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The interest in the radical cations of amino acids is twofold. On the one hand, these species

are relevant in enzymatic catalysis and in oxidative damage of proteins. On the other hand, as
constituents of peptides and proteins, they aid the mass spectrometric characterization of these
biomolecules, yielding diagnostic fragmentation patterns and providing complementary
information with respect to the one obtained from even electron ions. The cysteine radical

cation has been obtained by S—-NO bond cleavage of protonated S-nitrosocysteine and thoroughly
characterized by IRMPD spectroscopy, both in the 1000-2000 cm ™! range (the highly structurally
diagnostic, so-called “fingerprint’ range) and in the 29003700 cm ! spectral range, encompassing
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O-H and N-H stretching vibrations. In this way the distonic structure in which the charge is
on the NH; group and the spin is on the sulfur atom is unambiguously demonstrated. This
tautomer is a local minimum on the potential energy surface, at 29.7 kJ mol~! with respect
to the most stable tautomer, a captodative structure allowing extensive delocalization of

charge and spin.

Introduction

Many important processes in protein chemistry comprise
oxidation—reduction reactions in which electron (and proton)
transfer processes lead to amino acid radical and radical cation
intermediates. Consequently, extensive efforts have been devoted
to characterizing amino acid redox cofactors by both experi-
mental and theoretical approaches.' However, operating with
natural proteins may present serious difficulties due to the size
and complexity of amino acid radical enzymes, hampering for
example electrochemical and spectroscopic measurements.
Operating in a quite different, highly essential environment,
namely the gas phase, presents interesting advantages due to
the absence of any complicating effects that will affect and
determine to a large extent the structural and reactivity
features in biological media. In mass spectrometry the radical
cations of amino acids can be exploited for characterizing
peptides and proteins by means of diagnostic fragmentation
patterns.” The radical cations of amino acids were typically
obtained by thermal desorption of the neutral and electron
ionization® or by laser ablation followed by UV photoionization.>*
Odd-electron ions from multiprotonated peptides are obtained
by electron capture which leads to subsequent fragmentation.’
An important route to amino acid radical cations has been
reported to ensue by the reaction of hydroxylamine radical
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cation with carboxylic acids, suggesting a possible pathway to
forming these species in interstellar environment.®

The current methods used to form radical cations of various
biomolecules including amino acids and peptides rely on the
collision induced dissociation (CID) of ternary metal com-
plexes (typically copper(ir), [Cu(L)(M)]*>*, where L is an
auxiliary ligand and M an amino acid or peptide).” The CID
process involves an electron transfer event leading to M*™.
Alternatively, even electron ions may undergo CID by activating
the homolytic cleavage of a weak bond. In particular, the
cleavage of the S-NO bond in the protonated species of
S-nitrosopeptides is found to be a facile process leading to
radical ions with characteristic fragmentation patterns, poten-
tially useful for the analysis of NO-modified proteins.® The
cysteine radical cation plays an important role in these
processes and the NO-cleavage route has been exploited to
provide access to this rather elusive species.’ Indeed, attempts
to form the cysteine radical cation by oxidative dissociation of
Cu(n) ternary complexes are reported (and also verified by us)
to be unsuccessful, in contrast with the closely related methionine,
a-methylmethionine and S-methylcysteine radical cations that are
generated by oxidative dissociation of [Cu(CH;CN),(M)]*>*
<:0mplexes.10 The radical cation of cysteine, one of the most
easily oxidized amino acids, is rather obtained by Ryzhov
et al.? from protonated S-nitrosocysteine. This species may be
formed in solution by a transnitrosylation reaction of cysteine
by a nitric oxide donor and then transferrence to the gas phase
by electrospray ionization (ESI) or in the gas phase reaction of
protonated cysteine with z-butylnitrite. Formed in either way,
the protonated nitrosocysteine ion is prone to undergoing
homolytic NO cleavage yielding a radical cation Cys*™ that
has been studied by CID mass spectrometry, deuterium labelling
experiments and DFT calculations.” The potential energy
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profile suggests that the loss of NO from protonated
S-nitrosocysteine (the proton placed on the amino group) to
form a distonic radical cation is kinetically favoured (eqn (1)).’

H;N " CH(CH,SNO)CO,H —
H;N " CH(CH,S*)CO,H +NO* )]

The so-formed cysteine radical cation (Cys® ") has been charac-
terized by studying the dissociation pathways under activation by
low energy collisions. The major competing fragmentation paths
involve losses of CH,S and *COOH and the potential energy
profiles have been obtained by DFT calculations. An overall
consistent view with regard to the H;N'CH(CH,S*)CO,H
structure that is assumed for Cys® " has been obtained. However,
a more conclusive structural assay such as the one that may be
provided by IR spectroscopy is lacking. This is the purpose of
the present study aimed at obtaining direct information on the
structure of Cys*' ions formed by cleavage of NO from
protonated S-nitrosocysteine. To this end the IR spectral
features of the gaseous Cys*" ion have been recorded using
infrared multiple photon dissociation (IRMPD) spectroscopy.
The use of IRMPD spectroscopy for obtaining structural
information on gaseous ions is gaining widespread recognition
and is increasingly exploited, aided by the availability of
widely tunable and powerful sources of IR radiation such as
free electron lasers (FEL) and OPO/OPA laser sources. Recent
reviews describe the methodology and a number of applications
directed to gaining structural information on a variety of
species including small organic ions, metal-small organic
complexes, biomolecular ions (aminoacids, peptides, proteins,
oligosaccharides), and finally bare and solvated ionic complexes,
proton or metal cationized.'' To cite few examples from
our work, we have reported the first FEL-FT-ICR study of
protonated benzene, obtaining conclusive evidence on the
o-complex structure,'? while subsequent studies were focussed
on positively and negatively charged complexes of aromatic
compounds and on biologically relevant ions such as the
nitrosyl complex of the heme prosthetic group.'* Not only
has IRMPD spectroscopy proven valuable in characterizing
the even electron ions obtained from deprotonation of or
proton/metal ion attachment to various amino acids'
but it has recently allowed to establish a captodative a-radical
ion structure for histidine radical cation in the gas phase.'
In the present contribution the IR spectral features of
Cys* " have been ascertained in the gas phase inspecting both
the 10002000 cm~' range (“fingerprint” region) and the
2900-3700 cm ™! spectral range (O—-H/N-H stretching region).

Experimental
1. Chemicals

(L)-Cysteine hydrochloride (CysH " Cl™) was purchased from
Sigma-Aldrich whereas other products, such as NaNO, (97%)
and methanol (HPLC grade), were obtained from other
commercial sources and used as received. The reaction of
cysteine with sodium nitrate in solution has been the subject
of several studies.'® Solutions were prepared by mixing equimolar
quantities of CysH"ClI~ (2 mM) and NaNO, (2 mM) in
50:50:1 (v/v/v) water—methanol: sulfuric acid and allowing

the development of a red coloured solution, then stored at
—20 °C. The mixture was further diluted up to approximately
5 UM concentration by using equal proportions of methanol
and water. This diluted solution was injected into the electro-
spray ionization (ESI) source at 3 pL min~' flow rate.
The mass analysis showed cysteine radical cation (m/z 121),
protonated S-nitrosocysteine (m/z 151), and protonated
cystine, the dimeric amino acid formed by the oxidation of
two cysteine residues, (m/z 241) as the prominent components
in the solution.

In the present spectroscopic study, cysteine radical cation
(Cys* ™) was formed by two different methods. In the first
method, it was formed directly in the ESI process from the
reaction mixture described above, whereas in the second
method, Cys® " was obtained in the gas phase via the loss of
NO from mass-selected protonated S-nitrosocysteine upon
CID. As illustrated in a following section, the IRMPD spectra
obtained for Cys® © formed either directly from the solution or
from the CID of protonated S-nitrosocysteine did not show
any difference in terms of IR bands. This finding suggests the
formation of same ionic species irrespective of the method of
formation.

2. IRMPD experiments

IRMPD experiments on cysteine radical cation were performed
using the FEL beamline at the Centre Laser Infrarouge Orsay
(CLIO) and an OPO/OPA laser system. The FEL system is
based on a 1648 MeV linear electron accelerator which injects
bunches of electrons in the alternating magnetic field placed in
the optical cavity. Wavelength tunability of this laser system is
achieved at fixed electron energy by changing the gap between
magnets. For the experiments in the 1000-2000 cm ™! spectral
region, the electron energy was fixed at 45 MeV and a stable
average power of 800-900 mW was observed. The laser-
wavelength profile was monitored while recording the spectra
with a monochromator associated to a liquid nitrogen cooled
HgCdTe detector. The band width of IR-FEL is 0.4-0.5% of
the central wavelength. A modified quadupole Paul ion trap
(Bruker, Esquire 3000+ ) is used for the FEL based experi-
ments. The IR-FEL beam was mildly focused in the trap
through a ZnSe Brewster window and a conical hole (1 mm
diameter) in the ring electrode. Multistage mass spectrometry
is performed using the standard Bruker Esquire Control
(v 5.2) software. Cysteine radical cations were mass-selected
and accumulated for 20 ms prior to IR irradiation. IRMPD on
mass selected and accumulated ions was performed using the
MS?2 step, keeping the excitation amplitude zero to avoid any
collision-induced fragmentation. Post-irradiation mass spectra
were recorded after four accumulations and this sequence was
repeated four times at each photon energy.

In another experimental apparatus, assembled at the
Universita di Roma “La Sapienza”, an Optical Parametric
Oscillator/Amplifier (OPO/OPA, LaserVision) is now coupled
to a Paul ion trap mass spectrometer (Esquire 6000 +, Bruker).
This arrangement was inspired by a quite similar system
constructed at the Laboratoire de Chimie Physique, Université
Paris-Sud 11,7 and is presently employed to explore the
2900-3700 cm ™! spectral region of cysteine radical cation.
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The parametric converter is pumped by a non seeded Nd:YAG
laser (Continuum Surlite II) operating at 10 Hz repetition rate.
The typical pulse width of this pump laser is 4-6 ns with
output pulse energy of 600 mJ at 1064 nm. The OPO/OPA
laser is tunable from 2000 to 4000 cm~' and tunability is
achieved by angle tuning of OPO and OPA crystals simul-
taneously. The angle tuning is controlled precisely, using
software controlled stepping motors. The typical output energy
from OPO/OPA was 27-28 mJ pulse™' in the spectral range
of investigation with 3-4 cm™' bandwidth. The mid IR
output from OPO/OPA is steered in the ion trap using a
gold coated plane mirror and is focussed loosely using an
MgF, lens of focal length 37 cm. IR beam focussing is
performed to achieve better overlap with the trapped ion
cloud. In the trap, ions were accumulated for 50 ms prior to
IR irradiation. The typical irradiation time used in the experi-
ments is 1 s. The irradiation time is controlled using an
electromechanical shutter synchronized precisely with the
mass spectrometer.

3. Computational methods

Geometry optimization of various tautomers of cysteine
radical cation is performed using the Gaussian 03 suite of
programs. The minimum energy structures were optimized at
the UB3LYP level of theory with the 6-311++G(d,p) basis set.
All optimized structures were subjected to harmonic vibra-
tional frequency analysis to characterize the stationary points
as local minima. Scaling factors of 0.976 and 0.955 were
applied on the calculated frequencies in the 1000-2000 and
2900-3700 cm ™' spectral region, respectively, on the basis of
the good agreement between the experimental and computed
frequencies.'® Finally, the calculated spectra were convoluted
by a Lorentzian function of full width 20 and 13 cm™" in the
10002000 and 2900-3700 cm ™" spectral region, respectively,
for consistency with the experimental spectral resolution.

Results and discussions
1. Low energy tautomers of cysteine radical cation

A survey of the several possible tautomeric structures corre-
sponding to cysteine radical cation was conducted by previous
theoretical studies.”'® Besides the canonical structure, several
other isomers are conceivable depending on how the formal
charge (at the carbonyl oxygen, the amino nitrogen or the S
atom) and the radical center (on the S atom, the a-carbon or
even an O- or N-atom) are placed within the molecule.

Fig. 1 shows the four lowest energy tautomers of cysteine
radical cation calculated using the UB3LYP/6-311++G(d,p)
level of theory. The structure and the relative energy of these
tautomers are quite similar to the ones obtained by Ryzhov
et al. in their work on this radical cation.’ Intramolecular
hydrogen bond formation is observed in three of these
tautomers, as depicted in Fig. 1 with the respective interatomic
distances.

The canonical structure (IV) in which both the positive
charge and the radical are formally localized on the sulfur
atom is not the most stable one, which instead is I. This
tautomer at the global minimum is formally obtained from
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Fig. 1 Low energy isomers of cysteine radical cation. The geometry
optimization was performed at UB3LYP/6-311+ +G(d,p) level of
theory. The interatomic distances of hydrogen bonds are given in A
and the relative energies (in parentheses) are in kJ mol~'.

the canonical structure by a hydrogen atom transfer from the
a-carbon to the carboxyl group. In this ion the radical site is
attached to both a strong m-electron donor (NH,) and a strong
n-electron withdrawing (C(OH),") group, thus yielding a
planar ‘captodative’ radical, gaining stability by the delocali-
zation of both the spin and the charge.'®'” A remarkable
example is provided by the structure of a captodative a-radical
ion, the histidine radical cation, that has been confirmed by
IRMPD spectroscopy and density functional calculations.!
The distonic ion II, characterized by a protonated amino
group and a radical site on sulfur, is the expected product of
the homolysis reaction (1). For this S-NO cleavage process a
bond dissociation energy of 105.8 kJ mol~! has been calculated.’
Species III is an a-carbon radical with a protonated amino

group.

2. Photodissociation mass spectra

Cys*™" ions formed either directly from ESI of an acidic
solution of S-nitrosocysteine or from the CID of protonated
S-nitrosocysteine have been sampled by IRMPD spectro-
scopy, showing consistently common features. The absorption
of multiple photons in resonance with an active IR mode raises
the energy content of the ion up to a dissociation threshold.
Fig. 2a shows the mass spectrum of Cys®*" recorded upon
irradiation by the IR FEL beam at 1450 cm ™. In the inset of
this figure, a vertically expanded mass spectrum in 50-100 Da
range is shown. Fragment ions can be observed at m/z 76 (loss
of *COOH, 45 Da), m/z 75 (loss of CH,S, 46 Da), and m/z 74
(loss of *CH,SH, 47 Da). An additional weak signal at m/z 87
has been assigned to the loss of H,S (34 Da). These fragment
ions have already been described in the CID mass spectrum of
Cys*" and assigned to the respective dissociation products
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with the aid of deuterium labelling experiments,® while several
possible fragmentation paths have been examined in theore-
tical studies.'®

This same fragmentation pattern was found for all the
vibrational bands observed in the 1000-2000 cm™" region. In
contrast, noticeable differences are observed when the
molecular ion is irradiated at 3556 cm™!, as shown in Fig. 2b.
Whereas the fragments at m/z 76, 75, and 74 are consistent
with earlier observations, the ion at m/z 87 is not present and a
new strong signal at m/z 57 is observed. Presently, there is not
a clearcut explanation for this behavior. Different IRMPD
mass spectra recorded in correspondence with different absorp-
tion bands may arise from secondary photofragmentation
processes affecting one primary photofragment.?’ For example,
the IRMPD process undergone by protonated benzaldehyde
has been found to yield C¢gH, " ions together with C¢Hs ™ .2
However, the latter photofragment is observed only in a
limited number of the IRMPD bands, namely at those wave-
lengths where protonated benzene presents active IR modes.
This observation was found consistent with a consecutive
IRMPD process undergone by the primary CqH, " fragments
that could thus be assigned a protonated benzene structure.
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Fig. 2 Infrared induced mass spectra (Ion abundances in
arbitrary units) of cysteine radical cation recorded at (a) 1450 cm ™'
and (b) 3556 cm™ ..

It is also relevant to remind that in the IRMPD process
the efficiency of fragmentation depends on various factors,
among which one should take into account the specific
features of the potential energy surface, the time dependence
of the internal energy distribution and the efficiency of energy
transfer from the resonantly excited vibrational mode to
the rest of the molecule through the intramolecular vibra-
tional relaxation (IVR) process.'’?' It is conceivable that
multiple photon absorption by a mode with a high oscillator
strength may open the way to alternative fragmentation
paths.

The ion abundances in the mass spectra recorded at

each wavenumber allow calculating the IRMPD yield,

= _IOg(lparem/(Iparent + Zlfragmem))s where Iparem and

Itragment are the ion signal intensities for the parent and
fragment ions, respectively. R is plotted against the wavenumber
of the IR radiation to deliver the IRMPD spectra described in
the following sections.

IRMPD spectrum
A. Mid-IR range. Fig. 3a shows the IRMPD spectrum of

Cys* " in the wavenumber range of 1000-2000 cm '. Three
bands can be clearly seen in the spectrum at 1773, 1445, and
1152 cm™'. A shoulder at approximately 1174 cm
observed in the higher energy side of the band at 1152 cm™ .
In order to interpret the vibrational modes corresponding
to these IRMPD bands, Fig. 3b—e shows the IR spectra
calculated for the four minimum energy structures. The vibra-
tional frequencies are scaled with a factor of 0.976, known to
be appropriate for DFT comparisons with IRMPD features in
this spectral region.'® Table 1 lists the IRMPD and computed
spectral features for all the cysteine radical cation tautomers
considered in this work.

~1is also

1

The comparison of the IRMPD spectrum with the calculated

IR spectra is straightforward. The IR spectrum shown in
Fig. 3c, corresponding to the second minimum structure,
neatly accounts for the IRMPD spectrum. Among the most
active modes for tautomer II, the characteristic C—O stretch
appears at 1773 cm ™' which is in perfect agreement with the
experimentally observed band at 1773 cm™!. For the most
stable structure, this characteristic band is absent whereas
for tautomers III and IV, this band appears at 1667 and
1711 em ™, respectively, which means a red shift of 106 and
62 cm™ ! with respect to the experimentally observed band. The
second strong feature in the IRMPD spectrum is at 1445 cm™".
The IR spectrum of tautomer II shows a band at 1448 cm
This band corresponds to the umbrella mode of NHj3 group.
For tautomers I and IV, this band is missing. For tautomer
III, three closely spaced bands are observed at 1427, 1414 and
1408 cm™". The band at 1427 cm™' corresponds to the NH;
umbrella mode whereas the other two bands at 1414 and
1408 cm™' are the coupled vibrations of the NH; umbrella
mode with the CH, bending and COH bending modes.
All these transitions are red shifted compared to the band
observed in the IRMPD spectrum. In tautomer II, two closely
spaced bands are observed at 1174 and 1152 cm™
calculated IR spectrum. These two bands are in nice agree-
ment with the bands observed at 1174 and 1152 cm™' in

"in the
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Fig. 3 IRMPD spectrum and the theoretically calculated spectra for
cysteine radical cation in the molecular fingerprint region.

the IRMPD spectrum. These bands correspond to coupled
bending motions in the molecular ion. Overall, the modes
appear as flexing of the molecular ion skeleton. A similar
vibration in tautomer IV is calculated to appear at 1159 ecm™".
In tautomer I and III, we could not find this same skeletal
flexing.

Upon comparing the experimental IRMPD with the
calculated IR spectra, we conclude that although tautomer I
presents the most stable structure of cysteine radical cation,
tautomer II, at a relative energy of 29.7 kJ mol~! compared
to tautomer I, is the species actually sampled in the gas
phase.

B. 2900-3700 cm~' spectral range. Fig. 4a shows the
IRMPD spectrum of cysteine radical cation recorded in the
2900-3700 cm ™' spectral range. The calculated IR spectra in

this region are displayed in Fig. 4b—e. The frequencies of the
calculated and experimental spectral features are listed in
Table 1. This spectral region is characteristic of O-H, N-H
and C-H stretching vibrations. As previously observed in the
molecular fingerprint region, here as well, the comparison of
the experimental IRMPD and the calculated IR spectrum is
straightforward. In the IRMPD spectrum two distinct bands
are observed at 3548 and 3343 cm~'. These bands show very
good agreement in their spectral position with the calculated
IR features for tautomer II. The first band on the higher
energy side for this tautomer appears at 3550 cm ™. This band
is due to the free O—H stretch in the radical cation. For the
most stable tautomer I, two O-H stretches were predicted at
3567 and 3027 cm™'. The second O—H band shows a red shift
of 540 cm ™! compared to the first O—H stretch. This is due to
the hydrogen bond established between the hydroxyl hydrogen
and the S atom. For tautomers III and IV, there is just one free
O-H band at 3564 and 3535 cm ™', respectively. While the
IRMPD feature at 3343 cm ™! matches very well with the N—H
stretching mode of tautomer II expected at 3336 cm ™', the
highly active modes predicted at 3151 and 2998 cm™' are
apparently missing. However, these two modes are associated
to N-H stretching vibrations involved in hydrogen bonding
with the carbonyl oxygen or the S atom, respectively. This
binding motif is known to cause a red shift accompanied by a
remarkable broadening of the associated IRMPD band.?? The
extent may be so pronounced that the band may not emerge
from background noise any longer. In the IRMPD spectrum
of Cys** presently reported in Fig. 4a, a broad signal of low
intensity may be recognized at 3145-3155 cm ™. For tautomer
I, two symmetric and one antisymmetric N—H stretches appear
at 3392 and 3504 cm™', respectively, which do not find a
counterpart in the experimental spectrum. Similarly, any
matching with the IRMPD resonances is missing when the
N-H transitions for tautomer III (appearing at 3248, 3158
and 3081 cm™") and for tautomer IV (two N-H antisymmetric
and a symmetric band appearing at 3520 and 3406 cm ™!,
respectively) are considered.

Overall, data collected in Fig. 4 and Table 1 point to
tautomer II as the only species appreciably present in the
sampled ion population.

Table 1 Spectral position of IRMPD bands and calculated IR resonances (in cm~") observed in the molecular fingerprint region as well as in the

O-H/N-H stretching region

IRMPD Tautomer I Tautomer 11 Tautomer II1 Tautomer IV Mode description
3548 3567 3550 3564 3535 OH free
3504 3520 NH2 antisym
3392 3406 NH2 sym
3027 (OH-S) OH
3343 3336 3248 NH
3145-3155 3151 (NH-O) 3158 (NH-O) NH
2998 (NH-S) 3081 NH
1773 1773 1667 1711 C=0
1610 1614 NH2 scissoring
1492
1445 1448 1427 NH3 umbrella
1414 NH3 umbrella + CH2 bend
1408 NH3 umbrella + CH2 bend + COH bend
1174 1174 1324 COH bending
1152 1152 1159 Skeletal flexing
1136 COH bend + CH wagging

9798 | Phys. Chem. Chem. Phys., 2010, 12, 9794-9800

This journal is © the Owner Societies 2010


http://dx.doi.org/10.1039/c003576a

Published on 25 June 2010. Downloaded by Pennsylvania State University on 08/05/2016 19:33:26.

View Article Online

(a) IRMPD

UMy wk.“[
lnw ww'"k ,rl'“-f‘*‘MllfH* ! l_«'ﬂ WM{J' w
-

Y W

(c) Tautomer I

kak A A

(d) Tautomer Il

Aa A A

(e) Tautomer IV
I
J LJ\}]L

2900 3000 3100 3200 3300 3400 3500 3600 3700

Wavenumber (cm™)

Fig. 4 IRMPD spectrum and theoretically calculated spectra for
cysteine radical cation in the N-H/O—-H stretching region.

Conclusions

A cysteine radical cation has been unambiguously charac-
terized by IRMPD spectroscopy in two different spectral
regions, namely the 1000-2000 cm ™! region, accessed by the
CLIO FEL light source, and the 2900-3700 cm™' spectral
range, inspected by using an OPO/OPA laser source. In the
latter experiments we made use of a newly assembled apparatus
coupling tunable IR laser light of fairly high fluence with an
ion trap mass spectrometer. The requisite of fluence is justified
by the multiple photon character of the process being
exploited. Indeed, the photofragmentation process that is
observed throughout the wavenumber range covered in the
reported IRMPD experiments is activated by the absorption
of multiple photons, as required to reach a threshold energy
for dissociation in excess of 100 kJ mol™!, even for the most
readily accessed channel of *COOH loss.”'® This situation
holds also in the high energy side of the explored IR spectrum
where the energy of a photon at 3600 cm™" is 43 kJ mol™".
In contrast with the important role of oxidized forms of
cysteine residues in biological processes, obtaining Cys® * ions
in the gas phase is not a trivial matter. The homolytic S-NO
bond rupture in protonated S-nitrosocysteine has provided an
entry to this otherwise elusive species.” CID mass spectro-
metry, supported by labelling experiments and detailed DFT
calculations of ionic structures and dissociation reaction
profiles, has provided valuable means to obtain a structural
characterization. The specific tautomeric structure of sampled
Cys*" ions is now elucidated by combining the IRMPD
investigation in two diagnostic portions of the IR spectrum
with the results of DFT calculations. There is a very good
correspondence of predicted and calculated frequencies and
the relative intensities are approximately matched when the
IRMPD features are compared with the IR spectrum

calculated for tautomer II, the distonic ion with the charge
on a protonated amino group and the radical site at the sulfur
atom. This species is not the most stable one, placed in a
relative minimum at 29.7 kJ mol~' above the energy of
the most stable isomer, the captodative radical ion I. The
canonical structure IV is still higher in energy at 76.9 kJ mol .
It may be argued that the tautomer II structure of the observed
Cys*" ions may be an obvious consequence of the route by
which the ions were formed, namely the homolytic dissocia-
tion of the S—-NO bond of protonated S-nitroso cysteine. This
reaction (eqn (1)) leads directly to HsN " CH(CH,S*)CO,H
ions along a path calculated to be 105.8 kJ mol~! endothermic.’
The associated activation barrier is 128.4 kJ mol~! and any
excess energy released in the so-formed product ion should
not allow it to rearrange into the most stable tautomer L.
Relatively high barriers for the mutual rearrangement of
tautomers I-IV combined with a low free energy for dissocia-
tion via the loss of *COOH®'** have permitted the successful
characterization of the observed Cys®* ions by IRMPD spectro-
scopy (for example tautomerism between II and I requires an
intermediate step which has a barrier 222.6 kJ mol~! to be
compared with the 118.0 kJ mol ™! required for the loss of of
*COOH, energy values relative to IT).'3¢ It may thus be safely
anticipated that when alternative routes to tautomers I-IV are
envisioned, IRMPD spectroscopy will provide the means to
discriminate between the possible isomeric structures. At the
same time the premises are laid that IRMPD spectroscopy
may prove a powerful tool for investigating more complex
cysteine-containing biomolecules such as the radical cations of
cysteine-containing peptides whose gas-phase unimolecular
chemistry and fragmentation behavior are described in a
thorough, recent study.>
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