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ABSTRACT: It has been proposed (J. Phys. Chem. B 2011, 115, 2671) that the ammonium group
is involved in the gas-phase reaction of protonated methionine (MetH") with singlet oxygen 'O,,
yielding hydrogen peroxide and a dehydro compound of MetH" where the -NH;" transforms into
cyclic -NH,-. For the work reported, the gas-phase reaction of protonated N-acetylmethionine (Ac-
MetH") with 'O, was examined, including the measurements of reaction products and cross
sections over a center-of-mass collision energy (E.y) range from 0.05 to 1.0 eV using a guided-ion-
beam apparatus. The aim is to probe how the acetylation of the ammonium group affects the
oxidation chemistry of the ensuing Ac-MetH". Properties of intermediates, transition states, and
products along the reaction coordinate were explored using density functional theory calculations
and Rice—Ramsperger—Kassel-Marcus (RRKM) modeling. Direct dynamics trajectory
simulations were carried out at E., of 0.05 and 0.1 eV using the B3LYP/4-31G(d) level of

theory. In contrast to the highly efficient reaction of MetH" + 'O,, the reaction of Ac-MetH" + 'O, is extremely inefficient,
despite there being exoergic pathways. Two product channels were observed, corresponding to transfer of two H atoms from Ac-
MetH" to 'O, (H2T), and methyl elimination (ME) from a sulfone intermediate complex. Both channels are inhibited by
collision energies, becoming negligible at E_;; > 0.2 eV. Analysis of RRKM and trajectory results suggests that a complex-mediated

mechanism might be involved at very low E_,
quenching of 'O, occurs during the early stage of collisions.

I. INTRODUCTION

Electronically excited singlet molecular oxygen Oz[alAg] has a
characteristic chemistry in which molecules are oxygenated,
leading to cell death, aging, and diseases in biological systems,l’2
as well as destruction of the affected cells in the treatment of
malignancies by photodynamic therapy.® Proteins are the major
target for 'O,, with oxidative damage occurring preferentially at
tryptophan (Trp), histidine (His), tyrosine (Tyr), methionine
(Met), and cysteine (Cys) residues.”” Other residues are
resistant to photodynamic action.

Of these five susceptible residues, Met represents a special
case in which oxidative modification of Met can be repaired by
methionine sulfoxide reductases that catalyze the reduction of
methionine sulfoxide residues back to Met residues.®?
Consequently, Met residues act as an antioxidant pool, and
the increase of oxidized Met residues in proteins may reflect an
increase of 'O, generation, decrease of oxidant scavengers, or
loss of methionine sulfoxide reductases and other reducing
equivalents involved. For this reason, Met oxidation has been
extensively investigated. Most Met oxidation experiments were
carried out in solution where 'O, was generated by photo-
sensitization, i.e., light was used to create an excited state of a
sensitizer, which in turn transferred its excitation energy to
ground-state O, to generate 10,. Sensitized photooxidation of
Met vyielded various products.”””~'* The reaction initially
formed a persulfoxide intermediate.'® The dark reaction of the
persulfoxide is pH dependent and appears to be sensitive to
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solvent composition and polarity.'® Experiments in solution
were further interfered by type I (free-radical-mediated)'”'®
photooxidation mechanism, and other reactive species such as
‘OH and sensitizer radicals may have contributed to Met
oxidation as well.

To avoid the complexities and interference arising from
solution-phase photooxidation experiments and simplify the
interpretation of Met oxidation mechanism, we have studied
the 'O, oxidation of protonated Met (MetH") in the gas phase
using a chemically generated, clean 'O, source."” Investigating
biomolecules in the gas phase allows us to observe single
molecules separated from bulk solution. In this way, intrinsic
reactivity of Met can be distinguished from solvent effects.

Oxidation of free Met might be used as an initial
approximation for the 'O, damage of Met-containing proteins.
However, an important question is, “can the oxidation
mechanism derived from free Met be straightforwardly
extrapolated to the Met residues binding to complex biological
assemblies, or should better model systems be sought?” Peptide
linkage is a key facet in the structure of proteins, and research
on influences of the peptide linkage on amino acid oxidation
produced diverse results.">**~>* For instance, photooxidation
of dipeptide Tyr-Gly had a reaction rate and oxidation products
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similar to that of free Tyr; conversely, photooxidation of Gly-
Tyr, where the amino group of Tyr is engaged in formation of
the peptide bond, was inhibited and formed different
products.'>** Different than the case of Tyr, dipeptides Gly-
Trp and Trp-Gly both produced N-formylkynurenine (or
similar products) upon photooxidation as free Trp, and the
reactions could be kinetically modeled as a mixture of Trp +
Gly with low, if any, influence of the peptide bond on the
oxidation kinetics.*"*> A similar scenario occurred in photo-
oxidation of His and its dipeptides with Gly (i.e., His-Gly and
Gly-His).”* These findings emphasize the importance of
adjacent functional groups as well as nearby aliphatic amino
acid residues on the propensity of oxidizable residues to
photodynamic action.

Following this line, we have extended gas-phase 'O,
experiment to a simple model dipeptide compound containing
Met—protonated N-acetylmethionine (Ac-MetH"), attempting
to determine how the susceptibility of Met to 'O, (eg,
chemical vs physical quenching of 'O,) changes as a simple
modification is made at the N-terminal of Met. A few works
exist for photooxidation of N-acetylated Met and the dipeptide
of Met with Gly,”**® but without many mechanistic details.
In the present work, ion scattering methods were employed to
examine the collisions of Ac-MetH' with 'O,, including
measurements of reaction products and cross sections over a
wide range of collision energies (E,;). Density functional
theory (DFT) electronic structure calculations were used to
explore intermediate complexes and transition states along the
reaction coordinate, and Rice—Ramsperger—Kassel—Marcus
(RRKM) theory”” was then used to predict intermediate
properties. Finally, quasi-classical direct dynamics trajectory
simulations were used to provide additional mechanistic
insights.

Il. EXPERIMENTAL AND COMPUTATIONAL METHODS

A. lon—Molecule Scattering Experiment. The experi-
ment was carried out on a home-built electrospray-ionization
(ESI)*® guided-ion-beam tandem mass spectrometer that has
been described previously, along with operation, calibration,
and data analysis procedures.'”*~>* The apparatus consists of
an ion source, radio frequency (rf), hexapole ion guide,
quadrupole mass filter, rf octopole ion guide surrounded by a
scattering cell, second quadrupole mass filter, and a pulse-
counting detector. Both quadrupole mass filters use Extrel 9.5
mm trifilter rods and were operated at 2.1 MHz with a
detectable mass/charge (m/z) range of 1—500.

A solution of Ac-MetH" was prepared in methanol/water
(1:1 vol ratio) containing S X 10™* M Ac-Met (>98.5%, Fluka)
and an equimolar amount of hydrochloric acid (Riedel-de
Haén). The solution was electrosprayed into an ambient
atmosphere at a flow rate of 0.03 mL/h. The electrospray
voltage was set at 2430 V relative to ground. Positively charged
droplets formed from electrospray were fed into the ion source
chamber through a heated desolvation capillary. The capillary
was biased at 73 V relative to ground and heated to 130 °C.
Liquid droplets underwent desolvation as they passed through
the heated capillary, converting to gas-phase ions in the source
chamber. A skimmer with an orifice diameter of 0.99 mm is
located 3 mm from the capillary end, separating the ion source
chamber and the hexapole ion guide. The skimmer was biased
at 17 V relative to ground, and the electrical field between the
capillary and skimmer removed the remaining solvent
molecules attached to ions by collision-induced desolvation.
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Ions emerging from the skimmer were passed into the hexapole
ion guide, which was maintained at a pressure of 22 mTorr, and
underwent collisional focusing and cooling. The internal energy
of the primary ions was determined to have a Maxwell—
Boltzmann distribution at ~310 K.** Tons subsequently passed
into the quadrupole mass filter to remove other ionic species
except Ac-MetH". Reactant ions Ac-MetH* were collected at
the exit of the mass filter and injected into the octopole ion
guide. The octopole passes through a scattering cell containing
'0, gas. The cell pressure was measured by a Baratron
capacitance manometer (MKS 690 head and 670 signal
conditioner). The ion guide trapped ions in the radial direction,
minimizing losses of the reactant and product ions resulting
from scattering off 'O, molecules. After passing through the
scattering cell, unreacted Ac-MetH" and product ions drifted to
the end of the octopole, mass analyzed by the second mass
filter, and counted.

The initial kinetic energy distribution of the Ac-MetH" ion
beam was determined using a retarding potential analysis,** i..,
measuring the intensity of the ion beam while sweeping the DC
bias voltage applied to the octopole. The DC bias voltage also
allowed control of the kinetic energy (E,;,) of reactant ions in
the laboratory frame, thereby setting the collision energy (E.,)
between reactant ions and 'O, in the center-of-mass frame
uSing Ecol = Elabmneutral/(mion + mneutral)) where Meutral and Mion
are the masses of 'O, and Ac-MetH", respectively. The Ac-
MetH" ion beam intensity was 8 X 10° ion/s and constant
within 10%. The initial kinetic energy of the ion beam was
around 0.95 eV, and the energy spread was 0.7 eV. This
corresponds to an energy spread of 0.1 eV in the center-of-mass
frame for the collisions of Ac-MetH" with 'O,. Reaction cross
sections as a function of E_; were calculated from the ratio of
product and reactant ion intensities (under single ion—
molecule collision conditions), 'O, pressure, and the calibrated
effective length of the scattering cell.””

'0, was generated by the reaction of H,0, + Cl, + 2KOH —
OZ(X3Zg_ and alAg) + 2KCl + 2H,0. We adopted this
techniglue from Viggiano’s group® with some modifica-
tions.'”*° Briefly, 13 mL of 8 M KOH (>85%, Fisher) solution
was added to 20 mL of aqueous H,O, (35 wt %, Acros
Organics) in a sparger held at —19 °C by a recirculating chiller,
and the resulting H,0,/KOH mixture was degassed. A He flow
(research grade, T. W. Smith) was introduced to the slushy
mixture at a flow rate of 50 sccm to prevent freezing of the
mixture. Cl, (>99.5%, Sigma-Aldrich), at a flow rate of 2.6
sccm, was then mixed with He in a gas proportioner and
bubbled through the H,0,/KOH solution. Cl, completely
reacted with H,0, to form ground-state and excited 0,.%
Resulting gas products passed through a cold trap kept at —70
°C to remove water vapor. Only *0,, '0,, and He remained in
the downstream gas.

Before leaking into the scattering cell, the gases flowed
through an emission cell for detection of 'O, emission (alAg -
X3Zg_, v = 0-0) at 1270 nm.>’ The emission cell was
continuously evacuated to 15 Torr using a pressure relay. This
is to reduce the residence time and hence the wall quenching of
'0, inside the cold trap, tubing, and emission cell. Emission
from the cell was collimated by a plano-convex lens, and passed
through an optical chopper (SRS model SR540) and a S nm
bandwidth interference filter centered at 1270 nm. Chopped
emission was focused into a thermoelectrically cooled InGaAs
detector (Newport 71887 detector with 77055 TE-cooler
controller), and the signal was processed by a lock-in amplifier
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(SRS model SR830). To determine absolute 'O, concentration,
the detection system was calibrated using the known reaction
rate for HS™ + 'O, — SO~ + OH.*' '0, pressure in the
scattering cell is the product of the total gas pressure of O,/He
in the scattering cell, the percentage of Cl, in the CI, /He flow,
and the 'O, concentration (~10%) in the oxygen product.

The pressure of O,/He in the scattering cell was set at 0.30
mTorr, which contained 5% O, (including 'O, and *0,). The
collision cross section (6,,) for Ac-MetH' + O,, taken as the
greater of ion-induced dipole capture cross section (Gcapmre)ss
and hard-sphere cross section (Gjyg.spheres Calculated from the
orientation-averaged contact radii of the reactants), is 79—95 A>
in the E_ range of 0.05—1.0 eV. Under these conditions, the
probability of Ac-MetH" ions undergoing a single collision with
0, is 2.3%, and that of double collisions is <0.1%. Ac-MetH"
also collided with He, with a single-collision probability of 17%
and a double-collision probability of 4%. However, the heavy
ion—light neutral combination makes these collisions insignif-
icant compared to those with O,.

The experiment was repeated several times, and each time we
cycled through different collision energies. The concentration
of 'O, was monitored continuously during the experiment, and
concentration variation (controlled to within 20%) was
corrected for in calculating reaction cross sections. The results
presented are averages of several complete data sets. Based on
the reproducibility of the cross section measurements, the
relative error is <20%. To check the reactivity of Ac-MetH"
toward ground-state O, and He, control experiments were
performed under the same conditions except that Cl, gas used
for the 'O, generator was replaced by oxygen gas at the same
flow rate.

B. Electronic Structure Calculations, RRKM Modeling,
and Direct Dynamics Simulations. Geometries of the
reactants, intermediates, transition states (TSs), and products
along the reaction coordinate were optimized using Gaussian
09, at the B3LYP level of theory with various basis sets
including 6-31+G(d), 6-311++G(d,p), and aug-cc-pVTZ. All of
the TSs found were verified as first-order saddle points by
frequency calculations, and the vibrational mode with an
imaginary frequency corresponds to the associated reaction
pathway. When necessary, intrinsic reaction coordinate (IRC)
calculations and/or relaxed potential energy surface scans were
performed to determine which minima are connected by a TS.
DFT-calculated vibrational frequencies and zero-point energies
(ZPEs) were scaled by a factor of 0.952 and 0.977,
respectively.”” To obtain more accurate energies for TSs,
single-point calculations were done at both MP2/aug-cc-pVTZ
and B3LYP/aug-cc-pVTZ levels of theory using the DFT-
optimized geometries, and the results shown are for whichever
gave the lower energy. The RRKM rate and density of states
(DOS) were calculated with the program of Zhu and Hase,™
using its direct state count algorithm and scaled frequencies and
energetics from DFT calculations.

Direct dynamics simulations for Ac-MetH" + 'O, trajectories
were performed using the Venus software* interfaced with
Gaussian 09. Considering the accuracy and the computational
cost, the B3LYP/4-31G(d) method was chosen for trajectory
simulations. The initial separation between Ac-MetH* and 'O,
was set at 8.0 A, with a collision impact parameter of 0.1 A. The
vibrational and rotational temperatures of both reactants were
300 K which was chosen to mimic our experiment, and quasi-
classical Boltzmann sampling® was used to select their
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vibrational and rotational energies. Collision energy was then
added as relative translation energy.

The Hessian-based predictor—corrector algorithm** in
Gaussian 09 was used for numerical integration of the classical
equations of motion, with the Hessian matrix updated every five
steps. Ensuring the system remains in the same electronic state
during the trajectory integration is important for an adiabatic
collision. A step size of 0.25 amu'/? Bohr (corresponding to a
step size of ~0.5 fs in trajectory time) was used for trajectories,
which was small enough for SCF convergence as well as to keep
the total energy constant. The initial guess of molecular orbital
for each DFT calculation was obtained from the previous
trajectory step, and the total energy of the system was checked
during the simulation to ensure the energy was conserved to
better than 10™* hartree. The SCF = XQC option was adopted
for the trajecto?f integration so that a quadratically convergent
SCF method®** was used in case the usual, but much faster,
first-order SCF method failed to converge within the allotted
number of cycles.

Batches of trajectories (S0 each) were calculated at E.,; =
0.05 and 0.1 eV. All trajectories were terminated after 2500
steps or when the product separation exceeded 8.0 A. The
actual computer processing time for a trajectory ranged from
550 to 650 CPU hours on an Intel Core i7 6-core (3.2 GHz)-
based Linux workstation cluster.

lll. RESULTS AND DISCUSSION

A. Reaction Products and Cross Sections. Product ions
of Ac-MetH*(m/z 192) + 'O, were observed at m/z 133, 144,
146, 174, 190, and 209 over the collision energies range of
0.05—1.0 eV. Product ions of m/z 133, 144, 146, 174
correspond to elimination of CH;CONH,, CH,SH, (H,0 +
CO), and H,0 from CID of Ac-MetH", respectively, of which
m/z 144 and 174 are the dominant fragment ions. These
product ions were also observed upon collisions of Ac-MetH"
with ground-state O, and He with intensities increasing at high
E., and therefore could be excluded from 'O,-specific
reactions.

Products ions of m/z 190 and 209, on the other hand, were
not observed with 30,/He and cannot be attributed to CID
products. m/z 190 corresponds to a structure of
CH,;CONHCH(CO,H)CH,CH,SCH,*, and m/z 209 to
CH,COHNHCH(CO,H)CH,CH,S0,*. The CH;CONHCH-
(CO,H)CH,CH,SCH," product ion was formed by transfer of
two hydrogen atoms from Ac-MetH' to 'O, (referred to in
generic form as H2T), accompanied by formation of H,0,; and
CH,COHNHCH(CO,H)CH,CH,SO,"* was formed by elimi-
nation of a methyl group from a sulfone intermediate complex
Ac-MetH"-SO, (referred to as ME). As discussed below, other
isomers of m/z 190 and 209 are possible; however, they are less
likely to form at low collision energies.

The product cross sections for H2T and ME are shown in
Figure 1, as a function of the center-of-mass E_. Both product
channels appear to be exothermic without having any energy
barriers above the reactants, and both are strongly suppressed
by collision energy at low E ), becoming negligible at E_,; > 0.2
eV. Based on the measured total reaction cross sections, the
reaction efficiency (=6,4/0.) for Ac-MetH' + 'O, is only
~1% at E_,; = 0.05 eV and drops to 0.3% at E_,; = 0.1 eV. Note
that various CID channels, because of their endoergicities, do
not interfere with H2T and ME at low E_.

B. Comparison with Gas-Phase MetH* + '0, and
Solution-Phase Photooxidation. The extremely low reac-
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Figure 1. Product cross sections for the reaction of protonated N-
acetylmethionine with 'O,, as a function of center-of-mass collision
energy.

tion efficiency for the collisions of Ac-MetH" + 'O, is in sharp
contrast to that of MetH" + '0,."” Gas-phase collisions of
MetH" with 'O, lead to overwhelming formation of H,NCH-
(CO,H)CH,CH,SCH," + H,0, via a H2T reaction, with an
efficiency of 55—82% at E = 0.1-0.2 eV. It follows that
MetH" acts as a 'O, chemical probe and could be nearly
quantitatively oxidized by 'O,, while Ac-MetH" may experience
the competition between chemical reaction and physical
quenching (ie., collisional deactivation without a chemical
reaction taking place) of 'O,, as well as possible dynamical
bottleneck that suppresses the reaction.

On the other hand, gas-phase results of the low reaction
efficiency for Ac-MetH® vs high efficiency for MetH" is
consistent with solution-phase photoomdatlon results.** "% The
measurements of the overall 'O, quenching rate (ki based
on 'O, emission) and the chemical reaction rate (k... based
on loss of the primary amine and spectra of photolyzed
compounds) indicate that only the interaction of free Met with
'0, is a pure reactive one with no physical quenching. The
efficiency of the Met moiety as a chemical quencher is
diminished by substitution on the amino or the carboxylic
group, as occurred to Gly-Met and Met-methyl ester.”* Note
that blocking the amino group actually increases the overall
quenching rate in solution; e.g., ko = 2.1 X 1077 M~ 57! for
Gly-Met vs 1.3 X 1077 M~ s~ for Met measured in 1:1 D,0—
ethanol with pH = 7.2° The main contribution to ki is the
physical quenching by Gly-Met. In other words, Gly-Met
provides a mechanism that protects the Met residue against
photodynamic damage.**

C. Reaction Mechanism. 1. Gas-Phase Structures of Ac-
MetH*. Ac-MetH" may exist in various conformations resulting
from the flexibility of its structure. Also note that, unlike Met of
which the amino group is the most basic site for protonation,'’
the carbonyl oxygen of the N-acetyl group becomes the
preferred protonation site for Ac-Met. This is because the
charge in the ensuing HNC=OH" group can be stabilized by
an ionic hydrogen bond with the side-chain sulfide group (i.e.,
HNC=OH" — §) and by “amide resonance” with a
protonated imine structure (i.e, HNC=OH" < HN'=C-
OH).** To find the global minimum in the Ac-MetH*
conformational landscape, we applied a grid search method.*®
Since we are only interested in low-energy conformations, we
have assumed a syn-configuration of the carboxylic acid group
of Ac-MetH'. Each of the remaining torsion angles of Ac-
MetH" was systematically rotated through 360° at 60°
increments to generate all possible conformations. Every
conformation so generated was subjected to geometry
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optimization at the B3LYP/6-31+G* level of theory to derive
the associated local minimum energy conformation. Many of
the initial conformations converged to the same local
minimum. These conformations were then optimized at the
B3LYP/6-311++G** level of theory, resulting in a total of 14
stable conformers. Their structures and relative energies (0 K,
including ZPE) with respect to conformer a, the lowest energy
conformation, are summarized in Figure 2.
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Figure 2. Low-lying conformations of protonated N-acetylmethionine
calculated at the B3LYP/6-311++G(d,p) level of theory. Their relative
energies at 0 K (including ZPE) are indicated in parentheses. The
bond distances are shown in angstroms.

Conformers a—d, depicted in the top row of Figure 2, are
within 0.1 eV in energy. These conformers are characterized by
strong intramolecular charge complexation by the side-chain
sulfide group and the C-terminal carbonyl group (C=0 «
HNC=OH" — S), with a distance of 2.00—2.05 A from the
proton attached to the N-acetyl carbonyl group to the S atom,
and a distance of 2.09—2.14 A from the H atom of the amide
group to the O atom of the C-terminal carbonyl group. These
conformers are further stabilized by the OH — C=O
interaction of the carboxylic group with a distance of 2.36—
2.37 A between the carbonyl O and the hydroxyl H. Efficient
charge and proton sharing among -COOH, -NH, protonated
N-acetyl carbonyl, and sulfide results in cyclization of the
structures of a—d through nine-membered rings.

Conformers e—n are stabilized by multiple hydrogen
bonding within the carboxylic acid group and between the C-
terminal carbonyl O and the amide H. However, these
conformers adopt less preferred anti-configurations of the
protonated N-acetyl group with regard to the side-chain sulfide,
resulting in weaker charge delocalization and no hydrogen
bonding with S. Consequently, conformers e—n lie 0.1-0.4 eV
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Figure 3. Schematic reaction coordinate for protonated N-acetyl methionine + 10,. Energies of complexes, TSs, and products, relative to reactants,
are derived from B3LYP/6-31+G* values including ZPE. The bond distances are shown in angstroms.

higher in energy with respect to conformers a—d. The stable
conformations we found are consistent with previous
calculations which used a Monte Carlo simulation at the
PM3 level to identify candidates for global minimum followed
by optimization at B3LYP/6-31+G** and then single-point
calculations at MP2/6-311++G(2d,p).*

To verify the accuracy of the global minimum structure we
identified, we have compared the proton affinity (PA) of
conformer a with experimental value. The theoretical PA was
calculated using the negative of the enthalpy of the protonation
reaction via eq 1,

PA = E(Ac-Met) — E(Ac-MetH") + %,RT (1)

where E(Ac-MetH") and E(Ac-Met) are the B3LYP/6-311+
+G(d,p) energies for conformer a and the corresponding
neutral species, respectively, including ZPE corrections and
thermal corrections, and 5/ZRT represents the contributions
from the proton translational energy (*/,RT) and APV = RT
(assuming ideal conditions).*® The calculated PA for conformer
a is 9.58 eV at 298 K, which is in good accord with the
experimental value of 217.4 kcal/mol (=9.43 V).*

Among the Ac-MetH* conformers presented in Figure 2,
conformer a is predicted to have a population of 72% and
conformers b—d account for a total population of 27%, while
the remaining conformers have a total population of only 1%
under our experimental condition. Therefore, conformer a was
chosen as the reactant ion structure for construction of reaction
coordinate and direct dynamics simulations. It is certainly
possible that interconversion between various conformations
might occur during collisions. It seems unlikely, however, that
different conformations of Ac-MetH" would significantly
change the reaction coordinate, and our trajectory simulations
of Ac-MetH* + 'O, and MetH* + '0," confirmed this
conclusion.

2. Calculated Reaction Coordinate at Low E.,. Before
presenting the calculated reaction coordinate, it is worth noting
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that the excitation energy of triplet *Ac-MetH" was calculated
to be 3.1 eV. Consequently electronic energy transfer from 'O,
+ 'Ac-MetH" to >0, + *Ac-MetH" via intersystem crossing is
2.1 eV endothermic and could be overlooked over our collision
energy range. The reactants therefore remain in singlet
electronic states in reaction coordinate calculations. Figure 3
presents the potential energy surface (PES) associated with
possible low-energy reaction pathways for Ac-MetH" + 'O,,
with the reactants shown at zero energy. Energetics of
complexes, TSs, and products are derived from B3LYP/6-
31+G* calculations, except for that of TS IC which was
calculated at MP2/aug-cc-pVTZ and compared to the energy of
the reactants at the same level of theory and basis set. The
details of the geometries for complexes, TSs, and products are
available by request to the corresponding author. Two weakly
bound complexes (RC 1 and RC 2) and two covalently
bound complexes (hydropersulfoxide Ac-Met-SOOH* and
sulfone Ac-MetH*-SO,) were found. We have located TSs
connecting the complexes to each other and to the products, as
shown in Figure 3. Complexes RC_1 and _2 could be
characterized as reactant-like complexes, formed by electrostatic
interaction and ionic hydrogen bonds. Both complexes have the
O, moiety sandwiched between the protonated N-acetyl
carbonyl group and the side chain. The binding energies of
RC 1and 2 are 0.33 and 0.22 eV, respectively, with respect to
the reactants. Because no rearrangement is required to form
reactant-like complexes, it is unlikely that there would be
significant activation barriers inhibiting formation of RC 1 and
_2. This was confirmed by relaxed potential energy scans
running along the coordinate for dissociation of these
complexes back to the reactants and by direct dynamics
trajectory simulations to be discussed later. We note that,
because of a lack of directional covalent bonds between Ac-
MetH* and O, RC 1 and 2 do not have a well-defined
geometry at the energies available in our experiment. These
complexes are rather floppy, with a large amplitude of
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intermolecular motion and hence interconversion between each
other. The point is that these complexes allow repeated
encounters between the reactants, increasing reaction proba-
bility for collisions not initially in the correct geometry. To this
extent, complexes RC_1 and _2 act as “precursor complexes”
for reaction.

We first focus on the H2T channel. This channel
corresponds to abstraction of two H atoms from Ac-MetH"
by '0,, producing a dehydro compound [Ac-MetH — H]* (m/
z 190) and neutral H,O,. Complexes RC_1 and 2 have the
right properties to serve as the precursors for H2T. DFT
calculations suggest two H2T pathways, originating from each
of these two precursors, respectively, and yielding two different
structures of [Ac-MetH — H]*. One pathway appears to be
reactants —» RC 2 — TS 2 — CH;CONH*C(CO,H)-
CH,CH,SCH;" + H,0,, with concerted loss of H atoms
from -“CH and protonated N-acetyl carbonyl -C==OH". The
reaction enthalpy for this pathway is —1.00 eV; however, the
high energy barrier associated with TS 2 (0.61 eV above the
reactants) renders the contribution of this pathway negligible at
low collision energies. An alternative route is reactants —
RC_1— TS 1A —» CH;CONHCH(CO,H)CH,CH,SCH,"* +
H,0,. This pathway also requires transfer of two H atoms
simultaneously, one from the protonated N-acetyl carbonyl
-C=OH" and the other from the side-chain methyl. This
reaction has an enthalpy of —0.75 eV, and the associated
activation barrier is 0.29 eV below the reactant energy,
consistent with our experimental observation of an exothermic
reaction for m/z 190.

The ME channel (i.e., formation of m/z 209 product ions)
corresponds to a slightly more convoluted pathway; ie.,
reactants > RC 1 - TS 1B - Ac-Met-SOOH" — TS 1C
— Ac-MetH*-SO, —» CH;COHNHCH(CO,H)CH,CH,SO,"
+ CH;. Reaction starts with formation of RC_1 and is followed
by O, bonding with the S atom and simultaneous H abstraction
by the dangling O atom from the neighboring protonated acetyl
CH,;C=OH" via TS_1B, leading to formation of a covalently
bound hydropersulfoxide Ac-Met-SOOH". The proton in Ac-
Met-SOOH" is shared by the N-acetyl carbonyl and
persulfoxide groups but located closer to the persulfoxide
group (1.00 A) than to the N-acetyl carbonyl (1.62 A). As a
result, the -SOOH group carries most of the positive charge
(more than 0.98) as measured by a Mulliken population
analysis. Formation of an analogous hydropersulfoxide Met-
SOOHY, accompanied by the shift of the protonation site, has
been observed for the reaction of MetH* + '0,."" Ac-Met-
SOOH" subsequently undergoes the cleavage of the O—O
bond of -SOOH via TS_1C. During this structure rearrange-
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ment, the departing O atom bonds with the S atom naturally,
and the proton attached to this O returns to the N-acetyl
carbonyl, leading to a sulfone compound Ac-MetH*-SO,.
Similar structure interconversion between hydropersulfoxide
and sulfone has been recently reported for the reaction of 6-
thioguanine with 'O,, yielding guanine-6-sulfonate.* Ac-
MetH"-SO, may eliminate the side-chain CHj directly, forming
a stable m/z 209 product ion CH;COHNHCH(CO,H)-
CH,CH,SO,". The overall reaction enthalpy for formation of
CH,COHNHCH(CO,H)CH,CH,SO,* + CH; is —0.76 eV.
We have performed a relaxed potential energy surface scan
running along the dissociating H;C—S bond of Ac-MetH-SO,
using the B3LYP/6-31+G(d) method. The C—S bond length
(rCS) was continuously varied from 1.8 to 4.8 A, and all
coordinates other than rCS were optimized at each point. The
asymptotic energy of the resulting PES is approaching the ME
product energy, suggesting methyl elimination from Ac-MetH"-
SO, has no reverse barrier in excess of product energy and is
facile.

Note that Ac-Met-SOOH' may eliminate H,0, via
concerted elimination of -OOH and one of the side-chain
methyl H atoms, producing H2T product ion CH;CONHCH-
(CO,H)CH,CH,SCH,". H,0, elimination is common for
allylic hydroperoxides in the presence of a labile H on a
neighboring atom.>”>" However, the barrier TS 1D for this
H,O, elimination lies 0.27 eV above the reactants, suggesting
that Ac-Met-SOOH" may not be a good candidate for H2T at
low E, as there exists a energetically more favorable H2T
pathway that could proceed to the same products from RC 1
directly. In addition, we have ruled out the possibility of direct
side-chain methyl elimination of Ac-Met-SOOH", because the
dissociation energy (1.31 eV above the reactants) is far too high
to be driven by our collision energies.

In addition to H2T and ME, Figure 3 presents a product
channel corresponding to elimination of a methanol molecule
from Ac-MetH'-SO, via TS1_E, resulting in a sulfoxide ion
CH,CONHCH(CO,H)CH,CH,SO". The sulfoxide ion co-
incides in m/z with the reactant ion and therefore cannot be
distinguished in product ion mass spectra. This product
channel, albeit being exothermic by 2.61 eV, encounters a
high activation barrier at TS_1E (0.49 eV above the reactants).
It therefore cannot participate in the reaction at low E_ and is
not considered further.

Overall, the most mechanistically important and energetically
feasible reaction pathways at low E_; could be summarized as
shown in Scheme 1. We cannot exclude the existence of
additional reaction pathway(s) leading to m/z 190 and 209
product ions, but these two pathways are important at low E_j.
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3. RRKM Branching as a Probe of Complex-Mediate vs
Direct Mechanism. To evaluate whether the complexes and
reaction pathways identified in Figure 3 could account for the
experimental observations at low E_,, we have used the RRKM
program to predict unimolecular kinetics of complexes RC_1,
RC 2, and Ac-Met-SOOH" as a function of E_,. Given that the
harmonic frequencies associated with the rotation of the O,
moiety within RC_1and 2 are less than 100 cm™, it is certain
that RC_1 and _2 interconvert rapidly compared to their
lifetime. In that case, the ratio of density of states in RC_1 and
_2 would give the information of which complex would have a
more significant contribution to “statistical” reaction. It turns
out that the DOS for RC 1 is an order of magnitude higher
than that for RC_2. Since the precursor complex would
predominantly exist in the structure of RC_1, we have
therefore focused on dissociation rates and lifetimes of RC_1
and Ac-Met-SOOH" only. All decomposition channels of
RC_1 and Ac-Met-SOOH" indicated by dashed lines in Figure
3 were included. No barrier is expected for decay of RC_1 back
to reactants (i.e,, no reaction) in excess of the asymptote; thus
an orbiting transition state>® was assumed. Rotation quantum
number K was treated as active in evaluating unimolecular rate
constant k(E,]) so that all (2] + 1) K-levels are counted;*” i.e.,

d ZL:-} G[E — E, — E:(]: K)]

k(E, ]) = W Lz_]N[E - E(J, K)]

@)

where d is the reaction path degeneracy, G is the sum of states
from 0 to E — E, — E] at the transition state, N is the reactant
density of states, E is the system energy, E, is the unimolecular
dissociation threshold, and E, and E] are the rotational energies
for the reactant and the transition state, respectively. The
orbital angular momentum L was estimated from the collision
cross section; ie., L = uv, (6./7)"% where p and v, are the
reduced mass and relative velocity of collision partners,
respectively. Complexes and TSs were described using scaled
frequencies, polarizabilities, and momenta of inertia from DFT
calculations.

As we discussed above, the mechanistic importance of RC_1
depends on its lifetime. If long enough lived, RC_1 could allow
repeated encounters between two reactants, increasing the
probability of eventually finding a low-energy path to Ac-Met-
SOOH". At E_; lower than 0.2 eV, the lifetime of RC_1is 1-2
ps and drops quickly with increasing collision energy. Because
of being tapped in a deep valley with high exit barriers, the
lifetime of Ac-Met-SOOH?" is significantly longer than RC_1.
We also calculated the “fly by” time required for a S A motion
of reactants at v,,;, which are 0.84 ps at E_;; = 0.05 eV and 0.6 ps
at E.; = 0.1 eV. Therefore, the overall lifetime of the complexes
is significantly longer than the fly by time. These complexes, if
formed efficiently, could account for most of the collision times
and conceivably have mechanistic significance at low E_. At
high energies, all complexes become insignificant because their
lifetimes are too short for there to be any contributions.

If at low E_, the reaction is entirely complex-mediated and
follows “statistical” decay of RC 1, the reaction efficiency could
be determined by the branching ratios in decay of RC_1 “back
to reactants” and “to H2T via TS 1A and Ac-Met-SOOH" via
TS 1B”. RRKM calculations predict that at E.; < 0.2 eV the
predominant decay channel for RC 1 corresponds to H2T and
formation of Ac-Met-SOOH?, with a small branching back to
the reactants (<12%). Assuming at low E.; Ac-Met-SOOH*
ultimately interconverts to Ac-MetH*-SO, followed by methyl
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elimination, we estimate the total reaction efliciency > 88% at
E.q £ 0.2 eV. For comparison, the experimentally measured
reaction efficiency is only 1% or less. Note that the RRKM-
based model only gives the branching out of the set of
complexes (RC_1 and _2) but omits consideration of the
complex formation probability. A comparison of the RRKM-
calculated branching ratio with experimental efficiency suggests
that forming precursor complexes RC_1 and _2 accounts for
only one-hundredth of all collisions at our lowest energy. The
obvious implication is that most of the low-E_ collisions simply
result in rebound of the reactants.

We need to note that one assumption we made in
construction of the reaction coordinate is that the system is
conserved in a singlet electronic state. This assumption is
reasonable only when the reaction is adiabatic, ie, no
significant physical quenching of 'O, would be involved. The
large discrepancy between RRKM and experimental results is
therefore not surprising in case physical quenching of 'O,
rather than chemical reaction dominates in collisions of Ac-
MetH" + '0,. In that scenario, the ion—molecule collisions give
rise to multiple states of the ion—molecule system, ie., TAc
MetH* + 'O, and 'Ac-MetH" + 30,.

4. Direct Dynamics Trajectories Verified That Collisions
Are Mostly Direct at Low E.. We have conducted direct
dynamics trajectory simulations at E,; = 0.05 and 0.1 eV,
respectively. The quasi-classic trajectory method we used is
restricted to adiabatic collisions, i.e., it does not allow
transitions from a singlet to a triplet state and therefore cannot
reproduce physical quenching of 'O,. However, trajectories
provide information concerning the early time collision
dynamics where the electron spin of the reactants remains
conserved.

We have recently reported quasi-classical trajectory simu-
lations for CysH* + '0,% and CysH*(H,0) + '0,* at E., <
0.2 eV. For both systems, most trajectories form precursor
complexes and become trapped in that potential energy well,
highlighting the importance of complex mediation at low-
energy collisions. In fact, formation of precursor complexes is
essential to their reactions. On the contrary, the majority (84—
90%) of the Ac-MetH" + 'O, trajectories belong to direct,
nonreactive scattering at E ) of 0.05—0.1 eV (i.e., fly by without
forming any long-lasting complexes within the >1.3 ps
simulation time), and only a few trajectories formed precursor
complexes. Figure 4a demonstrates a trajectory representative
of nonreactive collisions at E_; = 0.1 eV. The plots show the
change in potential energy (PE) and CM distance as well as the
approaching of the O, moiety toward the S atom (i.e., rSO and
rSQ’) along the trajectory simulation time. The CM distance is
the distance between the centers of mass of Ac-MetH* and '0,.
The trajectory represents a direct scattering, with only one
turning point in the relative motion of 10, vs Ac-MetH"; ie,
there is no sign of complex mediation. The time between the
start of the trajectory and the onset of strong interaction, which
depends on the reactant orientation, is around 350 fs. The time
taken for reactants to approach within 5 A of the CM distance
is around 400 fs. During the trajectory, PE fluctuates due to the
vibrational motions of the reactants.

Figure 4b illustrates a complex-forming trajectory. In this
trajectory, 'O, approaches the side-chain sulfide of Ac-MetH",
forming a loosely bound complex as shown by the decrease of
the CM distance to less than S A at 350 fs. After the initial
collision, the precursor complex undergoes repeated structure
interconversion between the collision partners, including

dx.doi.org/10.1021/jp500780m | J. Phys. Chem. B 2014, 118, 3844—3852



The Journal of Physical Chemistry B

-1102.50
-1102.55
3 <
£ [0]
£ -1102.60 8
5 ©
(2]
& 110265 a
-1102.70
0 200 400 600 800 1000 1200
-1102.50
-1102.55
8 <
T 110260 § 8
( c
5 ]
(2]
& -1102.65 a

-1102.70

0 200 400 600 800 1000 1200

Trajectory Time (fs)

Figure 4. Representative plots of (a) a nonreactive trajectory and (b) a
precursor complex-forming trajectory at E_; = 0.10 eV, showing the
variations of potential energy, CM distance between Ac-MetH" and
'0, moieties, and two S—O bond lengths during the trajectory.

rotation of O, with respect to Ac-MetH" as indicated by the
oscillations of rSO and rSO’. The complex formed in the
trajectory did not decay back to the reactants before the
termination of the trajectory (1.3 ps), consistent with the
RRKM-predicated complex lifetime. Note that precursor—
complex-forming trajectories were observed only in collisions
where the O, molecule attacks both the side chain and N-acetyl
group of Ac-MetH" simultaneously. Such restricted range of
collision orientation (which was also observed in the
trajectories of MetH" + '0,") may bring about another
dynamical bottleneck.

In summary, our trajectory results strongly support a direct
collision mechanism at low E_j, which is not unreasonable
considering the shallow potential wells that support precursor
complexes. Direct collisions result in conversion of some
collision energy into vibrational and rotational energy (ie, T —
E;..). As mentioned above, the intersystem electronic energy
transfer between 'Ac-MetH' + 'O, and 3Ac-MetH" + %0, is
not energetically accessible in our E_; range, but physical
quenching of 'O, could arise via electronic to vibrational energy
transfer between reactants during direct collisions.>*

IV. CONCLUSION

Guided-ion-beam tandem mass spectrometry, in conjunction
with DFT calculations, RRKM modeling, and quasi-classical
trajectory simulations, was employed to probe the reaction
dynamics between protonated N-acetylmethionine and 'O, as
well as the mechanistic origin of the extremely low reaction
efficiency observed experimentally. The combined experimental
and theoretical investigation reveals that only a small fraction of
collisions undergo complex-mediated reactions, giving rise to
CH;CONHCH(CO,H)CH,CH,SCH," and H,0, via hydro-
gen atom transfer, and CH;COHNHCH(CO,H)CH,CH,SO,"
and CH; via methyl elimination from a sulfone intermediate
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complex. The most probable collision events are direct
scattering back to the reactants, accompanied by physical
quenching of 'O,. Comparison of Ac-MetH" + 'O, vs MetH" +
10, indicates the inhibition of the oxidation of the Met residue
by an amide group, consistent with solution-phase photo-
oxidation results. Present findings provide some insights, from
mechanistic and kinetic points of view, to photooxidation of
Met residues in peptides and proteins.
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