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(Background: Mitochondrial thymidine kinase 2 phosphorylates thymidine and deoxycytidine and is essential for mitochon-
Results: S-Glutathionylation of TK2 reduced activity in vitro and in vivo and affected its stability in H,O,-treated mitochondria

Conclusion: Oxidative stress induces mitochondrial TK2 S-glutathionylation and down-regulation.
Significance: S-Glutathionylation is a new TK2 regulatory mechanism possibly contributing to mitochondrial diseases and
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Protein glutathionylation in response to oxidative stress can
affect both the stability and activity of target proteins. Mito-
chondrial thymidine kinase 2 (TK2) is a key enzyme in mito-
chondrial DNA precursor synthesis. Using an antibody specific
for glutathione (GSH), S-glutathionylated TK2 was detected
after the addition of glutathione disulfide (GSSG) but not GSH.
This was reversed by the addition of dithiothreitol, suggesting
that S-glutathionylation of TK2 is reversible. Site-directed
mutagenesis of the cysteine residues and subsequent analysis of
mutant enzymes demonstrated that Cys-189 and Cys-264 were
specifically glutathionylated by GSSG. These cysteine residues
do not appear to be part of the active site, as demonstrated by
kinetic studies of the mutant enzymes. Treatment of isolated rat
mitochondria with hydrogen peroxide resulted in S-glutathio-
nylation of added recombinant TK2. Treatment of intact cells
with hydrogen peroxide led to reduction of mitochondrial TK2
activity and protein levels, as well as S-glutathionylation of TK2.
Furthermore, the addition of S-glutathionylated recombinant
TK2 to mitochondria isolated from hydrogen peroxide-treated
cells led to degradation of the S-glutathionylated TK2, which
was not observed with unmodified TK2. S-Glutathionylation on
Cys-189 was responsible for the observed selective degradation
of TK2 in mitochondria. These results strongly suggest that oxi-
dative damage-induced S-glutathionylation and degradation of
TK2 have significant impact on mitochondrial DNA precursor
synthesis.

Mitochondrial thymidine kinase 2 (TK2)” is a salvage enzyme
responsible for the initial phosphorylation of thymidine (dT)
and deoxycytidine (dC) in mitochondrial DNA (mtDNA) pre-
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cursor synthesis. Deficiency in TK2 activity is associated with
the devastating mitochondrial DNA depletion syndrome, and
the disease phenotype extends to the involvement of multiple
organs beside skeletal muscle, as described in initial reports
(1-5). TK2 is expressed in all tissues at low levels; however, little
isknown regarding TK2 regulation at the transcriptional, trans-
lational, and post-translational levels.

Glutathione (GSH) is a ubiquitous low molecular weight
non-protein thiol-containing molecule found at millimolar
concentrations in eukaryotic cells and is involved in numerous
cellular processes, particularly in redox buffering. The ratio of
GSH to glutathione disulfide (GSSG) contributes to the redox
potential of the cell and thereby to redox homeostasis (6). Oxi-
dative stress leads to a decreased GSH/GSSG ratio and forma-
tion of mixed disulfide bonds between GSH or GSSG and
redox-sensitive cysteine residues within proteins (7-9).

Protein thiol groups can interact with GSH or GSSG via two
different pathways, thiol-disulfide exchange between a free
protein thiol group with GSSG or protein thiol oxidation by
reactive oxygen species (ROS), yvielding a thiyl radical that
reacts with a glutathionylate anion to eventually form a mixed
disulfide (7-9). This modification of protein reactive cysteines
has emerged as a central mechanism by which changes in the
intracellular redox status may be transduced into functional
responses. Like protein phosphorylation, glutathionylation can
modulate enzyme activities, alter transcription profiles, modify
protein-protein interactions, and regulate adaptive cell signal-
ing (9).

Mitochondria are the sites for the generation of ROS and
reactive nitrogen species. Hydrogen peroxide (H,O,) and
hydroxyl radicals are produced during mitochondrial respira-
tion and lipid oxidation. The levels of ROS and H,O, increase
under oxidative stress or during the normal aging process. Nor-
mally, intramitochondrial GSH/GSSG ratios are in favor of
GSH; however, under oxidative stress or redox-sensing, ROS
oxidizes GSH to GSSG. Increased GSSG concentrations lead to
protein glutathionylation, which affects either the activity or
stability of target proteins (9, 10). For instance, S-glutathiony-
lated recombinant p53 is selectively degraded in an ATP-de-
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pendent manner when incubated with proteasomes prepared
from rabbit reticulocytes (11).

Mature mitochondrial TK2 contains 5 cysteine residues, and
freshly purified recombinant human TK2 appears as a single
monomeric band of ~28 kDa on non-reducing sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE); how-
ever, under oxidative conditions such as prolonged storage, the
enzyme forms a high molecular weight complex as seen in SDS-
PAGE analysis (12). Here, we demonstrate that TK2 activity is
sensitive to reducing and oxidizing agents and that the addition
of GSSG results in site-specific S-glutathionylation of TK2 on
two of its five cysteine residues. The consequences of this post-
translational modification on TK2 activity and stability were
also investigated. Our results suggest an important new mech-
anism for the regulation of mtDNA precursor synthesis.

EXPERIMENTAL PROCEDURES

Materials—Radioactive thymidine ([methyl->*H]dT, 20 Ci/
mmol) was purchased from PerkinElmer Life Sciences, and
deoxycytidine ([5-*H]dC, 27 Ci/mmol) was from Moravek Bio-
chemicals Inc. Mouse monoclonal antibodies against GSH
and cytochrome c oxidase subunit IV (COX IV) were from
Abcam. The anti-His-tag antibody was from GE Healthcare.
A goat anti-TK2 antibody was purchased from Santa Cruz
Biotechnology.

A polyclonal rabbit anti-human TK2 antibody was produced
using a synthetic peptide (NRDRILTPENRKHC) chosen from
the C-terminal sequence of human mitochondrial TK2 as the
antigen (Genscript Inc). The TK2-specific antibody was puri-
fied from rabbit antisera by affinity chromatography on Sephar-
ose resin coupled with the peptide antigen following a standard
protocol (CNBr activated Sepharose; GE Healthcare). TK2
activity was determined by a radiochemical assay using the
DE-81 filter paper method with tritium-labeled dT or dC as the
substrate, as previously described (13).

Site-directed Mutagenesis, Expression, and Purification—An
N-terminal truncated TK2 protein starting from amino acid 51
of the full-length human TK2 sequence (GenBank™ accession
number NM_004614) has been previously characterized and
showed kinetic properties identical to those of the native mito-
chondrial form of TK2 (2, 13); therefore, it was used as wild-
type (wt) TK2. The site-directed mutagenesis procedure was
essentially as described (2) and the mutant cDNA was sub-
cloned into the pEXP5NT vector (Invitrogen). The mutations
were verified by sequencing. The recombinant protein con-
tained an N-terminal fusion 6 X histidine tag and a tobacco etch
virus cleavage site.

The plasmids containing the desired mutations were trans-
formed into the BL21 (DE3) pLysS strain of Escherichia coli.
Induction was performed in the presence of 0.05 mm isopropyl
B-D-thiogalactopyranoside for 2 h at 37 °C or for 6 h at 25 °C.
Wild-type TK2 was expressed in parallel as a control. Recom-
binant proteins were purified essentially as described (2).

S-Glutathionylation of Recombinant TK2—Recombinant
TK2 (4 -6 pg) was mixed with various concentrations of DTT
(dithiothreitol), GSH, or GSSG and incubated either at room
temperature or at 37 °C for 30 — 60 min. The samples were then
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analyzed by 12% non-reducing SDS-PAGE and Western blot
using anti-GSH antibody.

The Effects of DTT, IAM, and Diamide on S-Glutathionyla-
tion of TK2—Recombinant TK2 (6 wg) was incubated at 37 °C
for 15 min in the presence of DTT (0.5, 1, and 2 mm), [AM (10,
50, 100, and 1000 um) or diamide (10, 50, 100, and 1000 um),
and then GSSG (10 mMm) was added and incubated for additional
45 min. The samples were then analyzed by non-reducing SDS-
PAGE and Western blot using the anti GSH antibody.

Determination of S-Glutathionylated TK2 Activity—Recom-
binant TK2 (4 ng) was incubated with 5 mm GSSG at 37 °C for
30 min, and then the mixture was diluted with enzyme dilution
buffer (25 mm Tris/HCl, pH 7.6, 0.5 mg ml~ ' BSA, and 1 mm
MgCl,). Two ng of the S-glutathionylated TK2 was used in
activity determination using 10 um [*H]dT as substrate in the
presence of various concentrations of DTT, IAM, and diamide.

Western Blot Analysis—Samples of recombinant TK2 treated
with reducing or oxidizing agents or mitochondrial proteins
were separated on 12% SDS-polyacrylamide gels and trans-
ferred to polyvinylidene difluoride membranes. The mem-
branes were then probed for 2 h at room temperature or at 4 °C
overnight with the appropriate primary antibodies: rabbit anti-
human TK2 (1:2000), goat anti-TK2 (1:200), mouse anti-GSH
(1:150), mouse anti-cytochrome c oxidase subunit 4 (1:500 dilu-
tion), or mouse anti-His (1:2000 dilution) antibodies. After
washing, the membranes were incubated with appropriate sec-
ondary antibodies and detected by the enhanced chemilumi-
nescence immunodetection system (GE Healthcare). Band
intensity was quantified using the Quantity One software
(Bio-Rad).

H,0, Treatment of Isolated Rat Mitochondria—Rat
(Sprague-Dawley; ~250 g) liver or brain mitochondria were
isolated using differential centrifugation according to the
standard protocol (14). H,O, was added to the mitochondria
preparations (5 mg of protein) followed by incubation at 37 °C
for 30 min, and mitochondrial proteins were extracted by son-
ication in an ice-water bath. Recombinant TK2 (2 ug) was
added, and the mitochondrial extracts were incubated at 37 °C
for an additional 30 min. After this, Ni*"-Sepharose resin was
added to the reaction mixture, which was then incubated at 4 °C
for 60 min. Ni*"-Sepharose was pelleted by centrifugation at
16,000 X g for 1 min. After 3 washes with 30 mm imidazole, the
bound proteins were eluted with 300 mm imidazole and ana-
lyzed directly by SDS-PAGE and Western blot using anti-GSH
and anti-TK2 antibodies.

Cell Culture and Mitochondria Isolation—U20S (human
osteosarcoma cell line; ATCC HTB-96™™) were cultured in
McCoys 5A medium supplemented with 10% fetal calf serum at
37 °C with 5% CO,. Cells were incubated with various concen-
trations of hydrogen peroxide and harvested after 30 min.
About 30 X 10° cells were resuspended in 1 ml of mitochondrial
isolation buffer (320 mm sucrose, 5 mm Tris, and 2 mm EGTA,
pH 7.4), and mitochondria were isolated essentially as
described (15). The mitochondrial pellets were resuspended in
50 wl of mitochondrial isolation buffer containing 0.5% Non-
idet P-40. Mitochondrial proteins were extracted by repeated
freezing and thawing and by sonication. The protein concen-
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FIGURE 1. A, shown are the effects of reducing/oxidizing agent on TK2 activity. TK2 activity was determined with [*H]dT as the substrate in the presence of
various concentrations of DTT, GSH, and GSSG in the reaction mixtures. Activities in the presence of DTT, GSH, and GSSG are relative to the activity in the
absence any agent (1038 nmol min~ ' mg ™). B, concentration-dependent S-glutathionylation of recombinant TK2 is shown. Recombinant TK2 (4 ug) was
mixed with GSSG or GSH at the indicated concentrations and incubated at room temperature for 30 min. To assess the effects of thiol-modifying agents, 6 ug
of TK2 was incubated at 37 °Cfor 15 minin the presence of DTT/IAM/diamide at the indicated concentrations, and then GSSG (10 mm) was added and incubated
for additional 45 min. SDS-PAGE analysis was carried out under non-reducing conditions. C, shown is the effect of thiol-modifying agents on the activity of
S-glutathionylated TK2. Recombinant TK2 was treated with 5 mm GSSG at 37 °C for 30 min, and then the S-glutathionylated TK2 activity was measured using 10
uM PH]dT as substrate in the presence of various concentrations of DTT, IAM, and diamide. Activities in the presence of thiol-modifying agents are relative to

the activity of S-glutathionylated TK2 (445 nmolmin~" mg~
esis and Western blot analysis using the anti-GSH antibody is shown.

tration was determined by the Bio-Rad protein assay using
bovine serum albumin as the standard.

Immunoprecipitation—Approximately 2.9 mg of mitochon-
drial proteins prepared from 4 X 10® U20S cells treated with 4
mM H,O, and 1.5 mg of mitochondrial proteins prepared from
2 X 10® untreated U20S cells were first incubated with protein
A-Sepharose to remove nonspecific binding to protein A-Sep-
harose. Rabbit anti-human TK2 antibody (10 ug) was then
added, and the mixture was incubated at 4 °C overnight. Phe-
nylmethylsulfonyl fluoride (PMSF) was added to the above mix-
ture at a final concentration of 0.1 mm. The antigen-antibody
complexes were pulled down by incubation with protein
A-Sepharose at 4 °C for 2 h. After 3 washes with phosphate-
buffered saline, the bound proteins were released by the addi-
tion of 50 ul of non-reducing SDS sample buffer and heating at
96 °C for 3 min. After a brief centrifugation, 25 ul of each super-
natant was analyzed by 12% SDS-PAGE and Western blot using
the anti-GSH and goat anti-TK2 antibodies.

Degradation of S-Glutathionylated Recombinant TK2—Mi-
tochondrial extracts prepared from U20S cells treated with 4
mM H,O, and from untreated cells were used. Recombinant
TK2 (140 ng) (wt, C189A, and C264 A mutants) were incubated
with 5 mMm GSSG at 37 °C for 60 min to ensure complete gluta-
thionylation. The treated and untreated TK2 proteins were
then mixed with 35 ug of mitochondrial extract in the presence
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'). D, identification of cysteine residues involved in S-glutathionylation by site-directed mutagen-

or absence of 0.1 mm PMSF in a total of 35 ul and incubated at
37°C. At 0, 15, 30, 45, and 60 min, 5-ul aliquots were with-
drawn, mixed with reducing SDS sample buffer, and resolved
on 12% SDS-PAGE. Finally, Western blot analysis was per-
formed using the anti-His antibody to detect TK2 protein and
the anti-COX IV antibody for a loading control and to estimate
protein stability in general.

RESULTS

S-Glutathionylation of Recombinant TK2 and the Effects of
Thiol-modifying Agents—To study the effect of reducing and
oxidizing agents on TK2 activity, we compared TK2 activities
determined in the presence of DTT, GSH, and GSSG to the
activity in the absence of any agents. As shown in Fig. 14, the
addition of DTT or GSH resulted in an increase in TK2 activity.
Atlow concentrations, GSSG had only minor effects, but ~25%
inhibition was observed at high concentrations (Fig. 14). TK2
activities were significantly higher in the presence of DTT or
GSH than in the presence of GSSG (Fig. 1A4). Pre-incubation
with 5 mM GSSG on ice for 30 min resulted in a 55% decrease in
TK2 activity.

GSH and GSSG are known to be able to modify protein thiol
groups by introducing disulfide bonds between the protein thi-
ols and GSSG/GSH. Human mitochondrial TK2 contains 5 cys-
teines (Fig. 2), which are potential targets for S-glutathionyla-
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FIGURE 2. A, shown is a TK2 structure model with all five cysteines indicated. The model was built based on the D. melanogaster deoxynucleoside kinase
structure (PDB entry 10T3). B, shown is the amino acid sequence of human TK2. The arrow indicates the first amino acid of mitochondrial TK2. The positions of

the cysteines in mature mitochondrial TK2 are marked.

tion. To examine whether direct S-glutathionylation occurs in
the presence of GSSG or GSH, the recombinant TK2 protein
was incubated with various concentrations of GSSG and GSH
at room temperature for 30 min. The samples were then sub-
jected to non-reducing SDS-PAGE analysis. Two bands, one
corresponding to the TK2 monomer and one with a higher
molecular mass, were observed in the presence of GSSG. How-
ever, only one band corresponding to the TK2 monomer was
observed in the presence of GSH (data not shown). Western
blot analysis using an anti-GSH antibody revealed concentra-
tion-dependent S-glutathionylation of the TK2 protein in the
presence of GSSG, whereas no S-glutathionylation of TK2 was
seenin the presence of GSH (Fig. 1B), suggesting an exchange of
the protein thiol group with GSSG. Complete S-glutathionyla-
tion of TK2 can be achieved by incubation with 5 mm GSSG at
37 °C for 30 min (data not shown).

Treatment with reducing agents such as DTT decreased the
level of TK2 S-glutathionylation, demonstrating that S-gluta-
thionylation is a reversible process (Fig. 1B). Blocking of cys-
teine residues by the alkylating agent IAM also reduced TK2
S-glutathionylation (Fig. 1B). However, treatment with
diamide, a thiol oxidizing agent, enhanced the glutathionyla-
tion of TK2 (Fig. 1B).

The effects of DTT, IAM, and diamide on S-glutathionylated
TK2 activity were also studied. The addition of DTT to S-glu-
tathionylated TK2 resulted in an almost 50% increase in TK2
activity, whereas the addition of the alkylating agent IAM
strongly inhibited TK2 activity. The addition of diamide
resulted in a >90% loss of TK2 activity at 20 mm (Fig. 1C). These
results indicate that the removal of the -SSG group restores
TK2 activity, whereas cysteine modifications by IAM or
diamide result in loss of activity.

Site-specific S-Glutathionylation of TK2—To identify the
cysteine residues involved in the S-glutathionylation of TK2,
each of the five cysteines was individually substituted with an
alanine by site-directed mutagenesis, and the mutant enzymes
were expressed in E. coli and purified. Equal amounts of puri-
fied mutant proteins were incubated with GSSG, and the level
of S-glutathionylation was assessed by Western blot analysis.
All five cysteine to alanine mutants showed S-glutathionyla-
tion; three of them had similar intensity, whereas the other two
e.g. C189A and C264A mutants had significantly lower signal
intensity (Fig. 1D), indicating that more than one cysteine is
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involved. Therefore, both Cys-189 and Cys-264 were
mutated to alanine, and the double mutant (C189A/C264A)
enzyme showed no S-glutathionylation when incubated with
either GSSG or GSH (Fig. 1D), demonstrating that Cys-189
and Cys-264 are the specific cysteine residues involved in
S-glutathionylation.

S-Glutathionylation of Recombinant TK2 in Isolated Rat
Liver Mitochondria—Freshly isolated rat liver and brain mito-
chondria were treated with different concentrations of H,O,,
and the mitochondrial proteins extracted. We were unable to
detect any endogenous TK2 protein, native or S-glutathiony-
lated, upon direct Western blot analysis of mitochondrial pro-
teins, possibly due to the low abundance of the TK2 protein
and/or low sensitivity of the anti-GSH antibody. Therefore,
recombinant TK2 was added to these mitochondrial extracts
that had been treated with different concentrations of H,O,.
Thereafter, the Ni*"-Sepharose resin was used to pull down
recombinant TK2 from the reaction mixtures. The bound pro-
teins were eluted with imidazole and analyzed by SDS-PAGE
and Western blot using the anti-GSH and anti-TK2 antibodies.
S-Glutathionylated TK2 was detected with liver mitochondria
but not with brain mitochondria (Fig. 3).

Oxidative Stress-induced TK2 S-Glutathionylation and
Decreased Protein Abundance in U20S Cells—H,0, is known
to induce oxidative stress and protein S-glutathionylation in
cultured cells (18). We treated U20S (human osteosarcoma cell
line) cells with H,O, at 37 °C for 30 min, and then the cells were
harvested, and mitochondria were isolated. TK2 activity was
determined using [*H]dT as substrate, and TK2 protein levels
were determined by Western blot analysis using the rabbit anti-
human TK2 antibody. TK2 activity decreased in a concentra-
tion-dependent manner (Fig. 44), and the level of TK2 protein
also decreased with increasing H,O, concentrations (Fig. 4B).
The levels of COX IV, however, were unchanged (Fig. 4B). We
observed a linear correlation between TK2 activity and protein
levels in mitochondria isolated from cells treated with H,O,,
with an R value of 0.96 using Pearson correlation analysis. This
strongly suggests that the reduced TK2 activity is due to a
decreased TK2 protein level, which is most likely the result of
selective degradation of TK2 as COX IV levels were unchanged.

Under these conditions we did not detect any S-glutathiony-
lated TK2 in mitochondria prepared from U20S cells, possibly
due to the low abundance of TK2 protein and the limited sen-
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FIGURE 3. S-Glutathionylation of recombinant TK2 in mitochondria
treated with H,0,. Freshly isolated rat liver and brain mitochondria (5 mg
protein) were treated with different concentrations of H,0,. Mitochondria
were then disrupted by repeated freezing and thawing and mixed with
recombinant TK2 (2 ug) and incubated. Ni*"-Sepharose was used to pull
down recombinant TK2, which was then analyzed by SDS-PAGE and Western
blot using anti-GSH and anti-TK2 antibodies. S-Glutathionylated TK2 was
used as a control in the Western blot analysis.
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FIGURE 4. The levels of TK2 activity (A) and protein (B) in mitochondria
isolated from U20S cells treated with H,0,. TK2 activity levels are relative
to the values obtained from mitochondria isolated from untreated cells
(145.7 pmol min~ " mg ") set to 100. An equal amount of mitochondrial pro-
teins (30 ng) was resolved on 12% SDS-PAGE, and the TK2 protein level was
determined by Western blot using the rabbit anti-TK2 antibody. The same
membrane was reprobed with the anti-COX 1V antibody and used as a loading
control. Band intensity was quantified, and the level of TK2 protein was nor-
malized to the level of COX IV in each sample and shown as levels relative to
untreated cells (set to 100). The experiments were repeated at least six times
and one representative blot is shown.
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FIGURE 5. H,0,-induced S-glutathionylation of mitochondrial TK2 in
U20S cells. A, mitochondrial proteins prepared from ~4 X 108 U20S cells
treated with 4 mm H,0, (2.9 mg protein) and from 2 X 108 untreated U20S
cells (1.5 mg protein) were used in immunoprecipitation (/P) using the rabbit
anti-human TK2 antibody (ab). See “Experimental Procedures” for details.
Lane 1, untreated recombinant TK2 (100 ng); lane 2, S-glutathionylated
recombinant TK2 (100 ng); lane 3, mitochondrial proteins (corresponded to
0.75 mg of mitochondrial protein) from untreated U20S cells after IP; lane 4,
mitochondrial proteins (corresponded to 1.45 mg of mitochondrial protein)
from H,0,-treated U20S cells after IP. The level of COX IV was determined for
mitochondria prepared from the H,O,-treated and untreated U20S cells.
Mitochondrial protein (15 pg) was analyzed by SDS-PAGE and Western blot
using the anti-COX IV antibody. B, TK2 activities in mitochondria prepared
from H,0,-treated and untreated U20S cells were determined using [*HldT
as substrate.

sitivity of the anti-GSH antibody. Therefore, we repeated the 4
mM H,O, treatment again and compared with untreated cells
but this time with a large number of cells and an immunopre-
cipitation method using the rabbit anti-human TK2 antibody to
capture the TK2 protein. PMSF was added to the isolated mito-
chondria to inhibit protease activity. In a subsequent Western
blot analysis using the anti-GSH antibody and a goat anti-TK2
antibody, we were able to detect total TK2 protein content and
the amount of S-glutathionylated TK2 in these cells. As shown
in Fig. 5A, S-glutathionylated TK2 was detected in H,O,-
treated cells at levels at least 3—5 times higher than in untreated
cells. The level of total TK2 protein was significantly higher in
untreated cells, although the number of cells used was only half
that of the treated cells (Fig. 54). The TK2 activity and protein
levels as well as the COX IV level were as expected (Fig. 5B).
Thus, mitochondrial TK2 is S-glutathionylated under oxidative
stress.

S-Glutathionylation-dependent Degradation of Recombinant
TK2—Recombinant TK2 untreated and treated with GSSG was
mixed with mitochondrial extracts prepared from U20S cells
treated with H,O, and incubated at 37 °C. At each time interval,
aliquots were removed and analyzed by SDS-PAGE and West-
ern blot analysis using the anti-His-tag antibody to detect
recombinant TK2 and the anti-COX IV antibody to detect
COXV protein. With unmodified TK2 there was no change in
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FIGURE 6. Selective degradation of recombinant TK2 upon S-glutathionylation. A, recombinant TK1, untreated (TK2), and TK2 treated with GSSG (TK2-55G)
were mixed with mitochondrial extracts prepared from U20S cells treated with 4 mm H, O, in the absence or presence of the serine protease inhibitor PMSF. At
each time point, an aliquot was drawn and analyzed using reducing 12% SDS-PAGE and Western blot using the anti-His and anti-COX IV antibodies to
determine the levels of TK2 and COX IV; see “Experimental Procedures” for details. TK2 band intensity was quantified and expressed as intensity relative to the
zero time point. Shown are untreated TK2 in the absence of PMSF (@) and TK2-SSG in the absence (l) and presence () of PMSF. B, recombinant TK2, untreated
(TK2), and TK2 treated with GSSG (TK2-SSG) were mixed with mitochondrial extracts prepared from untreated U20S cells and analyzed. This experiment was

repeated at least four times, and one representative blot is shown.

the band intensity; however, a time-dependent decrease of the
S-glutathionylated recombinant TK2 was observed (Fig. 64). In
the presence of a serine protease inhibitor, e.g. PMSF, the deg-
radation of S-glutathionylated TK2 was strongly inhibited (Fig.
6A). The control protein, COX IV, was at similar levels at all
time points (Fig. 64). When the GSSG-treated and untreated
TK2 were mixed with mitochondria isolated from untreated
U20S cells, we did not observed any significant degradation
(Fig. 6B). Thus, S-glutathionylation apparently led to selective
degradation of TK2 in mitochondria under conditions of oxi-
dative stress.

S-Glutathionylation on Cys-189 Is Responsible for the Ob-
served Degradation in Mitochondria Isolated from H,O.,-
treated Cells—To investigate which of the cysteines are impor-
tant for S-glutathionylation-dependent degradation, we mixed
S-glutathionylated C189A and C264A mutants with mitochon-
dria isolated from cells treated with 4 mm H,O, and incubated
at 37 °C. At each time point, aliquots were removed and ana-
lyzed by Western blot using the anti-His antibody to detect
recombinant TK2. As a control, the untreated C189A and
C264A mutants were also mixed with these mitochondria
and analyzed. As shown in Fig. 7, there was a slight decrease in
band intensity at the last time point for C189A, C189A-SSG,
and C264A (Fig. 7). However, there was a significant time-de-
pendent decrease in the intensity of the C264A-SSG band (Fig.
7). These results indicated that S-glutathionylation on Cys-189
is responsible for the observed degradation.

The Role of the Cysteines in Catalysis—The results described
above demonstrate that modification of cysteine residues
affects TK2 stability and activity. Therefore, we characterized
all the mutant enzymes (the Cys to Ala and Cys to Ser mutants)
to evaluate the role of the cysteines in catalysis.

Mutations of Cys to Ala or Ser had no significant effect on the
K, values for dT with the mutant enzymes. However, the k_,,
values for C66S and C189S were significantly lower, whereas
C197S had a higher k_,, value than that of the wt enzyme. These
mutations resulted in lower catalytic efficiencies (k,/K, val-
ues) for C54A, C189A, C197A, C264A, C54S, C66S, C189S, and
C264S, whereas C197S and C66A had higher catalytic effi-
ciency than the wt enzyme (Table 1).
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FIGURE 7. Proteolytic degradation of S-glutathionylated C189A and
C264A mutants. A, untreated C189A and C264A mutants and those treated
with GSSG (C789A-SSG and (C264A-S5G) were mixed with mitochondrial
extracts prepared from 4 mm H,O,-treated U20S cells and incubated at 37 °C.
At each time point, aliquots were drawn and analyzed. See “Experimental
Procedures.” B, band intensity was quantified and is represented as intensity
relative to the zero time point.

The K,,, values for ATP in the presence of excess dT showed
similar K, values as the wild-type enzyme for all mutants,
except for C54S and C66S, which had higher K, values. The &,
values for ATP were lower for all mutants except C197S, which
had a higher k_,, value than that of wt enzyme. All the mutants
had lower k,,/K,,, values than the wt enzyme (Table 1).

With dC as the variable substrate, the C189A, C197A, C54S,
C189S, and C264S mutants had lower K, values, whereas the
remaining mutants had similar K, values as the wt enzyme.
The k__, values were low for C54A, C54S, C66S, and C189S, but

cat
C197S had a higher k_,, value than that of the wt enzyme.

cat
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TABLE 1
Kinetic parameters of TK2 cysteine mutants with dT and ATP

Assays were performed with three different batches of enzyme preparation, and the data are presented as the mean *+ S.E. With variable dT concentrations (0.5-160 um),
ATP concentration was maintained at 2 mm. When ATP was the variable substrate (1-2000 um), dT concentration was maintained at 50 M.

Variable dT Variable ATP/fixed dT

K., Keat keatl K, K, Keat Keatl K,

M st M s Ix107? M st M s Ix107*
Wild type 2.8 0.3 0.38 = 0.05 14 1.8 0.2 0.39 = 0.09 21
C54A 2.7+0.2 0.25 = 0.01 9.2 31*15 0.25 £0.01 8.1
C66A 1.8 0.1 0.27 = 0.06 15 1.7*£0.1 0.22 £ 0.03 13
C189A 35*+0.1 0.31 = 0.05 8.8 2.7*+05 0.29 = 0.03 11
C197A 4.6 £0.8 0.30 = 0.02 6.6 35*03 0.26 £ 0.01 7.4
C264A 2.7+ 0.6 0.31 = 0.05 12 1.8 =04 0.30 £ 0.05 17
C54S 3307 0.26 = 0.05 7.9 4.7 0.7 0.23 = 0.03 4.8
C66S 4.2 *£0.8 0.08 = 0.01 1.0 7.1*0.8 0.08 £0.01 1.0
C189S 2.3*04 0.08 = 0.01 3.2 24 * 0.6 0.09 £ 0.01 3.7
C197S 2.5 +0.7 0.57 = 0.26 22 40=*1.3 0.52 = 0.21 13
C264S 3.0+ 0.6 0.26 = 0.04 8.7 21*03 0.24 £ 0.08 11

TABLE 2

Kinetic parameters of TK2 cysteine mutants with dC and ATP

Assays were performed with three different batches of enzyme preparation, and the data are presented as the mean *+ S.E. With variable dC concentrations (0.5-160 um),
ATP concentration was maintained at 2 mm. When ATP was the variable substrate (1-2000 um), dC concentration was maintained at 50 wm.

Variable dC variable ATP/fixed dC

K, Keat keal K., K, Keat keadK,,,

M st mlsTIx10™* M s M lsIx10™*
Wild type 11.7 £ 1.0 0.39 = 0.05 3.3 2.7 0.0 0.27 = 0.05 10
C54A 10.3 £ 0.5 0.15 = 0.01 1.5 39*19 0.12 = 0.01 31
C66A 13.7 £ 0.2 0.27 = 0.06 1.9 3.1*02 0.20 = 0.04 6.3
C189A 6.6 = 1.0 0.24 = 0.04 3.6 62 =* 1.6 0.21 = 0.04 3.3
C197A 89 *0.2 0.30 = 0.01 3.4 9.5* 1.6 0.26 = 0.01 2.7
C264A 12.6 = 1.3 0.31 = 0.01 2.5 3.0 0.6 0.23 £ 0.01 7.8
C54S 8.6 = 0.9 0.14 = 0.01 1.7 9.7 £ 0.7 0.11 = 0.01 1.1
C66S 144 + 0.4 0.07 = 0.01 0.5 10.1 0.8 0.05 = 0.01 0.5
C189S 8.5 *04 0.10 = 0.03 1.2 4.4 * 0.6 0.06 = 0.01 1.5
C197S 11.9 0.9 0.74 = 0.28 6.2 6.8 = 3.6 0.56 = 0.19 8.2
C264S 74+ 1.3 0.26 = 0.04 3.5 1.9+ 0.6 0.26 = 0.03 14

Accordingly, the C54A, C66A, C264A, C54S, C66S, and C189S
mutants had lower efficiencies compared with the wt enzyme,
whereas the C189A, C197A, and C264S mutants had efficien-
cies similar to that of the wt enzyme, and C197S had the highest
catalytic efficiency (Table 2).

The K,, value for ATP in the presence of excess dC was
unchanged in the case of C54A, C66A, C264A, C189S, C197S,
and C264S, but Cys189A, C197A, C54S, and C66S had higher
K, values for ATP than did the wt enzyme. The k_,, values were
lower for all mutants except for C197S, which had a higher k_,,
value (Table 2).

The structure of TK2 is not available; therefore, a model was
generated based on the structure of the homologous Drosophila
melanogaster deoxynucleoside kinase (16) in an attempt to
explain the role of the cysteine residues in substrate binding and
catalysis (Fig. 2). All 5 cysteine residues most likely are not in
direct contact with dT or dC; therefore, the mutations to either
Ala or Ser had only minor effects on the K, values. Cys-54,
Cys-66, Cys-189, and Cys-197 are in the proximity of the two
ATP binding structure elements, e.g. the p-loop and the lid
region. Thus, substitution of these cysteines with Ala or Ser
would most likely affect ATP binding and catalysis (Tables 1
and 2).

In summary, Cys to Ser mutations mainly affected catalysis
(low k,, values) especially in the case of Cys-66 and Cys-189.
This suggested that replacing the -SH group with an -OH group
in these positions may introduce hydrogen bonds that may alter
the bonding pattern and the interactions between the enzyme
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and the substrate that affect catalysis. This also explained why
S-glutathionylation on Cys-189 affected TK2 activity. However,
the C197S mutation resulted in significant increases in V.
(k.o.) values with both substrates; this could be due to a hydro-
gen bond introduced by the -OH group that may stabilize the
lid region structure and facilitate catalysis. Kinetic studies with
these mutants indicated that the amino acid residues involved
in binding and catalysis for dT and dC are different, and this
may contribute to the different kinetic behavior of TK2 with dT
and dC previously observed (2, 13, 17).

DISCUSSION

Mitochondrial TK2 has been studied extensively in recent
years, and studies of enzyme properties have helped to eluci-
date the role of TK2 in mitochondrial diseases associated with
mutations in the TK2 gene and the mitochondrial toxicity of
nucleoside analogs used in antiviral therapy (2, 5, 13, 19-21).
With recombinant enzyme preparations, we have demon-
strated here that TK2 activity can be modulated by reducing or
oxidizing agents and that such modifications lead to large vari-
ations of the activity in vitro. Incubation of the TK2 protein
with GSSG resulted in S-glutathionylation of TK2, which can be
reversed by the addition of reducing agents. Furthermore,
S-glutathionylated TK2 had reduced activity. Using site-di-
rected mutagenesis, Cys-189 and Cys-264 were identified as the
residues that are specifically glutathionylated in the presence of
GSSG. These results suggest that TK2 activity in vivo is influ-
enced by cellular redox status. Therefore, we studied TK2 activ-
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ity and protein expression levels in mitochondria isolated from
U20S cells treated with H,O, and found a concentration-de-
pendent decrease in TK2 activity. This was correlated with the
level of TK2 protein detected in these mitochondrial extracts,
suggesting that increased oxidative pressure can affect both
TK2 activity and protein levels.

Mitochondrial GSH/GSSG plays an important role in redox
buffering and redox signaling. In humans, glutathione deple-
tion has been associated with renal, hepatic, and brain tissue
damage along with degradation of mitochondria (22, 23).
Severe impairment of glutathione homeostasis and changes in
glutathione-dependent antioxidant defense have been found to
be associated with Friedreich’s ataxia (24). In yeast, glutathione
depletion is known to cause irreversible respiratory incompe-
tence and a complete loss of mtDNA (25).

The levels of mitochondrial GSH and GSSG differ from tis-
sue to tissue, and mitochondrial GSH/GSSG ratios decrease
during oxidation and can be restored by respiratory substrate
and active respiration (10). Defective respiration can cause the
accumulation of oxidative products such as hydrogen peroxide,
superoxide, etc. It has been estimated that as much as 1% of all
oxygen consumed may result in the formation of ROS, which
cause oxidation of proteins and increased GSSG levels in mito-
chondria (26). This process leads to S-glutathionylation of a
large number of proteins and affects their function and/or sta-
bility (7-9). A recent study showed that treatment of isolated
rat mitochondria with H,O, led to a rapid drop in GSH levels,
S-glutathionylation of mitochondrial ATP synthase and succi-
nyl-CoA transferase, and decreased catalytic activities (10). We
detected S-glutathionylation of recombinant TK2 in rat liver
mitochondria that were treated with H,O, but not in rat brain
mitochondria under similar conditions. These data suggested
that increased oxidative pressure can lead to S-glutathionyla-
tion of TK2 in mitochondria and that mitochondria from dif-
ferent tissues may have different redox buffering or ROS scav-
enging capacities.

Under oxidative conditions, protein thiols can be oxidized to
thiyl radicals, which strongly react with oxygen leading to
higher levels of cysteine oxidation (9). Oxidatively damaged
proteins must be degraded or removed to avoid the accumula-
tion of protein aggregates that compromise cellular function.
Mitochondrial ATP-dependent proteases such as the matrix-
located Lon protease and Clp-like proteases are believed to act
as a quality control system responsible for the degradation of
oxidatively damaged proteins (27-31).

H,O0, treatment of U20S cells resulted in a decrease in TK2
activity and protein levels. We also detected S-glutathionylated
endogenous TK2 protein in H,O,-treated cells. The decrease in
TK2 protein levels determined by Western blot analysis indi-
cated mitochondrial-specific proteolytic degradation of TK2
under oxidative conditions, as the level of COX IV protein was
not affected by H,O, treatment. Using recombinant TK2 pro-
tein and mitochondria prepared from H,O,-treated cells, we
demonstrated that selective mitochondrial degradation of TK2
appears to be S-glutathionylation-dependent and occurs only
in mitochondria isolated from H,O,-treated cells and that
S-glutathionylation on Cys-189 is responsible for the selective
degradation of TK2. These results strongly suggest that oxida-
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tive damage of the TK2 protein and modification of its cysteine
residues by glutathionylation result in proteolytic degradation
and, therefore, reduced activity. To our knowledge this is the
first report showing that S-glutathionylation leads to selective
degradation in the mitochondria of cells under oxidative stress.
We do not know which protease is involved in the degradation
of TK2 and what implications this may have on mitochondrial
function. It is likely that the relevant proteases are either
induced or activated in response to oxidative stress and are
involved in the redox regulation of mtDNA replication and
maintenance (32, 33).

Enzyme kinetic studies of cysteine mutants and structure
modeling have confirmed that these cysteine residues are not
likely to be directly involved in the binding of substrates. Muta-
tions of the two cysteine residues involved in S-glutathionyla-
tion (Cys-189 and Cys-264) to either Ala or Ser had no effect on
the K, values for dT, whereas the C189A, C189S, and C264S
mutants had lower K, values for dC than did the wt enzyme.
These results suggest that these residues are not in direct con-
tact with dT but may interact with dC. Cys-189 is located at one
of the a-helices that form the lid region. Therefore, S-glutathio-
nylation of these residues would mainly have a structural effect
on the enzyme, leading to lower catalytic activity.

According to sequence alignment, Cys-189 is conserved in
TK2, deoxyguanosine kinase, and deoxycytidine kinase (sup-
plemental Fig. S1), indicating that this cysteine residue in deox-
yguanosine kinase and deoxycytidine kinase is also a potential
target for redox regulation through S-glutathionylation. Our
preliminary data indicate that recombinant deoxyguanosine
kinase can be glutathionylated in the presence of GSSG, sug-
gesting that glutathionylation may be a common mechanism in
the redox regulation of these deoxynucleoside kinases.

Increased mitochondrial production of ROS and mitochon-
drial protein oxidation has been implicated in the normal aging
process and in the development cancer (28, 34). Long term
exposure to therapeutic nucleoside analogs such as AZT can
increase cellular oxidative stress in certain cell/tissue types,
which is reflected in decreased GSH levels and perturbation of
the mitochondrial membrane potential (35). Such oxidative
stress caused by nucleoside analogs may affect/modify many
mitochondrial proteins including TK2 and thus lead to mito-
chondrial dysfunction. Our results suggest that TK2 is sensitive
to the cellular/mitochondrial redox status. This redox regula-
tion of the TK2 protein may play an important role in mito-
chondrial DNA replication and maintenance, contributing to
mitochondrial dysfunction in chemotherapy with nucleoside
analogs and during the normal aging process.
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