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Abstract

The gas-phase interactions between Ca2" and cysteine (Cys) have been investigated through the use
of electrospray mass spectrometry techniques and B3LYP/6-311++G(3df,2p)//B3LYP/6-311+G(d,p)
density functional theory computations. The unimolecular decomposition of collision-activated
[Ca(Cys)]** is dominated by the loss of ammonia, a Coulomb explosion yielding NH," and
[CaC3H30,S]" and the loss of H,S. The detection of lighter [CsH30S]" monocations indicates that
the [CaC3H,0,S]** doubly charged species produced by the loss of ammonia, undergo a subsequent
Coulomb explosion yielding [CsH3z0S]" + CaOH™. This [C3H30S]" cation would finally decompose
into [C,H3sS]" + CO. Alternatively, the aforementioned [CaCsH40,S]** dications may also lead to
lighter [CaCO,]*" and [CaC,H4S]** dications by the loss of C,H,S and CO,, respectively. A detailed
theoretical exploration of the Ca®*/Cys potential energy surface indicates that the salt-bridge
structures, in which the metal dication interacts with the carboxylate group of the zwitterionic form
of cysteine, are at the origin of the different reaction pathways leading to the observed product ions,
even though they lie higher in energy than the charge-solvated adduct in which the metal interacts
simultaneously with the carbonyl oxygen, the amino and the SH group of its canonical form. The

interaction between the metal cation and the base is essentially electrostatic, the calculated binding



energy being 560 kJ mol™.

1. Introduction

Among the natural aminoacids, cysteine (Cys) presents some interesting peculiarities because,
together with methionine, are the only ones which contain sulfur in their composition. The sulfur
site is believed to play a crucial role on its complexation with metals, in particular with toxic
metals. Actually, Cys seems to reduce the cadmium-induced hepatic and renal toxicity.!*! Besides,
some algae are able to counterbalance the excess of toxic metal ions, such as Pb**, Cd*", Cu?**, Zn**
and Hg, by synthesizing phytochelatins, which are peptides rich in Cys./? In general, it can be
asserted that the interactions of Cys with other multiply-charged metal cations, namely Fe, Co, Zn,
cd,B have also a large importance in biology. At the same time its S-H group can be easily oxidized
to yield the so called cystine in which two Cys moieties are attached to each other by a disulfide
bond.!! On the other hand, Cys can also act as a protector again induced radiation damage, ™ and it
plays a significant role in energy conversion processes through electron transfer mechanisms.

It is also well established that metal ions trigger a large variety of processes in the living beings.
For the particular case of Cys, metal cation binding drastically decreases Cys' pK,, thus facilitating
the change of the thiol into a thiolate group./”” Ca®" also has a very rich biochemical activity, and it
is engaged in many phenomena in the physiological medium. It contributes, for instance, to enhance
the base-pair dissociation energy,® catalyzes the proton transfer between guanine and cytosine,®®!
triggers an assisted intramolecular proton transfer in uracil dimers,'®! participates in the regulation of
muscle contraction,!” or in the thermal stabilization of proteins, and increases the melting
temperature of the DNA double helix.™! Additionally, the gas-phase doubly charged species usually
present many peculiarities derived from the fact that they may be metastable with respect to their
fragmentation in two monocations in a typical Coulomb explosion. D. Schroeder has dedicated
particular attention to this question and some of his papers were seminal in this particular field. *?

For all the aforementioned reasons, it is of relevance to have a clear idea of the reactions that the
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association of Ca®* can trigger in Cys. In particular, the possible competition between Coulomb
explosions, which were found to be dominant for other smaller aminoacids,!*®! and fragmentations
in which new lighter doubly-charged species are formed through the loss of neutral fragments.
Hence the main goal of the present paper is the study of the gas-phase reactions between Cys and
Ca®* through the combination of electrospray ionization/mass spectrometry techniques and density
functional theory calculations, which would allow to unambiguously identify the different products
detected in collision induced dissociation processes and to propose suitable reaction mechanisms

accounting for the observed unimolecular reactivity.

2. Experimental Section

Electrospray mass spectra were recorded on a QSTAR PULSAR i (Applied Biosystems/MDS
Sciex) hybrid instrument (QqTOF) fitted with a nanospray source. Typically, 6 uL of aqueous
mixtures of calcium chloride (1072 mol L™) and Cys (1072 mol L™*) were nanosprayed (20-50 nL
min~t) using borosilicate emitters (Proxeon). Samples were ionized by using a 900 V nanospray
needle voltage and the lowest possible nebulizing gas pressure (tens of millibars). The declustering
potential (DP, also known as “cone voltage”), defined as the difference in potentials between the
orifice plate and the skimmer (grounded), ranged from 0 to 30 V. To improve ion transmission and
subsequently sensitivity during the experiments, collision gas (N,) was present at all times for
collisional focusing in both the QO (ion guide preceding Q1 and located just after the skimmer) and
Q2 (collision cell) sectors.

For MS/MS spectra, complexes of interest were mass selected using Q1, and allowed to collide with
nitrogen as collision gas in the second quadrupole (Q2), the resulting fragment ions being analyzed
by the time-of-flight (TOF) after orthogonal injection. Furthermore, MS/MS spectra were
systematically recorded at various collision energies ranging from 7 eV to to 14 eV in the laboratory
frame (the collision energy is given by the difference between the potentials of Q0 and Q2). The

CAD parameter, which controls the amount of N, introduced into Q2, was set to its minimum value
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in order to limit multiple ion—molecule collisions. Note that, as discussed in previous papers,
MS/MS spectra are very likely obtained under multiple-collision regime.**!
Cysteine and calcium chloride were purchased from Aldrich and used without further purification.

All experiments were performed in Milli-Q purified water.

3. Computational Details

Density functional theory (DFT) calculations were performed by using the Gaussian09 [29] series
of programs.™® Taking into account that Cys is conformationally very rich, the Avogadro 1.0.0 suite
of programs*® was used to built up initial geometries. Among the great variety of functionals
available, we have chosen the B3LYP hybrid approach™™ since it has been found to be particularly
well suited for the description of Ca®* complexes, and provides also good results when dealing with
the interactions of other aminoacids and Ca?*.™*> '8 The geometries of the different stationary points
on the Ca/Cys®* potential energy surface (PES) were optimized by using a 6-311+G(d,p) basis set.
Harmonic vibrational frequencies were computed, at the same level, to classify stationary points as
local minima or transition structures (TS), and to estimate the zero-point vibrational energy (ZPVE)
corrections. To better compare with the experimental observations, the enthalpies of the processes
investigated were obtained after adding to the total energies the translational, rotational and
vibrational thermal corrections calculated at 298.2 K. Intrinsic reaction coordinate (IRC)
computations were used to confirm the connectivity between the located transition states and their
adjacent minima. In order to increase the accuracy of our total and relative energies, single point
calculations have been carried out by using a more flexible 6-311++G(3df,2p) basis set.

In order to gain some insight in the bonding between Ca®* and Cys we have used two different
approaches, namely the atoms in molecules (AIM) theory ™ and the electron localization function
(ELF) theory!?®. The former is based on a topological analysis of the electron density which permits
to define the molecular graph, as the ensemble of local maxima of the density (at the nuclei), the

first order saddle points, usually named, bond critical points (BCPs), and the lines of zero gradient
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of the density, or bond paths, connecting them. The ELF approach permits to divide the molecular
space in basins associated with the probability of finding bonding electron pairs (disynaptic basins),
as well as core or lone-pairs (monosynaptic basins), whose electron population provides useful
information about bonding. The molecular graphs and the plots of the energy density, within the
framework of the AIM theory were obtained by means of the AIMAII code.” The ELF plots were

obtained by using the TopMod package.®

4. Results and Discusion

4.1. Mass spectrometry experiments

A typical positive-ion nanospray spectrum of an equimolar aqueous mixture (10 M) of calcium
chloride and cysteine is presented in Figure 1la. This particular spectrum was obtained at DP=0 V,
which corresponds to the mildest source/interface conditions. This spectrum is dominated by a peak
detected at m/z 122.02 which corresponds to protonated cysteine. This is not surprising given the
rather high proton affinity of this aminoacid as compared to that of water.%*]

Apart from protonated cysteine, several series of calcium-containing species can be observed. The
first one corresponds to hydrated calcium dications [Ca(H20)n]** (n = 2,3), detected at, 37.99 and
46.99, respectively. Their intensity is generally significant at very low DP. Presently, their small
abundance is imparted to the very favorable protonation process of the aminoacid. Calcium
hydroxide (m/z 56.97) is also detected but remains weak over the all range of DP values considered.
In addition, doubly-charged complexes of general formula [Ca(Cys)p]2+ (p=1-2) are also observed
with a significant intensity, at m/z 80.49 and 141.101, respectively. A hydrated [Ca(Cys).H,0]** ion
is also detected at m/z 89.50. The abundance of the [Ca(Cys)]*" ion (m/z 80.49) is maximum for
DP=0 V. Increasing the DP value results in the fast removal of the doubly-charged complexes by "in
source" fragmentation processes. At high DP values, the spectrum is dominated by the cysteine
immonium ion (m/z 76.02), resulting from the loss of 46u from the protonated cysteine. Such

fragmentation is typical of protonated aminoacids. However, it is worth noting from Figure 1a that
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“in-source” fragmentation already occurs at the lowest DP. The elimination of 46uma is already
observed, together with deamination of protonated cysteine (m/z 105.00) and other in source
fragment ions coming from the doubly-charged [Ca(Cys)]** ion (vide infra). Finally, a singly
charged complex of general formula [Ca(Cys)-H]" is also detected, albeit in weak abundance.

We set the DP parameter to 0 V to record the MS/MS spectra of the [Ca(Cys)]** complex, the CAD
parameter being set to its minimum value (1). On our instrument and for this particular system, the
smallest collision energy in the laboratory frame (E,ap) for which sufficient amount of fragment ions
can reach the detector, was 7 eV, and at this value dissociation of the precursor ions already readily
occurs. Ejap was scanned from 7 to 14 eV, N, being used as target gas. This corresponds, for the
doubly-charged complex [Ca(Cys)]**, to center-of-mass collision energies (Ecy) ranging from 2.07
to 4.15 eV. The CID spectrum obtained at 10 eV (laboratory frame) is given in Figure 1b. It turns
out that the unimolecular reactivity upon collision of the [Ca(Cys)]** ion differs markedly from
what we observed for the [Ca(Glycine)]** ion since with cysteine, the CID spectrum exhibits much
more fragment ions.*¥) As shown in this picture, the MS/MS spectrum is characterized by a very
abundant ion detected at m/z 71.98, which corresponds to the elimination of ammonia. The second
doubly charged fragment ion observed is detected at m/z 63.50 and is associated with the
elimination of hydrogen sulfide (H.,S). It is worth noting that ammonia loss has been observed with
glycine, but only to a very minor extent. Finally, the last dissociation channel involving the initial
complex is a charge separation process, leading to two singly charged ions, namely m/z 18.03 and
142.95, that can be attributed to NH4" and [Ca(Cs,H3,02,5)]" , respectively. Examination of the
remaining m/z ratios indicates that these fragment ions arise from secondary dissociation processes.
In order to get more insights about the dissociation sequence, we increased the DP parameter so as
to induce fragmentation within the ESI interface. This allowed MS/MS spectra of the fragment ions
to be recorded. From this set of experiments the dissociation scheme displayed in Figure 1b could
be deduced. The two first ones correspond to elimination of two neutral moieties, namely CO, and

C,H,;S, leading to m/z 49.98 and 41.97, respectively. The third process is a Coulomb explosion,
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giving rise to two singly charged fragments, namely calcium hydroxide (m/z 56.96) and

[Ca,H3,0,S]" (m/z 86.99).
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Figure 1. a) Positive-ion nanospray spectrum of an equimolar aqueous mixture (10M) of calcium
chloride and cysteine and b) low-energy MS/MS spectrum of the [Ca(Cys)]** complex (m/z 80.49)
recorded at a collision energy of 10 eV (laboratory frame).

In turn, this latter species expels a CO molecule to lead ultimately to [C2,H3,S]" (m/z 58.99). Finally,
the last abundant fragment detected (m/z 98.95) originates from m/z 142.95 through loss of carbon
dioxide. Its MS/MS spectrum is characterized by a single process corresponding to the elimination
of acetylene and the formation of CaSH" (m/z 72.94).

To summarize, although less studied experimentally than monocations, the interaction of divalent
ions seems to result in numerous fragment ions upon CID, as attested by the present report and by a
previous study dealing with Co(Il) complexes.! The unimolecular reactivity upon collision of the
[Ca(Cys)]** complex is much richer than the one observed with monocations and notably alkali
metals. Recent threshold collision induced dissociation studies have shown that M*-cysteine
complexes (M= Na, K, Rb, Cs) react solely by loss of the intact cysteine,’?* while lithiated cysteine
also dissociates by deamination.*** 2! Finally, the behavior of the [Ca(Cys)]>" and [Ca(Gly)]*
complexes upon collision are markedly different, the latter leading to abundant calcium hydroxide
and immonium ion through two-step processes.[*¥! Such dissociation processes are not encountered

with cysteine.

4.2. Structure, stability and bonding of [Ca(Cys)]?" complexes

As it was reported before,?® the most stable [Ca(Cys)]2" adduct corresponds to a charge-solvated
structure, a, in which the metal dication appears tri-coordinated to the carbonyl oxygen, the amino
nitrogen and the sulfur atom of the S-H group of the canonical form of the aminoacid (see Figure

2), similarly to what has been found before for the [Ca(serine)]2* complex.!*™
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Figure 2. Enthalpy profiles connecting the most stable Ca** adducts to the canonical (a-d) and the
zwitterionic  (a(z)-f(z)) forms of cysteine. Relative enthalpies calculated at B3LYP/6-
311++G(3df,2p)//B3LYP/6-311+G** level of theory at 298.2 K, are in kJ mol™

Slightly higher in energy there is a similar structure, b, which differs from the previous one by the
relative orientation of the S-H group. A further internal rotation of the OH group leads to a third
local minimum, ¢, which lies 25 kJ mol™ above the global minimum. A more demanding
conformational process leads to the breaking of the Ca-NH, interaction, through the transition state
TSeq, Yielding complex d, which has an arrangement that favors a proton transfer from the OH
group, through a very low activation barrier, towards the amino group producing a salt-bridge
complex, e(z), in which the metal dication interacts with a zwitterionic form of Cys. In what
follows, we will name these kinds of complexes in alphabetic order, starting from the most stable,
but adding (z) to indicate that they involve a zwitterionic form of the aminoacid. An isomerization
of structure e(z) yields a(z) and b(z), which are almost degenerate and only 7 and 8 kJ mol™, higher
than the global minimum, respectively. These salt-bridge structures are connected with other two

local minima, c(z) and d(z), 10 and 12 kJ mol™, above the global minimum, respectively. It should
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be noted that in all the a(z)-e(z) complexes the metal dication forms a bridge between the two
oxygen atoms of carboxylate group of the zwitterionic form of Cys (see Figure 2).

A mixture of charge-solvated and zwitterionic forms should be present in our instrument. As a
matter of fact, although the canonical form of cysteine is predicted to be 15 kJ mol™ lower in energy
than its zwitterionic counterpart in the gas-phase, in aqueous solution, using a polarized continuous
model (PCM) the latter is predicted to be 65 kJ mol™ more stable than the former. Hence, taking
into account that during our experiments gaseous ions are generated by electrospray ionization from
aqueous solutions, a large presence of a(z)-f(z) complexes should be expected together with
charged-solvated species. As shown in Figure 2, the isomerization to go from charge solvated
structures to salt bridge ones proceeds through a barrier of 98 kJ mol™. In presence of solvent,
lowering of this isomerization barrier through water-assisted mechanisms cannot be excluded. In
addition, this activation barrier can also be easily crossed during the collisional activation process
occurring within Q2, given the center of mass collision energies used during experiments.
Consequently, the formation of both types of structures during our experiments appears very likely.
It is also worth noting that structures a, b, d, a(z) and c(z) were also found to be local minima on the
PES when the interaction involves alkali metal ions, structure a being also the global minimum.
However, the relative energies for these structures for Ca®* are at variance with respect to those
calculated for alkali metal ions, in particular for Li*. Also, the interactions with doubly-charged
transition metal ions, namely Zn®*, Cd** and Hg®" yield as the most stable structure complex a.
Conversely, for Cu?* complex a is not the global minimum as it lies 7.1 kJ mol™ higher in energy
than the complex shown in scheme 1. This is also at variance with the behavior of Cys with respect
to Ca®" because this structure, although a local minimum of the PES, lies 139 kJ mol™ higher in

energy than the global minimum a.
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Scheme 1. The most stable [Cu(Cys)]** complex becomes 139 kJ mol™ less stable than structure a
when Cu®" is replaced by Ca*".

The calculated cysteine-Ca?* binding energy (560 kJ mol™) is significantly higher than that
exhibited by urea (453 kJ mol™) and also higher than that calculated for glycine (516 kJ mol™). This
finding is in line with the different bonding patterns in these systems. While with Cysteine Ca**
appears, as mentioned above, tri-coordinated, within urea/Ca®* global minimum Ca®* is
monocoordinated to the carbonyl oxygen, whereas with glycine Ca** is di-coordinated to the
carboxylate group of glycine's zwitterionic form. Indeed, an analysis of the electron density of the
global minimum a, shows the existence of BCPs between the metal and the three basic sites of the
aminoacid as well as the existence of a cage critical point (see Figure 3a). Also coherently, three
disynaptic basins V(Ca,0), V(Ca,N) and V(Ca,S) appear in the corresponding ELF (see Figure 3b).
Note however that the population of the core of calcium is very close to 18 e-, ratifying that no
significant charge transfer occurs from Cys towards Ca®*. This clear electrostatic nature of the
cysteine-Ca?* interaction is also viewed in the plots of the energy density which show well-defined

positive areas between the basic sites of cysteine and the core of Ca** (see Figure 3c).



12

Cay
0027~ -><\0.036
o J " N
¢ 0.048 N —_—
S e ) ) 2= @)
b e b O.',‘ = \Y
01630 ©® 0387 ). e
024 ; ~Jle ~
+® 0340 .\ N\ JN e
° z\oz‘is \ .\/ \ (‘ \ k
. 9310256 ¢ * . \

/
0310

Figure 3. Molecular graph (a), ELF (b) and energy density plots (c) for the most stable [Ca(Cys)]**
adduct. For the sake of comparison the molecular graph of isolated cysteine is shown in (d). The
electron densities of the molecular graphs are in a.u. and the populations of the ELF in e-. Dashed
red lines and solid blue lines in (c) correspond to positive and negative values of the energy density,
respectively.

However, the existence of disynaptic basins involving calcium atom, is a clear indication that
although the interaction is essentially electrostatic there are significant polarization effects due to
the strong coulombic field created by the metal dication. Indeed, a NBO analysis™® shows
significant second order interaction energies between the empty orbitals of the metal ion and the
lone pairs of the N, O and S atoms interacting with it. Consistently, a comparison of the molecular
graph of the [Ca(Cys)]** complex and that of the isolated Cys (see Figure 4d) shows a significant
activation of the three bonds, C=0, C-N and C-S directly interacting with the metal, whose electron
densities significantly decrease on going from the isolated aminoacid to the Ca®* complex. These
polarization effects are also transmitted to the C-C-C chain, where the C-CO bond reinforces,
whereas the C-CS bond weakens. Also simultaneously the C-OH bond also reinforces slightly.

It is worth noting that the possibility of tri-coordination in cysteine-Ca?* complexes explains why

the global minimum involves the canonical form of this aminoacid, whereas the complexes in
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which the interaction occurs with the carboxylate group of the zwitterionic form lie higher in
energy, at variance with what was found for glycine. This also explains the enhanced binding

energy of Ca" to cysteine, with respect to glycine.

4.3. Collision Induced Dissociation mechanisms

4.3.1. Loss of Ammonia

As indicated in previous sections, the dominant peak in the MS/MS spectrum corresponds to a
doubly-charged species arising from deamination. Obviously, the most favorable precursors for

such fragmentations are complexes a(z)-f(z) in which the metal ion interacts with the carboxylate

group of the zwitterionic form of cysteine. {a-this—respeet—t-should-benoted-that-altheugh-the
- I F F - - |. | | |5 | J I__l I - | - - - -

exploration of the mechanisms for the loss of ammonia shows that in all cases this fragmentation

implies a certain activation barrier (see Figure 4) which connects the salt-bridge complexes (a(z)-
f(z)) with an intermediate in which the NH3; molecule forms a hydrogen bonded complex with the
[C30,H3SCa]** doubly-charged species and which eventually dissociates yielding the Pi-Ps
doubly-charged products. The mechanisms with origin in a(z)-d(z) involve rather similar activation
barriers around 200 kJ mol™ and lead to [C30,HsSCa]** products which only differ in the local
conformation of the HC-CH,-SH group. It is worth noting, that in principle is also possible to lose
NH; from salt bridge complexes in which is the proton of the SH group the one that is transferred

towards the amino group. However, as shown in Figure S1 of the supporting information, this
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mechanism leads to products which lie much higher in energy than P1-Ps.
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Figure 4. Enthalpy profiles associated with the loss of ammonia from complexes a(z), ¢(z) and f(z).
Relative enthalpies (kJ mol™) are calculated, with respect to the global minimum a, at the B3LYP/6-

311++G(3df,2p)//B3LYP/6-311+G** level of theory at 298.2 K.

4.3.2. Subsequent fragmentations after the loss of ammonia

4.3.2.1. Formation of [Ca(CO,)]**

From the doubly-charged ions produced in the loss of ammonia, the most straightforward process
would be the formation of [Ca(CO,)]**, since this fragmentation implies the direct cleavage of the
HC-CO,Ca bond, yielding a linear OCOCa?* dication and a H,C=CH-SH neutral which lie 216 kJ

mol™ above Pi. It should be noted however, that in all cases the departure of CO,Ca*" is
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accompanied by an isomerization of the remaining organic residue. As a matter of fact, the breaking
of the CH-CO,Ca bond would lead to a HS-CH,-CH fragment. However, a scan of the
aforementioned bond cleavage (see Figure S2 of the supporting information) indicates that a
simultaneous cleavage of the HS-CH; bond and the formation of a HS-CH linkage takes place, so

that the final structure of the organic subunit is H,C=CH-SH.

4.3.2.2. Consecutive loss of [CaOH]" and CO

The other observed fragmentations, the loss of [CaOH]" + CO or the loss of CO, require necessarily
some previous isomerization. For the loss of [CaOH]" prior to the fragmentation of P1-P3 a proton
transfer towards one of the oxygen atoms has to take place, to facilitate the subsequent formation of
[CaOH]". Three possible mechanisms can be envisaged depending whether this proton comes from
the CH, group of P; yielding complex P14 (see Figure 5a), the CH group of P; yielding complex

P1. (see Figure 5b), or the SH group of P, yielding P, (see Figure 5c).
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charged ions, Py and P,, produced after the loss of ammonia. Relative enthalpies (in kJ mol™),
calculated at the B3LYP/6-311++G(3df,2p)//B3LYP/6-311+G** level of theory at 298.2 K, are
referred to P;.

As shown in Figure 5c¢ the conversion of P, to P, is the most favorable of the three processes since
it involves a much lower activation barrier than the other two. Once Py, is produced, the formation
of [CaOH]" takes place through an additional barrier of 117 kJ mol™ yielding a three-membered
cyclic structure which eventually loss CO to yield as a final product a CH,-CH-S™ cation. This
mechanism should compete however with the one with origin in Py (Figure 5a), because although
the barrier connecting P; and P12, is much higher than the one connecting P, to P, is practically
equal to that involved in the loss of [CaOH]" from in P,,. The alternative mechanism through the
P1., (Figure 5b) is not competitive with the other two, since both steps, the P; - P1z isomerization
and the posterior loss of CaOH" involve rather high activation barriers. Note that in the mechanism
with origin in Py the final loss of CO occurs through an activation barrier of 138 kJ mol™ above the
reactant, whereas for the mechanism with origin in P, the loss of CO is only thermodynamically
controlled. In fact, in the first mechanism the cleavage of the HC-CO bond is accompanied by a
simultaneous hydrogen shift from the central CH group to the terminal one (see Figure S3 of the
supporting information), yielding a CH,=C-SH" ion, which lies 30 kJ mol™ lower in energy than
CH,-CH-S" produced in the second mechanism. In summary, the sequential loss of ammonia,
CaOH" and CO, yields two different conformers of the product ion, which are interconnected by an

activation barrier of 301 kJ mol™ (see Figure S4 of the supporting information).

4.3.2.3. Loss of CO,

The mechanism associated with the loss of CO; is necessarily more convoluted, its precursor being
a complex Ps in which the metal dication bridges between CO, and thioacetaldehyde, CH3-C(S)-H.
The most favorable mechanism to reach this complex from the most stable P; doubly-charged

species is shown in Figure 6. The first step is the isomerization through a barrier of 172 kJ mol™ of
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P, to reach the P3 isomer. Note that P; can be alternatively produced by the fragmentation of the
f(z) complex (see Figure 4). A hydrogen shift from the SH group of P3 to one of the carbonyl
oxygens, triggers a simultaneous proton transfer from the SCH, group towards the CH one, leading
a much more stable P, dication, connected by an internal rotation of its OH group with the
conformer P4,. A proton transfer from its OH group towards the CH, group results in the H,C-O
bond cleavage and the formation of complex Ps. From this doubly-charged intermediate, two
possible fragmentations are possible depending whether the bond that cleaves is the S-Ca or the O-
Ca. The latter process is the most favorable one from the thermodynamic viewpoint, leading to the

loss of CO,, whereas the alternative loss of thioacetaldehyde is found to be 110 kJ mol™ less

favorable.
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Figure 6. Mechanism associated with the loss of CO, from the most stable doubly-charged ion, P,
produced after the loss of ammonia. Relative enthalpies, calculated at the B3LYP/6-
311++G(3df,2p)//B3LYP/6-311+G** level of theory at 298.2 K, are in kJ mol™.

4.3.3. Loss of H,S

For the sake of simplicity the mechanism for the loss of H,S has been investigated only with origin
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in the most stable salt-bridge complex a(z). The first step of the process (see Figure 7) involves an
internal rotation around the NC-CS bond yielding a new conformer a(z)1 in which the hydrogen
shift from the CH group towards the SH group is much easier. This hydrogen shift, which involves
a further activation barrier of 144 kJ mol™, is followed by a C-S bond cleavage, yielding a complex
c1 in which the H,S molecule is hydrogen bonded to the amino group of the CH,=C(NH3)-CO,Ca**
moiety. Consequently, the dissociation of this complex into the product dication Ps and a neutral
H,S molecule implies an extra energy of 58 kJ mol™. Note that the limiting step of this mechanism
involves a barrier 24 kJ mol™ higher than the maximum activation energy calculated for ammonia

loss, is consistent with the observed dominant loss of ammonia.
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Figure 7. Enthalpy profile associated with the loss of H,S. Relative enthalpies (kJ mol™), calculated
at the B3LYP/6-311++G(3df,2p)//B3LYP/6-311+G** level of theory at 298.2 K, are referred to the
global minimum a of the potential energy surface.

Although, as mentioned above, it should be expected the salt-bridge complexes to be dominant

under electrospray experimental conditions, we have also explored the loss of H,S from the global
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minimum a. The corresponding energy profiles are plotted in Figure S5 of the supporting
information, showing that the different mechanisms found involve activation barriers significantly
higher than those in Figure 7. Similarly, the mechanisms with origin in other salt-bridge structures
such as c(z) or f(z) also involve barriers larger than those in Figure 7 Also the possibility of having a
1,2-H shift from the CH, group towards the SH one, instead of a 1,3-H shift from the CH group as
in Figure 7 was also considered; but again the activation barriers found were significantly higher
than in Figure 7. Hence, we must conclude that the most favorable mechanism for the loss of H,S

has its origin in the most stable salt-bridge complex a(z).

4.3.4. Coulomb explosions

One of the signatures of the experimental electrospray spectra of [Ca(Cys)]*" is the Coulomb
explosion into NH4" + [C3, Oz, S, Hs]". Obviously, the precursors for these processes should be the
salt bridge complexes a(z)-f(z), where the presence of a NH3 group is the ideal starting point to
generate NH;" ions through an appropriate proton transfer. After a careful analysis of these
processes two different proton transfer can be envisaged, those in which the proton comes from the
-SH group, and those in which this proton comes from the neighboring -CH, group. The first of
these processes is the one observed when the starting structure is the most stable salt-bridge
complex a(z). In this process, the activation barrier is associated with the weakening of the C-NH;3
bond which, as shown in Figure 8a, is accompanied however by a 1,2-H shift from the CH, group to
the CH one previously attached to the departing NH3 group. The process proceeds downhill as the
NH3 molecule approaches to the terminal -SH group. The last shoulder observed in the energy
profile corresponds to the proton transfer from the -SH group towards the ammonia molecule, to

finally yield monocation C; + NH,".
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(b) 12

Figure 8. Potential enthalpy curves corresponding to the two mechanisms associated with the
Coulomb explosions yielding NH,". Relative enthalpies (kJ mol™) are defined with respect to the
global minimum a.

A change in the conformation of the -CH-CH,-SH tail leads to a new conformer g(z) which lies 27
kJ mol™ higher in energy. This new conformer also undergoes a Coulomb explosion yielding NH,"
but through a mechanism in which the proton transfer to form the ammonium ion comes from the
-CH; group rather than from the -SH group. Both the products and the activation barrier lie higher
in energy than the corresponding ones in Figure 8a, so we should assume, in the absence of non-

statistical processes, that C; should be the ion which accompany NH," in these Coulomb explosion

processes.

Conclusions

The unimolecular decomposition of collision-activated [Ca(Cys)]** ions produced through
electrospray ionization, is dominated by three competitive processes, namely the loss of ammonia, a
Coulomb explosion yielding, NH;" and [CaC3H30,S]" and the loss of H,S. The observation of
peaks corresponding to m/z of 98.95 indicates that the [CaCsH30,S]" produced in the
aforementioned Coulomb explosion undergo subsequent fragmentations. Similarly, the detection of
lighter [CsH30S]" and [C,H3S]* monocations, indicate that the [CaC3H,0,S]** dications produced

by the loss of ammonia, undergo new Coulomb explosions in which the accompanying monocation
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is [CaOH]". The cation [C3H30S]" so produced would finally yield [C,H3S]" by the loss of carbon

monoxide. Alternatively, the aforementioned [CaCsH,0.S]** dications, also lead to lighter
[CaCO,)** and [CaC,H,S]** dications by the loss of C,H4S and CO, respectively. A comparison of
this behavior with that exhibited by other aminoacids such as glycine!*®! or other small biochemical
systems as urea,® thiourea,*” selenoureal™* or uracil,*! may permit to start foreseeing reactivity
trends of relevance both in biochemistry and gas-phase reactivity.

A detailed exploration of the Ca?*/Cys potential energy surface indicates that the structures in which
the metal dication interacts with the carboxylate group of the zwitterionic form of Cys are at the
origin of the different reaction pathways leading to the observed product ions, even though they lie
higher in energy than the adduct in which the metal interacts simultaneously with the carbonyl
oxygen, the amino and the SH group of its canonical form. The interaction between metal cation and

the base is essentially electrostatic, the calculated binding energy being 560 kJ mol™.
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Figure S1. Energy profiles associated with the loss of ammonia from salt-bridge complexes.
Relative energies (kJ mol™) are calculated with respect to the global minimum a.
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Figure S2. Scans for bond cleavage CH-CO,Ca from 1.52 to 5.52A. Energy changes are in the
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Figure S3. Scans for CH-CO bond cleavage from 1.36 to 3.36A. Energy changes are in the range
39 to 298 kJ mol ™.
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Figure S4. Energy barrier connecting the conformers issued from the sequential loss of ammonia,
CaOH* and CO. Relative energies (kJ mol™) are calculated with respect to the global minimum a.
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Figure S5. Energy profile associated with the loss of H,S from global minimum b. Relative
energies (kJ mol™) are with respect to the global minimum a of the potential energy surface.



