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ABSTRACT: Mitochondrial thymidine kinase 2 (TK2) is a nuclear gene-
encoded protein, synthesized in the cytosol and subsequently translocated into
the mitochondrial matrix, where it catalyzes the phosphorylation of thymidine
(dT) and deoxycytidine (dC). The kinetics of dT phosphorylation exhibits
negative cooperativity, but dC phosphorylation follows hyperbolic Michaelis—
Menten kinetics. The two substrates compete with each other in that dT is a
competitive inhibitor of dC phosphorylation, while dC acts as a noncompetitive
inhibitor of dT phosphorylation. In addition, TK2 is feedback inhibited by dTTP
and dCTP. TK2 also phosphorylates a number of pyrimidine nucleoside
analogues used in antiviral and anticancer therapy and thus plays an important
role in mitochondrial toxicities caused by nucleoside analogues. Deficiency in
TK2 activity due to genetic alterations causes devastating mitochondrial diseases,
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which are characterized by mitochondrial DNA (mtDNA) depletion or multiple deletions in the affected tissues. Severe TK2
deficiency is associated with early-onset fatal mitochondrial DNA depletion syndrome, while less severe deficiencies result in late-
onset phenotypes. In this review, studies of the enzyme kinetic behavior of TK2 enzyme variants are used to explain the
mechanism of mtDNA depletion caused by TK2 mutations, thymidine overload due to thymidine phosphorylase deficiency, and
mitochondrial toxicity caused by antiviral thymidine analogues.

Mitochondria are dynamic organelles that undergo
constant changes, e.g., fission and fusion, during the
lifetime of the cell. Mitochondria contain multiple copies of
circular mitochondrial DNA (mtDNA) molecules, which
encode 13 essential subunits of the mitochondrial respiratory
chain complexes. To maintain a sustainable mtDNA copy
number, a constant supply of precursors, ie, dNTPs, is
essential because mtDNA replicates in a manner that is
independent of the cell cycle. A limitation of one or more
dNTPs will stall mtDNA synthesis and result in mtDNA
depletion, which leads to mitochondrial diseases.' In dividing
cells and/or tissues, mitochondrial dNTPs are synthesized via
the cytosolic de novo pathway and the salvage pathway;
however, in nondividing cells, the dNTPs required for mtDNA
replication are mainly generated in organello via thymidine
kinase 2 (TK2) and deoxyguanosine kinase (dGK). TK2 and
dGK catalyze the phosphorylation of all four natural
deoxynucleosides to their respective monophosphates using
ATP or other nucleoside triphosphates as phosphate donors.
Both enzymes are essential for mtDNA precursor synthesis and
mitochondrial function in many cell and tissue types.”
Thymidine kinase 2 (TK2, EC 27.1.21) catalyzes the transfer
of the y-phosphate group from ATP to the 5'-hydroxyl group of
thymidine (dT), deoxycytidine (dC), or deoxyuridine (dU) to
form their corresponding monophosphates. TK2 also phos-
phorylates a number of pyrimidine nucleoside analogues, such
as zidovudine (AZT) used in anti-HIV therapy, and thus may
play an important role in the mitochondrial toxicity observed in
antiviral and anticancer therapies using nucleoside ana-
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logues.> ™ TK2 is present in all cells that contain mitochondria,
and the levels of TK2 correlated to the mitochondrial content
of the cells or tissues.” A recent study showed that TK2 is
upregulated during the stationary phase growth of cultured
cells.®

Deficiency in TK2 activity due to genetic mutations causes
devastating mitochondrial diseases, which are characterized as
tissue-specific mtDNA depletion and/or deletion. Mitochon-
drial DNA depletion syndrome (MDS) is characterized by a
severe and tissue-specific reduction in the mtDNA copy
number in the absence of qualitative defects in mtDNA.’
MDS caused by TK2 mutations affected mainly liver and
skeletal muscle, but in some cases, multiple tissues were
involved.* ' Mutations in the TK2 gene are also the genetic
causes of late-onset autosomal recessive progressive external
ophthalmoplegia (arPEO)."" The subject of this review is the
substrate specificity, enzyme kinetics, and regulation of the TK2
enzyme, as well as the mechanism of thymidine overload-
induced mtDNA depletion.

B TK2 ENZYME KINETICS

The first extensive kinetic analysis was performed using the
purified enzyme obtained from human leukemic spleen.'” It
was shown that with dC and dU as substrates, the reactions
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followed hyperbolic Michaelis—Menten kinetics, with K,
(micromolar) and V. /K, (units per milligram per micro-
molar) values of 36 and 25 for dC and 6 and 115 for dU,
respectively. However, the phosphorylation of dT exhibited
negative cooperativity with Hill coefficients in the range of 0.3—
0.5, indicating that the affinity of dT for TK2 decreases with an
increase in concentration as shown by the biphasic Hofstee
plot. The K, value was 0.3 M when the dT concentration was
<8 uM, while at higher concentrations, the K, value for dT was
16 uM, which gives a k./K,, value of ~2.6 X 10* s™ M at
high dT concentrations and a k/K,, value of 2.7 X 10° s™*
M™! at low dT concentrations. Thus, the efficiency of dT
phosphorylation is lower at high dT concentrations (>8 uM)
than at low dT concentrations (Figure 1). The specific activity
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Figure 1. (A) TK2 substrate saturation curves of V (velocity) vs S
(substrate concentration). The curves were drawn by using K, V.0

Sosy and n values from ref 12. (B) Substrate saturation curves at low
concentrations.
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with dT phosphorylation is significantly higher than that with
dC phosphorylation at physiologically relevant substrate
concentrations (<0.S uM) because of the negative cooperativity
with dT (Figure 1B). AZT phosphorylation also showed
negative cooperativity.'> Similar results were obtained with
recombinant human TK2."

In organello studies with mitochondria isolated from rat liver,
heart, and brain showed that the phosphorylation of dT also
exhibited negative cooperativity, and the catalytic efficiencies
differed in mitochondria isolated from different tissues.
Negative cooperative kinetic behavior was also observed with
AZT phosphorylation in heart and liver mitochondria, but not
in brain mitochondria. Instead, in brain mitochondria, AZT
phosphorylation followed hyperbolic Michaelis—Menten ki-
netics, but negative cooperativity was observed with dCyd
phosphorylation."*™"® Thus, TK2 enzyme kinetics are complex
and tissue-specific.
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TK2 belongs to the enzyme family that includes mitochon-
drial deoxyguanosine kinase (dGK), cytosolic deoxycytidine
kinase (dCK), and Drosophila melanogaster deoxynucleoside
kinase (Dm-dNK). The three-dimensional (3D) structures of
dGK, dCK, and Dm-dNK have been determined but not the
TK2 structure. Substrate and inhibitor binding sites have been
studied in detail with dGK, dCK, and Dm-dNK."*~**> However,
there is a fundamental lack of structural information about
TK2; hence, the number of substrate binding sites per active
enzyme is not known, which is a real barrier to achieving a clear
understanding of its biological function.

B REGULATION OF TK2 ACTIVITY BY SUBSTRATES,
SUBSTRATE ANALOGUES, AND FEEDBACK
INHIBITORS

Substrate dT and dC phosphorylations are regulated by a
different kinetic mechanisms, and thus, the enzyme has
different catalytic efficiencies for dT and dC, as described
above. The negative cooperative kinetics with dT suggest that
under physiological conditions, e.g, low dT concentrations
(<0.05 uM), the TK2 activity will be several hundred-fold
higher than with a noncooperative enzyme with the same K,
value (Figure 1B).”> In cells, both substrates coexist and a
competition between dT and dC for the same enzyme is
unavoidable. In the presence of both substrates, dC acted as a
noncompetitive inhibitor of dT phosphorylation with a K; value
of 40 uM and dT behaved as a competitive inhibitor toward dC
phosphorylation with a K; value of 4.9 uM,** resulting in
changes in apparent K, or k. values for dT and dC in the
presence of alternative substrates (Figure 2).

Thymidine analogues such as AZT and FLT strongly
inhibited dT phosphorylation with K; values of 3 and 1.4 uM,
respectively. AZT and FLT bind to the enzyme in the same way
as dT and thus acted as competitive inhibitors of dT
phosphorylation. In the absence of these analogues, recombi-
nant human TK2 phosphorylates dC with a K, value of 11 + 1
UM and a kg, value of 0.37 + 0.01 s~'.>* However, addition of
AZT or FLT resulted in an increased level of dC
phosphorylation; for instance, in the presence of 12 uM
AZT, the K, and k, values for dC were changed to 7.9 & 0.7
#M and 0.71 + 0.03 s/, respectively, and in the presence of 2.0
UM FLT, the K, and k_, values for dC were changed to 6.9 +
0.5 uM and 043 + 0.02 s/, respectively (Figure 2). This
stimulatory effect was shown to be due to the presence of a
feedback inhibitor, e.g., dTTP in the TK2 enzyme.25

TK2 exists in monomer, dimer, or tetramer forms.
Each monomer is likely to have one nucleoside binding site and
one nucleotide (phosphate donor) binding site, as predicted by
the structural model of TK2, which was built on the basis of
amino acid sequence homology to and the 3D structure of Dm-
dNK.* Dm-dNK strictly follows Michaelis—Menten kinetics
with all of its substrates?® but not TK2. Therefore, the TK2
kinetic behavior may involve a third molecule (inhibitor or
substrate) that acts through one of the following mechanisms:
(1) a protein—protein interaction in a multimeric state, 2) a
covalent phosphoprotein intermediate that transfers the
phosphate group to the nucleoside, or (3) an uncharacterized
effector binding site on each monomer.

Protein—protein or subunits interactions are most likely
because the kinetic studies with natural substrates and
inhibitors described above suggest that the binding of the
first substrate/inhibitor to one subunit induced conformational
changes in the other subunit, leading to changes in the binding

12,24,26—28
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- dC 11 0.37
dC (10) dT Non-competitive 13 0.48
dT (10) dC competitive 33.4 0.37
AZT (1.2) dT competitive 18.2 0.60
FLT (2.0) dT competitive 31.6 0.60
AZT (1.2) dC stimulatory 7.9 0.71
FLT (2.0) dC stimulatory 6.9 0.43

Figure 2. (A) Reaction pathways of TK2 (E) with dT and dC as
substrates. In the proposed reaction pathways, TK2 acts as a dimer or
multimer. Each monomer (subunit) has one catalytically active center
and is capable of converting one substrate (dT or dC) to its product
(dTMP or dCMP) in the presence of ATP or other nucleoside
triphosphates (omitted for the sake of simplicity). The binding of an
alternative substrate or inhibitor to the other subunit affects either the
apparent K, the apparent k_,, or both. The K, and k, values for dT
and dC are from ref 24. (B) Apparent K, and k, values (K,,,,, and
kcat,app) for dT and dC in the presence of inhibitors were calculated
using data from refs 24 and 25.

affinity of the next substrate or inhibitor. Thus, TK2 most likely
exists as a dimer or an oligomer. The interaction between the
two subunits is probably weak, and therefore, the enzyme can
be eluted as a monomer via size-exclusion chromatography in
some cases. A covalent phosphorprotein intermediate is very
unlikely because we have not been able to isolate such an
intermediate by using radiolabeled ATP or nucleosides and
purified TK2. However, we cannot exclude the possibility of an
effector binding site in addition to the nucleoside and
phosphate binding sites on the TK2 enzyme as the cause of
the cooperative behavior of TK2. Thus, further structural
information regarding the identity and locations of the effector
binding sites and their relation to the oligomeric states of TK2
is needed to elucidate the kinetic mechanisms of TK2.

For the competitive inhibition mode, the percent inhibition
is dependent on both substrate and inhibitor concentrations
and can be calculated using eq 1. For the noncompetitive
inhibition mode, the percent inhibition is dependent only on
the concentration of the inhibitor and can be calculated using
eq I

iy, = (100(1])/[[1] + K;(1 + [S]/K,)] 0
is, = 100[[1]/(K; + [1])] (1)

where [S] is the substrate concentration, [I] is the inhibitor
concentration, and iy is the percent inhibition.>
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Using these two equations and the K, and K; values for dT
and dC, the extent of substrate inhibition can be plotted
(Figure 3A,B). Over a physiologically relevant concentration
range (0.05—0.5 uM), the phosphorylation of dC is very
sensitive to the levels of dT, and when the concentration of dT
increases, the level of dC phosphorylation decreases dramat-
ically (Figure 3A). However, the phosphorylation of dT is not
sensitive to the changes in the concentration of dC (Figure 3B).
Thus, the outcome of substrate competition under normal
physiological conditions is a relative higher level of dTMP and a
lower level of dCMP, resulting in higher dTTP and lower
dCTP levels. In the case of metabolic alterations, for example,
in thymidine phosphorylase (TP) deficiency, elevated levels of
dT will strongly inhibit the phosphorylation of dC, which
results in high levels of dTMP and very low levels of dCMP and
eventually high dTTP and very low dCTP levels (Figure 4).
This has been demonstrated by recent studies using cell culture
and animal models that are deficient in TP activity.>"*>

Using K; values for AZT and FLT, the percent inhibition by
various concentrations of AZT or FLT was plotted according to
eq IL. As shown in panels C and D of Figure 3, with increasing
concentrations of the analogues, the extent of inhibition also
increased. The inhibitory effect on dT and the stimulatory
effect on dC phosphorylation will result in low dTMP levels
and relatively high dCMP levels and eventually low dTTP and
higher dCTP levels (Figure 4).>> The consequence of the effect
of AZT and FLT on dT and dC phosphorylation by TK2 will
be discussed more in detail below.

TK2 is also feedback inhibited by dTTP and dCTP.>>** Both
dTTP and dCTP competitively inhibited dT phosphorylation
with K; values of 2.0 and 0.8 uM, respectively. However,
inhibition of dC phosphorylation by dTTP was noncompetitive
with a K value of 2.5 uM, and dCTP competitively inhibited
dC phosphorylation with a K; value of 0.9 uM.® Furthermore,
purified recombinant human TK2 and native rat liver TK2
contain a tightly bound dTTP at a stoichiometry of 1:1.*° Thus,
dT and dC would have to compete with dTTP for binding to
the active site. It has been previously shown that dT competes
more efficiently than dC with enzyme-bound dTTP, and this
may contribute to a level of dT phosphorylation higher than
that of dC phosphorylation.”® The implications of this kinetic
behavior will be further discussed in later sections.

B RECENT DEVELOPMENT OF TK2-SPECIFIC
INHIBITORS

Pyrimidine analogues have long been used as antimetabolites in
antiviral and/or anticancer therapy. Many of them are
substrates or inhibitors of TK2 and/or cytosolic thymidine
kinase 1 (TK1). Long-term use of these analogues is associated
with mitochondrial toxicities that involve TK2. In this respect,
potent and selective TK2 inhibitors are valuable tools for the
study of the role of TK2 in the maintenance of mitochondrial
dNTP pools and the contribution of TK2 in mitochondrial
toxicities of certain nucleoside analogues.***> Two types of
modifications, i.e., position 5 of the base moiety and position 3’
on the sugar moiety, are well-tolerated by TK2. For instance,
(E)-5-(2-bromovinyl)deoxyuridine (BvdU) is a much better
substrate for TK2 than for TK1. Thus, it has been suggested as
a selective substrate to distinguish between TK2 and TKI1
activity in cell extracts.’®®’ AZT, araT (arabinofuranosyl
thymine), and FLT can be phosphorylated by TK2, but at
much lower rates, while 2',3'-didehydrodideoxythymdine is not
a substrate for TK2.">"> TK2 also phosphorylates several dU
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Figure 3. (A) Percent inhibition of dC phosphorylation by dT. (B) Percent inhibition of dT phosphorylation by dC. (C) Percent inhibition of dT
phosphorylation by AZT. (D) Percent inhibition of dT phosphorylation by FLT.
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Figure 4. Consequences of a high level of dT or the presence of AZT
or FLT with respect to mitochondrial dTTP and dCTP levels, and
ultimate effect on mtDNA synthesis: 1, upregulation; |, down-
regulation.

and dC analogues, including S-fluorodeoxyuridine, 1-(2'-deoxy-
2/-fluoro-1-f-p-arabinofuranosyl)-S-iodouracil, 2’,2’-difluoro-
deoxyuridine, 2',2’-difluorodeoxycytidine, and arabinofuranosyl
. 13,3839
cytosine.
Many of the thymidine analogues are poor substrates of TK2
but may act as inhibitors of dT or dC phosphorylation. For
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instance, AZT and FLT are potent inhibitors of dT
phosphorylation with K; values of 3.0 and 1.4 uM,
respectively.”> Several potent TK2-specific inhibitors have
been designed, synthesized, and characterized recently with
modifications on both the base (at position 5) and the sugar
moiety (at position 2’ or 3’) by using molecular docking
approaches.>**>***! Compounds with either an arylthiourea
derivative or a 1,4-disubstituted 1,2,3-triazole motif substituted
at position 3’ showed a potent and selective inhibitory effect on
TK2. Two of these derivatives, 5-(3'-amino-3’-deoxy-f3-p-
thymidin-3'N-yl)-1-(4-chloro-3-trifluoromethylphenyl)-tetra-
zole and 5-(3’-amino-3’-deoxy-f-(E)-5-(2-bromovinyl)-2'-de-
oxyuridin-3'N-yl)-1-(4-chloro-3-trifluoromethylphenyl)-tetra-
zole, showed ICg, values of 35 and 14 nM, respectively.*®
Through structural analysis of the TK2 model docked with
various inhibitors, the authors pinpointed that a pronounced
flexibility of the enzyme around the substrate binding pocket
and a hydrophobic channel at the interface between the a-
helices that connects the thymidine binding pocket largely
accommodate bulk substitutions at position 3’. A closed loop
conformation further stabilized the binding of inhibitors via the
amino group bridging the tetrazole ring to the sugar moiety.
For detailed analysis of the structural function—activity

relationship, see the recent publications.>**"
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Table 1. Clinical and Biochemical Data of TK2 Mutations Identified in Patients with Mitochondrial Diseases®

TK2 mutation

age at onset

age at death

mtDNA content

residual TK2

(reported) NM_004614.4 (months) (months) (%) activity disease(s) ref
<H90N/H90N HI2IN/HI2IN 0 4 22% 45% severe myopathy 8
1181N/I1181N 1212N/1212N 8 19 16—20% 14-23% severe myopathy 8
HOO0N/T77M HI121IN/T108M 12 40 6—14% 36% encephalopathy/ 62

nephropathy
122M/122M IS3M/153M 1 24 6—14% 28% encephalopathy/ 62
myopathy
T77M/T77M T108M/T108M 12 23—-40 10—20% b myopathy 63
R183G/R254X R183G/R254X 2 10 60% b infantile 64
encephalomyopathy
E48£sX149 E48£sX149 5 15 37% b infantile 64
encephalomyopathy
R152G/K171del R183G/K202del 36 alive at 14 years  normal 1% myopathy 49
T77M/R161 K T108M/R192K 28 alive at 12 years 8% 7% mitochondrial myopathy 48
T64M/R183W T64M/R183W 11 24-28 <10% b severe myopathy 65
A181V/A181V A139V/A139V 24 alive at S years S, 70% 14.8—25.9% myopathy 66
C108W/L257P C66W/L215P 7 6 years 8-9% 19.7% myopathy 66
V113£s20X/1212N V113£s20X/1212N 24 16 years b b myopathy 67
V113£s20X/N93S V113£s20X/N93S 24 alive at 9 years 21% b myopathy 67
RI20R/HI2IN RI20R/HI2IN 24 6 years 25% b myopathy 67
T108M/Ql25X T108M/Q125X 7 19 18% b myopathy 67
Y154N/R172Q Y112N/R130Q b b b b mitochondrial myopathy 68
R225W/R225W R183W/R183W 18 38 5—10% b mitochondrial myopathy 46
R172W/R172W R130W/R130W 2 7 10—12% b mitochondrial myopathy 46
Q87X/N100S Q45X/NS58S 3 18 <5% b encephalomyopathy 69
K85NfsX9/R172Q_ K43NfsX9/R130Q 12 alive at 13 years  24% b myopathy, hearing loss 70
A73fs.X230/R130W A73fsX230/R130W 1 3 20% 4% encephalomyopathy 71
K244del/S931fsX99 K202del/S511fsX57 24 alive at 6 years <10% b myopathy, hearing loss 72
T108M/T108M T108M/T108M 0 alive at 44 years  34% 40% severe myopathy 47
W4V .£sX40/R90C W4V .£sX40/R90C 13 years alive at 31 years  39% b severe myopathy 47
R183W/R183W R183W/R183W 9 alive at 4 years 25% b encephalomyopathy 45
NS58S/NS8S NS58S/NS8S 9 years alive at 28 years  86% b encephalomyopathy 4S
R130Q/K44Nfsx9 R130Q/K44Nfsx9 24 alive at 15 years  24% b encephalomyopathy 45
c157 2A> G/R196S  c.157_2A>G/R196S 48 alive at 10 years ~ 73% b encephalomyopathy 45
1212N/5.8 kb del 1212N/5.8 kb del 3 8 10—20% b encephalomyopathy 45
S135L/R183W S135L/R183W S 22 b b encephalomyopathy 45
S135SL/NS8S S135L/NS8S 9 alive at 1.2 years  22% b encephalomyopathy 4S
T108M/L233P T108M/L233P S 3 years 5% b encephalomyopathy 45
T230A/R225W T230A/R225W 40-50 years 55—60 years multiple deletion 22—40% ophthalmoplegia 11

“TK2 mutations reported in the original publication (column 1) and amino acid numbering normalized to the GenBank database (column 2). Age
for disease onset and death (columns 3 and 4) is given in months and, in some cases, years. Residual TK2 activity is given as relative activity (with dT

as the substrate) compared with healthy controls. fsXx, frame shift and stop after amino acid number x. ®Data not available.

B ROLE OF TK2 IN MITOCHONDRIAL DTTP AND
DCTP POOL MAINTENANCE AND MTDNA
DEPLETION AND DELETION

In mitochondria, the levels of DNA precursors, e.g., dNTPs,
play a crucial role in mtDNA replication. A limitation of one or
more of the four ANTPs will stall mtDNA replication and result
in mtDNA depletion or deletion' and lead to mitochondrial
diseases. Currently, 12 of >200 nuclear genes encoding proteins
involved in mtDNA replication and mtDNA precursor
metabolism are associated with mitochondrial diseases,
including TK2, DGUOK (deoxyguanosine kinase), and TYMP
(thymidine phosphorylase).'%*

Progressive external ophthalmoplegia (PEO) manifests as
multiple mtDNA deletions, which accumulate with age and
cause late-onset symptoms in postmitotic tissues, such as the
nervous system and skeletal muscle. These symptoms usually
are weakness of the external eye muscles, bilateral ptosis,
exercise intolerance, proximal muscle weakness, wasting,
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hearing loss, hypogonadism, optic atrophy, and Parkinsonism.
Mutations in DGUOK and TK2 are linked to autosomal
recessive PEO (arPEQ).'"#*

TK2 Kinetics Elucidate the Mechanism of MDS Caused
by TK2 Mutations. MDS was initially described by Moraes et
al. in 1991, and 10 years later, the first report assigning TK2
mutations to MDS was published.”® The two missense
mutations in the TK2 gene, His90Asn and Ile181Asn, were
found in four individuals with devastating isolated skeletal
myopathy, mtDNA depletion, and death at an early age.® Since
then, more than 50 individuals suffering from MDS with both a
molecularly confirmed diagnosis and histological or biochem-
ical analysis have been linked to a variety of genetic alternations
in the TK2 gene.*” In addition to myopathy, neurological
phenotypes and multitissue pathology have been discovered in
patients carrying TK2 mutations™ (Table 1) (see recent
articles for more details™'%**7).

The first kinetic characterization of TK2 mutations identified
in MDS patients showed that the His90Asn mutant exhibited

dx.doi.org/10.1021/bi5006877 | Biochemistry 2014, 53, 6142—6150
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normal activity with dT but strongly reduced activity with dC
(65% reduction) under conditions of excess substrates. The
His90Asn mutant also lost negative cooperativity with dT,
which indicated that at physiological dT concentrations (<0.05
uM), the His90Asn mutant would only have <7% of activity
with dT compared to that with the wild-type enzyme. This
difference would cause a severe reduction in the size of the
dTTP and/or dCTP pool and thus a reduced level of mtDNA
synthesis. The Ile181Asn mutant enzyme had only 0.6% activity
with dT and 0.01% activity with dC compared with that of the
wild-type enzyme, which would ultimately result in a degletion
of dTTP and dCTP pools and depletion of mtDNA.** The
characterization of two other mutations in TK2 found in
patients, e.g, T77M, showed not only drastically reduced
overall efficiency with dT and dC but also altered cooperativity
for dT and dC; ie, the presence of dT enhanced dC
phosphorylation, while dC functions as a strong inhibitor of dT
phosphorylation. Such an alteration exaggerated the effects of
reduced TK2 activity and thus, severe mtDNA depletion.** The
two TK2 mutations, e.g., T230A and R225W, causing late-onset
arPEQ, showed significantly reduced activity with both dT and
dC and an altered ratio of dC/dT phosphorylation."" These
studies suggested that a severe reduction in TK2 activity or an
alteration of substrate specificity or kinetic behavior resulted in
a disruption and limitation of mitochondrial dTTP and dCTP
production, which caused mtDNA depletion and/or deletion.

Many of the TK2 mutations identified in MDS patients have
not been characterized; however, from the data available to
date, we concluded that the level of residual TK2 activity in the
affected tissues is vital for survival (Table 1). However, the
residual TK2 levels measured using a single substrate cannot
provide adequate information regarding mtDNA depletion
caused by the TK2 mutations, as was exemplified with the
His90Asn mutant. Thus, kinetic studies of mutant TK2 are
important for understanding the mechanism underlying
mtDNA depletion. In most cases, the severity of TK2
deficiency is correlated with the patient phenotype, namely,
severe impairment of TK2 resulting in encephalomyopathy
with multiple-organ involvement, whereas partial reduction of
TK2 was associated with myopathy.® Thus, relatively high levels
of residual TK2 activity are associated with late-onset disease.
However, in one case, the patient survived longer with severe
TK2 deficiency (1% of controls),* and it was suggested that an
alternative compensatory mechanism could be involved.

TK2 Kinetics Underlie Thymidine Overload-Induced
mtDNA Depletion. High plasma dT levels were found in
patients with defective thymidine phosphorylase (TP), which
presented itself as mitochondrial neurogastrointestinal ence-
phalomyopathy (MNGIE) with multiple mtDNA deletions and
depletions.’>>" TP is an enzyme that catalyzes the reversible
phosphorolysis of dT to thymine and deoxyribose 1-phosphate
and plays an imzportant role in maintaining a low plasma level of
dT and dU>® Deficiency in TP activity resulted in an
accumulation of dT and dU in patients, which has been
suggested to be the cause of the mtDNA deletion and depletion
observed in MNGIE patients.”**® In the plasma of healthy
individuals, dT is undetectable; however, in TP patients, the
plasma level of dT and dU ranged from 3.9 to 17.7 uM,>"*?
which indicates several hundred-fold increases in dT and dU
concentrations. According to eq I, dT alone will inhibit dC
phosphorylation of up to 80% (Figure 3A). In mitochondria,
elevated dT levels will eventually result in an increased level of
dTTP and a diminished dCTP pool, as illustrated in Figure 4,
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and ultimately to mtDNA deletion or depletion. It was
demonstrated experimentally that high levels of dT and dU,
because of TP deficiency, resulted in higher levels of dTTP but
lower levels of dCTP in TP-knockout mouse brain mitochon-
dria, which resulted in mtDNA instability, e.g., mtDNA deletion
and depletion.** In vitro studies also showed that limited dCTP
levels due to dT overload could cause mtDNA depletion.’ On
the basis of the TK2 kinetics described above, mtDNA
depletion was prevented by deoxynucleoside (dC) supplemen-
tation or inhibition of dC catabolism in a cell culture model and
a mouse model with defective TP. Taken together, these
findings point to a potential treatment for mtDNA depletion
caused by defects in INTP metabolism.>

TK2 Kinetics Shed Light on Thymidine Analogue-
Induced mtDNA Depletion. In early chemotherapy against
HIV, AZT was administered alone at a relatively large dose and
often resulted in severe mitochondrial dysfunction. In addition,
mtDNA depletion was observed in muscles, peripheral blood,
and other tissues of treated patients.>> Although the doses of
AZT are much smaller in a modern HAART regime, long-term
exposure to this analogue still causes adverse effects, including
anemia, lactic acidosis, neutropenia, skeletal muscle myopathy,
and cardiomyopathy with mtDNA depletion.’® These side
effects were attributed to AZT-mediated mitochondrial toxicity,
which was thought to be a class-wide major adverse effect
associated with nucleoside analogues. Previously, the mecha-
nism of AZT toxicity had been identified as the inhibition of
mtDNA polymerase-y, ie, the DNA pol-y hypothesis.’”
However, to reach 50% inhibition of pol-y, at least 100 M
AZT-TP is required, which is far greater than the concentration
that can be clinically achieved using the plasma concentration
of AZT."

Thus, an alternative mechanism underlying AZT-associated
mitochondrial toxicity has been suggested; AZT is a potent
inhibitor of dT phosphorylation catalyzed by TK2, which may
result in a depleted mitochondrial dTTP pool and limit
mtDNA replication, thereby ultimately resulting in mtDNA
depletion.""” Compared with proliferating tissues, most
postmitotic tissues, such as skeletal muscle, mainly rely on
the TK2-catalyzed dT/dC phosphorylation for the main-
tenance of dTTP and dCTP pools and, thus, exhibit greater
sensitivity to AZT and other pyrimidine analogues. As shown in
panels C and D of Figure 3, dT phosphorylation by TK2 is
strongly inhibited by AZT or FLT. Assuming that the
mitochondrial AZT concentration is within the same range of
plasma concentration, ie., ~3 uM,"® AZT would inhibit dT
phosphorylation by >50% (Figure 3C), and FLT at a
concentration of 3 yM will inhibit dT phosphorylation by
70% (Figure 3D). On the other hand, dC phosphorylation will
be stimulated. Such opposite effects will alter the ratio of dT
and dC phosphorylation and result in a significantly decreased
level of dTMP and an increased level of dCMP and eventually
small dTTP and relatively large dCTP pools®® (Figure 4). A
>50% reduction of the dTTP pool has been reported in
perfused rat hearts with short-term AZT exposure.”® Recent
studies using peripheral blood mononuclear cells from
individuals who were infected with HIV and have been treated
with antiviral therapy showed significant depletions of both
ribonucleotide and deoxynucleotide pools.>® Thus, these
findings strongly suggest that perturbation of intramitochon-
drial dT and dC phosphorylation by TK2 contributes to the
mitochondrial toxicity of AZT and other related pyrimidine
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nucleoside analogue drugs in a manner independent of mtDNA
polymerase-y inhibition.

B CONCLUSION

Mitochondrial diseases are multifactorial, and interactions of
defective gene(s) or proteins with other factors are involved in
disease development and contribute to the tissue specificity of
the disease. However, the kinetics and tissue-specific distribu-
tion of TK2 have helped to explain the mechanism of tissue-
specific mtDNA deletion in many patients with TK2 mutations.
TK2 kinetic studies have also been used to design therapy for
the treatment of TP deficiency and may be used to weaken the
side effects of nucleoside analogues and to develop novel
nucleoside analogue drugs. In some patients, mtDNA depletion
has become less apparent as the disease progresses, despite
clinical and biochemical deterioration, and in a few cases, an
increase or lack of change in mtDNA copy number has been
reported.*”**®! Thus, further biochemical characterization of
mutant TK2 enzymes and their interactions with other factors
and/or proteins are required to fully understand the
mechanism of mtDNA copy number alteration and to develop
therapeutic strategies for the treatment of mitochondrial
diseases caused by defects in INTP metabolism.
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