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Abstract

The structure and reactivity of the N-acetyl-cysteine radical cation and anion were studied using
ion-molecule reactions, infrared multi-photon dissociation (IRMPD) spectroscopy, and density
functional theory (DFT) calculations. The radical cation was generated by first nitrosylating the
thiol of N-acetyl-cysteine followed by the homolytic cleavage of the S-NO bond in the gas
phase. IRMPD spectroscopy coupled with DFT calculations revealed that for the radical cation
the radical migrates from its initial position on the sulfur atom to the a-carbon position, which is
2.5 kJ mol™" lower in energy. The radical migration was confirmed by time-resolved ion-molecule
reactions. These results are in contrast with our previous study on cysteine methyl ester radical
cation (Osburn et al., Chem. Eur. J. 2011, 17, 873-879) and the study by Sinha et al. for cysteine
radical cation (Phys. Chem. Chem. Phys. 2010, 12, 9794-9800) where the radical was found to
stay on the sulfur atom as formed. A similar approach allowed us to form a hydrogen-deficient
radical anion of N-acetyl-cysteine, (M — 2H)™. IRMPD studies and ion-molecule reactions
performed on the radical anion showed that the radical remains on the sulfur, which is the initial
and more stable (by 63.6 kJ mol™") position, and does not rearrange.
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Introduction

here are numerous examples where radicals play key
roles in the active site of enzymes [1-12]. These
radicals are normally located on a reactive amino acid side
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chain (cysteine [2], methionine, tyrosine, or tryptophan [10])
or on the peptide backbone, namely at the a-carbon positon
of glycine [13]. In some instances, it has also been shown
that the radical migrates to different positions in the inactive
form [4, 5, 9]. In those cases, the radical is relocated to the
less reactive positions of the sulfur atom on a cysteine
residue [4, 5, 9] or to the glycine a-carbon [6, 11]. In most
enzymes, such radical rearrangement is considered to be a
protective mechanism. Radicals in proteins can also be very
destructive if they form at or migrate to the wrong place
[13-19]. Once generated, the radicals can cause oxidative
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cleavage along the backbone of the protein [13—19], which
could cause the loss of function of the protein.

While multiple methods have been used to study radical
location and reactivity in proteins [13], small model systems
very often add detailed insights into relative stability of the
radical site, and its reactivity towards specific targets and
allow reaction kinetics to be studied [20]. Radicals in amino
acids, peptides, and their derivatives have been examined
using various experimental [7, 8, 21] and computational
techniques [13—-15].

Mass spectrometry (MS) has recently emerged as a
powerful tool for the generation of radical ions in the gas
phase and their subsequent studies. Not counting the
proteomics-targeted techniques of electron capture dissocia-
tion and electron transfer dissociation, which both produce
hydrogen-rich radical cations (M+nH) ™" a wide range of
MS-based approaches have been developed to generate
hydrogen-deficient radical cations M™". With the advent of
electrospray ionization, electron ionization methods, first
reported by Andersson in 1958 [22] have largely been
supplanted by methods involving collision induced dissoci-
ation (CID) or UV photodissociation of peptide derivatives.
Examples include CID of: (1) redox active metal complexes
composed of a metal in a higher oxidation state (like Fe*" or
Cu®"), peptide or amino acid of interest, and an auxiliary
ligand [23-31]; (2) an amino acid or peptide covalently
modified to include a derivative with a weak bond that is
susceptible to homolytic cleavage, such as peroxycarbamate
derivatives to introduce a radical on lysine [24, 25] or the N-
terminus of a peptide®® and serine nitrate esters to produce
carbon centered radicals [27, 28]. Another method involves
the UV photodissociation of iodotyrosine [29, 30] or
modified phosphorylated serine and threonine [31]. Unfortu-
nately, none of these MS-based techniques has the ability to
generate thiyl radicals on the cysteine side chain. Recently, our
group has taken advantage of the labile nature of S-nitroso
bond to generate radical cations of cysteine [32].

With the continuing progress in the area of generation of
radical ions, there has been a greater interest in under-
standing their structure and reactivity. An emerging method
for determining the structure of these radical ions is through
infrared multiple photon dissociation (IRMPD) spectro-
scopy. Since the first study on the structure of histidine
radical cation [33], two other studies were performed on the
cysteine radical cation [34] and its methyl ester [35].
Theoretical calculations have also been actively employed
[36]. The reactivity of radical ions in the gas phase can also
provide vital information about the radical position and its
possible rearrangement pathways. While radical migration is
often accompanied by significant energy barriers, CID
conditions (even at low-energy CID in ion traps) provide
enough energy to overcome those barriers as has been
shown by us [32, 37] and others [38]. lon-molecule reactions
in the gas phase provide much less energetic reaction
conditions and can be used as a probe of the radical
structure [27, 28, 39, 40].
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We have developed a robust approach to probe the
structure of cysteine-based radical cations via ion-molecule
reactions [35]. Sulfur-based radicals display characteristic
reactivity towards typical radical probe reagents such as
dimethyl disulfide and allyl iodide. Carbon-based radicals,
on the other hand, are unreactive towards those species,
although they do react with dioxygen, NO, and NO, [28,
41]. We used theoretical calculations and IRMPD spectro-
scopy to confirm our ion-molecule reaction results for the
cysteine methyl ester radical cation [19]. The focus of this
study is on the structure and reactivity of the N-acetyl-
cysteine (N-Ac-Cys) radical cation.

While the formation, gas phase chemistry, and structure
of radical cations of amino acids and peptides are actively
being explored, their negatively charged counterparts have
been largely neglected. Exceptions include Chu and
coworkers’ use of ternary metal complexes [42, 43] and
the use of ion-ion reactions between multiply deprotonated
peptides and cations [44]. Being able to generate peptide
radical anions is equally important, as many peptides are
negatively charged in solution. For instance, the common
radical scavenger glutathione (y-Glu-Cys-Gly) carries a
negative charge in solution [45]. Furthermore, the relative
stability of radical structures is greatly affected by the
charge sign [19]. In this work we exploit the utility of S-
nitroso chemistry to generate for the first time the
hydrogen-deficient radical anion of N-Ac-Cys and study
its gas-phase reactivity and structure.

Experimental
Chemicals and Reagents

All chemicals and reagents were used as received without
any further purification. N-acetyl-L-cysteine, methanol
(HPLC grade), tert-butylnitrite, dimethyl sulfide, allyl
bromide, allyl iodide, and dimethyl disulfide were all
purchased from Sigma-Aldrich (Milwaukee, WI, USA).

lon-Molecule Reactions

Ion-molecule reactions were carried out using a Bruker
Esquire 3000 quadrupole ion trap mass spectrometer (Bruker
Daltonics, Bremen, Germany) modified to conduct ion-
molecule reactions as described previously [46]. Nitrosylated
N-Ac-Cys was generated by allowing a 1.5:1 mixture of
tert-butylnitrite and a 1 mM solution of N-acetyl-cysteine
(in 50/50 methanol:water with 1% acetic acid) to react for
10 min. at room temperature. The reaction mixture was
diluted 100-fold using 50/50 methanol:water with 1%
acetic acid and introduced into the ESI source of the mass
spectrometer at a flow rate of 5 pL min'. The sheath gas,
capillary voltage, and temperature were adjusted to about
10 arbitrary units, 3.0 kV, and 250 °C, respectively.
Radical cations and anions of N-Ac-Cys were produced
either by either CID or in-source fragmentation. When
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using CID, the protonated (or deprotonated) S-nitrosylated
N-Ac-Cys was mass selected and then subjected to CID
using collision energy sufficient to dissociate the majority
of the precursor ions. When using in-source fragmenta-
tion, the voltages at the source were optimized for the
dissociation of the precursor ions without mass selection.
The radical ion was then mass selected and allowed to
react with the neutral reagent introduced into the trap via
a pulsed valve (as previously described [46]) or through a leak
valve. The pressure of neutrals was about 1x 10~ Torr in the
ion trap region as estimated by fast ion-molecule reactions. The
scan delay was varied from 0 to 7500 ms allowing the
acquisition of mass spectra at different reaction time points.

Infrared Multiple-Photon Dissociation
Spectroscopy

IRMPD spectroscopy studies were carried out at the free
electron laser for infrared experiments (FELIX) facility
located at the FOM-Institute for Plasma Physics Rijnhuizen
in Nieuwegein (The Netherlands) [47]. The nitrosylated
acetyl-cysteine was generated as described above with the
slight modification that its end concentration was 1 mM.
Once generated, the nitrosylated precursor was introduced
into a custom-built FT-ICR mass spectrometer [48] equipped
with an orthogonal Z-spray electrospray ionization source.
Operating parameters for ESI were optimized to maximize
formation and transfer of ions to the ICR cell. A DC
potential switch was applied to the octopole ion guide to trap
the ions in the ICR cell without using a gas pulse [49], thus
eliminating collisional heating of the ions. The formation of
N-Ac-Cys radical ions from the protonated or deprotonated
S-nitrosylated N-Ac-Cys was induced by raising the cone
voltage to cause in-source fragmentation. The radical ion
was isolated for IRMPD studies using a stored waveform
inverse Fourier transform (SWIFT) pulse. Infrared spectra
were collected by monitoring the efficiency of IRMPD as a
function of laser wavelength. To produce infrared spectra,
the free electron laser was scanned in 0.02-0.04 um incre-
ments between 5.5 and 8.5 pum and the product ion and
precursor ion intensities were measured at each step using
the excite/detect sequence of the FT-ICR-MS [50] after
irradiation with FELIX [51]. The IRMPD yield is deter-
mined by normalizing the fragment intensity to the total ion
intensity, and linearly corrected for variations in FELIX
power over the spectral range.

Density Functional Theory Calculations

All geometry optimizations and harmonic vibrational fre-
quencies were calculated using the Gaussian 09 suite of
programs [52] and the hybrid B3LYP functional. Initial
geometry optimizations were performed using the relatively
small 3-21 G~ basis set. All minima located were re-
optimized using the same functional and the 6-311++G(d,
p) basis set. All transition state calculations were performed
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using the QST2 function within Gaussian. In most cases,
intrinsic reaction coordinate (IRC) calculations were used to
confirm that the transition states linked the correct minima
that represent pre- and post-transformation structures. Vibra-
tional frequency calculations were performed on the struc-
tures optimized at the B3LYP/6-311++G(d,p) level of theory
and used to determine whether optimized structures were
true minima (no imaginary frequencies) or transition states
(one imaginary frequency), to determine zero-point energy
corrections to electronic energies (used unscaled), and to
predict infrared spectra for comparison to experimental
IRMPD spectra. For comparison of DFT spectra to IRMPD
spectra, the computed frequencies were scaled by a factor of
0.98, which is known to be adequate at the current level of
theory [53, 54]. Theoretical IR spectra from the Gaussian
output were convoluted with a 20 cm™' FWHM Lorentzian
line shape. Theoretical and experimental spectra were
normalized along the y-axis (relative intensity).

Results and Discussion
Radical Cation of N-Acetyl-Cysteine

Figure la shows the formation of the N-acetyl-cysteine
radical cation generated by the fragmentation of the
protonated nitrosylated precursor via the loss of "NO
(30 Da). This 'NO loss is the lowest energy fragmentation
pathway as was established previously [32] and has been
exploited by our group in the study of other cysteine
derivatives [35] and cysteine-containing peptides [37].
Based on this, we know that the initial radical location is
on the sulfur atom.

A major factor in the normal function of enzymes with
radicals at their active sites and radical-mediated damage
in proteins is the ability for the radical to migrate to

100 4
80 4 .
1 M) (M+NO)*
60 163 193
2> 40
2
O 20 -NO
< ]
2 100 r T r T r T r T r T
T ] .
2 807 (M+NO-2H)
o 191
>~ 60 A -
i (M-2H)
40 4 161
20 -NO
J D —
0 r T r T r T r T r T
100 120 140 160 180 200
m/z
Figure 1. CID of nitrosylated N-acetyl-cysteine ion to

generate the radical (a) cation and (b) anion of acetyl cysteine
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different locations via hydrogen abstraction making the
structure of gas-phase radicals and their ability to migrate
a subject of great interest. The most stable location of the
radical in peptide systems is commonly believed to be the
a-carbon position [41]. Previous theoretical studies per-
formed recently by Siu’s group showed that the transfer of
a radical from one a-carbon to the next in triglycine
involves a high activation energy (165-261 kJ mol™') [55,
56]. It was also calculated by us that the energy barrier
for the sulfur-to-a-carbon radical migration in the cysteine
methyl ester was quite high (171 kJ mol™") [35] hence this
migration was not observed experimentally. Scheme 1
shows the various isomers of the acetyl-cysteine radical
cation. Based on our calculations, Structure 2, which has
the radical located on the a-carbon, is 2.5 kJ mol ™! lower
in energy than Structure 1, which has the radical located
on the sulfur.

Figure 2 shows the experimentally generated IR spectrum
of N-acetyl-cysteine radical cation (Figure 2a) compared
with the calculated IR spectra for the two lowest energy
structures of the radical cation (sulfur radical, Figure 2b and
a-carbon radical, Figure 2c). The most characteristic band is
the carbonyl stretch of the —-COOH moiety. In the S-based
radical IR spectrum, it appears at 1780 cm ' indicative of the
free carboxyl moiety, while in the a-carbon, the correspond-
ing band is red-shifted to 1710 cm™' due to high level of
resonance in the structure (see Scheme 1). In the
comparison, it is clear that neither of the low energy
structures can account for all spectral features. However,
when the two calculated spectra are summed together (in
a 70:30 ratio for the sulfur:a-carbon radicals, respectively)
and compared with the experimental IR spectrum
(Figure 2d) there is a good match between them. This
strongly suggests that both isomers of the radical cation
are present in the gas phase during the IRMPD experi-
ment, which further suggests that radical rearrangement is
occurring on the experimental time frame. To further
investigate whether radical rearrangement is occurring,
ion-molecule reactions involving the N-Ac-Cys radical
cation and several volatile neutrals were performed.

-*;{ o

9

Sulfur Radical
0.0 kJ mol™

Scheme 1.

1797

The radical cation generated via CID of the nitrosylated
precursor reacted with dimethyl disulfide, allyl bromide, and
allyl iodide (Figure 3) and was found to be quite reactive
with all of these neutrals, which is characteristic of the
radical located at the sulfur atom as we have recently shown
[35]. Figure 4 shows a comparison of the reactivity of the
radical cation generated via CID (Figure 4a) and in-source
fragmentation (Figure 4b) with dimethyl sulfide under
identical conditions. Both spectra show the same type of
radical chemistry (Equation 1):

M** 4+ CH3SCH; — M — CH; +°*SCH; (1)

However, it is obvious that the radical ions generated
by CID are much more reactive (close to collision rate)
than those produced by in-source fragmentation. The
behavior of the CID-generated species is consistent with
the radical being located on the sulfur atom. When the
radical cation was formed via in-source fragmentation and
then isolated in the trap and allowed to react with
dimethyl disulfide, there was a major decrease in
reactivity. This suggests that the sulfur radical rearranged
into an unreactive species. This difference in reactivity
can be explained by the fact that when the radical is
formed by CID it is immediately formed in the ion trap
and does not have time to rearrange before it reacts with
the neutral. In contrast, the radical formed by in-source
fragmentation has time to undergo thousands of collisions
in the ion guides before it enters the ion trap, thus
allowing the radical more time and energy from collisions
to rearrange before coming into contact with the dimethyl
sulfide neutral. An alternative explanation is that the
radical may rearrange via ion-molecule catalytic processes
involving background ESI solvents present in high
concentrations in the skimmer-cone (“in source”) region.
A possible mechanism that might operate involves proton
transport catalysis [57] which occurs via ion-molecule
complexes. Such isomerization reactions have been

%
Sy

a-carbon Radical
-2.5 kd mol™

Low-energy structures of N-acetyl-cysteine radical cation calculated by DFT: (a) sulfur radical, (b) a-carbon radical
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Figure 2. Comparison between experimental and theoretical IR spectra for N-acetyl-cysteine radical cation: (a) experimental
spectrum, (b) theoretical sulfur radical spectrum, (c) theoretical a-carbon radical spectrum, and (d) theoretical sulfur and a-
carbon spectra summed together. The experimental spectrum (red trace) is overlaid on the theoretical spectra

observed for a large number of systems including enol/
keto radical cation tautomers [58] and conventional
radical cations/distonic ions [59].

To further assess the possibility of partial radical
migration, kinetic plots of ion-molecule reactions were
recorded (Figure 4c, d). The kinetic plot shows that for the
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radical generated by CID (Figure 4c) the reaction with
dimethyl sulfide goes to completion which would be the
case with the sulfur radical, as observed in our previous
studies for CysOMe™" reactivity [35]. For the radical
generated by in-source fragmentation the kinetics are not
consistent with the simple exponential decay of the starting
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lon-molecule reactions of the radical cation of N-acetyl-cysteine with (a) dimethyl disulfide, (b) allyl bromide, and (c)

allyl iodide. Pressure of the neutrals is ca. 10~ Torr, reaction time is 400 ms
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Figure 4. Mass spectrum of the radical cation of N-acetyl-
cysteine formed via (a) CID and (b) in-source fragmentation
reacting with dimethyl sulfide. Pressure of the neutral is ca.
107" Torr, reaction time is 800 ms. Kinetic plots of the radical
cation formed via (c) CID and (d) in-source fragmentation
reacting with dimethyl sulfide

radical cation. Instead, the reaction stops after some period,
indicating a possible radical migration, since o-carbon
radicals were shown not to be reactive towards these neutrals
[27]. This type of kinetic study was also performed with the
volatile neutral dimethyl disulfide with similar results
(Figure S4).

Since the calculations done by us here and other groups
in the past show that the a-carbon is the most stable radical
position [14, 35, 55, 56], we determined the lowest energy
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pathway through which the N-Ac-Cys radical cation would
have to go to rearrange. Figure S1 shows the lowest energy
pathway calculated for the rearrangement. It is a single step
process in which there are no conformational changes
between the two structures but simply a transfer of the
radical from the sulfur to the a-carbon through a hydrogen
atom transfer. The energy required for this is 117 kJ mol™",
which is significantly less than the same transfer calcu-
lated for the cysteine methyl ester radical cation
(171 kJ mol™") [35]. This decrease in energy to cross
the barrier may be the result of the charge on the carbonyl
oxygen of the acetyl group for N-acetyl cysteine. In
contrast, in the cysteine methyl ester radical cation the
sulfur-to-a-carbon migration requires not only the hydro-
gen atom transfer (radical migration) but also the proton
(charge) migration from the amino group to the carbonyl
oxygen, which leads to an extra step in the mechanism
and increases the overall reaction barrier.

Other pathways were also explored to determine if they
were potentially lower in energy (Figures S2, S3). In those
two pathways, the key steps involve a five-membered
(Figure S2) and a three-membered (Figure S3) transition
state, but both of them are higher in energy (143 and
226 kJ mol!, respectively). Several other pathways were
calculated which involved less sterically strained intermedi-
ates, however, in each instance for hydrogen abstraction to
occur the linearity of the a-carbon N-Ac-Cys cation
stabilized by the resonance throughout the ion (see
Scheme 1) would have to be disrupted which resulted in
an even higher barrier (data not shown).

Radical Anion of N-Acetyl-Cysteine

We took advantage of the same S-nitroso chemistry to
prepare the negative counterpart, the hydrogen deficient
radical anion of N-Ac-Cys, (M-2H)"". Figure 1b shows the
formation of the acetyl-cysteine radical anion generated from
the fragmentation of the deprotonated nitrosylated precursor
via the loss of "NO (30 Da). This is the first example of
forming a radical anion in the gas-phase from an S-nitroso
derivative. Obviously, the homolytic cleavage of the weak
S—NO bond dominates the CID process independent of the
charge on the ion. This class of radical anions, (M — 2H)™,
should serve as the appropriate model for studying radical
processes in proteins since it possesses the deprotonated
carboxylate and the initial radical location on the sulfur
atom, similar to the thiol protein/peptide radicals in solution.

Once the radical anion was generated, IRMPD spectro-
scopy and reactivity experiments similar to those described
above for the radical cation were performed. Scheme 2
shows two calculated lowest energy isomeric forms of the
N-Ac-Cys radical anion. Structure 1, which has the radical
located on the sulfur, is lowest in energy. Structure 2, which
has the radical located on the a-carbon, is much higher in
energy than structure 1 (63.6 kJ mol™). This is not
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Scheme 2. Low-energy structures of N-acetyl-cysteine radical anion calculated by DFT: (a) sulfur radical, (b) a-carbon radical

unexpected as in the anion the a-carbon radical is not
stabilized by the captodative effect [60—62].

Figure 5a shows the experimentally generated IR spec-
trum for N-Ac-Cys radical anion and its comparison to the
calculated spectra for the two lowest energy isomers of the
radical anion, the sulfur and the a-carbon radicals
(Figure 5b, c, respectively). This comparison shows that
the sole species present in the gas phase is that with the
radical located on the sulfur atom. Theoretical spectra for
both structures include the symmetric (1480 c¢m™') and
asymmetric (1610 cm') stretches of the CO, moiety.
The differences between the two theoretical spectra are
evident in the analysis of the C=0 stretch of the acetyl
amide group. It is located at 1675 cm ' in the S-based

1.0
0.8
0.6
0.4 -]
0.2

(a)

radical, characteristic of a free amide, while in the o-
carbon structure it is red-shifted to 1635 cm™' due to
conjugation to the radical. Another prominent feature
present in the a-carbon calculated spectrum and absent
in the experimental spectrum is the strong absorption at
1280 cm ™', which is due to stretching of the C-N bond
enhanced by resonance effects.

Figure 6 shows the ion-molecule reactions of the radical
anion with dimethyl disulfide, allyl bromide, and allyl
iodide. The anion was reactive towards all of these neutrals,
although the reactions rates were somewhat lower than those
for the radical cation. To our knowledge, this is the first
reported gas-phase reactivity study of radical anions of an
amino acid derivative.
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Figure 5. Comparison between experimental and theoretical IR spectra for N-acetyl-cysteine radical anion: (a) experimental
spectrum, (b) theoretical sulfur radical spectrum, (c) theoretical a carbon radical spectrum. The experimental spectrum (red

trace) is overlaid on the theoretical spectra
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Conclusion

It was shown that both hydrogen-deficient radical cations M
and radical anions (M — 2H)of cysteine derivatives can be
generated in the gas phase via fragmentation of the S-
nitrosylated precursors of these ions using electrospray ioniza-
tion in either positive or negative ion mode. The way in which
the radical is formed implies that the radical site is initially
present on the sulfur atom.

The IRMPD and ion-molecule reactivity experiments
strongly suggest that there is a substantial degree of radical
migration from the sulfur to the a-carbon position in the
radical cation of N-acetyl cysteine formed via in-source
fragmentation. This is the first evidence of radical rearrange-
ment that has been shown using IRMPD spectroscopy and
ion-molecule reactions. On the other hand, the radical cation
formed via CID in the ion trap has much higher population
of the sulfur-based radical.

Based on IRMPD spectroscopy and ion-molecule reactions,
the radical anion of N-acetyl cysteine retains its initial structure
of the sulfur-based radical. This is not an unexpected result
since DFT calculations indicate that the radical at the o-carbon
position in the anion is much less stable, likely due to the
absence of captodative stabilization as in the radical cation.

Studies are currently under way to detect radical
rearrangement in small cysteine-containing peptides using
the same approach presented here.
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