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Abstract

Low-energy collision induced dissociation (CID) of deprotonated L-cysteine S-sulfate, [cysS-
SOs],” delivered in the gas phase by electrospray ionization, has been found to provide a
means to form deprotonated L-cysteine sulfenic acid, a fleeting intermediate in biological
media. The reaction mechanism underlying this process is the focus of the present
contribution. At the same time other novel species are formed, which were not observed in
previous experiments. To understand fragmentation pathways of [cysS-SOs], reactive
chemical dynamics simulations coupled with a novel algorithm for automatic determination
of intermediates and transition state were performed. This approach has allowed the
identification of the mechanisms involved and to explain the experimental fragmentation
pathways. Chemical dynamics simulations have shown that a roaming-like mechanism can be
at the origin of L-cysteine sulfenic acid.

1. Introduction

The incidence and variety of posttranslational modifications (PTM) largely enhance the
chemical complexity of biomolecules, modulating and expanding their signaling, structural
and functional diversity. Covalent attachment of a sulfate group (sulfation) is a ubiquitous
PTM occurring at several acceptors, including hormones, vitamins, proteins, and
polysaccharides, through linkages at phenolic or alcoholic (O-sulfation), amide (N-sulfation),
and thiol (S-sulfation) functionalities that increment their hydrosolubility.* The general nature
of sulfoconjugation and its significant role in essential events, like tissue hydration, cellular
adhesive processes, (in)activation and plasma clearance of small biomolecules and
xenobiotics, well justifies the boost of interest in the development of novel strategies to
identify and localize sulfated sites and elucidate their molecular mechanisms.?
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Moreover, the old, wide practice of adding SO, and sulfites as thrifty additives for protecting
food and wine against microbial and chemical oxidation has been recently recognized to
promote sulfation of the whole metabolic space, increasing the public alarm on these
potentially harmful preservatives.®*

By virtue of its high sensitivity and mass accuracy performances, mass spectrometry (MS)
and hyphenated techniques have been validated as effective experimental tools to provide
robust identification of native and modified species as chemical fingerprints in untargeted
analysis of complex biological mixtures.> Recent MS applications in metabolic profiling
studies of sulfite treated wines have unveiled thiol markers like pantetheine, glutathione and
cysteine as new sulfonated derivatives,® paving the way to an aware reduction of exogenous
(oenological) antioxidants in correlation with MS revealed metabolites.

In a previous contribution, some of us have applied low-energy collision-induced dissociation
(CID)" mass spectrometry to deprotonated L-cysteine S-sulfate, formed by electrospray
ionization, [cysS-SOs]’, to generate and interrogate the cysteine sulfenic intermediate,
[cysSOT, by vibrational spectroscopy and ab initio molecular dynamics simulations.® The
transient nature of cysteine sulfenate [cysSO]™ makes its isolation and characterization highly
demanding in the condensed phase.®

The reported unimolecular rearrangement is reminiscent of the CID behavior of aromatic
sulfonate ions which yield phenoxide ions upon the loss of SO,.'° Conversely, deprotonated
tyrosine O-sulfate peptides and serine O-sulfate undergo fragmentation by direct bond
cleavage leading to phenoxide anion, by SO3 elimination, and hydrogen sulfate, by loss of
[CsHsNO,]. ™ The negative ion fragmentations of individual amino acids and (modified)
peptides have been thoroughly investigated and shown to occur by complex mechanisms
providing sequence information via distinct side chain cleavages.'**?

Herein, a combination of MS/MS experiments and chemical dynamics simulations have been
applied to inspect the fragmentation mechanisms of cysteine-S-sulfate under CID assay.'**
In this context, an electrospray ionization (ESI) source has been used to interrogate [cysS-
SOs] ions by inducing low-energy collisions in a hybrid triple-quadrupole linear ion-trap
(QTrap) where the precursor ion is accelerated into a collision cell pressurized with N, to
induce fragmentation.

A comprehensive description of the mechanisms responsible for the dynamic behavior of
deprotonated cysteine S-sulfate tested by low-energy CID has been sought by employing
chemical dynamics in the context of what has been named “theoretical mass spectrometry”, a
relatively novel approach in modeling mass spectrometric behavior.*® This powerful approach
was pioneered by Hase and co-workers'"*#1%? and then exploited to model CID phenomena
for numerous organic and biological molecules,®?*?*?4% ke amino acids?®® and
peptides.?”?22%% \jithin this modeling, it was possible herein to explicitly consider the ion-
gas collision event, fix/set the collision energy (as in triple quadrupole experiments) or, as
more recently, statistically activate the ion and follow its unimolecular dissociation.*!**

Due to limitations in simulation time (normally some picoseconds) and in the level of theory
(for relatively large systems only semi-empirical Hamiltonians can be used to have
statistically converged results) it is useful to couple simulations with methods suitable to
locate minima and transition states along the reaction pathway connecting the reactant with
the products. In this way, the simulations are aimed at sampling the possible reaction
pathways allowing then a more quantitative interpretation on the basis of energetics computed
at higher level of theory.



To this end, the Transition State Search Chemical Dynamics Simulations (TSSCDS)
approach®=*% was used, coupled to chemical dynamics simulations, in order to elucidate the
different fragmentation products of deprotonated cysteine S-sulfate.

We thus combine a thorough experimental assay of fragmentation behavior with an analysis
and interpretation of data ensured by a powerful computational approach based on chemical
dynamics and quantum chemistry.

2. Materials and Methods
2.1 Sample preparation

L-cysteine-S-sulfate and solvents were purchased from commercial sources (Sigma-
Aldrich, Milan, Italy) and used as received. Deprotonated L-cysteine-S-sulfate [cysS-SOs]
anion was generated by direct infusion of a 5 uM water/methanol (1:1) solution of L-cysteine-
S-sulfate to the ESI source by a syringe pump at a flow rate of 120 uL h™. Typically, a dry
gas flow of 8 L/min heated at 200 °C and a spray voltage of -4500 V were applied during the
ESI process.

2.2 MS operations

The fragmentation of deprotonated L-cysteine-S-sulfate anion, [cysS-SO3]" (m/z 200) obtained
by ESI of a solution of L-cysteine S-sulfate in aqueous methanol, has been assayed by
collision induced dissociation (CID) by employing a 2000 Q TRAP (Applied Biosystem),
commercial hybrid triple quadrupole linear ion-trap mass spectrometer (Q1g2Qyr).% 338

In the energy-resolved CID experiments, the ions of interest were mass-selected in Q1 and
then accelerated at variable Q1-to-g2 collision energy (Ej.n= 5-50 €V) into the collision cell
q2 filled with inert gas (N;) at nominal pressure of ~ 2.4x10" mbar, so inducing dissociation.
In the absence of inherent low mass cut-off, also light fragments can be detected.

The fragmentation products were monitored by scanning Qur in the enhanced mode of
operation thus increasing both resolution and signal to noise ratio. The relative ion
abundances are corrected by the presence of a small amount of early fragmentation products
formed in the region preceding 2. Quantitative threshold values are not directly
amenable.***%** However, by monitoring the relative abundances of fragment ions as a
function of the collision energy, converted to the center of mass frame (Ecym = [M/(M+M)]Ea,
in which m and M are the masses of the collision gas and of the ion, respectively, breakdown
curves modeled by a sigmoid function can be derived and phenomenological appearance
energies for the different fragmentation channels can be attained and comparatively analyzed.
The latter values were not influenced appreciably by limited variation of the collision gas
pressure in g2 (1.5-5.5 x 10™ mbar). The nominal zero collision energy was determined by
the retarding potential analysis (see Figure S1 in Supplementary Information).

Finally, CID experiments on [cysS-SOs] in a 4.7 T Fourier transform ion cyclotron resonance
(FT-ICR) mass spectrometer (Bruker, BioApex) operative in Roma has allowed to generate
fragment ions of interest at m/z 74, 113 and 120 and to assign their elemental formulas by
acquisition of high resolution mass spectra, with a maximum acceptance error less than 2
ppm.*? Note that fragment ions m/z 81 and 33 were not detected in the FT-ICR and thus high
resolution measurements were not possible in this case.



2.3 Chemical dynamics simulations

Geometries of reactants were first optimized using three semi-empirical Hamiltonians: PM6-
D,® RM1* and PM7.** Semi-empirical Hamiltonians were found to be able to correctly
describe collision-induced dissociation for different systems.?*** In particular, RM1 is suited
for peptide fragmentation dynamics®***®*” and PM6-D was also found to correctly describe
ion-molecule reaction dynamics leading to formation of urea,*® formamide*® and glycine.*
PM7 is the new parametrization of PM family and it will be valuable to check its
performances.

They were then used in the following chemical dynamics simulations. Two kinds of activation
modes were considered: (i) explicit collision simulations and (ii) internal energy activation.
As we have detailed previously,® it can be useful to perform both simulations to have a
comprehensive picture of fragmentation products and associated mechanisms.

In the collisional simulations, deprotonated L-cysteine S-sulfate anion collided with the inert
N, molecule using the semi-empirical Hamiltonians (PM6-D, RM1 and PM7) to calculate
both the intra- and inter-molecular interactions. Initial conditions were selected as follows.
For vibrational energy, Boltzmann normal mode sampling at 300 K was performed to choose
the quantum numbers and then a random phase was chosen for each normal mode, with the
kinetic and potential energies accordingly partitioned.>® For rotational energy, RT/2 with T =
300K was added to each principal axis of rotation. Then, initial conditions were selected for
random collisions. The anion and N, were randomly rotated about their Euler angles. The
anion and N, were placed at a separation of 10 A. The impact parameter, b, for collision is
sampled randomly between 0 and 4.5 A. This latter maximum value was set by finding that
for larger b values the energy transfer is less than 5% as previously reported.’*>® Finally,
relative velocities were added to the anion-N, system according to the center-of-mass
collision energy (CE) in the center-of-mass framework. Four CE values were used: 1, 2, 3 and
5 eV. These values correspond to the experimental range (see previous section 2.1).

The nuclear motion equations were then integrated using a sixth order symplectic
algorithm®**° with an integration step size of 0.2 fs which ensured energy conservation. The
trajectories at CE equal to 1 and 2 eV were halted when the reactants reached a separation of
200 A after the collision, while the trajectories at 3 and 5 eV were halted at a separation of
250 A. These conditions correspond to a total simulation time up to 15 ps. Between 1500 and
2000 trajectories were calculated for each collision energy and for each of the semi-empirical
Hamiltonians employed.

In internal energy activation only the L-cysteine sulfate anion is explicitly considered.
Classical micro-canonical normal mode sampling was used® to distribute the energy
randomly among the ion vibrational modes. Two internal energies were considered
corresponding to 3.8 and 7.2 eV. Rotational energy was sampled from the ion Boltzmann
distribution at 300 K. Trajectories were then propagated as described above. Trajectories at
3.8 and 7.2 eV were simulated, respectively, for 30 and 14 ps, in consideration of the
decreasing anion lifetime with increasing internal energy. Between 1500 and 2000 trajectories
were propagated for each internal energy and for each semi-empirical Hamiltonian (also in
this case we used PM6-D, PM7 and RM1).

Note that in experiments the full timescale is on the order of ms, which is considerably larger
than simulation time. As we have discussed in details in our previous works (see for example
Ref. 24), simulations provide the short-time dynamical processes, and this is a key point at the
origin of differences, for example, in peak intensities. Here we used not only explicit



collisions (which mimic the Nj-ion collision, energy transfer and short-time fragmentation),
but also internal energy activation. This last method reduces the simulation time considering
implicitly the activation steps and the subsequent internal vibrational relaxation, so simulation
times are not directly related to experimental timescales.

Calculations were performed using VENUS96°" coupled with MOPAC-version 5.022mn
software®® for the semi-empirical Hamiltonian calculations.

2.4 Determination of the potential energy surface

Based on the chemical dynamics results, information regarding geometries and energies along
the fragmentation pathways was obtained and stationary points (minima and transition states,
TS) located at different levels of theory. The structures obtained by the semi-empirical
Hamiltonians were optimized at B3LYP/6-311++G** level of theory®*® and a vibrational
analysis performed to verify whether the structure is a minimum or a saddle point
corresponding to a transition state (TSs). This method was used since it is able to provide
good geometries and vibrational frequencies as reported in Ref.8. In the case of a TS, an
intrinsic reaction coordinate (IRC) calculation was performed to verify that it correctly
connects the two minima. Using the B3LYP geometries, electronic energies were calculated
at CCSD(T)/aug-cc-pVDZ level of theory.®* ZPE corrections were calculated from B3LYP
vibrational frequencies.

In order to determine the potential energy surface (PES), in terms of minima (intermediates)
and TSs connecting reactants and products, we used a reactive chemical dynamics simulation
method. In particular, trajectories were analyzed using the Transition State Search Chemical
Dynamics Simulations (TSSCDS) method recently developed by Martinez-Nunez and co-
workers.**3% Specifically, geometries obtained with VENUS at 1 fs intervals are analyzed
with graph-theoretic tools implemented in TSSCDS to identify bond breaking/formation.
When a reactive pathway was identified (at the semi-empirical Hamiltonian level), minima
and TSs were further optimized using, as described previously, the B3LYP and CCSD(T)
levels of theory. Note that the TSSCDS method was also able to find other local minima of
the reactants, which were used as further initial structures in reactive dynamics to investigate
the role of the conformation on the final results.

B3LYP and CCSD(T) calculations were performed with the Gaussian09 software,®® while
analysis of the trajectories was performed with an under-development version of tsscds2018%
in which the possibility of reading external trajectory input was added.

3. Results and Discussion
3.1 Experimental CID fragmentation pattern

At low collision energy the fragmentation of electrosprayed, deprotonated L-cysteine S-
sulfate, [cysS-SO3]" (m/z 200) proceeds by almost exclusive loss of SO, yielding deprotonated
cysteine sulfenic acid, [cysSO]" (m/z 136). The structure of this ion, a fleeting species in the
oxidative biochemistry of cysteine, has been thoroughly described in previous work revealing
the carboxylic group to be the favored deprotonation site® (Figure 1).
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Figure 1. Structural formula of the reactant ion at m/z 200 (left) and product at m/z 136
(right).

However, energy-resolved CID experiments carried out in the g2 collision sector of the
QTRAP instrument display a rather composite picture. According to Figure 2, as energy
increases other peaks appear, namely two fragments at m/z 120 and 113 and three lower mass
abundant species which may be attributed to hydrogen sulfite [HSOs]" (m/z 81), the even-
electron fragment ion [C,H4NS] (m/z 74),®® and hydrogen sulfide [HS]" (m/z 33). The
chemical composition of fragment ions at m/z 74, 113 and 120 has been verified by high
resolution FT-ICR MS (see Figure S2). Already at 2 eV Ecym the ion at m/z 81 gains
comparable abundance as the ion at m/z 136. Between 2 and 3 eV Ecy the abundance of the
ion at m/z 74 rises fairly steeply, overwhelmingly so with respect to the parallel rise of the
ions at m/z 120 and m/z 113. The ion at m/z 33 starts to appear after ca. 3 eV Ecwm suggesting
the formation of this species to be associated to a considerable activation barrier. These
findings are consistent with previously reported low-energy CID assay of deprotonated
cysteine oxo forms®®® and are informative of the S-sulfonation PTM event.
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Figure 2. Relative abundances of precursor (m/z 200) and product ions (m/z 136, 120, 113,
81, 74 and 33), as a function of collision energy (center of mass, eV) in the collision cell of
the QTRAP, upon CID of mass selected [cysS-SOs]".

The breakdown curves shown in Figure S3 are obtained from energy-dependent CID plots
carried out at least in triplicates in the 2.4-4.0x10"° mbar range of nominal pressure values in
Q2. Linear extrapolation of the rising portion of the sigmoid curves provides
phenomenological appearance energies (AE) for the onset of each fragmentation channel. The
so-obtained values are listed in Table S1. The AE value for the elimination of SO, and
release of the ion at m/z 136 amounts to 0.60 = 0.2 eV, somewhat lower than the one for loss
of SOj3 leading to the ion at m/z 120, characterized by an AE of 1.89 £+ 0.2 eV. Even more
energy demanding are the channels leading to the formation of m/z 81, with loss of
[C3H5NSO,], m/z 113, with elimination of [C3HsNO;] and m/z 74, with removal of H,SO3 and
CO, at AE0f2.23+0.2eV, 2.28 +0.2 eV and 2.66 £ 0.2 eV, respectively.

Although this procedure does not ensure an absolute value of the appearance energy for
dissociation,*®*" it allows a qualitative analysis among competitive fragmentation channels
and a precursor-fragment correlation. Additional MS® experiments have shown that the
fragments at m/z 74 and 33 may derive also from the precursor ions at m/z 136 and 120,
respectively (as already reported by Oomens et al.,** Lanucara et al.,®® Eckersley et al.® and
also shown in Figure S4).

Taking into account the collected evidence, the appearance energy for the formation of the
various ions is in the following order: m/z 136 < m/z 120 <m/z 81 <m/z 113 < m/z 74 < m/z
33.



We have then turned to chemical dynamics, using both explicit collision and internal energy
activation, coupled with quantum chemistry calculations, to elucidate the reaction
mechanisms underlying the rich fragmentation behavior observed in CID mass spectrometry.

3.2 Chemical dynamics simulations

In the present study, chemical dynamics simulations were performed by using two distinct
ways of initial ion activation: i) explicit collision with N; and ii) adding the internal energy
randomly to the ion. The main difference is that in explicit collision simulations, we set the
collision energy (CE) value, similarly as in QTRAP experiments, and then the energy is
partially transferred to the internal modes of the ion. The collision localizes the energy in a
given region of the ion which then can react with or without energy transfer to the other
modes, depending on the time-lenght. Normally, simulations are limited to few picoseconds,
and thus a full intramolecular vibrational relaxation (IVR) is not attained before
fragmentation. Differently, in the internal energy random activation an initial micro-canonical
distribution of a given amount of energy is added to all the vibrational modes of the molecular
ion, so IVR is imposed before the trajectories start. Previous theoretical studies have shown
that the latter method corresponds to a statistical unimolecular dissociation limit of the initial
structure given that the exit channel is sufficiently close to the precursor.3! However, if other
isomers are populated, the system has not always time to undergo IVVR on the new structures.
It means that the statistical conditions may apply to the initial structure only.

The fragment ions obtained from the trajectories with random internal energy activation are
reported in Table S2 of the Supporting Information, while the fragment ions from the
collisional simulations are presented in Table S3. All the fragments observed experimentally,
namely m/z 136, 120, 113, 81, 74 and 33, are found in the present simulations. Overall,
fragments m/z 81, 113 and 120 are the most abundant simulation products. When using RM1
and PM7 we have almost no other fragments than what reported in Tables S2 and S3 and
corresponding to what observed in experiments. At PM6-D level of theory we have few other
fragmentations at low energies (less than 1%) increasing at higher energies also due to some
well-known instabilities of semi-empirical Hamiltonians. They were not listed in details since
they correspond to minor products and to secondary fragmentations, i.e. subsequent reactions
of observed fragments.

Some differences were found for the semi-empirical Hamiltonian employed for the
simulations. In particular, among these semi-empirical Hamiltonians: RM1 overestimates the
m/z 120 fragment, which corresponds to deprotonated cysteine anion; PM6-D overestimates
the product at m/z 113; while PM7 magnifies both m/z 120 and 113. The overestimation of
m/z 120 with PM7 and RM1 is due to the fact that its formation energy is 25.4 and 42.6 kcal
mol™, respectively, versus 57.9 kcal mol™at PM6-D (at B3LYP and CCSD(T) we obtained
52.3 and 55.0 kcal mol™, respectively). The overestimation of ion m/z 113 is due to a
difference in the activation energy. As detailed in section 4.1, to form the final ion m/z 113,
the system has to pass a barrier of about 37.5 kcal mol™®, forming an intermediate where the
proton is on the oxygen atom and then isomerize to the final (and more stable) ion protonated
on the sulfur atom. At the PM6-D level, the corresponding PES is different: the barrier to
form the intermediate is only 14.0 kcal mol™ high and the product protonated on the oxygen
(which is the final structure observed in simulation time-length) is more stable than the
reactants by 2.7 kcal mol™. This may result in an overestimation of m/z 113 from simulations.
Globally, the approach of using different semi-empirical Hamiltonians was useful to have



insights on to the different fragmentation pathways. In fact, while m/z 136, the L-cysteine
sulfenate, m/z 81 and 74 are mainly formed only by PM6-D, this same method never provides
m/z 120, the L-cysteine anion, while it represents a main product for both PM7 and RML1.

The most stable structures of the fragments obtained from simulations, and with further
optimization with B3LYP/6-311++G**, are reported in Figure 3, while corresponding xyz
structures are given in the Supporting Information (Table S4).

m/zA 360 [@in/zF1 200

Figure 3. Structures of the fragment ions obtained from chemical dynamics simulations and
further optimization at B3LYP/6-311++G** level of theory.

Based on the reactivity sampling achieved by the chemical dynamics simulations, it was
possible to identify the different reaction pathways and then calculate their corresponding
energetics. They were obtained using B3LYP optimized structures and vibrational frequencies
for ZPE correction, with the electronic energy calculated at the CCSD(T)/aug-cc-pVDZ level
of theory (see Table 1).

Table 1. Fragmentation reactions leading to different product ions. Reaction energies (AE =
EProducts _ preactantsy i keal mol™ as obtained at CCSD(T)/aug-cc-pVDZ//B3LYP/6-311++G**
+ ZPE.

Reaction m/z product | CCSD(T)
cysS-SO3 = C303NSHg + SO, 136 28.6
cysS-SO3” > cys + SO; 120 55.0
cysS-SO3” > HS,03 + C,NHs + CO;, 113 28.4
cysS-SO3; = HSO3 + C3NSO,Hs 81 41.7
cysS-SO;” 2 C,NSH4 + H,SO3+ CO, 74 38.5
cysS-SO3” 2 HS™ + Co;NHs + SO3+ CO, 33 83.3




We should notice that ions m/z 113 and 136 correspond to the lowest fragmentation energies.
However, m/z 136 is the prevailing species at low Ecm, while the other low energy fragment
(m/z 113) appears always in very low (almost negligible) abundance, in spite of their similar
formation energy. However, reaction energetics do not take into account Kinetic barriers,
which may significantly affect the reaction dynamics. The formation of m/z 81 and 33 as most
abundant fragments at high collision energies is well accounted for by the high
endothermicity involved in the process.

Notably, simulations explain not only the fragmentation products, but also the mechanisms
connecting the precursor ion with the different products. However, since semi-empirical
Hamiltonians can be off by several kcal mol™ in estimating the energetics of different
stationary points, information from the dynamics was used to identify minima and TSs of the
different pathways obtained. These structures were finally optimized at B3LYP/6-311++G**
level of theory and electronic energies calculated with CCSD(T)/aug-cc-pVDZ. Note that, in
principle, chemical dynamics simulations can provide fragmentation abundances as a function
of energy as in Figure 2. However, as we have discussed here and in previous works (see Ref.
16 for an overview), the intensities depend on many aspects. One is that simulation times are
limited to ps and thus short time-scale processes are overestimated. Furthermore, as remarked,
semi-empirical Hamiltonians, needed to have enough statistical sampling of the reactive
processes, do not accurately reproduce all the energetics. Thus, for the present study, we used
simulations to sample the reaction pathway space and have insights on the underlying
mechanisms, while for quantitative analysis we used the PES information obtained coupling
chemical dynamics with TSSCDS method.

4. Fragmentation Mechanisms

As discussed above, we have investigated the mechanisms responsible for the formation of
the different products, a key issue to fully understand the fragmentation sequence. In
particular, two aspects have been addressed based on comparison between experimental and
simulation results: (i) what is the origin of differences in the experimental product distribution
as a function of the experimental conditions; and (ii) why a thermochemically favored product
(m/z 113) is not formed in relevant abundance, at least comparable to that of m/z 136?

As shown in the following paragraphs, the chemical dynamics simulations have allowed us to
suggest fragmentation mechanisms and to rely on extensive reactive sampling to further
identify possible transition states for the more relevant dissociation channels. The
mechanisms reported are obtained from pathways observed in chemical dynamics simulations
where any preferential path is imposed. Once one or more trajectories are found to lead to a
given product they are used as input for automatic location with TSSCDS software and thus a
pathway in terms of minima and TSs is obtained. In some case, TSSCDS is not able to find a
pathway consisting of connected minima and TSs and thus we guess manually key
configurations by visual inspection of the trajectories. This means that the reported
mechanisms are those that are the closest ones to the physical reasonable trajectories that a
system can take in the fragmentation dynamics. Other pathways can exist but they are
statistically less relevant.

4.1 Formation of ion at m/z 113

The ion at m/z 113 is observed in all the simulations and predicted to be one of the two most
stable products. The main mechanism responsible for formation of this product is reported in
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Scheme 1 and a corresponding movie is in the supporting material (113.mpg). As shown, the
fragmentation begins with proton transfer from the carboxylic acid -COOH to the amino —
NH, group, followed by two sequential neutral losses, CO, and NH,CHCH,, with formation
of the S-deprotonated thiosulfate ion m/z 113. Note that the O-deprotonated isomer is favored
by 1.21 kcal mol™, as obtained at the CCSD(T)/aug-cc-pVDZ //B3LYP/6-311++G** + ZPE
level of theory.

o) O
(@) O
I I <@ e
O=S—S OH —> O0=5—5)) O

[S) © O,

NH, o) NH3

m/z 200
/ m/z 200

— O=|S=o + NH, CH=CH, + CO,
OH
m/z 113

Scheme 1. Mechanism responsible for the formation of ion m/z 113 as obtained in chemical
dynamics simulations.

The oxygen-deprotonated species is not obtained in the trajectories probably because the
system has not enough time to isomerize. In fact, as we detail from a PES analysis, the
fragmentation mechanism is such that the sulfur-deprotonated species is obtained first. Only
using the reactive trajectories and employing the TSSCDS approach, it was then possible to
locate the minima and TSs connecting the reactant with the products and finally obtain ion
m/z 113 in its lowest energy structure. The resulting potential energy surface is reported in
Figure 4.

The analysis of the PES shows that the rate determining step is the loss of neutrals from the
tautomer deprotonated at the carboxylic functionality (structure M_AL, Figure 4), while the
barrier to obtain this tautomer from the precursor ion (M_0) is much smaller. The TSSCDS
analyses of the simulation results found different forms of the initial structure, one of them
being slightly more stable than the initial geometry for the above simulations. We have thus
also run trajectories with this new conformer as an initial structure and the results are
comparable with the previous one. This is not surprising, since the excess energy is much
higher than the energy difference as well as the barrier between these two conformers,
similarly to what observed for poly-glycines.?
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Figure 4. Potential energy surface for the formation of m/z 113. Results are shown at
CCSD(T)/aug-cc-pVDZ //IB3LYP/6-311++G** + ZPE level of theory with ZPE correction.
Energies are in kcal mol™. Transition state structures are labeled in red, minimum structures
in blue.

4.2 Formation of ions at m/z 81, 136 and 74

The fragment ions at m/z 74, 81, 136 were also obtained in the simulations. By inspecting the
trajectories, it turns out that these three products are connected to each other, in particular m/z
81 and 136, while for m/z 74 an independent reaction pathway was also found to be very
likely. The obtained fragmentation mechanism is schematized in Scheme 2.

The reaction proceeds as follows. First, there is a proton transfer from —COOH to the —SO3
group. If a particular conformer of the anion is formed, it is then possible to observe a
concerted mechanism consisting of a nucleophilic attack of the carboxylate oxygen atom on
the cysteine sulfur atom with the simultaneous cleavage of the S-S bond. Thus, by a further
simple separation of the two incipient fragments, it is possible to release hydrogen sulfite
anion m/z 81, and a neutral 5-member ring product, corresponding to [C3HsSO,].
Interestingly, a site-specific hydrogen transfer via a carboxylate charge-mediated pathway
was previously proposed to account for formation of the hydrogen sulfite anion in negative
ion CID mass spectra of several sulfonates, including cysteic acid, oxidized form of
cysteine.®’
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Alternatively, the two fragments may remain associated within an ion-molecule complex
which allows roaming around each other.?®® The two fragments may also react, because the
neutral molecule can bind to OH™ from HSO3" while releasing neutral SO, and m/z 136. This
ion then undergoes ring opening to form the more stable linear structure which corresponds to
the ion already characterized by IRMPD spectroscopy.®

Two prototypical trajectories reported in the supporting materials (81.mpg and 136.mpg,
respectively) show how the product ions at m/z 81 and 136 are formed. The formation of m/z
136 is also illustrated in Figure 5 using the snapshots of a representative trajectory and the
time evolution of some representative distances. In particular, we point out the significant
“roaming” part of the trajectory (between about 2 and 3.7 ps) which corresponds to the
formation of a (relatively) long-lived ion-molecule complex: the S,-O; distance is < 2 A when
a cyclic structure is formed around which the incipient HSO3™ ion is moving freely. In this
same portion of the trajectory the S,-O4 and S,-S; distances increase (the incipient ion is not
flying away but just roaming around as one can see from the snapshots of Figure 5 and the
136.mpg movie in the supporting materials). At about 3.7 ps, the S, atom makes a bond with
O4 (which is the oxygen atom of the OH group) and thus the S,-O, distances is stabilized.
Consequently, the S,-S; distances largely increases corresponding to leaving of neutral SO..

The release of -OH" from HSOj3" is the main event in the lifetime of the ion-neutral complex,
leading to m/z 136, but we observed (in few cases) another possibility, namely HSO3;" may
pick up a proton from the neutral ring, yielding neutral H,SO3, while the deprotonated ring
opens and yields m/z 74 by CO; loss.

| \_<
OH o HO 9/ "\ i
NH 0 A\ S50 e=0 % o °
m/z@00 "2 o—lc. f? S =0 —= SOymm \ ( — s 0
v “oH \—< NH, NH,

éa o 7 m/zB1 NH, m/zA36 m/zA36
o:ls\ mem ¢ Ne—g Roaming
OH
m/zB1 NH
2 N X
v S 7\ 0
(o) S C=0 —> Il
o I ! G\ s+t S—C=——=C—NH, +HLO,
1) /O 0=s H C% 20N H H
I N “oH 2 HO OH
o=s. * 3 =0 NH,
N m/zB1 m/z@4
OH
m/zB1 NH,

Scheme 2. Mechanism responsible of the formation of ions at m/z 81, 136 and 74 from the
common intermediate long-lived ion-molecule complex.
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Figure 5. A PM6-D trajectory example (internal energy 7.2 eV) for the formation of m/z 136
via roaming in an ion-neutral complex. In the panel on the left we show some representative
snapshots while the right panel displays the time evolution of three interatomic distances

which characterize the fragmentation highlighting the roaming time.
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Figure 6. Potential energy surface corresponding to the formation of m/z 74, 81, 136. Results
at CCSD(T)/aug-cc-pVDZ//B3LYP/6-311++G** + ZPE level of theory are shown. Energies
are in kcal mol™. Transition state structures are labeled in red, minimum structures in blue.
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The potential energy curve for formation of ions at m/z 74, 81, and 136 is shown in Figure 6,
together with the corresponding energies calculated at the CCSD(T)/aug-cc-pVVDZ//B3LYP/6-
311++G(d,p) + ZPE level of theory. In this case the critical tight TS is TS_B2 from which is
possible to form the intermediate M_B2. From this structure three ions may be obtained: m/z
81, which corresponds to the direct loss of HSO3" via S-S bond breaking, and m/z 136 and 74
via the aforementioned roaming mechanism.

A number of reactions have been discovered to bypass the minimum energy path along the
PES and proceed through uncommon geometries and mechanisms,” as for example the
aforementioned “roaming”. This mechanism has recently been detected in a number of
experiments, 0717273 74TSI6TTT879 a9 \vell as observed in simulations and theoretical
studies.®®®® However, this is the first time that roaming has been observed in fragmentation
simulations of a relatively large system representing a modified amino-acid.

Roaming can be identified in those reactions in which the dissociating fragments initially
sample the flat long-range part of the PES and then come back to strong interaction region
possibly avoiding the minimum energy path.®®®® A well-documented example can be found in
the study of the dissociation of formaldehyde.”®" In this example, the dissociation pathway
which follows the direct pathway leads to the formation of the radical product (H + HCO),
while the pathway with a roaming mechanism has also been observed. Here the reaction starts
with the separation of the two incipient fragments (H — HCO) that then resume strong
bonding interactions to form the products H, + CO. This mechanism can be easily compared
with the one observed in the present study on the dissociation of L-cysteine sulfate anion. The
product following the direct pathway here corresponds to the product ion at m/z 81 +
C3NSO,Hs. In some trajectories, however, the two dissociating incipient fragments return
close to each other and form the products m/z 136 + SO,, representing the roaming product.
The presence of the long-range ion-molecule attractive interaction between m/z 81 and
C3NSO,Hs provides the conditions for the roaming path.®®

A debated aspect in roaming reactions concerns the nature of the transition state.®®"® Despite
attempts to identify roaming transition states as first-order saddle points,® the comparison
between experimental rate constants and the ones calculated via these transition states always
failed.”® Attempts in locating a transition state via variational transition state theory were done
but it represents a challenge for reactions whose trajectories bypass any clear minimum
energy path.®® These difficulties were at the origin of the failure in clearly characterizing any
transition state. Some saddle points were found but in fact did not lead to reactants and/or
products when doing subsequent IRC calculations.

Energetically, it is important to notice that TS B2 is lower in energy than TS_A2 which
corresponds to formation of the ion m/z 113 (Figure 4). This suggests that the system should
favorably proceed towards intermediate M_B2 rather than M_A2 (and thus m/z 113).

While m/z 74 may be formed via a roaming mechanism, in simulations we mostly observed a
much simpler mechanism depicted in Scheme 3. The fragmentation starts with proton transfer
from —COOH to —SO3. Subsequently a second proton is transferred from —CH,— to the SOzH"
group, with elimination of neutral H,SO3, which finally leads to formation of m/z 74. Note
that we have tested also other mechanisms, for example formation of a cyclic neutral
fragment (CH,-S-S0,-O) which could release m/z 74 from M_0 or M_AL1, but this product is
much higher in energy and not feasible (106.8 kcal mol™ versus 38.5 kcal mol™ for the
mechanism in Scheme 3).
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Scheme 3. Mechanism for the formation of ion m/z 74 mostly observed in chemical dynamics
simulations.

Experiments have suggested that m/z 74 is also formed from subsequent fragmentation of m/z
136. Due to limitation in the simulation time scale, simulations starting from m/z 200 and
forming m/z 136 do not proceed towards further fragmentation products. We have thus run
trajectories using m/z 136 as the initial structure and then giving an excess energy of 4.3 and
5.3 eV in order to confirm the structure of m/z 74 and to elucidate this other possible
mechanism. Note that these activation energies correspond to 5.5 and 6.5 eV with respect to
the precursor ion (forming m/z 136 costs about 1.2 eV) and they provide a mild activation. As
a result, we obtained ions m/z 74 with the same structure as the one obtained by direct
fragmentation of the precursor ion, though via a different mechanism which is presented in
Scheme 4.

H\@’\‘ X0,
CO H @\ (O H/O\\V M,0 o
s<> JO=0 = S =0 T STCH=CH—NH,
CH |CH CH |CH m/284
NH2 NH2
m/zA.36 m/z@36

Scheme 4. Mechanism for the formation of ion at m/z 74 as observed in chemical dynamics
after activation of ion at m/z 136.

4.3 Other products

Fragmentation mechanisms leading to the m/z 120 and 33 fragment ions as obtained from the
chemical dynamics simulations are illustrated in Scheme 5. While the process that yields m/z
120 consists of a simple S-S cleavage with elimination of SOs, the dominant dissociation
channel of sulfonated peptides,® the formation of m/z 33 may result from several routes. The
most frequently observed path is shown in Scheme 5.

Noteworthy, the anionic conjugate base of cysteine, [cys-H] anion at m/z 120, has been
widely scrutinized in the gas phase by extensive experimental and theoretical investigations.
Although the thiolate (-S") structure is calculated to be 1.4-3.8 kcal mol™ more stable than the
carboxylate (-CO,) isomer,® identification of the two forms has been attained by means of
different techniques. Vibrational spectroscopy of bare [cys-H] anion assayed at room
temperature has evidenced asymmetric and symmetric carboxylate stretching signatures, that
imply deprotonation at the cysteine carboxylic site.®>**® Differently, gas-phase H/D exchange
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and acidity measurements backed by DFT calculations revealed deprotonated cysteine to be a
thiolate species,® while cryogenic ion vibrational predissociation (CIVP) spectra of ions
cooled at 10 K recently pointed to a [cys-H] structure where the proton is significantly shared
between both thiolate and carboxylate termini.®

In chemical dynamics simulations, we observed formation of m/z 120 by direct cleavage of S-
S and during the simulation time we did not notice any further proton transfer event allowing
population of the structure deprotonated at the carboxylic site.

A o o
0
e Q
0=S5—S$ OoH — S OH  +HMIS0,
©
0 NH, NH,
m/z®00 m/zA20
B
0
T @ o
~ =\ +EFRC O, TS O
o:|5®_5<) OH — SH + NH, 2 3
o) NH, m/zB3

m/z200
Scheme 5. Mechanisms responsible for the formation of ions at m/z 120 (A) and m/z 33 (B).

5. Conclusions

On the basis of chemical dynamics simulations and calculation of the PES profile, a
rationalization of CID experiments was formulated. For the first time, trajectories obtained
from both explicit collision and internal energy activation were used to provide initial guess
structure for automatic identification of reaction pathways in terms of minima and TS via the
TSSCDS software. In this way, a comprehension of products and mechanisms involved on the
CID of a relatively complex molecule was possible by combining the two theoretical
approaches.

Concerning the formation of most relevant products m/z 81, 136 and 113, the fragmentation
paths leading to these ions all involve more or less extensive rearrangement processes when
the M_0 ground state geometry of [cysS-SOgz] is considered as the starting point and they are
summarized in Figure 7. The relevant information can be summarized as follows:

17



m/z@B10e
m/zB140

v

m/zA368

Figure 7. Schematic PES corresponding to the formation of ions at m/z 81, 136 and 113.
Results at CCSD(T)/aug-cc-pVDZ//IB3LYP/6—311++G*# + ZPE level of theory are shown.
Values are in kcal mol™. Transition state structures are labelled in red, minimum structures
in blue. In the black square, there are the lowest energy conformers of the precursor ion at
m/z 200.

The ion at m/z 136 is formed via a mechanism involving roaming of two partners in an
ion-neutral complex. The pathway connecting M_B2 to m/z 136 is less energy
demanding than those leading to m/z 81 and the experimental evidence points to ion
m/z 136 as the kinetically favored species in a low energy activation regime. To the
best of our knowledge, this is the first time that a roaming mechanism is identified
from chemical dynamics simulations related to a CID product. This mechanism
resembles the well-known formation of ion-neutral complexes which is a typical
mechanism in mass spectrometry.®>% Roaming is the dynamical counterpart of this
mechanism, since it implies the formation of such complex as well as the motion of
the incipient leaving part and subsequent ion-neutral reaction to form novel species.

Given the shape of the potential energy curve depicted in Figure 7, it is likely that,
prior to further events, the system has time to probe all minima framed by the black
rectangle, involving rotation about sigma bonds and proton transfer steps in the
precursor ion at m/z 200. While formation of the m/z 113 fragment may suffer from a
statistically unfavorable bottleneck due to the need of breaking two bonds and
localizing excess energy into them, the formation of m/z 136 and m/z 81 occur in
parallel from the same ion-neutral complex, as described in Figure 6. However, m/z
136 requires an intermediate long-lived complex whereby a formal OH" transfer
process is allowed after probably extensive roaming and sampling of relative positions
by the two partners [HSO3]” and C3HsSNO,. At low internal energy, the ion-neutral
complex is sufficiently long-lived to finally lead to the thermochemically favored
product.®”®® The appearance of m/z 81 comes instead from direct dissociation of the
complex, so it is not surprising that this ion is the favored fragment when the collision
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energy is increased in the CID experiments. This entropically favored product
increases in importance with increasing internal energy.

e Finally, one may note that in spite of the simple composition and low mass, the
fragmentation pattern of [cysS-SOgs] is highly varied and dependent on the energy
delivered on the fragmenting species, demanding sophisticated computational tools to
gain an albeit partial insight. It has been a remarkably favorable finding that the
fragmentation product at m/z 136 has provided a route to the cysteine sulfenic anion, a
prototypical example of highly elusive biochemical intermediates. These observed
main fragmentation channels are largely different from the typical dissociation paths
of cysteine anion,®® where the main fragments are loss of neutral CH,S and formation
of SH’, which can result in important differences when such PTM is incorporated in a
peptide. Forthcoming experimental and theoretical works on the effect of sulfation on
model peptides is foreseen to achieve widespread biochemical significance.
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