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The gas-phase fragmentation reactions of singly charged angiotensin II (Angll, DR"VYIHPF)
and the ozonolélsis products Angll+O (DR*VY*IHPF), Angll+30 (DR*VYIH*PF), and
Angll+40 (DR"VY*IH*PF) were studied using SID FT-ICR mass spectrometry, RRKM
modeling, and molecular dynamics. Oxidation of Tyr (Angll+O) leads to a low-energy
charge-remote selective fragmentation channel resulting in the b,+O fragment ion. Modifica-
tion of His (Angll+30 and AnglI+40) leads to a series of new selective dissociation channels.
For Angll+30 and Angll+40, the formation of [MH+30]"—45 and [MH+30]*—71 are
driven by charge-remote processes while it is suggested that b; and [MH+30]* —88 fragments
are a result of charge-directed reactions. Energy-resolved SID experiments and RRKM
modeling provide threshold energies and activation entropies for the lowest energy fragmen-
tation channel for each of the parent ions. Fragmentation of the ozonolysis products was found
to be controlled by entropic effects. Mechanisms are proposed for each of the new dissociation
pathways based on the energies and entropies of activation and parent ion conformations

sampled using molecular dynamics.
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environmental effects from ozone exposure

[1-27] has prompted a number of studies pertain-
ing to ozone oxidation of amino acids and peptides
[28-32]. Spectroscopic studies found Met, Trp, Tyr, Cys,
His, and Phe to be the most vulnerable to oxidation
after exposure to ozone in aqueous solution [29-32]. In
addition, ESI MS/MS experiments of the ozone reaction
products of single amino acids and small peptides were
done to determine the resulting product structures of
the oxidized amino acid residues [28].

A recent study has addressed the rates of ozone
oxidation and the mechanism of ozonolysis in aqueous
solution for angiotensin II (DRVYIHPF) and the analogs
DRVYIAPA and DRVAIHPA using mass spectrometry
[33]. Although other minor oxidation products were
observed, the primary reaction products following ex-
posure to ozone were found to result in the addition of
one oxygen atom to Tyr (Angll+O) and three oxygen
atoms to His (Angll+30). MS/MS spectra for the
oxidation products exhibited some fragmentation pro-
cesses that were distinct from the usual patterns ob-
served in peptides with acidic amino acid side chains

The possibility of detrimental human health and
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[34]. It was important to establish that the observed
fragment ions were consistent with suggested struc-
tures of the oxidized peptides. The present examination
of the energetics and dynamics of the collisional frag-
mentation of oxidized peptides is intended to provide a
basis for relating postulated structures of the oxidized
peptides to the observed MS/MS differences. Energetic
and dynamic results of the kind reported here have not
been previously available for oxidized peptides, so the
results may facilitate studies of peptide oxidation by
improving our ability to assign structures to the result-
ing oxidized peptides.

Elucidation of the collisional fragmentation patterns
of oxidized peptides also pertains to a protein charac-
terization method referred to as oxidative footprinting
[35-47]. In this technique, three-dimensional structures
and conformational changes of proteins and protein
complexes are examined by observing the oxidation
reactivity of the solvent accessible amino acid side
chains. The experiment is designed so that the time
scale of oxidation exposure is shorter than the time
necessary for major structural rearrangement. Follow-
ing the oxidation reaction, the target protein is then
analyzed using traditional bottom-up proteomic meth-
ods in which the target undergoes enzymatic cleavage
and the resulting peptides are sequenced using MS/
MS. Specific information on the energetics and dynam-
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ics of oxidized peptide fragmentation could be useful in
using collisional fragmentation of digest fragments to
locate oxidation sites.

Qualitative studies of collisional fragmentation pro-
cesses, even when the collision energy is varied, do not
provide such important energetic and dynamic quanti-
ties as threshold energies and entropies of activation.
These quantities can only come from measurements of
rate constants as a function of internal energy. The
results reported here were obtained using a unique
method, which combines energy-resolved surface in-
duced dissociation (SID) and Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS). A
packet of ions of selected translational energy collides
with a prepared surface at a known collision time. The
collisional reaction products are caught in the FT-ICR
MS trap and sampled at known reaction times. The
determination of fragmentation rate constants as a
function of internal energy, and hence threshold ener-
gies and activation entropies from the resulting data,
has been described [48]. The methodology has been
applied to the dissociation reactions of a number of
model peptides providing a context for the present
results [49-59]. Particularly relevant are results for the
model peptides LDIFSDF, LDIFSDFR, RLDIFSDF, and
LEIFSEFR [56], as well as angiotensin II (DRVYIHPF)
and the relative analogs RVYIHPF, RVYIHAF, and
RVYIHDF [55]. These studies provide particular insight
into selective charge-remote fragmentations involving
aspartic acid amino acid residues. Dissociation thresh-
olds (E,) for charge-remote selective cleavages involv-
ing aspartic acid were found to be similar to E, for
nonselective charge-directed dissociation pathways. In
addition, large negative entropy values are observed for
peptides with arginine residues due to the extensive
rearrangements associated with selective fragmentation
mechanisms. Similarly, arginine containing peptides
with methionine sulfoxide modifications were found to
fragment selectively at the methionine sulfoxide in a
charge-remote process associated with a large negative
activation entropy. Given the structures postulated for
the oxidized peptides, charge-remote mechanisms
might account for several of the unusual selective
fragment ions observed for the ozonolysis reaction
products of angiotensin II. In the present study when a
negative entropy of activation was observed, suggest-
ing a constrained transition-state, molecular dynamics
calculations were done to probe primary ion conforma-
tions for the proposed structures of the oxidation prod-
ucts that could lead to the observed fragmentation
patterns. The activation entropy and the molecular
dynamics thus provided constraints on the proposed
mechanism that strengthen the validity of the assigned
oxidized peptide structure.

Applicable to the field of mass spectrometry for the
analysis of both environmentally significant biomolec-
ular ozonolysis products and bioanalytically significant
protein-footprinting experiments, this study aims to
build on the current literature by addressing the need
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for understanding gas-phase dissociation mechanisms
of oxidized peptides during MS/MS experiments. Our
focus is centered on how oxidative stress, resulting in
modification to Tyr and His residues, affect selective
fragmentation patterns of angiotensin II from an ener-
getic and mechanistic perspective.

Experimental

Angiotensin II (DRVYIHPF) was purchased from
Sigma-Aldrich (St. Louis, MO) and HPLC grade acetoni-
trile and methanol were purchased from Fisher Scien-
tific (Fair Lawn, NJ). Aqueous peptide solutions (~143
uM) were prepared using deionized water (Millipore,
Bedford, MA). Oxidation reactions were conducted by
flowing ozone over peptide solutions for up to 21 min
with a flow rate of ~1.2 L/min. Ozone was generated
using an ozone generator model PZ5 (Prozone Interna-
tional, Inc., Huntsville, Al). Peptide solutions were
diluted 1:1 with methanol or acetonitrile for electro-
spray experiments.

Analysis was done using a specially fabricated 6T
FT-ICR mass spectrometer (Pacific Northwest National
Laboratory, Richland, WA). Ions are produced using
electrospray ionization (ESI emitter, 2.2 kV) at atmo-
spheric pressure and enter through a heated stainless
steel capillary (270 V). An ion funnel [60] is then used to
efficiently transfer the ions to the high vacuum region
of the instrument where they pass through a series of
quadrupoles used for collisional focusing, mass selec-
tion and ion accumulation. The front plate of the funnel
is kept at 270 V while the back plate is set to 25-35 V.
The dc offsets for the three quadrupoles are set to 15-25,
5-10, and 2-6 V, respectively. Typical accumulation
times range from 0.1 to 0.3 s and is done at elevated
pressure (2 X 1072 Torr) to allow internally excited ions
to collisionally relax before entering the ICR cell. Ions
are then extracted from the accumulation quadrupole
and enter the ICR cell where they collide with the SID
surface in MS/MS experiments. After collision, ions are
captured by raising the trapping potentials (10-20 V).
Ion collision energy is determined by the difference in
potential between the accumulation quadrupole and
the rear trapping plate of the ICR cell. SID experiments
were done using a surface composed of a 2 um film of
carbon vapor deposited diamond on a titanium surface
prepared by P1 Diamond Inc. (Santa Clara, CA). A
reaction delay of 1 s was used for fragmentation reac-
tions over a range of collision energies from 23 to 81 eV
using 2 eV increments. Energy-resolved fragmentation
efficiency curves were generated from experimental
mass spectra by plotting the relative abundance of
primary ions and the resulting fragment ions as a
function of collision energy. A more detailed descrip-
tion of the instrument can be found elsewhere [61].
Given the known structures of the precursor ions, most
of the fragments can be unambiguously identified from
their mass numbers. We note, however, that the agree-
ment between the observed and theoretical fragment
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masses is consistent with the estimated 5 ppm accuracy
of the calibrated mass scale of the SID spectra.

RRKM Modeling

Collision energy-resolved fragmentation efficiency
curves (FECs) were modeled using a previously dis-
cussed RRKM-based method [62, 63]. Two dissociation
rate constants were used for the total ion decomposition
to account for the slow and fast fragmentation, as
indicated schematically below:

Ksiow

/
iy >

fast Time-independent fragments

Time-dependant fragments

MH" Kiotar=KsiowKrast

Microcanonical rate constants as a function of internal
energy for the slow channel were calculated using the
RRKM expression. For the fast reaction pathway the
rate-energy dependence is very sharp and is best de-
scribed by a step-function originating from the assumed
threshold energy [57].

Fragmentation probability as a function of the inter-
nal energy of the primary ion and the experimental
observation time (t,), F(E, t,), is given by:

F(E, ty) — e’(kmml(E)’kmd)tr (1)

where krad is the rate constant for radiative cooling of
the excited ion. The energy deposition function was
described by the following analytical expression:

E—A) —(E — A)/AE.;
P(E, Emu)=( ) exp( C( )/ f(Econ)) @)

where [ and A are parameters, C = I'(l + 1)[f(Ecoll)]'*" is
a normalization factor, and f(E;) has the form:

f(Ecoll) = AZEzmll + AlEcoll + AO (3)

where Ay, A}, and A, are parameters, and E_,; is the
collision energy. Finally, the normalized signal inten-
sity for a particular reaction channel is given by the
equation:

I(Een) = [ F(E,OP(E, E)dE (4)

Collision energy-resolved survival curves were con-
structed using the above procedure and compared with
the experimental data. The energy deposition function,
based on time and energy-resolved FEC data of angio-
tensin II from previous studies [56], was held constant
for each oxidation product. Fitting parameters included
the critical energy and the activation entropy for the
total decomposition of the precursor ion. The quality of
the fits was confirmed using sensitivity analysis de-
scribed previously [63].

Vibrational frequencies of precursor ions were ob-
tained from the frequency model provided by Christie
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and coworkers [64]. Vibrational frequencies for the
transition state were varied by adjusting vibrational
frequencies for the transition-state which were esti-
mated by removing one C-N stretch (reaction coordi-
nate) from the parent ion frequencies as well as adjust-
ing all frequencies in the range 500-1000 cm-1 to obtain
the best fit with experimental data. The resulting fre-
quencies were used to calculate entropies of activation
at 450 K.

Molecular Dynamics Calculations

Molecular dynamics calculations were done using the
Insight II software package from Biosym Technologies
(San Diego, CA). Peptides were constructed using the
amino acid database of the Biopolymer module. Both
the N- and C-terminus of all peptides were capped with
hydrogen atoms and left neutral. A proton was placed
on the most basic site (DR*VYIHPF) or as indicated
below on a site appropriate for a particular charge
driven decomposition mechanism. Peptide modifica-
tion was done using the Fragment Library within the
Biopolymer module. Modification to the Tyr residue
was done by replacing the appropriate hydrogen atom
of the side chain with a hydroxyl group while His
modification was done by substituting an Ala residue
for His and constructing the oxidized His* residue from
Ala using aldehyde and amide functionalities. Minimi-
zation and dynamics calculations were performed us-
ing the Discover Module. Steepest decent minimization
was done for 1500 iterations using the CFF91 force field.
Following minimization, molecular dynamics experi-
ments were performed at 400 K for 100,000 cycles (100
ps). Intramolecular hydrogen bonds were observed by
turning on the hydrogen bonding feature using default
parameters.

Results and Discussion
Fragmentation Pathways

Singly charged ESI FT-ICR mass spectra of angiotensin
II and the oxidation products resulting from ozonoly-
sis along with surface-induced dissociation mass spec-
tra (43 eV) for angiotensin II and the AngIl+O,
Angll+30, and Angll+40 adducts—DR"VYIHPF,
DR*VY*IHPF, DR*VYIH*PF, and DR*VY*IH*PF—are
shown in Figure 1. The parent ion spectrum of the
reaction solution shows the major oxidation products to
be Angll+O, Angll+30, and Angll+40O (Figure la).
Accurate mass measurements confirmed the molecular
formula of each ozonolysis adduct. SID data shows
Angll and all oxidation products selectively fragment
C-terminal to the aspartic acid residue (D) forming the
Y2 ¥7+0, y,+30, and [y,+40]* =71 dissociation prod-
ucts respectively (Figure 1b—e). Selective fragmentation
C-terminal to acidic residues (aspartic or glutamic ac-
ids) is typical of peptides when the number of ionizing
protons is less than or equal to the number of basic sites
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[34]. Modification to the Tyr residue, DRVY*IHPF
(Angll+0), results in the selective formation of the
b,+0O (Figure 1c) ion while oxidation of the His residue,
DRVYIH*PF (Angll+30), opens selective fragmenta-
tion channels resulting in the formation of the [MH+
30]*—45, [MH+30]"-71, b, and [MH+30]*—88
ions (Figure 1d). The Angll+40O oxidation product
fragments to form ions associated with modification to
both Tyr and His, DRVY*IH*PF, including the
[MH+40]*—45, [MH+40]*-71, [MH+40]*-88,
b;+0, and b,+0O fragments (Figure 1e).

Unmodified angiotensin II selectively fragments to
form the y, ion resulting from charge-remote cleavage
C-terminal to the aspartic acid residue (Figure 1b). This
cleavage has been rationalized in terms of the “mobile”
proton model [65, 66]. According to the model, arginine
(R), being the most basic site on the molecule, seques-
ters the single ionizing proton preventing unselective
charge-directed fragmentations at low collision ener-
gies. With the charge on the guanidine functionality of
the Arg™ side chain, the acidic side chain of aspartic
acid can induce selective fragmentation through inter-
action with the peptide backbone. This common disso-
ciation pathway has been described mechanistically in a
number of studies [65-71]. According to one frequently
proposed charge-remote fragmentation mechanism in-
volving Asp residues, the hydroxyl hydrogen of the
aspartic acid side chain can hydrogen bond with the
carbonyl oxygen of the peptide backbone promoting a
cis-1,2-elimination reaction leading to backbone cleav-
age C-terminal to the acidic side-chain [66-68, 71]. In
this mechanism, the Asp residue plays no part in the
solvation of the charge sequestered on the Arg side-
chain (Scheme 1a). Alternatively, others have proposed
that the selective fragmentation C-terminal to aspartic
acid is driven by the formation of a salt bridge between
the protonated Arg residue and the Asp side chain [66,
69, 70]. This mechanism is still charge-remote with the
proton sequestered at the guanidine of the Arg™ resi-
due, however, the charge is solvated by the Asp side
chain resulting in an intramolecular salt-bridge inter-
mediate (Scheme 1b). In both cases, the charge remains
with the protonated Arg" residue which is C-terminal
to the dissociated peptide bond, resulting in a y-type
fragment ion.

Aside from the y, fragment, the SID spectrum of
Angll also shows a significant peak resulting from the
loss of water from the parent ion ((MH]"—H,0). Ad-
ditional peaks are a result of minor non-selective frag-
ment ions.

Figure 1. ESI FT-CR mass spectra of (a) Angll and the oxidation
products resulting from reaction with ozone, (b) the 43eV SID
spectrum of unmodified AngIl (IMH]"), (c) the 43eV SID spec-
trum of Angll+O oxidation product ((MH+O]"), (d) the 43eV SID
spectrum of Angll+30 oxidation product ((MH+30]"), and (e)
the 43 eV SID spectrum of Angll+40 ([IMH+40]").



J Am Soc Mass Spectrom 2009, 20, 1579-1592

FRAGMENTATION MECHANISMS OF OXIDIZED PEPTIDES 1583

N s o
o /N \—/\H
Q >:%H2 H2N~< i )
o\ H N NH 2
H HzN
) NH
/O
HoN
HNV‘%@ Vb\,\
0
(a) (b)
0
O (S
H @ __-ow
e ® Nl
H,N o— HoN /< K@
NH O\H
HoN
(VNH —)
0
0 / g
o)
H,N )
HZNJVV\N\J'U@
b
Scheme 1

SID of the AnglI+O oxidation product results in the
selective formation of the y,+0O and b,+0O fragment ions
(Figure 1c). As observed in unmodified Angll, the most
basic site of the Angll+O adduct is Arg making it the
most likely site to accept the single ionizing proton result-
ing in charge-remote dissociation processes at low ener-
gies. The y,+0O ion, just as it is in unmodified Angll, is
driven by the interaction between the Asp side chain and
the peptide backbone. Addition of one oxygen atom in the
ozonolysis of Angll results from the oxidation of Tyr
forming 3,4- or 2,4-dihydroxyphenylalanine [28]. The ad-
ditional hydroxyl group of the modified Tyr* residue can
mimic aspartic acid by interacting with the peptide back-
bone C-terminal to the Tyr* residue resulting in charge-
remote dissociation of the peptide bond between Tyr* and
Ile. This is shown in Scheme 2 and results in the formation
of the by,+0O fragment ion. This mechanism parallels the
process shown in Scheme 1a for the formation of the y,

fragment. It is noteworthy that the Scheme 2 mecha-
nism requires oxidation of the Tyr at the 2-position
forming the 2,4-dihydroxyphenylalanine oxidation
reaction product. Due to steric constraints, a hy-
droxyl group at the 3-position could not interact with
the peptide backbone C-terminal to Tyr*.

The facility of the selective b,+O cleavage is perti-
nent to the relative importance of the two mechanisms
shown in Scheme 1a and b for charge-remote processes
involving aspartic acid. The modified Tyr* residue,
similarly to aspartic acid, can drive C-terminal charge-
remote dissociation mechanisms at low internal ener-
gies. However, unlike the Asp residue, Tyr* cannot
form a salt bride with the protonated Arg® residue
suggesting that the salt-bridge intermediate is unneces-
sary for fragmentation C-terminal to Asp residues.

Other ions present in the 43 eV SID spectrum of
Angll+O are the loss of water (MH+O]*—H,0), the
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internal fragment RVY+0O, and minor non-selective
fragment ions.

Fragmentation of the Angll+30 oxidation product
results in the selective formation of the y,+30, [MH+
30]*—45, [MH+30]*-71, b, and [MH+30]*—88
ions (Figure 1d). Fragmentation patterns using SID are
consistent with previous studies that have shown the
Angll+30 ozonolysis product to stem primarily from
oxidation of the His residue in which three oxygen
atoms are inserted into the side chain, opening the
His ring, finally resulting in the 2-amino-4-oxo-4-(3-
formylureido)butanoic acid structure [28]. The most
basic site on the DRVYIH*PF is still the Arg residue,
however, the modified His* side chain is also capable of
delocalizing the charge associated with protonation and
might compete for the single ionizing proton. As in the
case of unmodified angiotensin II, the y,+30 fragmen-
tation pathway is a charge remote process resulting
from acidic interaction between the hydroxyl hydrogen
of the aspartic acid side chain and the peptide backbone
with the charge localized on either the Arg or the His*
residues.

Scheme 3 shows the proposed charge-remote mech-
anisms for the formation of the [MH+30]*—45 and
[MH+30]" —71 fragment ions. With the singly ionizing
proton sequestered by the Arg™ residue, intramolecular
hydrogen bonding can occur within the His* side chain
forming a hydrogen bond between the hydrogen atom
of the first amide group of the His* side chain relative to
the peptide backbone and the formyl oxygen atom of
the His* side chain. The proton can then be transferred,
breaking the peptide-like bond of the His* side chain
between the second carbonyl carbon atom and the

second amide nitrogen from the peptide backbone,
resulting in the loss of neutral CH;NO and the forma-
tion of the [MH+30]"—45 fragment ion. Similarly, a
hydrogen bond can form within the His* side chain
between the hydrogen atom of the second amide group
and the oxygen atom of the first carbonyl group from
the peptide backbone. This interaction drives the disso-
ciation of the peptide-like bond between the nitrogen
atom of the first amide nitrogen from the peptide
backbone and the carbon atom of the second carbonyl
group. This fragmentation pathway producing the
[MH+30]*—71 ion loses neutral C,HNO.,.

As mentioned above, the relative basicity of oxidized
His* allows it to compete with Arg for the single
ionizing proton. It is proposed that as the collision
energy increases sufficient internal energy becomes
available to transfer the ionizing proton to the modified
His* side chain opening charge-directed fragmentation
channels. Scheme 4 outlines the suggested mechanisms
for the charge-directed formation of the bs; and
[MH+30]"—88 fragment ions. Formation of the b;
secondary ion is driven by protonation of the first
carbonyl oxygen of the His* side chain relative to the
peptide backbone. The proton can then be transferred to
the amide nitrogen of the peptide backbone N-terminal
to the oxidized His* residue following the formation of
a five member ring and cleavage of the peptide bond
between Ile and His*. The C-terminal side of the peptide
relative to the dissociated peptide bond is lost as a
neutral and the charge is carried by the N-terminal
fragment as a tertiary carbocation within the newly
formed oxazolone ring structure resulting in a b-type
ion [72]. On the other hand, proton transfer to the third
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carbonyl oxygen atom of the His* residue drives the
formation of the [MH+30]" —88 fragment ion. Hydro-
gen bond formation between the additional proton and
the first amide nitrogen of the modified His* residue
relative to the peptide backbone promotes cleavage of
the peptide-like bond between the first carbonyl carbon
atom relative to the peptide backbone and the proton-
ated amide nitrogen following the formation of a five-
member ring involving the carbonyl functional group
C-terminal to the oxidized His* residue. The charge is
carried by the peptide as a tertiary carbocation within
the newly formed oxazolone ring while the His* side
chain is lost as the neutral C,H,N,O, species [72]. We
note that these charge-driven fragmentation mecha-
nisms are completely analogous to the well character-
ized backbone fragmentation mechanisms leading to b,
ions with oxazolone ring structures [72].

Fragmentation Energetics

Fragmentation energetic studies were conducted by
monitoring ion signal as a function of SID collision
potential with a time delay of 1 s between ion collision
and detection. Parent ion survival curves for angioten-
sin II and the primary oxidation products can be found
in Figure 2a. Oxidation resulting from reaction with
ozone results in destabilization of the respective parent
ions relative to collisional fragmentation. The collision
energy needed for fragmentation decreases with in-
creased oxidation as follows: Angll > Angll+O >
Angll+30/Angll+40. This trend is evident from the
shift in energy-resolved survival curves to lower colli-

sion energies with increased oxidation (Figure 2a). The
Angll+30 and Angll+40 adducts have overlapping
collision-energy-resolved FECs, which suggests the
lowest energy fragmentation channel of the Angll+40O
species is associated with oxidative modification to the
His residue. The gradual shift of each of the survival
curves has been shown to suggest that the dominant
dissociation pathways are kinetically unfavored with
large negative reaction entropies [56].

The fragment ion onset curves for unmodified angio-
tensin II (Figure 1b) show the minimum collision en-
ergy required to open the primary selective fragmenta-
tion channel resulting in the formation of the y, ion to
be 27 eV. This fragmentation pathway dominates until
50 eV at which high-energy nonselective fragmentation
channels associated with the transfer of the ionizing
proton to the peptide backbone are unlocked. This
observation of selective charge-remote fragmentation at
low internal energies followed by non-selective frag-
ment ions at high internal energies is consistent with the
previously discussed mobile proton model [73].

Oxidation of the Tyr residue following ozonolysis of
Angll opens the b,+O selective fragmentation path-
way. The onset curves for DR*VY*IHPF (Figure 2c¢)
show the lowest energy fragmentation channel to be the
b,+O pathway at 27 eV with the other selective disso-
ciation mechanism (y,+O) shifted to 35 eV. It should be
noted that oxidation of Tyr has little affect on the overall
peptide structure and no apparent affect on the struc-
ture of the transition-state for the y,+O dissociation
reaction. Additionally, the onset energies for both the
b,+0 fragment in Angll+O and the y, fragment in
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unmodified Angll occur at 27 eV. This suggests the shift
to higher collision energies for the y,+O fragment ion
in Angll+0O, in relation to the y, fragmentation channel
in unmodified Angll, is due to competition with the more
entropically favorable b,+O dissociation mechanism in
the oxidized form of the peptide. This is born out by the
RRKM results discussed below. All other fragments ap-
pear at high collision energies driven by non-selective
charge-directed pathways.

The onset curves for the fragmentation channels of
AnglI+30 (Figure 2d) highlight a much different fate
for the parent ion in comparison to unmodified Angll
and AnglI+O. The onset energies of each of the primary
fragment ions for the Angll+30 oxidation product
suggest that there are three different families of disso-
ciation mechanisms taking place as the collision energy

increases. The lowest energy pathways are the dissoci-
ation channels producing the [MH+30]"—45 and
[MH+30]"—71 fragment ions. The [MH+30]*—45
species is formed immediately at the lowest sampled
collision energy (23 eV), while the [MH+30]*—71 ion
is first observed at 27 eV. The second family of curves
are for the bs; and [MH+30]*—88 fragment ions at
onset energies of 33 and 35 eV respectively. The third
family of ions includes all other fragments that appear at
high collision energies resulting from nonselective charge-
directed fragmentation pathways. Also observed at higher
energy (37eV) is the y,+30 whose analogue appears at
27eV for unmodified Angll. As in the case of Angll+O
this process shifts to higher energy as a result of compe-
tition with more entropically favorable fragmentation
mechanisms.



T Am Soc Mass Spectrom 2009, 20, 15791592 FRAGMENTATION MECHANISMS OF OXIDIZED PEPTIDES
100 1
80
60
40
Angll
— Angll+O
20
— Angll+30
— Angll+40
0 . ‘ . : ;
(@) 20 30 40 50 60 70 80
7}’.', o~
30 { b2
|,
RVY /
20 {7 bs
- Y

Relative Abundance

30 | —(MH+30)-45

- = (MH+30)-71
25 {=—b;
1= = (MIT+30)-88
20 A ¥, 130

15 {---
—
10 o e
Y N o
it :’-""‘_":_t.,:"\g._z
0 ‘ I I ‘ 1 I I ‘ ' ‘ | s ; T ! L T d ¥ . b T T Y T T
(d) 2 30 10 S0 B . ;

Collision Voltage (eV)

Figure 2. Energy-resolved SID FT-ICR MS data for AnglI and the oxidation products resulting from
ozonolysis representing (a) the parent ion survival curves for Angll, Angll+O, Angll+30, and
Angll+40, (b) FECs of the fragments resulting from Angll, (c) FECs of the fragments resulting from
Angll+0O, and (d) FECs of the fragments resulting from AnglII+30.
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From a qualitative perspective, the onset curves of
AnglI+30 describe the behavior of the extra proton as
the collision energy increases. At very low energies, the
proton resides on the most basic site of the molecule
(Arg) so that that the first family of fragment ions
results from charge-remote selective fragmentation chan-
nels ((MH+30]"—-45, [MH+30]"-71, and y,+30).
As the internal energy increases the proton can then
move to the relatively basic modified His residue (His*)
opening charge-directed fragmentation pathways asso-
ciated with His* resulting in the second family of
fragment ions (bs and [MH+30]* —88). Finally, at high
collision energies the internal energy is great enough
that the proton can move to the peptide backbone
allowing for nonselective charge-directed fragmenta-
tions leading to the third family of secondary ions. The
onset curves are thus consistent with the proposed
fragmentation mechanisms proposed above and with
the mobile proton model.

RRKM Modeling of Experimental Data

Parameters giving the best fit to the parent ion survival
curves are summarized in Table 1. The reaction barrier
(E,), the pre-exponential factor (A), and the activation
entropy (AS*) for the dissociation parent ions all in-
crease with increased oxidation, that is in the order:
Angll < Angll+O < Angll+30 < Angll+40. The
quantitative kinetic parameters thus confirm that the
shift of the survival curves to lower collision energy
with increasing oxidation is completely entropy con-
trolled.

The fragmentation of each of the parent ions is
dominated by a single process, particularly at low
energies. For Angll, the dominant process is formation
of the y;, ion, for AnglI+O it is the b,+O ion, and for
Angll+30 it is the [MH+30]" —45 ion. If correct, the
mechanisms proposed for these processes should there-
fore be consistent with the observed activation entro-
pies. Consideration of the proposed transition states
confirms that the observed activation entropy decreases
as expected with the number of free rotations lost on
transition-state formation. Angll with an activation
entropy of —25.9 cal/mol K loses four side-chain inter-
nal rotations on formation of the transition-state for the
y, fragmentation pathway (Scheme 1a), as indicated in
Scheme 5a (black arrows indicate internal rotations
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lost). In comparison, the b,+0O dissociation pathway of
Angll+O has a more positive entropic value (—21.6
cal/mol K) associated with a transition state character-
ized by the loss of three side-chain internal rotations
(black arrows in Scheme 5b) and one backbone rotation
(red arrow in Scheme 5b). Although four total rotations
are lost, the backbone rotation is a sterically hindered
internal rotation making the entropic effect more posi-
tive in relation to the four free rotations lost upon
formation of the transition-state of the y, mechanism.
AnglI+30 has the most positive activation entropy,
—17.0 cal/mol K (Table 1), and formation of the
transition-state leading to the [MH+30]* —45 is associated
with the loss of three amide bond rotations of the His*
side chain (blue arrows in Scheme 5c¢). The further
positive shift in entropy, in relation to the transition
states for the y, and b,+0O mechanisms, highlights the
double-bond characteristics of the peptide-like amide
bonds of the His* side chain. Delocalization of the
electron cloud between the amide and carbonyl bonds
does not allow for free rotation.

The entropies of activation are also pertinent to the
question raised above concerning the possibility of a
salt bridge mechanism (Scheme 1b) for the y, fragmen-
tation. The salt bridge mechanism involves closing two
rings simultaneously which should result in a much
greater negative shift in entropy, particularly in com-
parison to the entropy of the b;+O mechanism than is
observed.

Molecular Dynamics

Molecular dynamics experiments were done to probe
how the observed fragmentation mechanisms follow
from the intramolecular interactions for Angll and the

Table 1. Results of RRKM modeling of the parent ion survival curves

[MH + nOJ™* DRVYIHPF DRVY*IHPF DRVYIH*PF DRVY*IH*PF
m/z 1046 1062 1110 1126
Eo(eV) 1.14 1.20 1.21 1.24
AS*(cal/mol K) -25.9 -21.6 -17.0 -15.3
Relative E, 0 0.06 0.07 0.11
A s 5.6 X 107 4.8 x 108 4.8 X 10° 1.2 x 10"
Log (A) 7.7 9.7 10.1

E, is the threshold energy, AS* is the entropy change for the transition state at 450 K, A is the pre-exponential factor at 450 K, 18.1% of each of the
kinetic energy was converted to internal energy upon collision, and the radiative decay rate was set at 55 s~ for each of the ions.
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Figure 3. Molecular dynamics calculation results for Angll+O highlighting the delocalization of
charge resulting from protonation of the Arg residue. Hydrogen bonds formed between amide
hydrogen atoms of the protonated Arg residue and carbonyl oxygen atoms of the peptide backbone
and the plots of bond distance (A) as a function of time (ps) associated with each hydrogen bond are

labeled (a), (b), (c), (d), and (e).

primary oxidation products Angll+O and Angll+30
before dissociation. Figures 3 and 4 provide examples
of results for 100 ps calculations of Angll+O and
Angll+30, respectively. Unmodified angiotensin II was first
run to understand the interactions taking place between the
protonated guanidine functionality of the Arg™" residue and
the rest of the peptide. It was apparent in all cases
where the ionizing proton was placed on Arginine—
DR "VYIHPF, DR"VY*IHPF, and DR " VYIH*PF—that the

peptide delocalizes the charge by wrapping itself around
the side-chain of the protonated Arg" residue forming
multiple hydrogen bonds between the amide hydrogen
atoms of Arg™ and carbonyl oxygen atoms of the peptide
backbone (Figure 3). Scheme 6 highlights the observed
hydrogen bonding interactions for the molecular dynam-
ics calculation results of Angll+O shown in Figure 3.
Graphs of the bond distance (A) versus time (ps) for
each of the hydrogen bonds of interest (Figure 3) show

Figure 4. Molecular dynamics calculation results for the AnglI+30 oxidation product highlighting
the hydrogen bond formed third carbonyl oxygen atom and the first amide hydrogen atom of the
modified His residue. This hydrogen bond and the plot of bond distance (A) as a function of time (ps)

associated with this interaction are labeled (a).
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that the bonds form very quickly and are very stable
over the length of the experiment. At no point during
the length of the experiment was a salt bridge interac-
tion observed between the protonated Arg+ residue
and aspartic acid side-chain. The molecular dynamics
results highlight the ability of peptides having the same
number of ionizing protons as basic sites to sequester
the charge making the lowest energy dissociation path-
ways the charge-remote fragmentation channels.

Molecular dynamics was also used to monitor the
parent ion conformations for the proposed charge-
remote fragmentation mechanisms shown in Sche-
mes 2 and 3. The molecular dynamics results for
DR*VY*IHPF show strong interaction between the hy-
drogen atom of the additional hydroxyl group in the
2-position and the carbonyl oxygen atom of the peptide
backbone between the Tyr* and Ile residues (not
shown). This interaction competes successfully with
hydrogen bonding between protonated Arg and that
same backbone carbonyl. The minimum hydrogen
bonding distance measured during the length of the
experiment was 1.92 A and hydrogen bond formed
multiple times during the first 60 ps of the dynamics
calculation. This intramolecular hydrogen bond is nec-
essary for the formation of the b,+O fragment ion via
the proposed mechanism in Scheme II.

Probing parent ion conformations of the Angll+30
oxidation product with the ionizing proton on the Arg
residue—DR " VYIH*PF—showed very strong interac-
tions within the modified His* residue itself. Two
primary side-chain conformations emerged in the mo-
lecular dynamics experiment. The first conformation
involved hydrogen bonding between the hydrogen atom
of the first amide group from the peptide backbone and
the oxygen atom of the formyl end group (Figure 4). The
plot of bond distance (A) versus time (ps) shows a very
strong hydrogen bond that, once formed, is locked in for
the length of the experiment only occasionally stretching

J Am Soc Mass Spectrom 2009, 20, 1579-1592

beyond 2.5 A. This strong interaction drives the low-energy
charge-remote  [MH+30]*—45 mechanism shown in
Scheme 3. Secondly, a similar strong hydrogen bond
associated with the formation of the [MH+30]"-71
ion (Scheme 3) can form between the hydrogen atom of
the second amide group and the oxygen atom of the
first carbonyl relative to the peptide backbone (not
shown). When formed, this interaction has a minimum
bonding distance of 1.72 A and is consistently between
2.0 and 2.5 A over the length of the calculation.

Conclusion

Oxidation of Tyr and His in angiotensin II, due to
exposure to ozone, leads to new, low-energy selective
fragmentation channels in MS/MS experiments. A de-
tailed approach using energy-resolved SID FT-ICR MS
experiments, RRKM modeling, and molecular dynam-
ics calculations was used to characterize the selective
fragmentation channels for Angll (DR*VYIHPF) and
the resulting primary ozonolysis products Angll+O
(DR *VY*IHPF), Angll+30 (DR VYIH*PF), and Angll+40O
(DR*VY*IH*PF). This strategy was used to shed light
on the mechanistic details of the unimolecular gas-
phase dissociation reactions of each of these singly
charged species. Oxidation of Tyr opens a new low-
energy charge-remote fragmentation pathway (by+0O). The
present results show that fragmentation to be consistent with
oxidation of Tyr in the 2-position. Both the RRKM and
molecular dynamics results support a mechanism for this
fragmentation analogous to the acidic attack on the peptide
backbone that takes place within Asp containing peptides
with no “mobile” protons. Ozonolysis of His leads to a
series of low-energy charge-remote dissociation chan-
nels ((MH+30]*—45 and [MH+30]*—71) followed by
charge-directed fragmentation pathways at slightly
higher energies (bs and [MH+30]*—88). Both the
RRKM and molecular dynamics results support mech-
anisms for the charge-remote dissociations originating
with the formation of hydrogen bonds between amide
hydrogens and carbonyl oxygens in the oxidized side
chain. The results are thus consistent with the structure
of oxidized histidine proposed in earlier studies. Note
that the dominance of charge-remote pathways for all
the oxidation products is consistent with the “mobile”
proton model since the proton is sequestered by the Arg
side chain in the oxidation products as well as in AnglI
itself [65, 66]. The Angll+40 adduct, containing both
Tyr* and His*, shows gas-phase dissociation character-
istics of both the Angll+O and Angll+30 oxidation
products. The energy thresholds for decomposition of
the energy-resolved FECs show that the overall stability
of the individual parent ions with respect to SID frag-
mentation decreases with an increase in oxidative stress
(Angll > Angll+O > Angll+30/Angll+40). RRKM
modeling gives reaction barriers and pre-exponential
factors that increase with oxidative stress (Angll <
Angll+O < Angll+30/Angll+40). Thus the thresh-
old behavior is controlled by the pre-exponential
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factors, which in turn depend on the entropies of activation.
These results indicate that the primary reaction channels
require significant conformational rearrangement in the
formation of the transition states for each reaction path-
way. Molecular dynamics calculations suggest reaction
pathways involving hydrogen-bonded, closed-ring struc-
tures accounting for the importance of entropy in con-
trolling the unimolecular kinetics of decomposition.
Comparison between results for cleavage C-terminal to
aspartic acid (y,) in unmodified angiotensin II and the
selective charge-remote b,+0O dissociation pathway in-
volving oxidized Tyr* (Angll+O) suggests intramolec-
ular salt bridge interactions are unnecessary for charge-
remote fragmentation involving acidic amino acid
residues.
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