R H
Proton affinity (PA) of carbodiimide (HNCNH) has been esti- /N HN' Y N HN/L :
mated by Cacace et §B3] using experimentally determined PA < h NH " <\E\/L .
of cyanamide (NFHICN, 194.5 kcal/mol) and the difference inthe N c” N ol

| H
)

PR

heats of formation of these molecules. The reported PA of car-
bodiimide is 198.1 kcal/mol compared to 235.7 kcal/mol of the
guanidine[34]. This study also demonstrated fast interconver- 1
sion between carbodiimide and cyanamide. Such isomerization Scheme 4.
of the RNCNH side chain shown Bcheme vill result in for-
mation of a more stable nitrile tautomer RNHCN. It follows that o
loss of ammonia from the arginine side chain converts the modfansfer from protonated arginine to backbone carbonyl oxy-
basic residue in the peptide sequence into a residue with signif@ens[2—6]. This step is similar to proton transfer within the
cantly lower PA that will subsequently transfer proton to a moreduanidine group that precedes blldss and is expected to have
favorable protonation site—to the imidazole ring of histidine@ Similar barrier. Consequently backbone fragmentation com-
or carbonyl oxygens along the peptide backbone. PA of histiP€tes effectively with ammonia los$able 3andFig. 8 show
dine has been determined both experimentally (231.5 kcal/moff1@t; e€ven though b and a ion formation has a slightly lower
[35] and theoretically (229.8 kcal/molp6], while PA of pep- bf'irrler of 1.52eV as compared to 1.62eV r_equwed_ for ammo-
tide backbone sites can be approximated using the data reportBi /0SS, substantial rearrangements associated with formation
for polyglycineg36—38] Because PAs of polyglycines increase ofband aions S|gn|f|cantly Iower; actlvat|o_n_ entropy and slows
with peptide size (e.g., from ca. 223.5kcal/mol for Gl these fragmentation channels. T'lgh't transmqn states are found
ca. 239.1kcal/mol for Gly) we will use the midpoint value fqr all backpone cleavages resulting mformatl'on ofpandalons,
of 231 kcal/mol as a reasonable estimate of the PA of peptid¥ ions and internal fragments. These entropic barriers may be
backbone sites. attributed to peptide rearrangement resulting in solvation of the
Thermochemical data suggest that proton transfer from tphBrotonated arginine residue by carbonyl oxygens prior to proton
carbodiimide side chain to either the peptide backbone or to §ansfer.
more basic residue such as histidine is a favorable process with
exothermicity of ca. 30 kcal/mol (“mobilized” proton is shown 4.3. Formation of y3bes ions
in bold in the last structure &cheme R Because Nhlloss is a
slow process with fairly large KS of 6.2 eV for reaction time of  Formation of very abundangkg ions in histidine-containing
1s, the excess internal energy of the MNH3 ion following  angiotensin Ill analogs (HP, HD and HA Table J) is a rather
proton transfer to the backbone is larger than 7.5 eV. We cordnexpected result because of the tendency of protonated histi-
clude that loss of ammonia from angiotensin analogs results idine side chain to direct cleavage C-terminal to its&ble 1
formation of an ion with high internal excitation. In this highly also shows that when histidine is replaced with tyrosine (Y) or
internally excited ion the proton is not sequestered by any paphenylalanine (F) the relative abundance gifg/ions decreases
ticular protonation site and is available to promote non-selectivdy a factor of 3. These observations can be rationalized by assum-
fragmentation resulting in facile formation of a variety gfb ing that ybg ions are not formed from histidine-protonated
NH3 and g-NHs ions. Our previous study on the energetics andstructures and that the relative abundance of these ions is deter-
dynamics of non-specific fragmentation of peptide ion of a sim-mined by their thermochemical stability. O’Hair and co-workers
ilar complexity (LDIFSDF)[18] showed that the rate constant found that histidine-containingtions have a diketopiperazine
for subsequent fragmentation of the rearranged MMz ion  structurd39]. Ab initio calculations demonstrated that the most
is at least five orders of magnitude higher than the rate constable structure of theokion containing histidine and glycine
stant for NH; loss. This explains the very fast dissociation of (HG) is the histidine-protonated diketopiperazine (struciire
the MH*-NH3 ion demonstrated by our modeling of TFECs.  Scheme %[40]. Proton transfer from the diketopiperazine ring
Itis unlikely that the mechanism of NHoss discussed inthis to the side chain shown iicheme 4esults in ca. 20 kcal/mol
section would be affected to a significant extent by the position o$tabilization of the pion. Isomerization of histidine-containing
the arginine residue in peptide sequence. It follows that the sani® ions results in formation of very stable structures, rational-
mechanism can play an important role in dissociation of tryptidzing the observed high abundance of HX and XH ions in SID
peptides that contain basic arginine residues at the C-terminuspectra. These ions are characteristic features for identification
In the future we will address the influence of the position ofof histidine-containing peptides. O’Hair and co-workers showed
basic residue in peptide sequence ongNib$s from protonated that histidine-protonated HX ions are stabilized by hydrogen

peptides. bonding between the nitrogen of the protonated side chain and
the carbonyl oxygen of the diketopiperazine ring (highlighted
4.2. Competing backbone fragmentation bold in structure2 of Scheme % Partial destabilization of this

interaction in HP ion ) because of the proline ring rational-
Backbone fragmentation resulting in formation of a series ofzes the decreased formation of HP ion relative to HA and HD
b, and g ions in arginine-containing peptides requires proton(Table 1.
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