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cross-linking of proteins during oxidative stress.
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(Bacl(ground: Tyrosyl radicals react with superoxide to form bicyclic hydroperoxides that contains an «- unsaturated

Results: GSH undergoes Michael addition with Tyr hydroperoxides in peptides and myoglobin.
Conclusion: Proteins that form hydroperoxides through radical-mediated oxidation should readily form GSH-Tyr adducts.
Significance: This is a novel mechanism of protein-glutathione adduct formation, and similar chemistry could result in Cys-Tyr
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Tyrosine residues are sensitive to oxidation and can be con-
verted to hydroperoxides either by superoxide reacting with the
Tyr radical or by singlet oxygen. These hydroperoxides rear-
range to bicyclic derivatives that are readily reduced to more
stable hydroxides. The aromatic character of tyrosine is lost, but
the product contains an a-f3 unsaturated carbonyl group and is,
therefore, an electrophile. We have generated hydroxide deriv-
atives of several Tyr-containing peptides and shown using liquid
chromatography/mass spectrometry that they undergo Michael
addition with GSH. For Tyr-Gly, rate constants of 9.2 and 11.8
M~ 'min~! were measured for the two chromatographically dis-
tinct isomers. Unusual for GSH addition to an electrophile, the
reaction is reversible, with a half-life of many hours for the
reverse reaction. These kinetics indicate that with a typical cel-
lular concentration of 5 mm GSH, >95% Tyr-Gly hydroxide
would become conjugated with a half-life of ~15 min. Sperm
whale myoglobin forms a hydroperoxide on Tyr-151 in a hydro-
gen peroxide/superoxide-dependent reaction. We show that its
hydroxide derivative reacts with GSH to form a conjugate.
Detection of the conjugate required stabilization by reduction;
otherwise, the reverse reaction occurred during tryptic diges-
tion and analysis. Our findings represent a novel mechanism for
peptide or protein glutathionylation involving a carbon-sulfur
cross-link between oxidized Tyr and Cys. As with other electro-
philes, the oxidized Tyr should undergo a similar reaction with
Cys residues in proteins to give intramolecular or intermolecu-
lar protein cross-links. This mechanism could give rise to pro-
tein cross-linking in conditions of oxidative stress.

Proteins are critical biological targets for reactive oxygen
species, and post-translational protein modification is a major
mechanism for oxidative damage. It is also a regulatory mech-
anism for redox signaling and in many cases is structurally
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important for achieving correct polypeptide folding. Cys, Met,
Trp, and Tyr residues are the most oxidant-sensitive, and a
wide range of reversible and irreversible modifications have
been characterized. One common modification is glutathiony-
lation (1-5). Numerous thiol proteins have been shown to form
mixed disulfides with GSH. This reversible process, termed
S-glutathionylation, is a means for regulating their activity and
is proposed to be one of the mechanisms involved in redox
signaling. Glutathionylation through a carbon-sulfur bond can
also occur if protein oxidation gives rise to electrophilic sites
that could form adducts by Michael addition. The objective of
this study was to determine whether tyrosine oxidation to its
hydroperoxide could give rise to glutathionylation via this
mechanism.

Tyr residues are particularly sensitive to one-electron (radi-
cal-mediated) oxidation to radicals. These radicals can com-
bine to form dityrosine, which is an important cross-link in
some structural proteins as well as a useful biomarker of oxida-
tive stress (6). However, tyrosyl radicals react with superoxide
even faster than with each other. This is the prevalent reaction
under conditions where both radicals are generated (7-10),
such as when tyrosine is oxidized by stimulated neutrophils (11,
12) or in the presence of GSH (13). The reaction between super-
oxide and Tyr radicals proceeds either by electron transfer
(repair), which reduces the Tyr radical back to Tyr and gener-
ates oxygen, or by addition to give a hydroperoxide. When the
tyrosine has a free terminal amine, the hydroperoxide is the
predominant product (7, 9). Addition can theoretically occur at
the ortho (as shown in Scheme 1, reaction I) or para position of
the Tyr. The repair reaction is more favored when there is no
free amino group, but some hydroperoxide is formed in this
case too (10). An alternative route to tyrosine hydroperoxides is
the reaction of tyrosyl peptides or proteins with singlet oxygen
(14).

Hydroperoxide formation on N-terminal Tyr residues is fol-
lowed by conjugate addition of the Tyr nitrogen to the phenol
ring (reaction 2), destroying its aromatic character and gener-
ating a bicyclic product (II). The product is less well character-
ized when there is no free N terminus. Our evidence favors the
equivalent of (II) with conjugation to the amide nitrogen (10,
14, 15), but the unconjugated species (I) is also possible. The

VOLUME 287 +NUMBER 31-JULY 27,2012



H.N R B HN R
o3
1) 'o@ﬁo + 03 ! WO
TyrO*® Ho-O |
HN R o
2 H o — mR
H
Ho-O | HO-O l
@ s :
3) N + Nu m + Nu-OH
O N R O H R
HO-O Il HO 1
sG
o o
4
) Om_{ﬁ + GSH " N R
HO ]l HO v

SCHEME 1. Proposed mechanism for the formation of the Tyr-hydroxide-
GSH adduct. 1, the addition of superoxide to Tyr radicals results in the for-
mation of hydroperoxide species (I). The scheme shows the addition at the
ortho position but it could also occur at the para position. 2, Michael addition
of the Tyr amine (or amide) nitrogen to the Tyr ring gives a bicyclic hydroper-
oxide derivative (Il). 3, reduction of the hydroperoxide species by a nucleo-
phile (Nu) gives the corresponding alcohol (lll; the Tyr-hydroxide species was
characterized for the parent Tyr amino acid as 3a-hydroxy-6-oxo-
2,3,3a,6,7,7a-hexahydro-1H-indol-2-carboxylic acid or 4-alanyl-4-hydroxy-cy-
clohexadienone for superoxide addition to the ortho positions; see Nagy et al.
(10). 4, Michael addition of GSH to the a-B unsaturated carbonyl group of lll
gives V.

hydroperoxides readily undergo reduction or hydrolysis (reac-
tion 3) to give the more stable hydroxyl derivative (III) (7).
Alternatively, if a Met residue is in the vicinity, Tyr hydroxide is
produced through internal transfer of one of the oxygens to give
methionine sulfoxide (10).

The conjugate addition product (III) still contains an -
unsaturated carbonyl group so could in theory undergo further
Michael addition to thiols and other nucleophiles. This would
result in a conjugate with GSH (Scheme 1, reaction 4), and the
reaction is a potential mechanism for cross-linking between
Tyr and Cys residues in proteins. We have investigated whether
this is the case for glutathionylation using small Tyr-contain-
ing peptides as well as sperm whale myoglobin, which we have
previously shown to form a tyrosyl hydroperoxide derivative
when treated with superoxide and hydrogen peroxide (16). We
show that GSH reduces the peptide hydroperoxide to
hydroxide derivatives (Tyr hydroxide), which readily and
efficiently form conjugates. We propose that this could be a
physiological mechanism for protein glutathionylation or
cross-linking.

EXPERIMENTAL PROCEDURES

Materials—Tyr-Gly Met-enkephalin, Leu-enkephalin, sperm
whale myoglobin, and other reagents and enzymes were pur-
chased from Sigma unless otherwise indicated. Stock solutions
of xanthine oxidase (XO)? were prepared by dilution of the
ammonium sulfate suspension with 50 mm phosphate buffer,
pH 7.4, and spinning through a G25 Sephadex column. Enzyme

3 The abbreviations used are: XO, xanthine oxidase; HRP, horseradish peroxi-
dase; SRM, selected reaction monitoring; Tyr-hydroxide, tyrosine hydrox-
ide; YG-hydroxide, Tyr-Gly hydroxide.
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and acetaldehyde solutions were prepared daily and stored on
ice. The custom-synthesized peptide corresponding to the
C-terminal end of myoglobin with the sequence ELGYQG was
ordered from GenScript (Piscataway, NJ).

Peptide Tyr Hydroperoxides—Peptide hydroperoxides
were prepared as in Nagy et al. (10) by treating the Tyr-contain-
ing peptide (typically 1-5 mm) in 50 mm sodium phosphate
buffer, pH 7.4, containing 50 um diethylenetriaminepenta-ace-
tic acid and 3 or 10 mMm acetaldehyde with 1-3 aliquots (over
30-90 min at 22 °C) of horseradish peroxidase (HRP; final con-
centration 0.5 uM) and XO (~0.004 units/ml to give a superox-
ide generation rate of ~10 um/min). The concentration of the
HRP stock was determined from its absorbance at 403 nm (e =
112 mM ™~ 'ecm ™). Superoxide production by XO was measured
separately as cytochrome c¢ reduction. The reaction was
stopped by adding catalase (10-20 ug/ml), decreasing the vol-
ume to half using a vacuum concentrator, then removing the
enzymes using a 10- or 50-kDa cut off Amicon Ultra Free-MC
Biomax Polysulfone filter (Millipore, Bedford, MA). For
ELGYQG, a similar protocol was used except that XO (typically
0.0006 units/ml; superoxide generation 1.5 um/min) was added
to a solution containing 0.2 mm peptide, 2.5 mm acetaldehyde,
and 140 nm HRP (16). Reactions were run for 30 min at 22 °C.

Formation of Peptide Tyr-hydroxides and Reaction with
GSH—Tyrosyl hydroperoxide derivatives were either reduced
to the corresponding hydroxides by incubating with methio-
nine (typically 0.7 mm) overnight at 20 °C or added directly to
GSH (which also performs this reduction). For product analy-
sis, the solutions were treated with GSH (2 mm in pH 7.4 phos-
phate buffer containing diethylenetriaminepenta-acetic acid).
After 1-2 h, they were either analyzed immediately by liquid
chromatography-mass spectrometry (LC/MS) or stored at
—80 °C. For the experiment using purified Tyr-Gly hydroxide
(YG-hydroxide), it was purified from the starting material by
liquid chromatography using the LC/MS system. On reinjec-
tion of the collected peak, only the YG-hydroxide species were
detected.

Kinetic Experiments—Y G-hydroxide was prepared by reduc-
ing the hydroperoxide with methionine as above. LC/MS anal-
ysis confirmed that no YG-hydroperoxide remained. Phe
(internal standard, final concentration 20 um) plus an equal
volume of a GSH solution in the same phosphate buffer was
added, and after controlled times at 25 °C samples were injected
into the LC/MS system. Controls without GSH were also run at
intervals during the analysis period. For each sample, the peak
integral for YG-hydroxide was calculated and expressed rel-
ative to the Phe peak (m/z = 166). GSH (m/z = 308), which
was present in excess, was also monitored to ensure that it
was not depleted over the course of the reaction. The loss of
YG-hydroxide over time was followed at different GSH con-
centrations. Sigma Plot was used to fit the kinetic traces to an
exponential decay (y = y, + ae” **) equation.

Glutathione Adduct Formation on Oxidized Myoglobin—
Sperm whale myoglobin (50 um in phosphate buffer containing
diethylenetriaminepenta-acetic acid) was reacted with XO
(typically 0.004 units/ml) plus acetaldehyde (1 mm) for 30 min
at 22 °C. Total production of H,O, over the period was ~100
M. It has previously been shown that a superoxide-tyrosyl rad-
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ical addition product is formed on the myoglobin under these
conditions (16). The reaction mixture was then incubated over-
night with or without GSH, then treated with 20 mm sodium
borohydride (NaBH,) for 30 min in the dark. Reactions were
stopped, and heme was extracted from the myoglobin by add-
ing 9 volumes of ice-cold acidified acetone (1% HCl v/v) while
vortexing. Precipitated protein was separated, resuspended in
100 mm Tris-HCI buffer, pH 8.5, and incubated with a 50:1
substrate:trypsin ratio for 16 h at 37 °C. Digestion was stopped
by the addition of 0.1% formic acid followed by injection of
samples onto the LC/MS column.

LC/MS Analysis of Peptides and Product Identification—
Most of the analyses were performed by liquid chromatogra-
phy-electrospray ionization (ESI)-mass spectrometry and LC-
ESI-MS/MS using a Thermo Finnigan LCQ Deca XP Plus ion
trap mass spectrometer (San Jose, CA) in positive ion mode
coupled to a Surveyor HPLC system and PDA detector under
previously described conditions (10). Data were analyzed using
Finnigan Xcalibur, Thermo Finnigan Qual Browserl.3, and
HighChem Mass Frontier 3.0 programs. Identity of the peaks
was established on the basis of characteristic MS/MS fragmen-
tation patterns. Fragment ions of ELGYQG were assigned
based on the Roepstorff-Fohlman nomenclature.

Some of the analyses of ELGYQG products and analysis of
tryptic digests of myoglobin were performed with an Applied
Biosystems 4000QTrap coupled to an Applied Biosystems
HPLC system (Concord, Ontario, Canada). A Jupiter 4 uwm Pro-
teo 90A C12 150 X 2.0 mm column (Phenomenex, CA) set to
40 °C was used, and separation was achieved using an appropri-
ate gradient of water and acetonitrile containing 0.1% formic
acid. All samples were analyzed in the positive ion mode. The
electrospray needle was held at 400 °C. Nitrogen was both the
curtain and collision gas. The ion spray was 5 kV, and
the declustering potential was 40 V. Samples were analyzed by
selected ion monitoring, selected reaction monitoring (SRM),
or recording the total ion chromatograms. MS/MS experi-
ments were performed using helium as collision gas. Data
acquisition and analysis were performed using Analyst 1.4.2
(AB Sciex).

RESULTS

Formation of a Glutathione Adduct on Tyr-Gly Hydroxide—
Tyr hydroperoxide formation from Tyr radicals and superoxide
requires the simultaneous generation of both radicals. This can
be achieved using XO/acetaldehyde to generate superoxide and
H,0, plus a peroxidase to catalyze oxidation of the Tyr by the
H,0, (11). An alternative is to generate Tyr radicals in the pres-
ence of GSH (13). In the latter case the glutathionyl radical is
formed; this reacts with more GSH to give the glutathione
disulfide anion radical (GSSG ™), and superoxide is generated in
the reaction of GSSG™ with oxygen. When we used the GSH
system with YG and examined the products by LC/MS, we
observed the hydroperoxide, but it was short lived. Isomers of
YG-hydroxide were formed, but these also disappeared over
time, and a peak corresponding to an increase in mass of 307 Da
was observed (data not shown). This is consistent with previous
studies showing that Tyr hydroperoxides are reduced to
hydroxides by GSH (11, 17) and also suggested that the hydrox-
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ides react with GSH. These reactions were further investigated
by adding GSH to preformed YG-hydroxide.

YG-OH was prepared by treating the dipeptide with the
XO/HRP system then reduction of the hydroperoxide with
methionine. As shown in Fig. 1a, LC/MS with selected ion
monitoring of the reaction mixture at m/z of 255 (the theoret-
ical value for the hydroxide; III) showed two isomeric peaks.
The two peaks had very similar fragmentation patterns that are
consistent with the isomeric structures of III, as established
previously (10). After treatment with 5 mm GSH, these peaks
disappeared, and a peak with two unresolved shoulders
appeared (Fig. 1b). This peak showed the same mass through-
out, corresponding to the addition of GSH (+307 Da) to YG-
hydroxide. This mass is consistent with a Michael addition
reaction, and the fragmentation pattern (Fig. 1c) indicates that
the mass increase is due to the addition of GSH to Tyr-hydrox-
ide. The unresolved peaks are likely to correspond to structural
isomers, more of which are theoretically possible for the GSH
adduct than for the hydroxide alone. The comparable total
areas of the peaks in Figs. 1, a and b, suggest efficient conver-
sion. To exclude the possibility that any of the reagents used to
prepare YG-hydroxide were involved in the formation of the
GSH adduct, YG-hydroxide was purified and reacted with
GSH. Analysis by direct infusion mass spectrometry again
showed conversion to the same GSH adduct as in Fig. 1¢, indi-
cating a direct reaction between GSH and YG-hydroxide.

Michael Addition of GSH or Cys to Different Peptide-Tyr
Hydroxides—Gly-Tyr, Met-enkephalin, and Leu-enkephalin all
form radical addition products with superoxide (10, 12). The
hydroxide products from these peptides also reacted with GSH
to form adducts. LC/MS analysis of the products gave masses
corresponding to the addition of GSH, and the major fragments
identify them as Michael addition products equivalent to that
for YG. The fragmentation patterns indicate that the GSH is
localized on the modified Tyr-hydroxide residues (see Table 1
and Fig. 2). As shown for YG-hydroxide, reaction with Cys
formed the equivalent Cys conjugate.

Kinetics and Reversibility of Adduct Formation—XKinetic
experiments were carried out with YG-hydroxide using
LC/MS to follow its consumption over time. Loss of both
hydroxide isomers (shown in Fig. 3a for the peak eluting at 4
min) occurred over minutes or hours depending on the GSH
concentration. GSH conjugate peaks increased in parallel
with the decrease of the hydroxides, but product formation
was not analyzed kinetically. At the lower GSH concentra-
tions, the reactions did not go to completion, suggesting that
reaction 4 (Scheme 1) should be represented as an
equilibrium,

ke V]
Ka= k_, [IM][GSH]

(Eq. 1)
As all kinetic experiments were conducted under pseudo first
order conditions using an excess of GSH, the GSH concentration
can be treated as constant, and Equation 1 was simplified to,

ky' v
V)

k. = W (Eq.2)

VOLUME 287 +NUMBER 31-JULY 27,2012



100 1 (a)
80 1

60

40 1

Relative Abundance

20 /

Time (min)
100 A (b)
o 807
o
=
<
T 60 -
=
)
<
2 Y]
N
=
& 20
0 s
(1} 2 4 6 8 10 12 14 16 18
Time (min)
Tyr-OH _Glu
(C) [ ou 1 4331
100 N N
Gly
8 Glu HN
5 80 OH o : OH  HO °
E OOH/\)LNJ:WN{/&O
= 60 .y:HJ O\T, [M+H]+
< | S
g GSH SIGZ
%, 40 - i
& -GSH -Gly i
| GSH 4151 487.0 !
20 20 3080 i
-GGy 54411
. 23]@.‘530 ‘ 358.2 397_&" 10 52@‘& ,H,oi
1 ] 1
200 300 400 500 600

m/z

FIGURE 1. LC/MS detection of glutathione adducts of YG-hydroxide.
Selected ion monitoring detection is shown of YG-hydroxide isomers at
m/z = 255 (dotted line) without the addition of GSH (a) and GSH adducts of
YG-OH at m/z = 562 (solid line) with no YG-hydroxide remaining (dotted line)
after 6 h of incubation with 5 mm GSH (b). ¢, shown is a fragmentation pattern
of YG-hydroxide-GSH. The proposed structure of the adduct is shown in the
inset.

where K,” = K,[GSH] and k,” = k,[GSH]. Kinetic analysis
needs to take into account both the forward and the reverse
reactions of an equilibrium, and for reaction 4, the following
rate law can be derived (18),
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dlmj

“gr = kA k(] — [ (Eq.3)

where [III], is the concentration of YG-hydroxide at equilib-
rium. Integration of Equation 3 gives,

[, = [, + (0], — [],)e ke kot (Eq.4)
where [III], is the concentration of YG-hydroxide at a given
time point. Therefore, from the y = y0O + ae™*’) equation that
was used to fit the experimental data sets, the following param-
eters were calculated for each kinetic run.

K4, = a/yo (EC{S)

ks = b/(1 + yy/a) (Eq.6)

For each YG-hydroxide isomer, both K" and k,’ gave linear
dependences on GSH concentration (Fig. 3, » and c). From the
slopes in Fig. 3b, the obtained second order rate constants (k,)
for the forward reactions are 11.8 = 0.7 M~ 'min~" for the iso-
mer eluting at 4 min and 9.2 = 0.2 M~ 'min ! for the 11-min
isomer. The respective equilibrium constants (K,) calculated
from the plots in Fig. 3care (7.5 = 1.2) X 10®and (21 % 4) X 10?
M~ ' From Equation 1, these give reverse rate constants (k_,) of
0.0016 and 0.0004 min ™", respectively.

As further evidence of reversibility, the addition of excess Cys
to the GSH conjugate of YG-hydroxide resulted in replacement
of the conjugated GSH with Cys. The product had similar chro-
matographic mobility, mass, and MS/MS fragmentation pat-
terns as the YG-hydroxide-Cys adduct (see Table 1). Formation
of this product was accompanied by a decrease of ~60% in the
integral of the YG-hydroxide-GSH peaks.

Conjugation of GSH to a Protein Tyr Hydroxide—We next
investigated whether GSH could conjugate to superoxide-mod-
ified Tyr on a protein. Sperm whale myoglobin was chosen
because it reacts with H,O, to form a radical on Tyr-151 (19),
and this radical can combine with superoxide to form an addi-
tion product (16). The synthetic peptide ELGYQG, an analog of
the tryptic peptide 148 —153 that contains Tyr-151, was initially
examined. As observed previously (16), treatment with the
HRP/XO system produced a hydroperoxide (not shown), which
decomposed at 37 °C overnight and gave rise to peaks of m/z
682.3 corresponding to the hydroxide (Fig. 4a). The integrals
of the LC/MS peaks of the hydroxides disappeared when the
reaction mixture was treated with GSH along with the for-
mation of several peaks of m/z 495.2. This corresponds in
mass to the double-charged ion of the hydroxide plus 307 Da
(Fig. 4b). The MS/MS spectra of all the peaks were similar
and indicate that they are isomers of the glutathionylated
form of the ELGYQG peptide (Fig. 4, ¢ and d). The fact that
GSH is conjugated to the modified Tyr-hydroxide residue is
clear from the mass increase of 307 Da from the correspond-
ing y, to y; fragments.

Myoglobin was then reacted with the XO system (16) to gen-
erate the Tyr-hydroxide derivative. When this sample was
treated with GSH and digested with trypsin, only minimal con-
version of the ELGYQG hydroxide species to its GSH conjugate
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TABLE 1

Identification of Michael addition products formed from superoxide-modified tyrosyl peptides

Peptide hydroxides were formed as described under “Experimental Procedures” and analyzed as in Fig. 1. Fragmentation patterns and characterization of parent peptides
are given in Nagy et al. (10). Assignments of the major fragments of the glutathionylated derivatives are shown in Fig. 2.

Observed product m/z

Peptide m/z [peptide-OH +H]* Thiol (mass) [peptide-OH + thiol+H]™ Major fragments m/z
Da
YG 255 Cys (122) 376 237, 255, 358
GY 255 GSH (307) 562 415, 433, 544
Met-enkephalin YGGFM* 606 (dioxide) GSH (307) 913 606, 784
Leu-enkephalin YGGFL 572 GSH (307) 879 750, 804

“ The initial Tyr-hydroperoxide spontaneously undergoes intramolecular oxygen transfer to give a dioxide with the extra oxygens on the Met and modified Tyr residues

Nagy et al. (10).
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FIGURE 2. Proposed structures of major fragments of GSH adducts of Tyr peptides in Table 1. The proposed structures of the two or three most prominent
fragments observed on MS/MS of the products are shown. MetEnk-OH-GSH, GSH adduct of Met-enkephalin-OH; LeuEnk-OH-GSH, GSH adduct of Leu-enkephlin-

OH.

was detected (not shown). However, the tryptic digest protocol
involved removal of the residual GSH by acetone precipitation
and incubating the protein with trypsin in Tris-HCl buffer. It is
possible that the GSH adduct could have formed on the protein,
but subsequent incubation in the absence of GSH could have
shifted the equilibrium toward decomposition and regenera-
tion of the hydroxide derivative.

This was confirmed by adding NaBH, after the GSH, on the
rationale that it would reduce the carbonyl bond present on the
bicyclic ring (IV) and stabilize the adduct species. Initial exper-
iments were carried out with the GSH adduct of the synthetic
peptide. The addition of NaBH, led to the disappearance of the
m/z 495.2 peaks (shown in Fig. 4b) and formation of major and
several minor peaks at m/z 496.2 (Fig. 5a). It is important to
note that these are double-charged species, so their singly
charged counterparts will be 2 Da apart. These species all had a
similar fragmentation pattern that is consistent with the 2-Da
increase corresponding to reduction of the carbonyl group of
the modified Tyr residue (Fig. 5, b and c¢). After blocking the
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residual GSH with iodoacetamide, the stability of the GSH
adducts was compared. In contrast to the time-dependent dis-
appearance of the adduct (Fig. 6a) and recovery of the hydrox-
ide (Fig. 6b) observed with non-reduced species, there was no
loss of the reduced GSH adduct. Therefore, reduction of the
GSH adduct with NaBH, was successful in producing a stable,
well characterized species.

Myoglobin was, therefore, treated with the XO system fol-
lowed by GSH then NaBH,,. The mixture was reduced and alky-
lated and subjected to tryptic digestion. Without the GSH
treatment of the XO-treated myoglobin, LC/MS with
selected ion monitoring showed the presence of the hydrox-
ide derivative of tryptic peptide 148 —153 (ELGYQG-hydrox-
ide) at m/z 682.3 (Fig. 7a). After treatment with GSH and
NaBH,, this peak disappeared, and a new peak at m/z 496.2
was clearly detectable (Fig. 7b). The new peak had the same
retention time and fragmentation pattern as the reduced
GSH adduct of the synthetic peptide (shown in Fig. 5). There
was no peak at m/z 684.3 (which would correspond to the
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FIGURE 3. Kinetics of the addition reaction of YG-hydroxide with GSH. The
kinetic runs were obtained by monitoring the loss of YG-hydroxide using
selected ion monitoring detection (for details, see “Experimental Proce-
dures”). g, kinetic traces show the loss of the YG-hydroxide peak integral for
the 4-min peak (shown in Fig. 1) as a function of time for GSH concentrations
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b, shown are changes in observed k,’ (equation 6) as a function of GSH for the
YG-hydroxide isomers with a retention time of 4 min (@, dashed line) or 11 min
(O, solid line). Data are from exponential curves (equation 4) constructed as in
a. ¢, K," (equation 5) was plotted against [GSH]; symbols are as for b. lines
represent linear fits of the data with the calculated slopes giving the corre-
sponding k, or K, values.

hydroxide simply being reduced). We conclude, therefore,
that the addition product formed between superoxide and
the Tyr-151 radical of sperm whale myoglobin reacts further
with GSH to form a Michael addition product.
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DISCUSSION

Hydroperoxide formation is a common oxidative post-trans-
lational modification of peptides or proteins (20). It occurs
readily on Tyr residues either by rapid addition of superoxide to
Tyr radicals, or by singlet oxygen addition to Tyr residues, The
hydroperoxide group itself is a reactive species, capable of oxi-
dizing thiol enzymes and modifying macromolecules including
DNA (17, 20, 21). When formed on a Tyr, it will also cause
substantial change to the structure of a peptide or protein by
destroying its aromatic character and by forming bicyclic con-
jugates with N-terminal amine or amide nitrogens. Reduction
of the hydroperoxide, for example by GSH, eliminates its oxi-
dizing capacity, but structural modifications remain. With Tyr,
the resultant hydroxide derivatives contain an a- 3 unsaturated
carbonyl group and should be reactive electrophiles. We have
demonstrated here that this is the case, and they readily
undergo Michael addition reactions with thiols to give cross-
linked Tyr-Cys adducts (IV, reaction 4). Product analyses by
mass spectrometry showed that the reaction occurs with a
range of Tyr-containing peptides and with Cys as well as GSH.

Our kinetic investigation showed that the two chromato-
graphically distinct isomers of YG-hydroxide reacted with GSH
at similar (although not identical) rates. GSH also reduces
hydroperoxides (reaction 3). Our finding that YG-hydroxide
was observed transiently when YG-hydroperoxide was treated
with GSH implies that this reaction is faster than addition to the
hydroxide. Therefore, any Tyr hydroperoxides formed in the
presence of GSH should be converted in two steps to the GSH
adduct, with the addition reaction being rate-determining. The
rate constants of 9.2 and 11.8 M~ 'min~' measured for GSH
addition to YG-hydroxide are ~10 times less than for
hydroxynonenal (22), which is considered a good biological
electrophile. They indicate that at a typical intracellular GSH
concentration of 5 mm, hydroperoxides with similar reactivity
to YG-hydroxide would have half-lives of ~15 min and become
more than 95% GSH-conjugated.

Interestingly, the addition reaction was found to be reversi-
ble. Several observations led to this conclusion; at low GSH
concentrations the reaction did not go to completion, Cys was
able to displace GSH from a preformed conjugate with YG-
hydroxide, and the myoglobin peptide conjugate reverted to the
hydroxide once GSH was removed. This is perhaps a surprising
result as it is widely regarded that formation of GSH adducts
with electrophiles (as distinct from disulfide formation) is not
readily reversed (23). Esterbauer et al. (22), for example, mea-
sured half-lives in days for GSH adducts of acrolein and
hydroxyalkenals. However, there is a precedent for reversibility
with nitrolipids (24), and quantum mechanical calculations also
favor a reversible reaction that proceeds through an enol inter-
mediate (25). The k_, values for the GSH adducts of YG corre-
spond to half-lives of the order of 8 —24 h. The faster decay of
the myoglobin peptide conjugate (Fig. 6) implies variable stabil-
ity of these species. However, the apparent lag between loss of
the parent and formation of product suggests that the mecha-
nism requires further elucidation. Nevertheless, it appears that
glutathione adducts of modified Tyr residues are more labile
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FIGURE 4. LC/MS characterization of a GSH adduct generated on the Tyr-
hydroxide of ELGYQG. The peptide was reacted with HRP/XO as described
under “Experimental Procedures” then incubated overnight at 37 °C either
without (a) or with GSH (10 mm) (b). LC/MS/MS SRM traces are shown for the
hydroxide (dotted line, 682.3/589.4) and the GSH adduct (solid line, 495.2/
449.3). Results are expressed as relative abundance with the tallest peakin a
set at 100%. No GSH adduct was detected in a, and no hydroxide was
detected in b. ¢, shown is a fragmentation pattern of the GSH adduct and
assignment of peptide fragments for the peak eluting at 8.6 min. The MS/MS
spectrum was acquired from the molecular ion of m/z495.2 (double-charged
ion), which corresponds in mass to ELGYQG + 16 Da + GSH. The peak eluting
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HO SG

HO

FIGURE 5. Characterization of the reduced GSH adduct of ELGYQG. g, LC/
MS/MS SRM traces for the GSH adduct prepared as in Fig. 3b and reduced with
NaBH, (20 mwm) for 30 min (solid line m/z 496.2/450.3). The reduced adduct
here has an m/z increase of 1 because it is double-charged. Results are
expressed as relative abundance with the tallest peak set to 100%. No unre-
acted GSH adduct (dashed line, m/z 495.2/449.3) was detected. b, shown is a
fragmentation pattern of the reduced GSH adduct. The MS/MS spectrum was
acquired from the molecular ion of m/z 496.2 eluting at 4.5 min. ¢, the struc-
ture of the reduced GSH adduct of ELGYQG shows fragmentation.

than adducts with hydroxyalkenals, and the reaction may be
slowly reversible under physiological conditions.

As well as peptides, we have shown that a tyrosyl hydroper-
oxide formed on a protein (Tyr-151 of sperm whale myoglobin)
can form a Michael addition product with GSH. To observe the
protein adduct, it was necessary to reduce the carbonyl group of
the modified Tyr residue so that the reverse reaction did not
occur during digestion and analysis. We were then able to char-
acterize the product by MS analysis as identical to the glutathi-
one adduct of the synthetic tryptic peptide. Essentially all the
superoxide-modified protein Tyr-151 became conjugated at a

at 7.5 min had an identical fragmentation pattern. The loss of water is
denoted by °, where y°, is y, — H,0. Fragments labeled —(H,O correspond to
the loss of water from the parent peptide. d, a structure of GSH adduct of
ELGYQG shows fragmentation.
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FIGURE 6. Time course for dissociation of the GSH adduct of ELGYQG and
prevention by NaBH, reduction. Loss of GSH adduct without (@) or with
NaBH, reduction (O) is shown. g, the GSH adduct was prepared with and
without NaBH,, reduction as in Fig. 4 then reacted with iodoacetamide (5 mm).
Samples were removed at intervals and analyzed by LC/MS with SRM at m/z
495.2/449.3 for the non-reduced and m/z 496.2/450.3 for the reduced GSH
adduct. The amount of adduct at time zero is set at 100%. b, shown is the time
course for recovery of the hydroxide (@), monitored by SRM at m/z 682.3/
589.4, and the reduced hydroxide (O) monitored by SRM at m/z 684.3/590.4
under the same conditions. The amount of hydroxide measured at 900 min
was set at 100%.

physiological concentration of GSH, indicating that it is readily
accessible and that GSH addition is efficient.

These results suggest that any tyrosyl hydroperoxide formed
on cellular proteins, either by superoxide or singlet oxygen
addition, is likely to become glutathionylated. Even after reduc-
tion, for example by peroxiredoxins (26), the a-B unsaturated
carbonyl group is still present, and the reaction should proceed.
Although it has not been established whether glutathionylated
proteins are formed in vivo by this mechanism, they would not
have been detected by methods normally employed to look for
post-translational modification due to the reversibility of the
reaction. Further investigation using an approach that includes
a reduction step to stabilize the GSH adducts is required.

Protein thiols also have the potential to form Michael addi-
tion products with Tyr-hydroxide derivatives to produce Cys-
Tyr cross-links either within or between polypeptide chains.
Analogous adducts are formed between protein thiols and
other electrophiles such as 4-hydroxynonenal (27-29), and sus-
ceptible targets have been identified in proteomic studies (30,
31). One example is the Cys residues of KEAP1, which readily
undergoes electrophilic addition. This enables the transcrip-
tion factor Nrf2 to dissociate from KEAP1, translocate to the
nucleus, and activate Phase 2 stress response genes (32, 33).
Michael addition is faster when the thiol is deprotonated, so low
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FIGURE 7. Detection of the reduced GSH adduct on myoglobin tryptic
peptide 148-153 (ELGYQG). Myoglobin was treated with the XO system
without (a) and with GSH treatment (b) and NaBH, reduction. Both samples
then underwent tryptic digestion and analysis by LC/MS as described under
“Experimental Procedures”. LC/MS/MS was performed, and the SRM traces for
the reduced GSH adduct (m/z 495.2/449.3; solid line) and hydroxide (m/z
682.3/589.4; dotted line) are shown. Results are expressed as relative abun-
dance with the tallest peak set to 100%.

pK, Cys residues should be more reactive than GSH. Conjuga-
tion to modified Tyr residues could, therefore, be a mechanism
for oxidatively inactivating enzymes such as protein-tyrosine
phosphatases and cysteine proteases that have low pK, thiols at
their active site. Intermolecular Cys-Tyr cross-linking via this
mechanism could have other deleterious effects such as protein
aggregation.

The glutathionylation mechanism we describe is distinct
from the better known S-glutathionylation, which involves a
disulfide linkage and is readily reversible. It involves formation
of a carbon-sulfur bond, which dissociates only slowly and
which is likely to persist in a cellular environment. It also differs
from the Cys-Tyr linkage that exists in a number of metalloen-
zymes including galactose oxidase (34) and cysteine dioxyge-
nase (35). This is an intramolecular thioether bond between a
Cys residue and the ortho position of Tyr, which is formed
during protein synthesis in a reaction that requires oxygen plus
either copper or iron (34, 36).

Further investigation is required to establish whether the
mechanism characterized here gives rise to glutathione adducts
or cross-linking proteins in cells or tissues subjected to oxida-
tive stress. However, hydroperoxides are formed in cells
exposed to a radical generating system or singlet oxygen (37, 38)
and on tyrosyl peptides exposed to stimulated neutrophils (11,
12). Considering the ease with which they react with GSH, it
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would seem highly likely that conjugates with GSH or other
thiol compounds would be formed in a cellular environment.

Acknowledgment—We grateful to Nick Magon for helpful advice on
the myoglobin peptide mass spectrometry.
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