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ment of the effects of collision energy (E.,) on reaction cross )f/v

sections over a center-of-mass E_; range from 0.1 to 1.0 eV.

Deprotonated cysteine was generated using electrospray

ionization, and has a carboxylate anionic structure 1Q_ - / ’\ 3 | dissociative excitation transfer
(HSCH,CH(NH,)CO,") in the gas phase. Three product 4 2

ion channels were observed. The dissociation of HSCH,CH-

(NH,)CO,™ to NH,CH,CO,™ and neutral CH,S has the largest cross section over the entire E_ range. This product channel is
driven by the electronic excitation energy of 'O, (the so-called dissociative excitation transfer), and is strongly suppressed by E,,.
Two minor channels correspond to the formation of HSCH,C(NH)CO,~ + H,0, via abstraction of two hydrogen atoms from
HSCH,CH(NH,)CO,” by 'O,, and the formation of OSCH,CH(NH,)CO,  radical via elimination of -OH from an
intermediate complex, respectively. Density functional theory calculations were used to locate various complexes, transition
states, and products. Quasi-classical direct dynamics trajectory simulations were carried out at E_; = 0.2 eV using the B3LYP/4-
31G(d) level of theory. Trajectory results were used to guide the construction of a reaction coordinate, discriminate between
different mechanisms, and provide additional mechanistic insights. Analysis of trajectories highlights the importance of complex
mediation at the early stages of all reactions, and suggests a partially concerted mechanism for H,O, elimination.

ABSTRACT: We present a study on the gas-phase reaction of
deprotonated cysteine with the lowest electronically excited \2" ) z ?
state of molecular oxygen Oz[alAg], including the measure- A —_— + J’—f
’ 9
4

I. INTRODUCTION and reduction of cystine act as a redox switch to control the
structure and function of a number of key proteins.”>* Photo-
oxidation of Cys is found to be strongly pH dependent. At high
pH (8—11), the reaction is mediated by 'O,, while, at low pH
(4—6), the reaction is mediated by radicals formed during
photosensitization and oxidation of the thiol group to disulfide
is suppressed.’

Oz[alAg], the lowest electronically excited state of molecular
oxygen, is a reactive species important in fields ranging from
health and medicine to material sciences and atmospheric
chemistry.' ™ 'O, can be generated in biological systems by
energy transfer to ground-state *O, from protein-bound or
other chromophores on exposure to UV—visible light (ie., i o o o
photosensitizationé), and by a range of enzymatic and To. avoid .the cor.nple)ﬂtles arising from phc?t.o-omda.tlon
nonenzymatic reactions.” Consequently, 10, chemistry plays a experiments 1n.slolut10n (such as types of sensmzelrs, light,
significant role in biological aging, diseases, and cell death>"° soh'rent COH}POSIUOHS’.pH’ and c'ompetltlol'n between. 0,- and
and in photodynamic therapy where 'O, is used for cancer radlcal-l}lecl.lated react10.nS) and simply the interpretation of the
treatment. '° Cys oxidation mechanism, we have chosen to look at the

Due to its electron-rich side chain, cysteine (Cys) is one of .reactlt?n ?f CY.S with 'O, m the gas p hase.' One 'fldvantage of
the most vulnerable residues toward 'O, oxidation, ! and is investigating b_10molecules in the gas phase is that it allows one
thus rarely present as a free residue at surface-exposed parts of to pbsew e single .molecu¥es AseParatedA from bulk  solution
proteins.'* Most experiments devoted to the elucidation of the env1r'0n'men.ts. In this way, intrinsic reactivity of molecules can
Cys oxidation mechanism were carried out in solution,>™* be dptmgulshed from solvent eﬁ'ecti. W? haxlfe reported the
using “photo-oxidation” methods where 'O, was generated reactlozr; OfA protonated CYS‘ (CYSH) with 24?52 in the gas
with UV—visible light in the presence of sensitizers. Oxidation phase,™ using ele.ctrospray-lomzatlon (E.SI) " mass ,ePee
of Cys involves formation of a persulfoxide intermediate (note trometry and gulded'lonfbeam scattering fneth.OdS' . By
that persulfoxide is a wellknown key intermediate in the combining gas-phase experiments and theoretical simulations,
reactions of ', with organic sulfides but less common in 'O, + we were able to unravel the reaction mechanism and dynamics

thiol chemistry’®), and oxidation products include cystine,

oxyacids (RSO,H and RSO;H), and other species that remain Received: January 7, 2013
to be elucidated. Oxidation of Cys to cystine’' is particularly Revised:  February 14, 2013
important, because controlled oxidation of cysteine residues Published: February 15, 2013
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for CysH* + 'O,. In the present study, we extended our
investigation to the oxidation of deprotonated cysteine ([Cys—
H]™), attempting to examine the effects of protonation/
deprotonation on Cys oxidation. A guided-ion-beam tandem
mass spectrometer, coupled with an ESI source, was employed
to examine the reaction. To understand and supplement gas-
phase experiments, electronic structure calculations were used
to construct a reaction coordinate, and direct dynamics
trajectory simulations were used to provide additional
mechanistic insights.

Il. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Experimental Procedures. The experiment was carried
out on a homemade guided-ion-beam tandem mass spec-
trometer that has been previously described in detail.>*’~>!
Only a brief description is given here, emphasizing key
operating parameters.

For this experiment, both mass filters were operated at 2.1
MHz with a m/z range of 1-500. Sample solution was
prepared in HPLC grade methanol/water (1:1 vol ratio)
containing a mixture of 0.5 mM L-cysteine (121.2 g/mol,
100.1% by titration, EMD Chemicals) and sodium hydroxide
(reagent grade, Fisher). The sample solution was sprayed into
ambient atmosphere through an electrospray needle at a flow
rate of 0.05 mL/h. The electrospray needle was biased at
—2540 V relative to ground. Negatively charged droplets
formed from electrospray were fed into an ion source chamber
via a desolvation capillary which was held at —93 V relative to
ground and heated to 155 °C. Liquid droplets underwent
desolvation as they passed through the heated capillary,
converting to gas-phase negative ions in the source chamber.
A skimmer with an orifice of 0.99 mm (Beam Dynamics) is
located 3 mm from the capillary end, separating the source
chamber and a radio frequency (rf) hexapole ion guide. The
skimmer was biased at —25 V relative to ground, and the
electrical field imposed between the capillary and the skimmer
removed residual solvent molecules attached to ions via
collision-induced desolvation. Negative ions emerging from
the skimmer were transported into the hexapole ion guide at a
pressure of 20 mTorr and underwent collisional cooling and
focusing.>>** As characterized by a collision-induced dissocia-
tion (CID) experiment,27 the internal energy of primary ions
could be described by a Maxwell—Boltzmann distribution at
~310 K. Ions subsequently passed into a quadrupole mass filter
to remove other ionic species except [Cys—H] ™. At the exit of
the mass filter, [Cys—H] ™~ ions were collected and focused into
an octopole ion guide. The octopole passes through a scattering
cell containing neutral reactant gas. The cell pressure was
measured by a capacitance manometer (MKS Baratron 690
head and 670 signal conditioner). The ion guide minimizes
losses of the reactant and any product ions resulting from
scattering. After passing through the scattering cell, unreacted
[Cys—H]™ and product ions drifted to the end of the octopole,
mass analyzed by a second quadrupole mass filter, and counted.

The initial kinetic energy distribution of the [Cys—H]~ ion
beam was determined using a retarding potential analysis,** i..,
measuring the intensity of the [Cys—H]™ ion beam while
scanning the DC bias voltage applied to the octopole. The DC
bias voltage also allowed control of the kinetic energy (Ey,) of
[Cys—H]" ions in the laboratory frame. E,, is converted into
the collision energy (E,) between [Cys—H]™ and 'O, in the
center-of-mass frame using E.y = Epp X Mpeura/ (Mion +
Myeurral), Where #i.q and m,, are the masses of 'O, and
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[Cys—H], respectively. The [Cys—H] ™ ion beam intensity was
1 X 10° ion/s and constant within 10%. The initial kinetic
energy of the ion beam was 0.3 eV, and the energy spread was
~0.3 eV which corresponds to an energy spread of ~0.1 eV in
the center-of-mass frame for the collisions of [Cys—H]™ with
'0,. 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, calibrated 'O,
pressure, and the effective length of the scattering cell.*®

Oz(alAg) was generated by microwave discharge of O,/
Ar.>**” The presence of Ar improved discharge stability and did
not affect the measurements of 'O, reactions, because Ar is
unreactive with [Cys—H]™ except for CID which could be
measured independently. As described before,”” a 1:1 mixture
of O,/Ar continuously flowed through a discharge tube
surrounded by an Evenson resonant cavity.® The cavity was
excited by a 2450 MHz microwave generator (Opthos MPG-4),
with the microwave power fed into the cavity no more than 18
W and the power reflected from the cavity less than S W. The
variations of forward and reflected microwave power were
controlled to be within 10%, and the specific energy deposition
per molecule (calculated from the forward and reflected power
and the gas density) was determined to be 14 eV. The latter
value was used to estimate the 'O, yield (~5%) in the
discharge.”” The discharge tube was cooled to below 55 °C by
air blown into the Evenson cavity. The exit end of the discharge
tube was coated by mercuric oxide to remove O atoms
generated from discharge. The discharge was about 40 cm from
the scattering cell entrance, and the light from the discharge
was trapped by a Wood’s horn to avoid photolysis of ions or
production of background ions by photodesorption from the
ion guide surface.

To provide reasonable intensities of product ions, we
maintained the pressure of O,/Ar in the scattering cell at
0.33 mTorr. The collision cross section (0y0n) for [Cys—H]™
+ O,, taken as the greater of the ion-induced dipole capture
cross section (acapmre)39 and the hard-sphere cross section
(6hard-sphere) calculated from the orientation-averaged contact
radii of [Cys—H] ™ and O,), is 31—67 A’ in the E, range 0.1—
1.0 eV. Accordingly, the probability of [Cys—H] ™ undergoing a
single collision within the scattering cell is <17%, and that of
double collisions is <4%. The majority of [Cys—H]™ ions
passed through the scattering cell without any interaction with
O, or Ar, hence keeping multiple ion—molecule collisions to an
insignificant level.

As a check on reproducibility, the entire experiment was
repeated several times and each time we cycled through
different E_;. The data presented are averages of several
independent data sets. The relative error of cross section
measurements is ~25%. To check the reactivity of [Cys—H]~
toward *0, and Ar, a control experiment was performed under
the same conditions except that the microwave discharge was
turned off. Recently, we have set up a chemical 'O, generator,
which uses the reaction of H,0, + Cl, + 2KOH — 0,(a'4,)/
02(X3Zg) + 2KCl + 2H,0 to generate 'O, without O and O,
contaminants.”>***' We repeated the experiment relying on
this chemical 'O, generator, and the 'O, concentration was
determined by the emission of O, (alAg - X3Zg_, v =0-0) at
1270 nm* using a cooled InGaAs photodetector.® A
reasonably good agreement was achieved between experiments
using microwave discharge and chemical 'O, generation
schemes, respectively.
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Computational Methods. To aid in reaction coordinate
interpretation, density functional theory (DFT) electronic
structure calculations were performed at the B3LYP level of
theory with various basis sets including 6-31+G(d), 6-311+
+G(d,p), and aug-cc-pVSZ, using Gaussian 09.*1 All geometries
were optimized by calculating force constants at every step.
Vibrational frequencies and zero-point energies (ZPE) were
scaled by a factor of 0.955 and 0.981,* respectively. All the
transition states (TSs) found were verified as first-order saddle
points by frequency calculations, and the vibrational mode with
imaginary frequency corresponds to the reaction pathway.
Relaxed potential energy surface scans were performed to look
for possible barriers during reactant approach and product
separation.

Quasi-classical, direct dynamics trajectory simulations were
conducted to identify important steps in the reaction
coordinate for [Cys—H]™ + 'O,. The chemical dynamics
program VENUS99 of Hase et al*® was used to set up
trajectory initial conditions, and the Hessian-based method of
Bakken et al.** implemented in Gaussian was used to propagate
each trajectory, with Hessians recalculated every five steps.
Because millions of gradients and Hessian evaluations were
required, the level of theory used for trajectories was necessarily
modest. On the basis of computational speed and the overall
level of agreement with experimental and high level benchmark
results, we chose the level of B3LYP/4-31G(d) for calculating
trajectories. Trajectory integrations were performed with a step
size of 0.25 amu'/? b (corresponding to a step size of ~0.5 fs in
trajectory time), which conserved total energy to better than
10~* Hartree. The SCF = XQC option was adopted during
trajectory integration so that a quadratically convergent
Hartree—Fock (QC-SCF) method*™* was used in case the
usual, but much faster, first-order SCF method failed to
converge within the allotted number of cycles.

The purpose of our trajectory simulations was to probe the
gross features of the collisions between [Cys—H]™ and 'O,.
Particularly, simulations were used to help discover the reaction
mechanism, and locate key transition states for reactions when
standard TS-searching methods failed. Thus, all 100 trajectories
were calculated at an impact parameter b of 0.1 A, rather than
sampling the b distribution. E, was set at 0.2 eV for
simulations. The initial conditions of the reactants were chosen
to mimic our experimental conditions. Because [Cys—H] ™ ions
were thermalized in the experiment, their initial vibrational and
rotational energies in trajectories were sampled from
Boltzmann distributions at 300 K. Similarly, 'O, was close to
room temperature in the experiment, so 300 K was used for
both rotational and vibrational temperature for 'O, in
simulations. The quasi-classical initial vibrational state was
simulated by giving each reactant atom displacement from
equilibrium and momentum appropriate to the initial rovibra-
tional state, with random phases for different modes. Both
[Cys—H]™ and 'O, have ZPE in all vibrational modes.
Randomly oriented [Cys—H]™ and 'O, were given relative
velocities corresponding to the simulated E_y. All trajectories
started with an initial center-of-mass reactant separation of 7.0
A, and were terminated either when the distance between
products exceeded 7.2 A, or after 3000 steps. The attractive
energy between reactants at the separation of 7.0 A is no more
than 11 meV, most of which was determined to come from a
basis set superposition error (BSSE).* Trajectories were
calculated on an Intel core 2 quad (3.0 GHz) and core i7 6-
core (3.2 GHz)-based 64 bit Linux computational cluster, and

2880

each trajectory took 150—250 CPU hours. gOpenMol*” was
used for trajectory visualization. Analysis of individual
trajectories and statistical analysis of the trajectory ensemble
were done with programs written for this purpose.

lll. RESULTS AND DISCUSSION

3.1. Gas-Phase Structures of [Cys—H]™. One issue for
interpretation of [Cys—H]~ chemistry is that Cys has two
deprotonation sites leading to two different anionic structures,
ie, the carboxylate anion HSCH,CH(NH,)CO," due to the
deprotonation of the backbone carboxylic acid group and the
thiolate anion “SCH,CH(NH,)CO,H due to the deprotona-
tion of the thiol group in the side chain. Both HSCH,CH-
(NH,)CO,” and ~“SCH,CH(NH,)CO,H have various con-
formations resulting from their structure flexibility. A grid
search method* was used to find local minima in their
conformational landscape. Each of the torsional angles of the
amino acid was rotated systematically through 360° at 60°
increments to generate possible conformations of HSCH,CH-
(NH,)CO,” and ~SCH,CH(NH,)CO,H, the so-called ro-
tamers. Every conformation so generated was subjected to
geometry optimization at B3LYP/6-31+G(d) to derive the
associated local minimum conformation. Many of the initial
conformations were optimized to the same local minimum
conformations. These conformations were then optimized at
B3LYP/6-311++G(d, p). Their structures and relative energies
with respect to "SCH,CH(NH,)CO,H_1, the lowest energy
conformation of [Cys—H]~, are summarized in Figure 1.

The conformations in the top three rows of Figure 1 belong
to the "SCH,CH(NH,)CO,H structure, differing by the cis-/
trans-configuration of —COOH, the orientation of the
—COOH group with respect to the —NH, group, and that of
the thiolate group to the backbone. All conformations are
stabilized by intramolecular hydrogen bonds except
“SCH,CH(NH,)CO,H_11 and 13. Particularly, strong hydro-
gen bonds via proton-sharing between the carboxylic acid and
thiolate groups occur in the first three low-lying conformers,
with the distance of CO,H:S being 1.94—1.98 A. Shared
proton binding motifs also occur to some extent in the fourth
and fifth conformers, between the carboxylic acid and amino
groups with a distance of 1.80—1.84 A from the N atom to the
H atom of —COOH. The energies of the first five "SCH,CH-
(NH,)CO,H conformers differ by a maximum of 0.32 eV, and
the remaining conformers lie 0.53—0.86 eV higher in energy
with respect to "SCH,CH(NH,)CO,H_1.

HSCH,CH(NH,)CO,~ conformers are found to be 0.06—
0.37 eV higher in energy than the lowest energy thiolate
conformer. Each of these conformers features an intramolecular
hydrogen bond between one of the H atoms of the N-terminus
and the deprotonated C-terminus with a HNH---COO distance
of 2.02—2.26 A. HSCH,CH(NH,)CO,™ 1 and 7 each has a
second hydrogen bond of H,N---HS with a distance of 2.42—
3.03 A, while HSCH,CH(NH,)CO,™ 2, 3, and 4 each has a
second hydrogen bond of COO---HS with a distance of 1.73—
2.26 A. The stable conformations we found for the thiolate and
carboxylate structures are consistent with previous reports.** '

The pK, of the carboxylic acid group (2.0) is 6.2 units smaller
than that of the thiol group (8.2) in Cys,>* indicating that
[Cys—H]~ should be a carboxylate but not a thiolate in
solution. However, disputes arise regarding the structures of
[Cys—H]™ in the gas phase. Our DFT calculation results at
B3LYP/6-311++G(d,p), as well as other calculations gerformed
at the B3LYP/6-311++G(d,p)//B3LYP/6-31+G(d),”® B3LYP/

dx.doi.org/10.1021/jp4002077 | J. Phys. Chem. B 2013, 117, 2878-2887
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conformations of thiolate anion 'SCH,CH(NH,)CO,H
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Figure 1. Conformations of [Cys—H]~ calculated at B3LYP/6-311+
+G(d,p), including thiolate and carboxylate anionic structures. Their
relative energies at 0 K (eV, including ZPE) are indicated below each
structure.

aug-cc-pVDZ, and G3B3 levels of theory,>' reveal that the thiol
group of Cys is slightly more acidic than the carboxylic acid
group, albeit by a very small margin. Experimentally, Woo et al.
claimed that ESI of Cys in 3:1 (v:v) methanol/water solution
produced a thiolate in the gas fhase according to photoelectron
spectroscopy measurements.” Tian et al. found that the
preferred deprotonation site for gaseous Cys is the thiol side
chain rather than the backbone carboxylic acid based on H/D
exchange reactions of [Cys—H]~ with deuterated alcohols in
the gas phase.”'

On the other hand, Oomens et al.>* reported the gas-phase
infrared multiple photon dissociation (IRMPD) spectrum of
[Cys—H]~ which was generated by ESI of a mixture of Cys and
NaOH in methanol/water. In contrast to PES and H/D
exchange studies, the conformation-specific IRMPD spectrum
identified a carboxylate structure only for gaseous [Cys—H]™. It
therefore seems that the structures of [Cys—H]~ present in the
gas phase depend on experimental conditions,™ given for
instance a similar finding was reported for the carboxylate vs
phenoxide structures of deprotonated Tyr in the gas
phase.>"**7%° In our CID experiment of [Cys—H]~ with Ar
and 30, (vide infra), overwhelmingly dominant product ions
are those of m/z 33, corresponding to the formation of HS™
anions. HS™ is a characteristic fragment of the carboxylate
structure, as reported in IRMPD.*® This evidence leads us to
conclude that our ESI source produced dominantly carboxylate
anions for the reaction with 'O,. In the following calculations
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and discussion, we used the most stable HSCH,CH(NH,)-
CO,™ conformation in Figure 1 as the reactant ion structure. It
is certainly possible that interconversion between different
rotamers of HSCH,CH(NH,)CO,” may occur during
collisions. However, it seems less likely that different rotamers
would significantly alter the reaction coordinate, as confirmed
by the trajectory simulations of HSCH,CH(NH,)CO,™ + 'O,
(vide infra), CysH™ + '0,> TyrH" + '0,* [Tyr—H]™ +
'0,,*! and MetH* + '0,.*°

3.2. Reaction Cross Sections of HSCH,CH(NH,)CO,™ +
10,. For the reaction of HSCH,CH(NH,)CO,™ (m/z 120) +
'0,, product ions were observed at m/z 74, 118, and 135 over
the collision energy range of 0.1—1.0 eV. At higher collision
energies, product ions were also observed at m/z 33, 76, 87,
and 102, of which m/z 33 is largely dominant. The latter four
product ions corresgond to the formation of HS™,*® and
elimination of COZ,5 HS, and H20,57 respectively, from CID
of HSCH,CH(NH,)CO, . They were also observed upon
collisions of HSCH,CH(NH,)CO,~ with 0, and Ar, and
therefore could be excluded from 'O,-specific reactions.
Product ions of m/z 74, 118, and 135, on the other hand,
were not observed with 30, and Ar, and cannot be attributed to
CID products.

Product cross sections of m/z 74 and 118 are shown in
Figure 2, as a function of the center-of-mass E ;. Note that the

col*
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Figure 2. Product cross sections for the reaction of HSCH,CH-
(NH,)CO,™ with '0,, as a function of center-of-mass collision energy.
The estimated collision cross section and the total reaction cross
section are shown in the inset.

cross section for product ions of m/z 135 is too small to allow
for a meaningful measurement of its E.; dependence. The
structures of these product ions are shown in Figure 3, and will
be discussed in the next section. Also shown in the inset of
Figure 2 are the experimental total reaction cross section (Groal
= sum of individual cross sections) and the estimated collision
cross section O ion- We state that the uncertainty in absolute
cross section measurements, mostly arising from the
uncertainty in the 'O, concentration, could be large. This
source of uncertainty, however, does not affect relative cross
sections, i.e., the E_ dependence of cross sections. In our ion—
molecule scattering experiments, an uncertainty of 25% was
quoted for relative cross sections.”>*”?%*" Both product
channels have significant cross sections only at the lowest
energies, and are strongly inhibited by E_,. The overall reaction
efficiency, estimated as 6,y,1/ Goltision, i ~25% at low collision
energies, dropping to 7% at E., = 0.4 eV and 4% at E_; = 0.5
eV, and becoming negligible at E_,; > 0.75 eV. On the other
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Figure 3. Schematic reaction coordinate for HSCH,CH(NH,)CO,™ + 'O,. Energies of complexes, TSs, and products, relative to reactants, are
derived from a combination of B3LYP/6-31+G(d) and B3LYP/ aug-cc-pV5Z results, including ZPE. The bond distances are shown in angstroms.
For TSs, vibrational modes corresponding to the imaginary frequencies are indicated by displacement vectors.

hand, the collision energy dependence of reaction cross
sections indicates that both reactions could proceed without
significant energy barriers in excess of reactants.

Note that the electron detachment energy for HSCH,CH-
(NH,)CO,~ is calculated to be 2.64 eV at B3LYP/6-31+G(d),
which is beyond the E_,; range of 0.1—1.0 eV used in our
experiment. Consequently, the detachment of the excess
electron from HSCH,CH(NH,)CO,” could be disregarded
during the collision with target gases. In addition, based on the
excitation energy (0.98 eV)* and electron affinity (0.45 eV)>*

HSCH,CH(NH,)CO,” +'0, —

[NH,CHCO,H]™ + CH,SO,

However, both reaction pathways could be discounted based on
their reaction heat of formation (AH, ) calculated at B3LYP/
6-31+G(d).

If m/z of 74 was produced from unimolecular dissociation of
HSCH,CH(NH,)CO,", the lowest dissociation energy path-
way corresponds to

HSCH,CH(NH,)CO,” — NH,CH,CO,” + CH,S

AH,, = 12eV 3)
Because the dissociation energy for reaction 3 is critical for the
following discussion of reaction mechanism, this AH,, was
calculated using a much larger basis set B3LYP/aug-cc-pVSZ.
Reaction 3 involves intramolecular transfer of a H atom from
the thiol group to C% prior to (or concurring with) C*~C’
bond cleavage of HSC’H,C*H(NH,)CO,". Obviously, reac-
tion 3 could not occur at E_; well below the dissociation
threshold (instead, the cross section would rise from zero at an
appearance energy near the threshold and increase with E),
unless it is prompted by the excitation energy of 'O,.
Viggiano et al. reported several examples in which the
electronic excitation energy of 'O, was utilized for driving
endothermic ion—molecule reactions, such as electron transfer
reactions between 'O, and anions O,7, SO,~, and HO,™,**®°
and dissociation of OH™(H,0),, by the excitation energy of
10,—the so-called dissociative excitation transfer.’' Recently,

NH,CH,CO,” + CH,SO,
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of '0,, electron transfer between HSCH,CH(NH,)CO,™ and
'0, is endothermic by 1.21 eV, and thus cannot occur in our
E_, range, either.

3.3. Reaction Mechanism. A. Product lon of m/z 74.
Complex-Mediated Dissociative Excitation Transfer. The
product ion channel of m/z 74 has the largest cross section
over the entire E_ range. There are two possible reaction
pathways leading to the dissociation of an intermediate
complex to a product ion of m/z 74, as outlined below:

AH,_ = 0.7 eV (1)

)

AH_, =21eV

we reported the gas-phase reaction of CysH' with 'O, and
proposed a mechanism based on a similar idea.** The reaction
of CysH" + 'O, proceeds via C*~C’ bond rupture of a
hydroperoxide intermediate CysOOH" accompanied by intra-
molecular H atom transfer. All of the 'O, excitation energy was
used to drive the dissociation of CysOOHY, yielding
NH,CHCO,H*, CH,;SH, and 30, Note that, to realize
excitation energy transfer in these systems, a strong reactant
interaction must be warranted to affect the electronic property
of 'O, and hence break the spin conservation propensity rule.

If a similar scenario occurs for HSCH,CH(NH,)CO,™ +
'0,, the formation of NH,CH,CO,” would become energeti-
cally feasible at low E_;. However, a related question arises as to
the nature of energy transfer from 'O,. Two mechanisms may
be imaged for dissociation of HSCH,CH(NH,)CO,” to
NH,CH,CO,” + CH,S. The reaction could proceed in a
direct sequential mechanism, as invoked in conventional CID.
By this, we mean an activating collision where the excitation
energy of 'O, and a fraction of E, are converted to the internal
energy (E;,) of HSCH,CH(NH,)CO,", followed by unim-
olecular decomposition of excited HSCH,CH(NH,)CO, " after
30, has recoiled (i.e,, Cys-induced physical quenching of 'O,).
However, such a direct sequential mechanism could be ruled
out for two reasons. First, a direct collision would likely show
E., enhancement rather than inhibition for an endoergic
dissociative reaction, since kinetic energy to E;,, conversion is
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helpful for overcoming the reaction threshold as we observed in
typical CID reactions.”**® Second, on the basis of DFT
calculations, the triplet excited state of HSCH,CH(NH,)CO,~
would predissociate to [NH,CHCH, + SH + CO,]”, rendering
the energy transfer via intersystem crossing of HSCH,CH-
(NH,)CO,” + '0, - 3HSCH,CH(NH,)CO,” + 30,
impossible.

An alternative reaction mechanism relies on the formation of
a complex between HSCH,CH(NH,)CO,™ and 'O,, and the
electronic energy of 'O, converts into whatever form of Ej,
needed for dissociating the complex. The dissociation must be
concerted; ie., O, must remain in close proximity to
HSCH,CH(NH,)CO,™ as HSCH,CH(NH,)CO, " dissociates;
in the meantime, strong spin—orbital coupling within the
complex could “catalyze” access to the triplet channel with no
activation energy in excess of the asymptotic energy for the
products. A similar concerted mechanism has been reported for
spin-forbidden reactions of NO,* (12g+) + Xe — NO+(1Eg) +
O(P) + Xe,”? and CysH* + '0, - NH,CHCO,H* + CH,SH
+30,2 A complex-mediated mechanism is reasonable for a
system like HSCH,CH(NH,)CO,™ + 'O,, since the number of
degrees of freedom is large for efficient E,, = Ej, transfer.

A complex-mediated mechanism is also consistent with the
observed E_; dependence of reaction cross section. Production
of NH,CH,CO,” + CH,S requires intramolecular H atom
transfer—a rearrangement needs to be mediated by a long-lived
complex. The efficiency of complex formation decreases with
increasing E_;, which explains the decreasing of reaction cross
section at high E_j.

Reaction Coordinate. The potential energy surface (PES)
associated with possible low energy reaction pathways for
HSCH,CH(NH,)CO,™ + 'O, is presented in Figure 3. The
reactants are shown near the center at zero energy, and the
complex-mediated dissociative excitation transfer between 'O,
and HSCH,CH(NH,)CO,™ is shown in the right portion of
the figure. Energetics are derived from a combination of
B3LYP/6-31+G(d) and B3LYP/aug-cc-pVSZ results and the
experimental value of 'O, excitation energy. Four weakly bound
complexes (RC1 and RC2 and PCl and PC2) and two
covalently bound complexes (a persulfoxide and a hydro-
peroxide) were identified. The transition states (TSs)
connecting the complexes to each other and to the reactants
and products are indicated in the figure. The details of the
geometries for complexes, TSs, and products are available by
request to the corresponding author. Complexes RC1 and RC2
can be characterized as reactant-like complexes, formed by
electrostatic interaction and ionic hydrogen bonds. Complex
RC1 has the O, moiety sandwiched between the thiol and
amino groups of HSCH,CH(NH,)CO,", with distances of
2.15 and 2.35 A for SH:-O—0O and O—O---HNH, respectively.
RC2 is a hydrogen-bonded complex, with both —C*H and
—NH, hydrogen bonded to the O, moiety with H---O distances
of 1.67—1.98 A. The binding energies of RC1 and RC2 are 0.75
and 0.62 eV, respectively, with respect to the reactants. Because
no rearrangement is needed to form reactant-like complexes
from the reactants, it is less likely to have significant barriers
inhibiting the formation of these two complexes. This was
verified by direct dynamics trajectory simulations to be
discussed below. Because of a lack of directional covalent
bonds between HSCH,CH(NH,)CO,” and O, moieties,
complexes RC1 and RC2 do not have a well-defined geometry
at the energies available in our experiment, and are rather
floppy with a large amplitude of intermolecular motion. The
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point is that they allow repeated encounters between reactants,
increasing reaction probability for collisions not initially in the
correct geometry and enhancing the reaction cross section.

RC1 may eventually lead to the formation of a persulfoxide
through TS1. Persulfoxide is a covalently bound intermediate,
with a binding energy of 1.17 eV relative to the reactants. In the
persulfoxide, a H atom is transferred from the thiol group to the
amino group. On the basis of a relaxed PES scan, persulfoxide
may facilely undergo intramolecular H atom transfer from
—NH; to —SOO without a barrier, converging to a more stable
hydroperoxide intermediate. We have also considered a
possible C”-hydrogen abstraction route from the persulfoxide,
leading to the formation of a S-hydroperoxysulfonium ylide
HOOSCPHCH(NH,)CO,™, as observed for 'O, reactions with
sulfides by Ishiguro et al.®* However, the structure of
HOOSC’HCH(NH;)CO,™ converged to dissociation products
of SCHCH(NH;)CO,~ (m/z 119) + OOH at B3LYP/6-
31+G(d). Since product ion of m/z 119 was not observed in
our experiment, we excluded this route in Figure 3.

We propose that the persulfoxide and/or hydroperoxide may
undergo three-body dissociation to NH,CH,CO,~, CH,S, and
30,. Intramolecular H atom transfer occurs simultaneously with
the dissociation of the persulfoxide or hydroperoxide, trans-
ferring a H atom from —NH; or —SOOH to the C* atom.
Assuming all of the 'O, excitation energy is contributed to the
dissociation of the persulfoxide and/or hydroperoxide, the
calculated AH,, is ~0.2 eV, as indicated by the green line in
Figure 3. The calculated AH, is consistent with our
experimental observation. As shown in Figure 2, the cross
section of NH,CH,CO,"~ generally increases with decreasing
E.. but dips at our lowest E_;. A dip of this sort is typical for
channels that are endoergic but with endoergicity comparable
to the E_, broadening resulting from the distributions of ion
beam and target molecule velocities in the experiment. We also
note that the reaction endoergicity of 0.2 eV was calculated on
the basis of the most stable carboxylate conformer of
deprotonated Cys, i.e., HSCH,CH(NH,)CO, _1 in Figure 1.
Other conformers such as HSCH,CH(NH,)CO,~ 2, 3, and 4
with energy within ~0.1 eV of HSCH,CH(NH,)CO,”_1 may
form in our ESI source and participate in the reaction.
Consequently, at the lowest nominal E.y (i.e.,, 0.1 eV), a large
fraction of collisions have an energy more than the threshold
energy, and can react. As a result, the product cross section
generally increases with decreasing E_,, presenting an
“exothermic” reaction pattern. Similar E.; dependence has
been reported for an endothermic reaction of H,CO" + OCS
— OCSH' + HCO, with a threshold energy between 0.04 and
022 eV.®

B. Product lons of m/z 135 and 118. Product ion of m/z
135 corresponds to the elimination of a OH radical from a
reaction intermediate complex. DFT calculations suggest a
possible pathway for OH elimination, and its energetics is given
as

HSCH,CH(NH,)CO,” + '0, - OSCH,CH(NH,)

CO,” + OH AH,_, = —149¢V

(4)

This reaction follows the same route as that for the formation
of NH,CH,CO,", ie, HSCH,CH(NH,)CO,™ + 'O, — RCl
— TS1— persulfoxide — hydroperoxide, except for the last
step at which the hydroperoxide dissociates into a product-like
complex PC1 by breaking the peroxide bond. We have located
a transition state TS2 between the hydroperoxide and PC1 with
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an energy barrier of 0.37 eV above the hydroperoxide (see
Figure 3). PC1 is bound by 042 eV with respect to the
dissociation products, and no reverse barrier separates this
product-like complex from OSCH,CH(NH,)CO,~ + OH. On
the basis of the reaction coordinate, NH,CH,CO,” and
OSCH,CH(NH,)CO,™ are simply two competing channels
originating from the decay of the same set of intermediate
complexes, ie., persulfoxide and/or hydroperoxide. However,
despite the fact that the product channel of OSCH,CH(NH,)-
CO,™ is considerably more energetically favorable than that of
NH,CH,CO,", this channel is insignificant over all collision
energies. This discrepancy is not surprising, considering that
our calculated PES follows an adiabatic process and is restricted
to the singlet state. In reality, two electronic states contribute to
the PES; i.e., the system goes from a singlet to a triplet state as
the products NH,CH,CO,” + CH,S + 30, separate after
dissociative excitation transfer. In addition to chemical
reactions, the persulfoxide has the option of decomposing via
a physical quenching mode to regenerate the reactant ion and
30, as observed in reactions of !0, with sulfides.”

Product ion of m/z 118 is another interesting channel,
corresponding to the abstraction of two H atoms from
HSCH,CH(NH,)CO,” by 'O, to form hydrogen peroxide,
and is therefore referred to as the H2T reaction. On the basis of
H2T reactions of other amino acids,®” there might exist
concerted H2T mechanisms that are difficult to predict using
chemical intuitions only. We thus chose to treat the system
using quasi-classical, direct dynamics trajectory simulations,
where the motion of molecules is followed, allowing the
molecules to show us what the preferred reaction pathways are.
Trajectory results are discussed in the last section. By following
the variations of chemical bonds and potential energies during
trajectories, we were able to identify a low energy pathway for
H2T which corresponds to

HSCH,CH(NH,)CO,” + '0, - HSCH,C(NH)CO,"
+ H,0, AH,, (5)

As indicated in the left portion of Figure 3, complex RC2 goes
through two consecutive TSs (TS3a and TS3b). At TS3a,
which corresponds to a barrier slightly above RC2, the H atom
of —CH is transferred to the O, moiety. The path from TS3a
leads to TS3b, in which the second H atom is transferred from
—NH, to the other end of the O, moiety, leading to a product-
like complex PC2 of which two O—H bonds of hydrogen
peroxide are fully formed. The calculated reaction coordinate
reflects a mainly sequential mechanism, and the rate-limiting
step is clearly the transfer of the first H atom as the path from
TS3a to TS3b is downhill. However, this mechanism has some
character of a concerted reaction, since there is no complex
located between two TSs, which has been verified by our
trajectories.

3.4. Direct Dynamics Trajectory Simulations. We have
completed a total of 100 trajectories at E.,) = 0.2 eV and b = 0.1
A using the B3LYP/4-31G(d) level of theory. Nearly 10% of
collisions either form a persulfoxide and/or hydroperoxide or
eliminate H,0,. Remaining trajectories belong to nonreactive
collisions, i.e, fly by without forming long-lasting complexes
within the simulation time (~3 ps).

Figures 4, 5, and 6 demonstrate trajectories representative of
nonreactive and reactive collisions of HSCH,CH(NH,)CO,™ +
'0,, respectively. The plots show the changes of CM distances

= —2.03 eV

and potential energy (PE) along the trajectory simulation time.
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Figure 4. A representative plot of nonreactive trajectories at E_; = 0.2
eV, showing the variations of potential energy and center-of-mass
distance between HSCH,CH(NH,)CO, " and 'O, moieties during the
trajectory.
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Figure S. A representative plot of complex-forming trajectories at E_,
= 0.2 eV: (top) the variations of potential energy and center-of-mass
distance between HSCH,CH(NH,)CO, ™ and 'O, moieties; (bottom)
the variations of various bond lengths during the trajectory.

The CM distance is the distance between the centers of mass of
the collision partners. Figure 4 shows a direct, nonreactive
scattering, with only one turning point in the relative motion of
the reactant centers of mass; i.e., there is no sign of mediation
by a complex in this collision. The time scale of the collision is
somewhat arbitrary, but three numbers are relevant. The time
between the start of the trajectory and the onset of strong
interaction, which depends on reactant orientation, is around
200 fs. The time for reactant approach within § A of CM
distance is around 300 fs. More importantly, the time period
during which HSCH,CH(NH,)CO, ™ and 'O, interact strongly
is around 100 fs, as shown by a potential energy spike
beginning at t & 300 fs. During the trajectory, potential energy
fluctuates due to the vibrational motions of reactants.

Figure 5 illustrates a complex-forming trajectory, with a
similar reactant approach time as that for the nonreactive
trajectory shown in Figure 4. The top frame of Figure S shows
the changes of CM distance and potential energy, and the
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Figure 6. Representative plots of H2T trajectories at E; = 0.2 eV: (a) concerted abstraction of two H atoms; (b) sequential abstraction of two H
atoms. (top) The variations of potential energy and center-of-mass distance between reactants or products, and (bottom) the variations of various

bond lengths during the trajectory.

bottom frame shows the r(S—0), r(O—H), r(S—H), and r(N—
H) bond lengths forming or breaking in the reaction. The high
frequency oscillations of #(S—0), r(O—H), r(S—H), and r(N—
H) reflect the vibrations of the reactants or products. This
trajectory initially forms a loosely bound complex, as shown by
the decrease of the CM distance to less than 4.5 A starting at
215 fs. This is followed by the formation of a persulfoxide via
transfer of a H atom from the S atom to the N atom, as
illustrated by the abrupt increase of r(S—H) and decrease of
r(N—H) at 350 fs. The large-amplitude, low frequency
oscillations of r(S—O) reflect the interconversion between a
weakly bound complex RC and covalently bound persulfoxide.
At 1350 fs, the persulfoxide converges to a hydroperoxide as the
H atom travels again from the N atom to the peroxide group, as
indicated by the simultaneous breaking of *(N—H) and forming
of r(O—H) at that time point. The trajectory follows the
reaction coordinate described in the right portion of Figure 3
until the formation of persulfoxide and hydroperoxide. In
agreement with the PES in Figure 3, no obvious potential
barrier was observed during the formation of these complexes.

We found that all persulfoxide/hydroperoxide complexes
formed in trajectories did not decay back to the reactants before
the termination of the trajectories (typically 2—3 ps). This
suggests that the lifetime of the complex is at least no less than
the trajectory time. For comparison, the classical rotational
period of a complex estimated using the average angular
momentum is 2.9 ps at E_; = 0.2 eV. The fly-by time, taken as
the time required for S A motion at the relative speed of
reactants, is 0.4 ps at E.;; = 0.2 eV. The fly-by time gives a
measure of how long a direct collision would last at the same
collision energy. Clearly, the complex lifetime is significantly
longer than the fly-by time, and comparable to the complex
rotational period. Note that the quasi-classical trajectory
method we used is not applicable to nonadiabatic collisions;
i.e,, it does not allow transitions from a singlet to a triplet state.
Therefore, trajectories cannot reproduce the “spin-forbidden”
dissociative excitation transfer or physical quenching of 'O,.
However, trajectories provide information concerning the early
time dynamics where the electron spin of the reactants remains
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conserved, and more importantly confirming the complex
mediation in the reaction.

Finally, two H2T trajectories are illustrated in Figure 6. The
r(C*~H), r(N—-H), and two r(O—H) plotted in the figure
correspond to the C*~H and N—H bonds being broken in
HSCH,C"H(NH,)CO,™ and the two new O—H bonds being
formed in the product H,O,. Figure 6a shows a concerted H2T
trajectory, where the C“—H and N—-H bonds break
simultaneously and the two new O—H bonds form at the
same time. Figure 6b shows a sequential H2T trajectory, where
the first H atom is transferred from C* to O, and around 100 fs
later the second H is transferred from N to O,. These two
trajectories together demonstrate the partial concerted nature
of the H2T mechanism we have proposed in Figure 3. For both
H2T trajectories, the reactants have repeated encounters after
their initial collisions and remain close to each other. Actual
abstraction of two H atoms occurs around 500 to 1500 fs after
initial collisions. This implies that a complex-mediated
mechanism is necessary for H2T, as described in the H2T
reaction coordinate (see Figure 3).

Note that H2T reactions are only observed in trajectories
where the collision geometry allows simultaneous rupture of
C“—H and N—H bonds in the backbone of Cys by 'O,. Such a
complicated process could occur only in collisions with “O, in
parallel to the two H atoms being abstracted”, i.e., O, in close
proximity and in parallel to C*H*—NH®*. This restricted
confinement may explain that few collisions could ultimately
lead to H2T. On the other hand, the thiol group of cysteine
locates at the end of the molecule, leaving more space for O,
attack. This rationalizes that the trajectory calculated
probability for complex-forming reaction is a factor of S higher
than that of H2T at b = 0.1 A.

IV. CONCLUSIONS

In the present study, guided-ion-beam tandem mass spectrom-
etry was employed to determine the reaction products, cross
sections, and collision energy dependence for the reaction of
carboxylate anion of deprotonated Cys with O,(a'A,). DFT
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calculations were carried out to identify the reaction coordinate
(including reactants, intermediate complexes, transition states,
and products) and investigate thermodynamics and energy
barriers. Quasi-classical, direct dynamics trajectory simulations
were performed for collisions at E_, of 0.2 €V and b of 0.1 A.
Trajectories demonstrate the importance of the complex-
mediated mechanism for this system, and reveal a number of
interesting dynamics features including orientation dependence
for various product channels and a partial concerted mechanism
for abstraction of two H atoms from Cys by 'O,. By combining
direct dynamics trajectory simulations and reaction coordinate
modeling, we are able to ascertain the reaction mechanism for
this complicated system. One interesting result is that the
electronic excitation energy of 'O, can be used to drive the
dissociation of deprotonated Cys, yielding the major product
ion of NH,CH,CO,”. This dissociative excitation energy
transfer is mediated by intermediate complexes.

It is interesting to note that, at the early stage of the reaction,
HSCH,CH(NH,)CO,™ + 'O, shows identical behavior as that
of CysH" + '0,.>® Both protonated and deprotonated Cys form
precursor complexes upon collisions with 'O,, and sub-
sequently interconvert to covalently bound persulfoxide and
hydroperoxide complexes. The dissociation of intermediate
complexes by the excitation energy of 'O, accounts for the
major product channel for both systems, albeit deprotonated
Cys has a slightly higher reaction efficiency compared to its
protonated analogue. Resemblances also exist between
trajectory results calculated at the same E_, for these two
systems, as both show the importance of complex-mediation for
reactive collisions.
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