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Abstract

Glutathione thiyl radicals (GS*) were generated in H,O and D50 by either exposure of GSH to
AAPH?, photoirradiation of GSH in the presence of acetone, or photoirradiation of GSSG.
Detailed interpretation of the fragmentation pathways of deuterated GSH and GSH-derivatives
during mass spectrometry analysis allowed us to demonstrate that reversible intramolecular H-
atom transfer reactions between GS* and C-H bonds at Cys[*C], Cys[PC], and Gly[*C] are
possible.
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1. Introduction

The tripeptide glutathione (GSH) plays a critical role in cellular homeostasis.> GSH is an
essential component of (i) the glutathione-S-transferase-catalyzed conjugation affording
signalling and regulation of biological pathways,? xenobiotic detoxification3 and (ii) cellular
redox homeostasis through reversible oxidation to glutathione disulfide (GSSG; reaction 1).4

2GSH = GSSG+2e +2H" (1)

#Abbreviations: NEM: N-ethylmaleimide; I0A: lodoacetamide; AAPH: 2,2”-azobis(2-methylpropionamidine) dihydrochloride;
GSH*: Reduced-glutathione, where Gly residue is labeled with 15N and 13¢ at carbons C1and C.

MSP fragmentation (n=1,2,3,4): An ion trap mass spectrometer equipped with multiple quadrupoles can perform multiple stage mass
spectrometry (MS™). Therefore, this symbol refers to multi-stage MS/MS experiments designed to record product ion spectra where n
is the number of product ion stages. The latter is so-called, progeny ion, and corresponds to a charged product of a series of
consecutive reactions that includes product ions, at the 18t generation, 2nd generation and etc... According to the sequential
fragmentation: M1* — Mt — M3t — Mg — Ms*, Mg is the precursor ion of Ms*, a 15t generation product ion of M3™, but
also a 2nd generation product ion of M2 and a 3rd generation product ion of M1*. Thus, the fragmentation of the Ma™ ion is
obtained at the MS# stage.

“Corresponding Author: Schoneich, C.: Department of Pharmaceutical Chemistry, 2095 Constant Avenue, University of Kansas,
Lawrence, KS 66047; fax, (785) 864-5736; schoneic@ku.edu.
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GSH is also a suitable hydrogen/electron donor for one-electron reduction reactions, which
lead to glutathione thiyl radicals, GS® (reaction 2).

GSH/GS™+0x* — GS*+OxH/Ox™ (2

Such one-electron reduction reactions of thiols are relevant for the protection of organisms
against free radicals, generated, for example, through metabolic processes® or the exposure
to ionizing radiation.® However, it was recognized that thiyl radicals may also involve in the
reverse reaction, i.e. hydrogen abstraction from C-H bonds present in alcohols and
ethers,~10 carbohydrates,! polyunsaturated fatty acids,? and amino acids,13-15 and rate
constants for such reactions have been provided by means of radiation chemical techniques.
In peptides the resulting carbon-centered radicals can involve in hydrogen transfer reactions
between amino acid side chains.1
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Specifically GS® radicals feature a pH-dependent /ntramolecular hydrogen transfer between
the thiyl radical moiety and the “C-H bond of the N-terminal y-Glu residue (reaction
3).13.17.18 However, electron spin resonance (ESR)1920 and pulse radiolysis studies?! have
also demonstrated evidence for hydrogen transfer between the thiyl radical and additional C-
H bonds. For example, Karoui et al.20 demonstrated that the oxidation of GSH resulted in
the appearance of two types of carbon-centered radicals, monitored by ESR, and Neta and
Fessenden!? interpreted their ESR data with the formation of a carbon-centered radical at
the ®C position of the Cys residue. The latter observation would suggest the possibility for a
1,3-hydrogen transfer in GS®, supported also by experimental observations on the oxidation
of penicillamine.29 Additional ESR experiments obtained with small model thiols also
suggest the possibility for a formal 1,2-hydrogen transfer in thiyl radicals, i.e. the
observation of *CH,SH radicals after the photolysis of CH3SH,22 and the detection of
CH3C"H-SH radicals after photolysis of CH3CH,SH.23

Theoretical calculations have examined activation energies for /nframolecular hydrogen
transfer reactions in GS*.24 Here, the hydrogen transfer between the thiyl radical and the “C-
H bond of y-Glu displays a rather low activation energy of AG* = 37-42 kJ mol~1, whereas
the 1,3-hydrogen shift within the Cys residue shows AG* = 110 kJ mol~1 and hydrogen
transfer from the C-H bonds of the C-terminal Gly residue shows AG* = 134 kJ mol~1 (in
the (Z)-conformation). Nevertheless, experimental evidence for a 1,3-hydrogen transfer
within thiyl radicals from Cys (CysS®) exists, both in the gas phase2® and in solution.13:26 |n
addition, covalent H/D exchange experiments have demonstrated the potential for CysS®
radicals to abstract hydrogen atoms from neighbouring Gly and Ala residues in several
model peptides,2’~31 suggesting that such a hydrogen transfer reactions should, in principle,
be experimentally possible also in GS".

In this paper, we report experimental evidence that the thiyl radical in GS® enters reversible
hydrogen transfer reactions not only with the -y-Glu residue, but to a significant extent with
the C-H bonds of Cys (1,2- and 1,3-hydrogen transfer) as well as the C-terminal Gly residue.
To demonstrate these hydrogen transfer reactions, we have generated GS® via three
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independent chemical methods, (i) the reaction of GSH with carbon-centered radicals
generated through the thermal decomposition of (AAPH), (ii) the photolysis of GSSG, and
(iii) the reaction of GSH with carbon-centered radicals ("CH3, CH3C*O) generated through
the photolysis of acetone. Reversible hydrogen transfer reactions were monitored through
covalent H/D exchange reactions of original C-H bonds, analysed by mass spectrometry,
including MS2, MS2, and MS* experiments”. An important experimental result is the
ultimate conversion of the GSH Cys residue into dehydroalanine (Dha), likely via -
elimination following a 1,3-hydrogen transfer of the initial thiyl radical, a mechanism
recently established for small Cys-containing model peptides.32 Dha represents an important
electr03p3hile with the potential to generate thioether cross-links with excess GSH or protein
thiols.

2. Materials and Methods

2.1 Materials

Reduced glutathione (GSH), oxidized glutathione (GSSG), ammonium bicarbonate
(NH4HCO3), 2,2 -azobis(2-methylpropionamidine) dihydrochloride (AAPH), N-ethyl-
maleimide (NEM), iodoacetamide (I0A) and acetone were supplied by Sigma-Aldrich (St
Louis, MO) at the highest purity grade. Stable isotope-labeled glutathione (GSH*, here the
Gly residue is labeled with 15N, and 13C at carbons C; and C»), deuterated acetone (acetone-
dg, 99.9%) and deuterium oxide (D20, 99.9%) were purchased at Cambridge Isotope
Laboratories (Andover, MA). The structures of GSH, GSH*, and GSSG are presented in
Chart 1.

2.2 Preparation of the deuterated buffer solutions

Ammonium bicarbonate buffers were prepared at a concentration of 50 mM at three
different pH/pD, 7.1, 8.1, and 9.1. The deuterated buffers were obtained by dilution of
NH4HCO3 salt (19.2 mg) in pure DO (1 mL) and repetition (3 times) of the following
procedure: i) vacuum drying of D,0, ii) reconstitution into 1 mL D,0. After the final
vacuum drying step, ND4DCO3 was resolubilized into 5 mL D,0. In parallel, a stock
solution of KOD (0.1 M) was prepared in D,0O according to the same protocol. KOD stock
solution was used to adjust the pD of ND,4DCO3 buffer solutions.

2.3 Reaction between GSH and AAPH

GSH (750 uM) and AAPH (2 mM) were incubated for 1 hour at 37 °C under Ar in
ammonium bicarbonate buffers (50 mM, pH/pD 7.1, 8.1 or 9.1). The stock solutions of GSH
and AAPH were pre-saturated under Ar and placed on ice prior to be mixed. The reaction
was stopped by alkylation of Cys with NEM. The latter was performed as follows: the
samples were diluted in 50 MM ammonium bicarbonate, pH 8, in 50:50 (v/v) H,O/D,0
(referred to as balanced ammonium bicarbonate; for a rationale to use balanced buffer, see
section 2.9) containing 1 mM NEM. The reaction products were analyzed by capillary LC-
MS/MS connected to a SYNAPT-G2 (Waters Corporation, Milford, MA, USA) mass
spectrometer (for more details on LC-MS analysis, see section 2.7).

2.4 Reaction between GSH* and AAPH

GSH* (750 uM) and AAPH (2 mM) were incubated for 1 hour at 37 °C under Ar in a non-
buffered solution. The amount of GSH* was limited. To run MS" experiments on the GSH*-
derived products, we had to maintain a concentration of GSH* similar to that used with
GSH. Experimentally, the latter led us to avoid dilution of the GSH* stock solution. The pH
of the solution was therefore different from the pH of the other solution (GSH). Because in
this pH range the decomposition rate of AAPH may vary, our experiments will not allow us
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to compare quantitatively the amount of covalent deuterium incorporation into GSH* (vs
GSH). GSH* was only used, in parallel to GSH, to discriminate between the different
fragment ions during the MS" experiments. By no means the GSH* solution could be used
for quantitative measurements. The pH/pD of the final solutions was 3.5 (after addition of
AAPH). The stock solutions of GSH* and AAPH were pre-saturated with Ar, and placed on
ice prior to be mixed. The reaction was stopped by alkylation of Cys with either NEM or
IOA. The chemical derivatizations were performed as follows: 100 pL of each sample were
diluted either with 900 L of milliQ H,O (if the sample was incubated in H,O) or with 900
uL D0 (if the sample was incubated in D,O) which both contained 1 mM of either NEM or
IOA. The pH/pD of each solution was adjusted to 8.0 by addition of KOH (or KOD). The
derivatized products GSH*-NEM and GSH*-10A were analyzed by mass spectrometry
using a Fourier Transform lon Cyclotron Resonance (FT-ICR) instrument (for more details,
see section 2.8).

2.5 UV-irradiation of GSSG

GSSG (500 pM) was photo-irradiated in H,O and D,O for 10 min at A = 253.7 by means of
a photo-irradiator (Rayonet™, Southern New England, Branford, CT, RMA-500) equipped
with four UV lamps (RMR-2537A) with a flux of 3.2 x 1077 einstein/sec. Prior to UV-
irradiation, a 300 pL aliquot of each H,O and D50 solution containing GSSG (500 pM) in
ammonium bicarbonate buffer (50 mM, pH/pD 7.1, 8.1 or 9.1) was placed in a quartz tube
and saturated with Ar. After photo-irradiation the samples were diluted into a balanced
ammonium bicarbonate buffer containing 1 mM NEM (the balanced buffer is described in
section 2.9). The products of UV-irradiation were analyzed by capillary LC-MS connected
to a SYNAPT-G2 mass spectrometer (Waters Corporation, Milford, MA, USA).

2.6 Acetone-hg and acetone-dg photochemistry in the presence of GSH and GSH*

GSH and GSH* (500 uM) were prepared in 1 mL solutions consisting of acetone-hg:H,0
(20%:80% v:v) or acetone-dg:H,0 (20%:80% Vv:v), respectively. The solutions were pre-
saturated with Ar prior to photo-irradiation for 10 min at A = 253.7 by means of a photo-
irradiator (Rayonet™, Southern New England, Branford, CT, RMA-500) equipped with four
UV lamps with a flux of 3.2 x 10~/ einstein/sec. The photo-irradiated samples were diluted
by adding 100 uL of each to 900 uL of milliQ H,O prior to FT-ICR mass spectrometry
analysis.

2.7 Sample preparation for capillary LC-MS analysis connected to a SYNPAT-G2 mass
spectrometer

10 pL of the sample were injected onto a VVydac column (25 cm x 0.5 mm C18, 3.5 pm), and
eluted with a linear gradient delivered at a rate of 20 uL min~1 by a Capillary Liquid
Chromatography System (Waters Corporation, Milford, MA, USA). Mobile phases
consisted of water/acetonitrile/formic acid at a ratio of 99%, 1%, 0.08% (v:v:v) for solvent
A and a ratio of 1%, 99%, 0.06% (v:v:v) for solvent B. The following linear gradient was
set: 1-50% of solvent B within 15 min. Electrospray ionization (ESI) MS spectra of the
photoproducts were acquired on a SYNAPT-G2 (Waters Corporation, Milford, MA),
operated for maximum resolution with all lenses optimized on the [M + 2H]?* ion from the
[Glu]-fibrinopeptide B. The cone voltage was 30 V and Ar was admitted to the collision
cell. The spectra were acquired using a mass range of 50-2000 amu. The data were
accumulated for 0.7 sec per cycle.

2.8 Sample preparation for FT-ICR analysis

The following procedure was applied to analyze products obtained from i) the acetylation
and deuteron-acetylation of GSH and GSH* during photo-irradiation in the presence of
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acetone-hg and acetone-dg, and ii) the covalent deuterium incorporation into GSH* during
exposure to AAPH in D,O. Here the derivatization of GSH/GSH* with NEM or IOA was
performed in 100% of D,0 before dilution (1/100) into H,O:formic acid (99.9%:0.1%, v:v)
to allow H/D-exchange of mobile protons/deuterons. Collision induced dissociation (CID) of
fragment ions, referred to as MS3 and MS#, was performed by means of an LTQ-FT hybrid
linear quadrupole ion trap Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometer (ThermoFinnigan, Bremen, Germany)34. MS3 and MS* were acquired with an
attenuation of the parent ion in the range of 25%-35%. The mass window to collect the
parent ion was fixed to 0.2 Da. The samples were directly infused.

2.9 Covalent H/D exchange into GSH/GSH* and isotopic correction

After exposure of GSH to AAPH or formation of GSH during photoirradiation of GSSG,
covalent deuterium incorporation into GSH (and GSH*) was determined as described below.

The formation of GSH during the photo-irradiation of GSSG and the mechanisms leading to
covalent deuterium incorporation into GSH are described in Scheme 1. Briefly, UV-
irradiation at A = 253.7 nm of a disulfide bond (as in GSSG) leads to the formation of a pair
of thiyl radicals (GS®). Ultimately, the disproportionation reaction of two GS" radicals leads
to the formation of a thiol and a thioaldehyde. More details about the photochemistry of
disulfide bonds are documented elsewhere.28:30:35 The reaction of GSH with AAPH
(Scheme 1, reactions 4 and 5) leads to the formation of GS*.11 Intramolecular H-atom
transfer between GS* and one of the several C-H bonds present in GS* (Scheme 1, reaction
7) generates C-centered radicals and a thiol, which converts into deuterothiol in D50, and
donates a deuteron back to the carbon-centered radical (Scheme 1, reactions 8 and 9).

After derivatization with NEM, the deuterium composition of GS-NEM and its fragment
ions was determined from the differences between the average mass of a covalently
deuterated peptide and the average mass of the corresponding fully protonated peptide. The
average masses were calculated from centroided isotopic distributions. The distribution of
deuterium incorporation is obtained after isotopic correction by subtracting the isotope
abundance distribution in the product formed during either exposure to AAPH or UV-
irradiation in H,O from the isotope abundance distribution of the same product generated in
D,0. This variation of the isotopic distribution between the experiments performed in D,O
and H,0 will be given throughout this paper by the variation of the percent base peak
intensity (Y% ABPI).

Importantly, the derivatization of GSH with NEM in D,0 leads to the incorporation of one
deuteron into the derivatized photoproduct (GS-NEM). In order to minimize quantitative
errors, and in order to compare GSH/GSH* isolated from reactions in H,O and D,0, all
NEM derivatizations were performed in balanced ammonium bicarbonate buffer (i.e., 50/50
H,0/D,0, v/v), where either H,O samples were supplemented with D50, or D,O samples
were supplemented with H,O (see section 2.3). This method of balanced buffer was
successfully applied previously to monitor covalent H/D exchange of several peptides and
proteins.2’-30 Consequently, any differences in covalent deuterium content in GSH/GSH*
are the result of the free radial reactions (and not the derivatization with NEM).

2.10 Computational details

Density Functional Theory (DFT) calculations presented were performed with the
Gaussian-03 (G03) molecular orbital packages. The geometry optimization and frequency
calculations were carried out at the B3LYP/6-311+G(d,p) level by the hybrid HF-DFT
procedure implemented in the Gaussian software package.3® The geometries of the
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molecules were optimized in vacuum. The Gibbs free energies were calculated at 298°K
(GO59g) and are given in kcal/mol.

Three chemical routes for the formation of glutathione thiyl radicals (GS*) were used
(Scheme 1). The first route consisted of exposing GSH (or GSH*) to the C-centered radical
resulting from the thermal decomposition of AAPH. Such reaction allows H-atom
abstraction from the thiol to generate GS* (Scheme 1, reactions 4 and 5). The second and
third routes are based on photochemical techniques. The photoirradiation of GSSG at
A=253.7 nm yields a pair of thiyl radicals (Scheme 1, reaction 6), analogous to processes
characterized for various peptide disulfides.28:39:35 The photochemistry of acetone yields
methyl and acetyl radicals (Scheme 1, reaction 10). GSH (and GSH*) reacts

with *CHz/*CD3, and "“COCH3/*COCD3 generated during the photochemistry of acetone-hg
or acetone-dg, respectively, which initially abstract the H-atom from the thiol function of
GSH (or GSH*). Subsequently, covalent H/D exchange reactions (Scheme 1, reactions 7-9)
were monitored, and, in addition, the final recombination products of glutathione-derived
radicals (either C- or S-centered radicals) with the acetyl radical (Scheme 1, reactions 11—
13). Using a combination of GSH/GSH* and CX3CO (X=H,D) in H,O provided a number
of variables to identify specific products characteristic for radical formation on glutathione
after initial formation of GS".

3.1 GSH and the thermal decomposition of AAPH

GSH (m/z 308.1) was incubated under Ar for 1 hour in the presence of AAPH in H,0 and
D,0. Subsequently, GSH was derivatized with NEM in a balanced mixture of H,O/D,0 at
pH/pD 8.0 (See sections 2.3 and 2.9). The GS-NEM derivatives obtained after reaction of
GSH with AAPH in H,0 and with AAPH in DO will be referred to as products 1-h and 1-
d-X, respectively (summarized in Table 1). The label X in the series of products 1-d (X =
Cys[C], Cys[PC], or Gly[2C]) represents deuterium incorporation at Cys[*C], Cys[PC], or
Gly[*C], respectively.

Analysis by MS® and MS2—The comparison of the isotopic distributions of the parent
ions of 1-h and 1-d-X (m/z 433.14) obtained after exposure of GSH to AAPH in H,0 (Fig.
1, A) and in D,O (Fig. 1, B), respectively, shows a shift toward higher masses. This
observation indicates that deuterium atoms are covalently incorporated into GSH during the
exposure to AAPH in D,O. The deconvolution of the isotopic distributions of 1-h and 1-d-X
obtained after reactions with AAPH in the range of pH/pD 7.1 — 9.1, shows that 37% — 41%
of the molecules have incorporated one deuteron (Fig. 1, inserted table). The MS/MS
analysis of 1-h and 1-d-X, and the comparison of the isotopic distributions of their b2 (m/z
358.1) and y2 (m/z 304.1) fragment ions, show that deuterium incorporation occurs to an
equal extent in the subsequences YGlu-Cys and Cys-Gly, respectively (Fig. 2). The fragment
ion with m/z 102.05, corresponding to the YGlu residue, shows covalent deuterium
incorporation.

3.2 GSH* and the thermal decomposition of AAPH

GSH* (m/z 311.1) was incubated under Ar for 1 hour in the presence of AAPH in H,0 and
D,0 in non-buffered solutions. Subsequently, GSH* was derivatized with either NEM or
IOA in either H,O or D,0 at pH/pD 8.0 (See sections 2.4 and 2.9). The GS-NEM derivative
products obtained after reaction of GSH with AAPH in H,0O and D50, respectively will be
referred to as products 2-h and 2-d-X, respectively (Table 2). The GS-10A derivative
products obtained after reaction of GSH with AAPH in H,0O and D,0 will be referred to as
products 3-h and 3-d-X, respectively (Table 3). The label X (= Cys[®C], Cys[PC], or
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Gly[®C]) in the series of products 2-d and 3-d represents deuterium incorporation at
Cys[*C], Cys[PC], or Gly[*C], respectively.

First, 15N and 13C labeling of the Gly* residue in GSH* allows several fragments to be
distinguished during MS/MS analysis, such as the immonium ion from Cys (m/z 76.05) and
the y1 fragment (= Gly*, m/z 79.05). Second, the 13C label in the carboxylic acid group of
Gly* will allow us to detect the loss of 13CO (MW = 29 Da) during MS3 fragmentation.

MS3 analysis of product 2-d-X—ATfter the reaction of GSH* with AAPH in H,0 and
D,0, and derivatization of GSH* with NEM, a comparison of the MS? spectra of the
products 2-h (m/z 436.1) and 2-d-X (m/z 438.1 and 439.1) indicate the incorporation of two
(m/z 438.1) and three (m/z 439.1) deuterons into product 2-d-X. To localize the deuteron
atoms in 2-d-X, an MS3 analysis of the y2 fragment ions was performed. The ions with m/z
309.1 and m/z 310.1, corresponding to the y2 fragment ions of 2-d-X after incorporation of
two or three deuterons, respectively, were fragmented. The MS? spectra are displayed in
Figure 3.

i) Fragmentation of the y2 fragment ion of 2-d-X after incorporation of two deuterons
(m/z 309.1): The ion with m/z 309.1 was selected for MS3 fragmentation. It corresponds to
the y2-fragment ion of 2-d after incorporation of two deuterons during the reaction with
AAPH in D,0. The formation of the fragment ions with m/z 291.1, 262.1, and 203.1 (Fig. 3,
A) is explained in the Supplementary Material, in section S1.1. The reaction mechanism is
displayed in Scheme 2. This reaction mechanism is consistent with the incorporation of the
second deuteron into product 2-d-Cys[®C] or 2-d-Cys[PC] (in Scheme 2, the fragmentation
is representatively shown for the second deuteron covalently bound to the BC carbon of Cys,
i.e. for 2-d-Cys[PC)).

ii) Fragmentation of the y2 fragment ion of 2-d-X after incor poration of three
deuterons (m/z 310.1): The third deuteron can be incorporated either on the “C or PC
carbons of the Cys residue or on the 2C carbon of Gly*.

The ion with m/z 310.1 was selected for MS3 fragmentation. It corresponds to the y2-
fragment ion of 2-d-X after incorporation of three deuterons during the reaction with AAPH
in D20. The formation of the fragment ions with m/z 292.1, 263.1, 203.1, and 204.1 (Fig. 3,
B) is explained in the Supplementary Material, in section S1.2. The reaction mechanism is
displayed in Scheme 2. The presence of the ion with m/z 204.1 (Fig. 3, insert B1) provides
evidence that the third deuterium is also incorporated into Cys (rather than Gly*), either on
the “C or the PC carbon. The concomitant observation of the ion with m/z 215.1 (Fig. 3,
insert B2) suggests that both C and PC of Cys contain one deuteron each. In such case, the
fragmentation pathway is fully explained through reactions 18b-21b, invoking the same
neutral losses as described in reactions 14— 17 (Scheme 2). In summary, the MS? analysis of
2-d-X provides strong evidence for covalent H/D exchange at “C and PC of Cys.

MS3 analysis of product 3-d-X—After reaction of GSH* with AAPH in H,0 and D,0
and subsequent derivatization of GSH* with I0A, a comparison of the MS! spectra of
products 3-h (m/z 368.1) and 3-d-X (m/z 371.1) indicate the incorporation of three
deuterons into product 3-d-X. To localize the deuteron atoms in 3-d-X, an MS3 analysis of
the y2 fragment ion was performed. The ions with m/z 239.1 and 242.1 correspond to the y2
fragment ions of 3-h and 3-d-X, respectively, after incorporation of three deuterons. The
MS? spectra are displayed in Figure 4. The derivatization of Cys with I0A in D,0 does not
require any deuteron incorporation into the acetamide group. Therefore, the three deuterons
incorporated into product 3-d-X are located on the ¢C carbon of Gly and/or the “C and/
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or BC carbons of Cys. In order to locate the deuterons we have compared the y2 fragments
of 3-h and 3-d-X, after incorporation of three deuterons into 3-d-X.

i) Fragmentation of the y2 fragment ion of 3-h (no deuteron incor porated): The ion
with m/z 239.1 was selected for MS3 fragmentation. It corresponds to the y2 fragment ion of
3-h. The fragmentation spectrum is displayed in Figure 4, A. The fragmentation mechanism
is given in Scheme 3, with X1=X2=X3=X*=H. The ions with m/z 220.9, 194.0, and 148.0
are rationalized in section S2 of the Supplementary Material.

ii) Fragmentation of the y2 fragment ion of 3-d-X after incor poration of three
deuterons (m/z 242.1): The ion with m/z 242.1 was selected for MS3 fragmentation. It
corresponds to the y2 fragment ion of 3-d-X. The fragmentation spectrum is displayed in
Figure 4, B, and the fragmentation mechanism is given in Scheme 3. The fragmentation
mechanism is similar to the one described above for the y2 fragment of 3-h. Three deuterons
are located on the y2 fragment ion of product 3-d-X. These deuterons can occupy three of
the positions X1, X2, X3, or X4, as outlined in Scheme 3. The smallest fragment detected is
the ion with m/z 133.0. Such ion results from the loss of H,O from the ion with m/z 151.0
(Scheme 3, reactions 28-30). The fragmentation mechanism leading to the formation of the
ion with m/z 151.0 involves reaction 27. Due to the low amount of material, none of the ions
resulting from the further loss of 13CO and 1>NH=13CHX are observed. Consequently, the
MS3 fragmentation of trideuderated y2 cannot give any further information on whether
deuterium is incorporated in Gly*. Nevertheless, the presence of three deuterons in y2 of 3-
d-X confirms that at least one deuteron must be located on the Cys residue.

3.3 UV-irradiation of GSSG

UV-irradiation (A = 253.7 nm) of GSSG leads to the formation of GSH via an initial pair of
GS°. The isotopic distributions of GSH generated in H,O and D,0, respectively, and
derivatized with NEM (products 2-h and 2-d-X) are compared in Figure 5. LC-MS analysis
reveals that product 2-d-X has incorporated deuterons. The respective percentages of 2-d-X
which have incorporated one and two deuterons increase over a pH/pD range of 7.1-9.1
(Fig. 5, inserted table).

3.4 Photochemistry of acetone in the presence of GSH and GSH*: analysis of the b2 ion

The 253.7 nm photolysis of acetone at room temperature leads to the formation of methyl
(H3C*) and acetyl radicals (CH3C"0).37 These radicals are able to abstract an H-atom from
GSH38 to yield GS* which subsequently enters reversible H-transfer reactions (Scheme 1,
reactions 11-13). More details about the photochemistry of sulfur-containing peptides in the
presence of acetone are given elsewhere.?? Ultimately, both H3C* and CH3C*O can combine
either with C- and S-centered radicals of GSH and GSH*. Specifically, the recombination
products with carbon-centered radicals of GSH and GSH* provide information about the
original formation and location of intermediary carbon-centered radicals. Hence, the
recombination products were analysed by mass spectrometry.

i) Acetylation of the thiol—Products 4-h-S (m/z 350.1, CH3C(0)-SG, Table 4) and 4-d-
S(m/z 353.1, CD3C(0)-SG, Table 4) are the results of the acetylation of the thiol function
during the photolysis of acetone-hg and acetone-dg, respectively, in the presence of GSH
(reactions 31 and 32, X stands for H or D, depending on the use of acetone-hg or acetone-

de).
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@31

(32)

The acetylation of Cys in GSH is demonstrated through MS3 analysis of the b2 fragment
ions of products 4-h-Sand 4-d-S, displayed in Figures 6A and 6B, where 4-h-S and 4-d-S
display m/z 275.1 and m/z 278.1, respectively.

The b2 fragment ion is an amino-acylium ion that cyclizes through reaction 33 (Scheme 4,
I1). This cyclic intermediate (17) is used to explain the formation of all fragment ions
observed during MS2 fragmentation of the b2 ions of products 4-h-S and 4-d-S (Figure 6, A
and B). The structure of 14 was confirmed independently by MS# analysis (see below). The
fragmentation pathway of the b2 ions of 4-h-Sand 4-d-S is explained in the Supplementary
Material, section S3. The fragmentation mechanisms are displayed in Scheme 4 and 5.

To confirm the structure of |1, we have further fragmented the ion with m/z 199 (Figure 6,
C). The formation of ions with m/z 181.0, 153.0, and 135.0 during MS* is explained in
section S4 of the Supplementary Material. The formation of the cyclic intermediate 1, is also
supported by calculations presented in the Supplementary Material (Scheme S1). The
calculations show that the intermediate 11 is more stable than the b2 ion by 23.63 kcal/mol.
The activation in the gas-phase of intermediate 11 allows further fragmentation of the b2 ion.
Because the loss from I of the ketene group is more favourable than the loss of H,O (See
calculations in Supplementary Material, Scheme S1), we believe that the fragmentation
pathways described in Scheme 5 are more likely to occur than those described in Scheme 4.

ii) Acetylation of the YGlu residue—The presence of ions with m/z 172.0 (Fig. 6, A)
and m/z 175.0 (Fig. 6, B) suggest also that the YGlu residue of GSH is acetylated during the
photolysis of GSH in the presence of acetone-hg (and acetone-dg). The low intensity of these
ions did not allow further fragmentation to localize with more precision the acetylation site
within YGlu.

3.5 Photochemistry of acetone in the presence of GSH and GSH*: analysis of the y2 ion

The acetylation of Cys and Gly/Gly* will be analyzed through fragmentation pathways of
the y2 fragment ions of products 4-h-S, 4-d-S, 5-h-Y, 5-d-Y, 6-h-Sand 7-h-Y (Table 4).
Here, the labels h and d refer to the use of acetone-hg and actone-dg, respectively. The label
Srefers to the acetylation of the thiol group. The label Y summarizes an acetylation on
either the ®C carbon of Cys, the ©C carbon of Gly or the PC carbon of Cys. When we will
refer to one of these products, the Y label will be replaced with either the label Cyg[®C],
Gly[2C] (or Gly[®C1?], in GSH*), or Cys[PC].

In summary, products 4-h-S, 5-h-Y, 6-h-S, and 7-h-Y correspond to the acetylation products

of GSH during the photolysis of acetone-hg. Products 4-d-S, and 5-d-Y correspond to the
acetylation products of GSH during the photolysis of acetone-dg. The mechanism leading to
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the formation of 4-h-Sand 4-d-Sis described in reactions 31 and 32 (see above). The
formation of products 5-h-Y and 5-d-Y is explained through reactions 56 to 58 (Scheme 6).
The mechanism leading to the formation of 6-h-S proceeds through reactions 31 and 32 (see
above, the reactions are representatively shown only for GSH). The formation of products 7-
h-Y is explained by reactions 59 to 61 (Scheme 6).

The MS3 spectra of the y2 fragments ions are displayed in Figure 7.

i) Acetylation of the thiol—The acetylation of the sulfhydryl group during the photolysis
of acetone in the presence of GSH and GSH* is confirmed by the analysis of the y2
fragment ions of the products 4-h-S (m/z 221.0), 4-d-S (m/z 224.0) and 6-h-S (m/z 224.0)
(Figure 7, A, B and C). To follow the fragmentation routes of the ions, the y2 ions and their
fragments derived from 4-h-S, 4-d-Sand 6-h-Sare colored in black, blue and red,
respectively, and presented in Scheme 7.

During MS analysis, products 4-h-S and 6-h-S generate y2 ions with m/z 221.0 and 224.0,
respectively (Scheme 7, Figure 7, A, C). The reactions explaining the proton migration
occurring during the fragmentation of the y2 ions are given in the Supplementary Material,
in section S5.

The photo-irradiation of GSH in the presence of acetone-dg yields product 4-d-S. During
MS analysis, product 4-d-S generates the y2 ion with m/z 224.0 (Scheme 7, blue, Fig. 7, B).
The fragmentation of this y2 ion according to reactions 62b-64b (Scheme 7) generates 1,
with m/z 162.0. Reaction 64b (Scheme 7), cleaving off the deuterated acetamide
(NH2COCD3), supports the mechanism depicted in Scheme 7 and is mechanistically
described in the Supplementary Material (section S5).

ii) Acetylation of Gly[*C]—The products 5-h-Gly[*C], 5-d-Gly[®C], 7-h-Gly[*C] arise
from the recombination of CH3C*O with a carbon-centered radical on Gly/Gly*, and can be
analyzed through further fragmentation of the y2 ion. In fact, it will be shown that only the
acylation of Gly/Gly* can fully explain the nature of the fragment ions derived from y2. Our
proposed reaction schemes for the fragmentation of the y2 ions of the products 5-h-
Cys[®C], 5-h-Cys[PC], 5-d-Cyg/2C], 5-d-Cys[PC], 7-h-Cys®C], and 7-h-Cys[PC] (Table
4) are presented in Scheme 8 and in the Supplementary Material (Schemes S1 and S2).

During MS? fragmentation the products 5-h-Gly[*C], 5-d-Gly[*C], 7-h-Gly[*C] generate
the y2 fragments ions with m/z 221.0, 224.0, and 224.0, respectively. These ions were
selected for MS3 analysis (Figure 7, A, B, C, and Scheme 8). The m/z of the fragment ions
resulting from the collision-induced dissociation of the y2 ions of 5-h-Gly[*C], 5-d-
Gly[2C], and 7-h-Gly[®C] are displayed in black, blue and red, respectively (Scheme 8).
The initial fragmentation (Scheme 8, reactions 68—73) of the y2 ions of the three products 5-
h-Gly[*C], 5-d-Gly[*C], 7-h-Gly[*C] is similar. After proton transfer from the N-terminal
amine to the ketone function, the N-terminal amine cyclizes to a six-membered ring
(Scheme 8, reaction 68). The subsequent proton transfer reactions allowing for the
description of the fragmentation profile of the y2 ions (Figure 7) are detailed in the
Supplementary Material, in section S6.

i) Acetylation of Cys[®C] or Cys[PC]—The products 5-h-Cys[¢C] and 5-h-Cys[PC]
are isobaric to the product 5-h-Gly[®C], the products 5-d-Cys[®C] and 5-d-Cys[PC] are
isobaric to the product 5-d-Gly[C], and the products 7-h-Cys[*C] and 7-h-Cys[PC] are
isobaric to the product 7-h-Gly[*C]. Thus, during the fragmentation of the y2 ions of
products 5-h-Gly[®C], 5-d-Gly[*C] and 7-h-Gly[*C] some of the fragment ions (Fig. 7, A,
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B, C) could be related to the fragmentation of the y2 ions of products 5-h-Cyg[®C], 5-h-
CysPC], 5-d-Cyg*C], 5-d-Cys[PC], 7-h-Cyg[*C] and 7-h-Cys[PC].

In the following, we demonstrate that the acetylation of the Cys[*C] or Cys[PC] positions
are less likely.

a) The acetylation of Cys[2C]: The fragmentation mechanism of the hypothetical y2 ions
of products 5-h-Cyq“C], 5-d-Cyg[*C], and 7-h-Cyg[*C] can start with a cyclization
between the thiol and the ketone as describe in reaction 81 (Scheme S2). Such cyclization
allows for the loss of a first molecule of H,O (Scheme S2, reactions 82-83) and the
formation of the ions with m/z 203.0, 206.0 and 206.0 (Fig. 7, A, B, C). Subsequently, the
loss of 12CO (MW = 28 Da) or 13CO (MW = 29 Da) through reaction 84 (Scheme S2), and
the loss of the imine group (Scheme S2, reaction 85) could yield ions with m/z 175.0, 178.0,
and 177.0, and 146.0, 149.0, and 146.0, respectively. However, such combinations of ions
are not observed. Other potential cyclizations were tested but none of them could explain the
entire fragmentation pattern presented in Figure 7 (A, B, C).

b) The acetylation of Cys[BC]: The acetylation of Cys[PC] appears sterically more
probable than the acetylation of Cys[*C]. In order to match as many fragments ions as
possible observed during the fragmentation of the hypothetical y2 ions of products 5-h-
Cys[PC], 5-d-Cys[PC], and 7-h-Cys[PC], the fragmentation mechanism must start with a
cyclization between the nitrogen of the amide bond and the ketone as describe in reaction 87
(Scheme S3). The mobile proton on the nitrogen can be used to protonate the alcohol
function to allow the loss of the first molecule of H,O (Scheme S3, reactions 88-89) and the
formation of a new set of ions with m/z 203.0, 206.0 and 206.0 (Figure 7, A, B, C). The
carbocation resulting from the loss of the first molecule of H,O, can be used to cyclize the
primary amine (Scheme S2, reaction 90). Such cyclization would permit the formation of a
mobile proton that could be used to protonate the carboxylic acid function to allow the loss
of the second molecule of H,O (Scheme S3, reactions 91-92). The second loss of H,O
permits the formation of a set of ions with m/z 185.0, 188.0, and 188.0, as observed in
Figure 7 (A, B, C). The subsequent loss of 12CO (MW = 28 Da) or 13CO (MW = 29 Da)
(Scheme S3, reaction 93) can explain the formation of the set of ions with m/z 157.0, 160.0,
and 159.0, respectively. However, we cannot rationalize further fragmentations from these
set of ions to yield new fragments with m/z 128.0, 131.0, and 128.0 and m/z 100.0, 103.0,
and 100.0, respectively. These latter ions can only be rationalized by acetylation on Gly[*C]
(See above, Scheme 8).

iv) Acetylation of Cys[®C], Cys[PC] or Gly[®C]: Ab initio calculation of the
Gibbs energies of the y2 ions of products 5-h-Cys[®C], 5-h-Cys[PC], 5-h-
Gly[*C]—The recombination of the acetyl radical (CH3C"O) with a carbon-centered radical
on Cys[*C], Cys[PC] or Gly[*C] leads to the formation of new chiral carbons. During mass
spectrometry analysis, the formation of the y2 fragment ions of 5-h-Cys[®C], 5-h-Cys[PC]
and 5-h-Gly[®C] generates cyclic ions which lead to further fragmentation. Our analysis of
MS?3 and MS# spectra show that the only way to fully rationalize the formation of all
fragment ions of the y2 ions is to start the fragmentation from the six-membered ring
generated from y2 of 5-h-Gly[*C] (Table 5, Scheme 8). Our calculations show that for all
the combinations of absolute configurations of the cyclic y2 ions presented in Table 5, the
most stable configuration under vacuum is the hexacyclic ion obtained from product 5-h-
Gly[2C] (if the absolute configuration is (S,R,R)). Thus, these calculations provide
additional support for the formation of such ions in the gas phase and support our proposed
fragmentation mechanisms suggesting the acetylation of Gly[*C].
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3.6 Formation of dehydroalanine during the reaction of GSH with AAPH

The exposure of GSH to AAPH generates a glutathione-thioether (GSG, m/z 581.2),
corresponding to the formal loss of one sulfur atom from GSSG. The isotopic distribution is
given in the Supplementary Material (Figure S1). The formation of the thioether is
rationalized by the transformation of Cys into dehydroalanine, followed by the addition of
the thiol of a second molecule of GSH (Scheme S4). The transformation of Cys into
dehydroalanine (Dha) results from a 1,3-H-transfer between the sulfur-centered radical and
the “C-H bond of Cys.32 The formation of such product further supports the formation of a
carbon-centered radical through intramolecular hydrogen transfer reactions of GS*.

4. Discussion

Earlier experimentall3-17.18 and computational®* studies supported an intramolecular
hydrogen transfer reaction between the thiyl radical GS* and the *C-H bond of the -
glutamyl moiety of glutathione. The bond dissociation enthalpies (BDE) of the different *C-
H bonds in GSH, based on the method of isodesmic reactions, decrease in the following
order: “C-H (Cys): 346 kJ mol~1, @C-H (Gly): 344 kJ mol~ 1, and C-H (GIn): 320 kJ
mol=1.24:39 The low BDE of C-H (GIn) is consistent with the experimental observation of
the formation of an C-centered radical at the GIn moiety.® On the other hand, the
calculated free energy of activation for the H-atom transfer reaction between GS*® and

the *C-H bond at Gly is hindered by a barrier of 134 kJ mol~1.24

Here, we provide evidence for additional /ntramolecular hydrogen transfer reactions in GS°,
namely reversible hydrogen transfer between the thiyl radical in GS® and (i) the C-terminal
Gly (or Gly*) residue, and (ii) the “C-H and PC-H bonds in Cys itself. The latter reactions
correspond to 1,3- and 1,2-H atom transfers of the Cys thiyl radical, CysS®, in GS*. We
hypothesize that the formation of the C-centered radicals are the results of reversible
hydrogen atom transfer reactions between GS® and C-H bonds present in GSH. Recently,
Nauser et al.2% have provided pulse radiolysis data supporting a 1,2- and 1,3-H atom transfer
reactions in thiyl radical of model compounds. These reactions are most likely solvent-
assisted. A proton-coupled electron transfer (PCET) is, therefore, a possibility, but in this
paper we cannot experimentally distinguish PCET from hydrogen atom transfer (HAT).

A brief statement to exclude any intermolecular H-atom abstraction reactions between C-H
bonds, in GSH, and the C-centered radicals or GS*, is required.

For intermolecular H-atom transfer reactions, the rate constants kg and k—g4 are estimated
to be kgg = 3 x 103 -3 x 104 M~1s71 7911 and k_g, = 107 — 108 M~1s72 40 respectively.

ke
RS*+RH = RSH+R® (o)

k_oq

Thus, under our conditions, the pseudo-first order rate constant for an intermolecular H-
atom abstraction reaction between GS® and a C-H bond of GSH (kg4) would be on the order
of 2.3 - 23 s1. In comparison, the rate constant for an intramolecular 1,2-H atom transfer
within CysS" is several orders of magnitude faster (ca. 10° s71).26 Therefore, an
intermolecular hydrogen abstraction reaction between GS* and any C-H bond should be
kinetically negligible. The C-centered radicals generated from the thermolysis of AAPH
should react with the thiol of GSH (k-g4) With a pseudo-first order rate constant of ca. 5 x
10° - 8 x 10* s™1. Moreover, the rate constants for H-atom abstraction reactions between
methyl radicals and an S-H bond (in a thiol) and a C-H bond in glycine (or glycine
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anhydride) are 4.0-7.4 x 10’ M~1s71and 1.2 x 102 - 4 x 10* M~1 571, respectively, i.e.
different by about three orders of magnitude.384142 Assuming that AAPH-derived carbon-
centered radicals, AAPH[C"], react with C-H bonds and the S-H bond of GSH with rate
constants on the order of 4 x 104 and 4 x 10’ M~1s71, we can calculate the expected yield of
deuterium incorporation only through an initial reaction of AAPH[C*] with the GSH C-H
bonds. At 37°C, AAPH[C'] radicals are generated with a rate of AAPH[C'] = 1.36 x 1076
[AAPH] (Ms™1).43 Hence, a one hour exposure of 2 mM AAPH yields ca. 10 uM
AAPHIC], of which ca. 0.1% are expected to react with the C-H bonds in GSH. However,
over one hour ca. 40% of GSH at an initial concentration of 750 pM incorporated deuterium
(Figure 1), i.e. a significantly higher yield compared to that expected if deuterium
incorporation were initiated via reaction of AAPH[C"] with the C-H bonds of GSH. In fact,
the yield is significantly higher than the initial yields of AAPH[C"], pointing to a chain
reaction, which may be propagated through the reaction of a thiol radical with thiol,
transferring the thiyl radical from an already deuterated GSH to a non-deuterated GSH. The
reaction of C-centered radicals with the C-H bonds can therefore be neglected. We also
discussed, and demonstrated experimentally, that neither H3C® nor CH3C O radicals,
resulting from the photolysis of acetone, could efficiently abstract hydrogen atoms from ¢C-
H bonds in a model peptide, which did not contain Cys:2° experimentally, we could neither
observe product formation nor deuterium incorporation during the photolysis of hexaglycine
in the presence of acetone.?? Thus, the C-centered radicals resulting from i) the thermolysis
of AAPH (AAPH[C]), or ii) the photolysis of acetone (H3C®, CH3C O) are more likely to
react with the thiol moiety of GSH than with any C-H bond in GSH. We can, therefore,
consider that any intermolecular hydrogen atom abstraction reaction either between GS* and
a C-H bond or AAPH[C"] and a C-H bond would be largely negligible. Moreover, when
GSSG was photolyzed, we observed deuterium incorporation into the final product, GSH-
NEM. Especially for low turnovers (0.1<[GSH]/[GSSG]<0.3) an intermolecular H-atom
transfer from the product GSH is kinetically unfavorable compared to that from the reactant
GSSG, which is initially present at much higher concentration. Nauser et al.26 also showed
specifically for the 1,2-H atom transfer in thiyl radicals from cysteamine, that the reaction is
concentration-independent, i.e intramolecular. All these experimental observations and
kinetic data support the notion that intramolecular hydrogen atom transfer reactions are
more favorable than intermolecular reactions under our experimental conditions.

The formation of a C-centered radical at Gly[*C] was demonstrated through the observation
of deuterium incorporation at the Gly[*C] position, but also through the recombination of
CH3C*O with Gly[*C"]. Indeed, when GS® radicals were generated through photolysis of
acetone-containing solutions of GSH, recombination products of CH3C*O with radicals from
GSH were detected. Specifically the recombination products 5-h-Gly[*C], 5-d-Gly[*C] and
7-h-Gly[*C] provide evidence for the recombination of CH3C"O with a carbon-centered
radical of the Gly/Gly* residue, generated through intramolecular hydrogen abstraction from
Gly/Gly* by the thiyl radical of GS".

The occurrence of 1,2- and 1,3-H atom transfers in Cys is specifically evident from the
presence of up to three deuterons in the y2 fragments of products 2-d-X and 3-d-X as a
result of GS* radical formation in D,0. Here, MS3 fragmentation of the y2 fragment of
product 2-d-X clearly provides evidence for the incorporation of up to a total of two
deuterons into the original C-H bonds of “C and PC of the Cys residue. Based on the
structure of the Cys residue, these results demonstrate that at least one deuteron must be
incorporated into the BC-H bond. The MS3 fragmentation of the y2 fragment of product 3-d-
X provides additional evidence for the incorporation of deuterium into the Cys residue.

Specifically the 1,2-H atom transfer, depicted in reaction 56 in Scheme 6, leads to an a-
mercaptoalkyl radical, R-C*"H-SH. Based on theoretical calculations for 1,2-H atom transfer
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equilibria of small organic radicals, such as CH3S® 44 and HOCH,CH,S",%> we can expect
that equilibrium 56 is located far on the side of the thiyl radical. For Cys with a polypeptide
sequence, theoretical calculations provide homolytic bond dissociation energies at 298 K of
380.9 and 367.0 kJ/mol for the BC-H and the S-H bonds, respectively, corresponding to a
difference of ca. 13.9 kd/mol.*6 These calculations suggest that in equilibrium 56, ca. 0.4%
of the radicals may be present as a-mercaptoalkyl radicals. On the other hand, recent pulse
radiolysis experiments on thiyl radicals from Cys and related model compounds suggest,
that in aqueous solution a significant fraction of these thiyl radicals undergo a 1,2-H atom
transfer.26 Generally, activation energies for 1,2-H- and 1,3-H-shifts are high.4” On the other
hand, detailed mechanistic studies with alkoxyl radicals (RCH,O® — RC*HOH) demonstrate
that 1,2-H atom transfer reactions may be assisted by protic solvents, suggesting that solvent
effects may also play a role in 1,2-H atom transfer reactions of thiyl radicals.*® Calculations
for Cys *C-H and S-H bonds at 298 K provide homolytic bond dissociation energies of
345.5 and 367 kJ/mol, clearly demonstrating that a 1,3-H atom transfer should be
thermodynamically feasible.

Based on a homolytic bond dissociation energy of 344 kJ/mol for Gly “C-H,3? also the
hydrogen transfer from Gly to the thiyl radical of GS* appears thermodynamically feasible.
However, conformational restraints must be taken into account. A very high barrier of 134
kJ/mol was calculated for the (Z)-conformation of GS*.24 However, reversible 1,3-H atom
transfer within GS* may convert the original L-Cys into D-Cys (such conversion was
recently observed for ®C radicals of Ala in small model peptides??), suggesting that
additional conformations of GS* may have to be considered for hydrogen transfer.
Importantly, reversible hydrogen transfer reactions between Cys thiyl radicals and adjacent
Gly residues, in positions n+1 and n+2, have been observed for a series of model peptides.28

The use of MS" experiments for the identification of deuterated sites

The important features used to identify the positions of covalently incorporated deuterons
during the MS" experiments are not the structure of the different intermediates, but the
nature of the neutral losses. This is, the comparison of the different changes of masses
observed for each of the MS" experiments, which allowed to determine when deuterons
were removed from the ion, and, therefore, included in the neutral loss. The structures of the
ions presented in the different Schemes were designed to explain as clearly as possible how
a specific neutral loss converts an ion into a successor ion. We understand that some of these
structures might be speculative in the absence of calculations. Even though the structures
displayed in Schemes 4 and 5 are not based on calculations, they are the result of logical
deduction from the comparison of multiple experimental results (MS" spectra). In an effort
to rationalize these structures, we have performed representative calculations to justify the
formation of the cyclic structure 11 (Schemes 4 and 5). The results of the calculations are
presented in the Supplementary Material (Scheme S1). The results show that the
intermediate 17 is about 23 kcal/mol more stable than the b2 ion and can be used for further
fragmentation as described in Schemes 4 and 5. Moreover, the calculations indicate that the
fragmentation pathways in Scheme 5 are likely to be more favorable than the ones given in
Scheme 4, since the ion resulting from |, after the loss of the ketene is more stable than the
ion obtained after the loss of H,O (Scheme S1).

The observed hydrogen transfer reactions are of biological significance. First, the conversion
of GS® into carbon-centered radicals may provide the possibility for an irreversible
formation of peroxyl radicals through reaction with molecular oxygen.*? Second, especially
after the 1,3-H atom transfer of GS®, the resulting C* radical at the Cys residue can undergo
B-elimination of HS® to yield dehydroalanine. This reaction has been characterized in some
detail for thiyl radicals of small Cys-containing model peptides.32 In accordance with such
reaction, we detected the formation of thioether-linked glutathione dimers after the exposure
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f GSH to AAPH (see Section 3.6). These thioether-linked dimers are likely the result of
ehydroalanine formation followed by a Michael-type addition of a second GSH molecule.

In vivo, dehydroalanine-containing products of GSH cause irreversible glutathiolation of

p

5. Conclusi

roteins such as observed during cataract formation in the human lens.50

on

A detailed mass spectrometry study of the fragment ions of deuterated and derivatized GSH

a
b
a

Ilows the detection of intramolecular H-atom transfer reactions between GS* and the “C-H
ond at Gly. Additionally, covalent H/D exchange, within Cys provides evidence for a 1,2-
nd 1,3-H atom transfers. The latter is of particular interest, since subsequent f-elimination

from the C,-centered radical at Cys can generate DHA. The transformation of Cys into
DHA in GSH is a potential source of thioether crosslinks in proteins.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

MS spectra of GSH-NEM derivatized (m/z 433.14) obtained after exposure of GSH (500
uM) to AAPH (2 mM) at 37 °C during 1 hour in H,O-buffer (A) and D,O-buffer (B). The
table summarizes the percentage of GSH-NEM derivatized molecules having incorporated
covalently one deuteron atom after reaction of GSH with AAPH at different pH/pD in H,O/

D,0-buffers.
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Figure 2.

Overlay of the CID spectra of GSH-NEM derivatized (m/z 433.14) obtained after exposure
of GSH (500 uM) to AAPH (2 mM) at 37 °C during 1 hour in HyO-buffer (black) and D,0-
buffer (gray). The table summarizes the percentage of fragment ions having incorporated

covalently one deuteron atom after reaction of GSH with AAPH at different pH/pD in H,O/

D,0-buffers.
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Figure 3.

MS3 spectra of the y2 fragment ions of product 2-d-X after incorporation of A) two
deuterons, B) three deuterons. X stands for deuterium incorporation at Cys[*C], Cys[PC], or
Gly[®C].
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Figure 4.
MS2 spectra of the y2 fragment ions of A) product 3-h and B) product 3-d-X after

incorporation of three deuterons. X stands for deuterium incorporation at Cys[®C], Cys[FC],
or Gly[®C].
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Overlay of the MS spectra of 2-h and 2-d-X (m/z 433.14) generated after 10 min of UV-
irradiation (A = 253.7 nm) of GSSG (500 uM) in H,0 (black) and D,O (gray). X stands for
deuterium incorporation at Cys[*C], Cys[PC], or Gly[®C].
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MS3 spectra of the b2 fragment ions of A) product 4-h-Sand B) product 4-d-S. MS# of the
fragment ion with m/z 199.0 is presented in panel C.
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MS2 spectra of the y2 fragment ions of A) products 4-h-Sand 5-h-Y, B) products 4-d-S and
5-d-Y, and C) products 6-h-Sand 7-h-Y. The label Y refers to the acetylation of GSH or
GSH* at the @C carbon of Cys, at the “C carbon of Gly/Gly* or at the BC carbon of Cys.
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decomposition of AAPH, ii) the photochemistry of disulfide bond, iii) the photochemistry of
acetone (X stands for H or D), and subsequent reactions of the thiyl radical.
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Scheme 2.

Reaction pathways for the MS? fragmentation of the y2 fragment ions of product 2-d-X after
incorporation of two or three deuterons during the reaction of AAPH with GSH/GSH* in

D,0. X stands for deuterium incorporation at Cys[*C], Cys[BC], or Gly[2C].
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Scheme 3.

Reaction pathways for the MS? fragmentation of the y2 fragment ions of product 3-h and 3-
d-X after incorporation of three deuterons during the reaction of AAPH with GSH/GSH* in

D,0. X stands for deuterium incorporation at Cys[®C], Cys[PC], or
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Scheme 4.
Postulated fragmentation pathway for the MS3 fragmentation of the b2 fragment ions of
products 4-h-S and 4-d-S. Color code for m/z: X=H (black), X=D (blue).
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Scheme 5.

Postulated fragmentation pathways for the MS3 fragmentation of the b2 fragment ions of
products 4-h-Sand 4-d-S (continued). The dashed frame indicates the MS* fragmentation
mechanism of the ion with m/z 199.0. Color code for m/z: X=H (black), X=D (blue).

Chem Res Toxicol. Author manuscript; available in PMC 2013 September 17.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Mozziconacci et al. Page 31

products:

SH ﬁ
o) o) . 9 ® C—CX; :
w LWJ " 5h-GysiClif X=H
HO NH OH .
5-d-Cys[pC] if X=D
NH; o}
“(56)
v ol products:
\)l\ \)l\ 5-h-Gly[C] if X=H
5-d-Gly[«C] if X=D
E(S?)
SH
i i il ] products:
® C—CX; .
HO/LK\/LNH . "“\)kon ——  5-h-Cys[aC] if X=H
NH, o 5-d-Cys[oC] if X=D
(o]
o(lzl-cx
. '3c 2 product:
1scH/ “SoH 7-h-Cys[pC], X=H
)H/\/L Ji"( 13 (61) oc CXs )
N m./sc\—— product:
CH OH w X3 7_h_G|y[aC]l X<H
|<60)
||
. n rees product:
By 7-h-Cys[aC], X=H

Scheme 6.
Acetylation of GSH and GSH*.
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Scheme 7.

Postulated fragmentation pathways for the MS3 fragmentation of the y2 fragment ions of the
following products: 4-h-S (m/z are black colored, and X=H), 4-d-S (m/z are blue colored,
and X=D), 6-h-S (m/z are red colored, and X=H). The red-colored atoms indicate the
position of 1°N and 13C when GSH* is used to explain the fragmentation mechanism.
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Scheme 8.

Postulated fragmentation pathways for the MS3 fragmentation of the y2 fragment ions of the

following products: 5-h-Gly[*C] (m/z are black colored), 5-d-Gly[*C] (m/z are blue

colored), 7-h-Gly[*C] (m/z are red colored). The red-colored atoms indicate the position

of 15N and 13C when GSH* is used to explain the fragmentation mechanism. The blue-

colored atoms indicate either the use of a protonated acetyl radical (X=H) or a deuterated

acetyl radical (X=D).
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Chart 1.
Structures of glutathione (GSH, GSH*) and GSSG.
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Table 1

Overview of the products resulting from the derivatization of GSH with either NEM after reaction of GSH
with AAPH . Products 1-d-Cys[®C], 1-d-Cys[PC], 1-d-Gly[®C] are products with a second deuteron located
on Cys[>C], Cys[PC], Gly[*C], respectively. In the text, the labels Cys[*C], Cys[PC], and Gly[*C] are
sometimes represented by the letter X.

Reference Structure Reference Structure

1-h 0 1-d-Cyg[PC] o

HaN NH OH HoN NH OH
\T ~ NH \‘J‘r ~ NH
E E
o o]
S S D
o] D (o] D
N N
\/ o \/ 0
1-d-Cys[*C] 0 1-d-Gly[*C] o D
D
HoN NH OH HoN NH OH
Ny~ NH Ny~ NH
E E
o] (o]
S S
o] D (0] D
N N
\/ o \/ 0
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Table 2
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Overview of the products resulting from the derivatization of GSH* with either NEM after reaction of GSH*
with AAPH. Products 1-d-Cys[*C], 1-d-Cys[PC], 1-d-Gly[*C] are products with a second deuteron located
on Cys[>C], Cys[PC], Gly[*C], respectively. In the text, the labels Cys[*C], Cys[PC], and Gly[*C] are

sometimes represented by the letter X.

Reference Structure Reference Structure
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Overview of the products resulting from the derivatization of GSH with 10A after reaction of GSH with
AAPH. Products 1-d-Cys[®C], 1-d-Cys[PC], 1-d-Gly[®C] are products with a second deuteron located on
Cys[*C], Cys[PC], Gly[*C], respectively. In the text, the labels Cys*C], Cys[PC], and Gly[*C] are

sometimes represented by the letter X.
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(o]

Reference Structure Reference Structure
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Structure of the y2 ions of products 5-h-Cys[2C], 5-h-Cys[PC], 5-h-Gly[®C]. (S) and (R) stand for the
absolute configuration chirality of the carbon center.

Product y2ion after cyclization Absolute GO
Configuration (kcal/mol)
5-h-Cyq[2C] (S9) No convergence
(SR)
5-h-Cys[fC] (89 29.49
(SR) 15.69
5-h-Gly[*C] (0] (SS9 1.88
GlylC] has a S configuration after addition of | | (SSR) 1.25
the acetyl radical
o} NH sy _C
~
cH” oH
(S)
® OH
NH;

SH CHs
5-h-Gly[*C] 0 (SR.9 3.14
Gly[*C] has a R configuration after addition of | | (SRR) 0.00

the acetyl radical
o NH_ gy C
~
cH” o
(S)
® OH
NH;
SH CH,
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