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Background: The ability of TMP to serve as a precursor of mitochondrial synthesis of TTP is not well understood.

Results: TMP cannot be converted to TTP except by breakdown to thymidine in isolated mitochondria.

Conclusion: Thymidine is the sole source for TTP synthesis in the mitochondrial matrix.

Significance: Thymidine salvage in mitochondria is crucial to understand mitochondrial DNA depletion diseases caused by

mitochondrial thymidine kinase (TK2) deficiency.

The primary pathway of TTP synthesis in the heart requires
thymidine salvage by mitochondrial thymidine kinase 2 (TK2).
However, the compartmentalization of this pathway and the
transport of thymidine nucleotides are not well understood. We
investigated the metabolism of [*H]thymidine or [PH]TMP as
precursors of [PH]TTP in isolated intact or broken mitochon-
dria from the rat heart. The results demonstrated that [*H]thy-
midine was readily metabolized by the mitochondrial salvage
enzymes to TTP in intact mitochondria. The equivalent addi-
tion of [*H]TMP produced far less [PH]TTP than the amount
observed with [PH]thymidine as the precursor. Using zidovu-
dine to inhibit TK2, the synthesis of [*H]TTP from [*H]TMP
was effectively blocked, demonstrating that synthesis of
PH]TTP from [PH]TMP arose solely from the dephosphory-
synthase pathway that includes deoxyuridine triphosphatela-
tion of [*’H]TMP to [*H]thymidine. To determine the role of the
membrane in TMP metabolism, mitochondrial membranes
were disrupted by freezing and thawing. In broken mitochon-
dria, [*H]thymidine was readily converted to [*H]TMP, but fur-
ther phosphorylation was prevented even though the energy
charge was well maintained by addition of oligomycin A, phos-
phocreatine, and creatine phosphokinase. The failure to synthe-
size TTP in broken mitochondria was not related to a loss of
membrane potential or inhibition of the electron transport
chain, as confirmed by addition of carbonyl cyanide 4-(trifluo-
romethoxy) phenylhydrazone and potassium cyanide, respec-
tively, in intact mitochondria. In summary, these data, taken
together, suggest that the thymidine salvage pathway is com-
partmentalized so that TMP kinase prefers TMP synthesized by
TK2 over medium TMP and that this is disrupted in broken
mitochondria.
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Eukaryotic cells must maintain and replicate nuclear and
mitochondrial DNA from two distinct pools of dNTPs. In
dividing cells, nuclear DNA replication requires a high concen-
tration of ANTP molecules (1). Outside of S phase, and in non-
dividing cells, ANTPs are required only for DNA repair and for
mitochondrial DNA replication, which occurs continuously in
all cells. However, the amount of dNTPs required outside of S
phase is decreased substantially (2).

Depending on the cell type and physiological conditions,
dNTPs may be provided from ribonucleoside salvage or the de
novo synthesis of ribonucleotide diphosphates followed by
reduction to dNDPs by ribonucleotide reductase (RNR)? with
subsequent phosphorylation by cellular nucleoside diphospho-
kinases (NDPKs) to dNTPs (for a review, see Ref. 3). TTP is
distinct from the other ANTPs because it cannot be generated
directly by reduction of ribonucleotide diphosphates by the
RNR enzyme. TTP synthesis requires an additional thymidylate
synthase pathway that includes deoxyuridine triphosphate pyro-
phosphorylase, thymidylate synthase, and dihydrofolate reduc-
tase (Fig. 1) (3). RNR activity and the thymidylate synthase
pathway have generally been considered to be cytosolic
enzymes present in dividing cells. However, there are recent
reports of both RNR activity (4) and the thymidylate synthase
pathway (5) in mammalian liver mitochondria. In contrast, in
previous studies from our laboratory in which adult rat hearts
were perfused for 2 h with multiple appropriate radioactive
precursors, we were unable to detect evidence of RNR or thy-
midylate synthase activity in either the cytosol or mitochondria
(6, 7), suggesting that the heart may be considerably different
from the liver.

Lastly, ANTPs can be synthesized by taking up deoxynucleo-
sides from the blood stream and salvaging them via deoxy-
nucleoside kinases. In the salvage pathway, the first phosphor-
ylation reaction is typically irreversible and, usually, the
rate-limiting reaction (8). Two of the enzymes responsible for
this activity are cytosolic: thymidine kinase 1 (TK1), which

2The abbreviations used are: RNR, ribonucleotide reductase; NDPK, nucleo-
side diphosphate kinase; AZT, zidovudine; TMPK, cytosolic thymidine
monophosphate kinase; KCN, potassium cyanide; FCCP, carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone; UPLC, ultra performance liquid
chromatography.
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FIGURE 1. Model of thymidine metabolism in the cytosol and mitochondrial matrix. Blue pathways represent potential contributions to TMP synthesis
from non-thymidine precursors. Black pathways represent potential contributions to TTP synthesis from thymidine. The green pathway represents thymidine
breakdown. The thymidylate synthase pathway is generally known to be cytosolic. However, recent evidence has suggested its presence in liver mitochondria.
Previous work from our laboratory has been unable to detect either a cytosolic or mitochondrial thymidylate synthase pathway in the perfused heart or in
isolated heart mitochondria. TP, thymidine phosphorylase; dUTPase, deoxyuridine pyrophosphorylase; CDA, cytidine deaminase; cdN, cytosolic deoxynucle-
otidase; mdN, mitochondrial deoxynucleotidase; DHFR, dihydrofolate reductase; TYMS, thymidylate synthase; dCK, deoxycytidine kinase; TMPK, cytosolic
thymidine monophosphate kinase; ENT1/2, equilibrative nucleoside transporter 1/2; methylene-THF, methylene-tetrahydrofolate; DHF, dihydrofolate.

phosphorylates thymidine, and deoxycytidine kinase, which
phosphorylates deoxycytidine, deoxyguanosine, and deoxyade-
nosine. The other two kinases are mitochondrial: thymidine
kinase 2 (TK2), which phosphorylates thymidine and deoxycy-
tidine,and deoxyguanosinekinase,whichphosphorylatesdeoxy-
guanosine and deoxyadenosine (for a review, see Ref. 9). There-
fore, it is possible to generate all four of the naturally occurring
deoxynucleoside monophosphates in either the cytoplasm or
the mitochondria.

As noted above and illustrated in Fig. 1 and Ref. 3, thymidine
salvage may take place in either the cytosolic or the mitochon-
drial compartment. However, the cytosolic salvage of thymi-
dine by TK1 takes place only during S phase of dividing cells
because the enzyme is inactivated and not expressed outside of
S phase (1). Therefore, thymidine salvage in differentiated non-
dividing cells must occur solely within the mitochondrial com-
partment via TK2. Alternatively, in some tissues, TMP can be
synthesized from the thymidylate synthase pathway from sal-
vage of deoxyuridine to dUMP or deoxycytidine to dCMP, fol-
lowed by deamination to dUMP (Fig. 1). However, as noted
above, the thymidylate synthase pathway does not appear to be
active in either the cytosol or mitochondria in adult rat hearts.

When TMP is formed, it can take part in two different reac-
tions. TMP can be cleaved back to the nucleoside by 5" nucle-
otidases that are located in both the cytoplasm (10) and the
mitochondria (11), or TMP can be phosphorylated again to its
diphosphate form through a cytosolic TMP kinase (12) or mito-
chondrial TMP kinase (TMPK2) (Fig. 1) (13). The addition of
the third phosphate is a function of nucleoside diphosphate
kinases, known to be present in both the intermembrane space
and matrix, and rapidly equilibrates the nucleoside and deoxy-
nucleoside triphosphate pools with ATP (14, 15). The capability
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of isolated intact mitochondria from the heart (16), liver (17),
and brain (18) to carry out these reactions has been demon-
strated by showing that thymidine can be readily converted to
TTP and that the conversion appears to occur in the matrix.
There is evidence in the literature from human cell culture
studies (19-22) to suggest that cytosolic and mitochondrial
dNTP pools communicate via specific inner mitochondrial
membrane transporters. TMP synthesized within the cytosolic
compartment can either be phosphorylated within the cytosol-
ic compartment, or, as suggested for isolated mouse liver mito-
chondria by Ferraro et al. (23), it can be transported across the
inner mitochondrial membrane to be phosphorylated in the
matrix. However, work by McKee et al. (16) has shown that a
large bolus of unlabeled TMP added to the medium of isolated
heart mitochondria did not inhibit the conversion of [PH]TMP
formed from [*H]thymidine to [PH]TTP, indicating that
medium TMP did not mix well with TMP synthesized from
thymidine in the matrix, suggesting that TMP may not be trans-
ported by heart mitochondria. This investigation was under-
taken to elucidate and understand the fate of TMP in isolated
heart mitochondria in comparison with thymidine. The impor-
tance of this investigation is illustrated by human mutations in
TK2, which have been well described and lead to a lethal
muscle mitochondrial DNA depletion disease in young chil-
dren (24). Because TMP would bypass the mutant TK2
enzyme, it has been proposed as a treatment (25). This
research was accomplished by measuring the conversion of
[*H]thymidine and [PH]TMP to [*H]TTP in intact and bro-
ken mitochondria isolated from the rat heart. Our data dem-
onstrated that TMP synthesized from thymidine does not
mix with exogenously added TMP and that TMP cannot be
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used for synthesis of TTP except by dephosphorylation to
thymidine first as an intermediate.

EXPERIMENTAL PROCEDURES

Chemicals and Biochemicals—All the unlabeled chemicals
used in this study were purchased from Sigma-Aldrich, except
zidovudine (AZT), which was purchased from Synthonix
(Wake Forest, NC). [PH]Thymidine and [PH]JTMP were pur-
chased from Moravek Biochemicals (Brea, CA).

Isolation of Mitochondria from Rat Heart—In-house outbred
Harlan-Sprague-Dawley rats were raised in the institution
vivarium according to the Guide for the Care and Use of Ani-
mals, and the experiments were conducted as described in an
Institutional Animal Care and Use Committee-approved ani-
mal protocol. Coupled mitochondria from the heart were iso-
lated from female rats as described previously (26), except that
differential centrifugation at 4 °C was adjusted to 1000 X g
and 8500 X g for low- and high-speed centrifugations, which
improved the recovery of mitochondria. The intactness of the
isolated mitochondria was determined by measuring the respi-
ratory control ratio using high-resolution respirometry (Oxy-
graph-2K, OROBOROS) with glutamate and malate as sub-
strates, as described previously (18). Mitochondria with a
respiratory control ratio value of 6 and above were used for
these experiments. The protein concentration of the isolated
mitochondria was obtained by the Lowry method using BSA as
a standard.

Preparation of Broken Mitochondria—Mitochondria were
isolated as described above, and all additions to the incubation
were made prior to freezing and thawing. The broken mito-
chondria were obtained by freezing the incubation sample in
liquid nitrogen for 30 s, followed by thawing for 1 minina 30 °C
water bath. The incubation sample was mixed, and this process
was repeated three more times. The broken mitochondria were
incubated, and aliquots were removed exactly as described for
the intact mitochondria.

Incubation of Isolated Mitochondria—Mitochondria were
incubated at a final concentration of 4 mg mitochondrial pro-
tein/ml in medium described previously (26) with [*H]thymi-
dine or [*H]TMP at a final concentration of 100 nM (~2200
dpm/pmol). Other additions to the incubation are described
under “Results” and in the figure legends where appropriate.
The incubation was terminated at specific times by removing
an incubation aliquot with addition of an equal volume of 10%
TCA to lyse the mitochondria and precipitate the macromole-
cules. TCA-treated samples were centrifuged to remove the
precipitates, and the resultant supernatant was neutralized to at
least pH 6.5 with ion exchange resin (AG-11A8, Bio-Rad) and
filtered using a 0.45-um Whatman syringe filter. The amount
of radioactivity in each sample was determined by counting an
aliquot in scintillation fluid (Insta-Gel Plus, PerkinElmer Life
Sciences) on a liquid scintillation analyzer (Tri-Carb 2800TR,
PerkinElmer Life Sciences).

UPLC Deoxynucleotide Analysis and Radioactivity Quantifica-
tion—[*H]Thymidine, [’H]TMP, and their intermediates and
phosphorylated products were analyzed by UPLC (1290
Infinity, Agilent) equipped with a C18 reverse-phase column
(ZORBAX Eclipse Plus, 3.0 X 150 mm, 1.8 uwm, Agilent) cou-
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FIGURE 2. The metabolism of [*Hlthymidine and [*H]TMP in isolated
intact rat heart mitochondria. Freshly isolated mitochondria (4 mg of pro-
tein/ml) were incubated at various time points in incubation medium at 30 °C
containing 100 nm of either [*H]thymidine or [*HITMP (~2200 dpm/pmol)
and processed as described under “Experimental Procedures.” The *H prod-
ucts formed were detected and quantified using UPLC and an inline liquid
scintillation counter. The amount of *H products formed were expressed as
picomole of product per milligram of mitochondrial protein and plotted
against time. All data points represent the mean and S.E. of three indepen-
dent determinations from three individual rat tissue mitochondrial isolates.

pled to an inline diode array and liquid scintillation counter
(B-RAMS5, LabLogic). The mobile phases were composed of 5
mM tetrabutylammonium acetate, 60 mM ammonium acetate
(pH 5.0), and 5 mm tetrabutylammonium acetate in methanol
using a gradient program. The flow rate and column tempera-
ture were set at 0.5 ml/min and 30 °C, respectively. A diode
array was used to quantitate levels of ADP and ATP, and the *H
signals were detected by B-RAM and quantified using Laura
software (LabLogic).

Data Analysis—The rate of conversion of each precursor to
products was dependent on the amount of mitochondrial pro-
tein added. Therefore, the amounts of products were expressed
as disintegrations per minute per milligram of mitochondrial
protein. These values were subsequently converted to picomole
per milligram of mitochondrial protein by dividing by the spe-
cific radioactivity of the *H precursor. Data presented in the
figures represent the mean and S.E. of at least three indepen-
dent determinations from three individual rat heart mitochon-
drial isolates. Significant differences in results were computed
via Student’s £ test.

RESULTS

Conversion of [PH]Thymidine and [PH]TMP to PH]TTP in
Isolated Intact Rat Heart Mitochondria—The extent of phos-
phorylation of thymidine and TMP was determined by incubat-
ing isolated intact heart mitochondria (4 mg/ml) for 0, 30, 60,
90, and 120 min with 100 nm of either [*H]thymidine or
[PH]TMP, both added at a specific radioactivity of ~2200 dpm/
pmol (Fig. 2). The conversion of these precursors to breakdown
products or phosphorylated intermediates was quantitated
from UPLC chromatograms and expressed as picomole per
milligram of mitochondrial protein as described under “Exper-
imental Procedures.” All three phosphorylated products of thy-
midine were observed. However, the overall detection of
[PH]TDP was small and negligible in all cases. Therefore, the
small amount of [PH]TDP measured was added to the much
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FIGURE 3. The effect of unlabeled TMP on [*H]thymidine metabolism in
isolated intact rat heart mitochondria. Mitochondria were incubated and
processed and data were plotted as described under “Experimental Proce-
dures” and in the legend for Fig. 2, except that 10 um of unlabeled TMP was
added to the incubations. Dashed lines represent results from Fig. 2 obtained
in the absence of 10 um unlabeled TMP for comparison. All data points rep-
resent the mean and S.E. of three independent determinations from three
individual rat tissue mitochondrial isolates.

larger amount measured as [’H]TTP and reported as [*H]TTP.
About 7.2% of the exogenously added [PH]TMP was found as
[*H]thymidine after 2 h of incubation, but there was no break-
down of [®*H]thymidine. Although both substrates were con-
verted to [*PH]TTP linearly with time, it was clear (Fig. 2) that
addition of 100 nm (25 pmol/mg of protein) [*H]thymidine
made four times more [P’H]TTP than observed with a 100 nm
addition of [PH]TMP even though the level of [*’H]TMP, when
added directly to the medium, was four times higher than the
level of [PH]TMP produced from [*H]thymidine after 2 h of
incubation. Because TMP is a more immediate precursor to
TDP and TTP than thymidine, these data strongly suggest that
the [PH]TMP synthesized from [*H]thymidine is much more
readily available to mitochondrial TMPK and NDPK than
[PH]TMP added exogenously. Furthermore, because 7.2% of
the exogenously added [*H]TMP was found dephosphorylated
to [*H]thymidine, it is possible that some of the [*H]TTP syn-
thesis observed from the exogenous addition of [*H]TMP may
have occurred via a thymidine intermediate, further increasing
the difference between phosphorylation rates.

Clearly thymidine is the preferred substrate for the salvage
pathway in isolated heart mitochondria. This raises the ques-
tion of the extent to which exogenously added TMP mixes with
the endogenously synthesized pool of TMP. Support for com-
partmentalization of TMP pools was observed by incubating
[*H]thymidine (100 nm) with a 100-fold excess of unlabeled
TMP (10 M) in intact mitochondria and comparing the level of
phosphorylation observed with that obtained when [*H]thymi-
dine was added alone (Fig. 3). The bolus addition of unlabeled
TMP substantially reduced the conversion of [*H]thymidine to
both [PH]TMP and [*H]TTP. Because unlabeled TMP was
expected to break down to unlabeled thymidine and dilute the
specific radioactivity of the [*H]thymidine pool, the reduction
in conversion of [*H]thymidine to [PH]TMP was anticipated.
However, if the exogenously added unlabeled TMP mixed read-
ily with the [PH]TMP made from [*H]thymidine, then it would
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FIGURE 4. Energy charge in the mitochondrial incubation systems. The
distribution (percent) of AMP/ADP/ATP in the intact and broken mitochon-
drial systems after 2 h of incubation is shown. A, intact mitochondria (no
additions). B, broken mitochondria (no additions). C, intact mitochondria +
oligomycin A (50 nm), phosphocreatine (PC, 12 mwm), and creatine phosphoki-
nase (CPK, 50 units/ml). D, broken mitochondria + oligomycin A (50 nm),
phosphocreatine (12 mm), and creatine phosphokinase (50 units/ml). E, intact
mitochondria as in C + FCCP (3 um). F, intact mitochondria as in C + KCN (6
mm). All data points represent the mean and S.E. of three independent deter-
minations from three individual rat tissue mitochondrial isolates.

be expected to reduce the specific radioactivity of this pool
more than 400-fold, and conversion of [PH]TMP to [*H]TDP
and [*H]TTP would be effectively blocked. As shown in Fig. 3,
this clearly was not the case. Although the amount of [’H]TTP
synthesized from [*H]thymidine was significantly lower than
what was observed in the absence of the unlabeled TMP addi-
tion, the amount observed was consistent with the amount of
[PH]TMP produced from [*H]thymidine. Taken together, these
data demonstrate that exogenously added TMP and TMP syn-
thesized from thymidine do not mix readily and must be
compartmentalized.

Conversion of [PH]Thymidine and [PH]TMP to [PH]TTP in
Broken Rat Heart Mitochondria—Transport of TMP across the
inner mitochondrial membrane represents an obvious mecha-
nism of compartmentation of TMP pools. Clearly [*H]thymi-
dine was much more readily accessible to the mitochondrial
matrix and metabolized by the mitochondrial salvage enzymes
to [*H]TTP than the equivalent addition of [*H]TMP. There-
fore, one interpretation of these data is that TMP is not trans-
ported across the inner mitochondrial membrane until it is bro-
ken down to thymidine.

To determine whether the mitochondrial inner membrane
was a limiting factor in [*H]thymidine or [PH]JTMP metabo-
lism, incubations were performed using the same experimental
conditions, precursor concentrations, and specific radioactivi-
ties as outlined under “Experimental Procedures” for intact
mitochondria except that the mitochondrial membranes were
disrupted by repeated freezing and thawing. This allowed
[’H]thymidine and [PH]TMP free access to the enzyme systems
existing within the mitochondrial matrix. As observed by UPLC
analysis, the broken mitochondrial incubations were associated
with a drastic drop in ATP from a large, distinct peak of pre-
dominantly ATP observed in intact mitochondrial incubation
samples to near depletion observed in the broken mitochon-
drial incubation samples (Fig. 4, A versus B). Because dANTP
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FIGURE 5. Metabolism of [*Hlthymidine and [*H]TMP in broken rat heart
mitochondria. Broken mitochondria were prepared, incubated, processed,
and plotted as described under “Experimental Procedures” and in the legend
for Fig. 2. The energy charge of the experiments was maintained as described
in Fig. 4D. All data points represent the mean and S.E. of three independent
determinations from three individual rat tissue mitochondrial isolates.

synthesis depends on ATP as the donor for phosphorylation,
the ATP levels were normalized by addition of oligomycin A (50
uM, ATPase inhibitor), 12 mm phosphocreatine, and 50
units/ml of creatine phosphokinase enzyme (energy generating
system) to the broken mitochondria incubation. These addi-
tions had no effect on intact mitochondria (Fig. 4C) but dramat-
ically normalized the ATP levels in the broken mitochondria to
that observed in the intact system (Fig. 4D).

When broken mitochondria were incubated under these
conditions with [*H]thymidine (Fig. 5), twice as much
[*H]TMP was made at the end of 2 h than was observed in the
intact mitochondria (broken, 13.8 versus intact, 6.7 pmol/mg of
protein). However, very little [*H]TTP was observed (broken,
1.3 versus intact, 6.9 pmol/mg of protein), indicating that total
phosphorylation in the broken versus intact mitochondria (bro-
ken = 15.1 versus intact = 13.6 pmol/mg of protein) was simi-
lar. These data demonstrate that TK2 activity was unaffected in
broken mitochondria but that subsequent phosphorylation was
mostly lost. When broken mitochondria were incubated with
[PH]TMP, about the same amount of [?’H]TTP was observed
after 2 h as in intact mitochondria (Fig. 5). However, the time
courses of phosphorylation of each were different. Phosphory-
lation of [PH]TMP in intact mitochondria started at zero and
increased linearly to 1.75 pmol/mg protein over 2 h (Fig. 2),
whereas, in the broken mitochondrial preparation, a substantial
amount of [*’H]TTP (1.07 pmol/mg of protein) was formed dur-
ing the freeze-thaw process recorded at the initial time point.
This increased somewhat within the next 30 min and plateaued
at 1.79 pmol/mg of protein (Fig. 5).

The data shown in Fig. 5 were obtained in the presence of
oligomycin A, phosphocreatine, and creatine phosphokinase,
which preserved ATP levels (Fig. 4, B versus C). However, the
rate of phosphorylation of [*H]thymidine and [*H]TMP within
broken mitochondria was not changed when these components
were not added (data not shown), and the ATP levels fell
precipitously.
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FIGURE 6. The effect of AZT on [2HITMP metabolism in intact rat heart
mitochondria. A, mitochondria were prepared, incubated, processed, and
plotted as described under “Experimental Procedures” and in the legend for
Fig. 2 except for the presence and absence of 200 um AZT. Because AZT inhib-
its the conversion of [*H]thymidine to [*HITMP, [*H]thymidine arising from
the dephosphorylation of [PHITMP is trapped as [*H]thymidine. B, the data in
A was used to calculate the difference in [*H]thymidine and PHITMP levels
observed in the presence and absence of 200 um AZT (see text for details). All
data points represent the mean and S.E. of three independent determina-
tions from three individual rat tissue mitochondrial isolates.

Conversion of [PH]TMP to [PH]TTP in the Presence of AZT—
From the data shown in Figs. 2 and 5, it was observed that a
small amount of [*’H]TTP was formed when [*H] TMP was used
as a precursor in both the intact (1.75 pmol/mg of protein) and
broken (1.79 pmol/mg of protein) mitochondrial incubations
after 2 h of incubation. Because some of the [PH]TMP was
known to break down to [*H]thymidine, it was not clear
whether the [PH]TTP formed came from the direct phosphor-
ylation of [’H]TMP or from the breakdown to [*H]thymidine
and subsequent rephosphorylation. To test this possibility,
AZT, a known potent inhibitor of TK2, was added to the incu-
bations with [PH]TMP to determine the total extent of
[*’H]TMP breakdown by preventing the rephosphorylation of
[’H]thymidine back to [PH]TMP. As shown in Fig. 64, the pres-
ence of AZT significantly increased the amount of [*H]thymi-
dine while significantly decreasing the amount of [*H]TMP
observed compared with control incubations in the absence of
AZT. The difference in the amount of [*H]thymidine was cal-
culated and plotted in Fig. 6B. This calculated line represented
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Control

the amount of [’H]thymidine that would have been rephosphor-
ylated to [*H]TMP, [PH]TDP, and [*PH]TTP, if AZT were not
present. The difference in the amount of [PH]TMP was also
calculated, and the line plotted in Fig. 6B represents the amount
of [PH]TMP that would have arisen directly from rephosphory-
lation of [®H]thymidine back to [PH]JTMP in the absence of
AZT that would have remained as [*’H]TMP. From the differ-
ence in these two calculated plots, the amounts of [°H] TDP and
PH]TTP that arose from [?’H]TMP breakdown followed by
rephosphorylation can be predicted, and the predicted results
are plotted in Fig. 6B. In intact mitochondria, (Fig. 6B), the
actual observed plot of [?’H]TDP and [*’H]TTP closely matches
the amounts of [’H]TDP and [?H]TTP predicted to have been
made via [*H]thymidine rephosphorylation, indicating that all
of the [PH]TDP and [*H]TTP produced from the addition of
[*H]TMP was produced via a [’H]thymidine intermediate and
none produced directly from exogenously added [*’H]TMP. In
the broken system, the amount of [*H]TDP and [*’H]TTP made
from either exogenous [*H]thymidine or [*H]TMP is quite low,
and about 65% of the [*H]TDP and [*H]TTP made from exog-
enous [*H]TMP appears to be made via the rephosphorylation
of [*H]thymidine route (data not shown). Finally, as these data
demonstrate, only a negligible amount of [PH]TDP and
[PH]JTTP was produced from exogenously added [PH]TMP in
the presence of AZT. These data confirm that [*’H]TMP added
to the medium does not mix with [*H]TMP synthesized from
[*H]thymidine.

Conversion of [PH]Thymidine to [PH]TTP in the Presence of
Mitochondrial Electron Transport and Membrane Potential
Inhibitors—To determine whether the disruption in the
[PH]TTP synthesis in the broken mitochondria was related to
a disruption of mitochondrial electron transport and/or
mitochondrial membrane potential, [PH]TTP synthesis from
[PH]thymidine was measured in intact mitochondria in the
presence of KCN (which blocks electron transport) or FCCP
(which collapses the proton gradient) (Fig. 7). The energy
charges (ATP levels) of these experiments were maintained by
adding oligomycin A (50 um), phosphocreatine (12 mm), and
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creatine phosphokinase (50 unites/ml) to the incubation
medium (Fig. 4, D versus E). The addition of KCN had no effect
on [PH]TTP synthesis, whereas FCCP treatment significantly
increased [*H]TTP. Although the effect of FCCP on increasing
[PH]TTP synthesis is unknown, neither treatment blocked the
conversion of [>H]thymidine to [PH]TTP, as observed in bro-
ken mitochondria.

DISCUSSION

Although others have shown that enzymes of the de novo
pathway, including RNR (4) and thymidylate synthase (5), may
be present in some mitochondria, studies from our laboratory
in the perfused rat heart suggested that TTP can be synthesized
solely through the salvage of thymidine via TK2 (6, 7). The goal
of this study was to understand the fate of TMP with respect to
transport, compartmentalization, and conversion to TTP. The
importance of this pathway is illustrated by human mutations
in TK2, which have been well described and lead to a lethal
muscle mitochondrial DNA depletion disease in young chil-
dren (24). Because TMP would bypass the mutant TK2 enzyme,
it has been proposed as a treatment (25).

This investigation set out to determine whether TMP would
serve as a potential entry point of the salvage pathway that
results in TTP synthesis in isolated mitochondria. If TMP
serves as an entry point for TTP synthesis, then it would be
anticipated that TMP would lead to faster, more effective con-
version to TTP than thymidine as it bypasses the first phosphor-
ylation step, which is usually considered as the rate-limiting
step. However, the data from this investigation clearly demon-
strated that [*H]thymidine was converted to [PH]TTP much
more readily than [*°H]TMP. Furthermore, the [?’H] TMP break-
down to [*H]thymidine was evident from the results obtained,
suggesting that the small amount of TTP observed may be syn-
thesized via thymidine as an intermediate. The data shown in
Fig. 3 demonstrated that a large bolus of exogenous unlabeled
TMP in the medium did not mix with the [’H] TMP synthesized
from [*H]thymidine in the matrix because [*H]TTP synthesis,
although reduced, was still observed.

To obtain a clear picture, AZT was used to inhibit TK2 activ-
ity. The data shown in Fig. 6 indicate that all of the [*H]TTP
observed in the incubation with [*H]TMP arose via [*H]thymi-
dine as an intermediate. One possible mechanism accounting
for TMP compartmentalization is that TMP is not transported
across the mitochondrial inner membrane. Therefore, TMP in
the mitochondrial matrix can only be provided by TK2 phos-
phorylation of thymidine.

To investigate the TMP transport hypothesis, mitochondrial
membrane intactness was disrupted by freezing and thawing.
Although the synthesis of [’H]TMP from [*H]thymidine was
normal in the broken mitochondria, [PH]TTP could not be
formed from either [*H]thymidine or [PH]TMP (Fig. 5). The
loss of TTP synthesis did not appear to be related to the energy
charge of the system because the energy charge was as well
maintained in the broken mitochondria as in the intact mito-
chondria by the addition of oligomycin A, phosphocreatine,
and creatine phosphokinase (Fig. 4C). The results shown in Fig.
7 demonstrate that the failure to synthesize TTP from thymi-
dine in broken mitochondria is not related to the mitochondrial
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FIGURE 8. Proposed model of thymidine and TMP salvage in rat heart
mitochondria. Shown is the proposed model to account for TMP compart-
mentalization. cdN, cytosolic deoxynucleotidase; mdN, mitochondrial
deoxynucleotidase.

membrane potential (collapsed with FCCP) or to the activity of
the electron transport chain (inhibited by KCN).

Because it is impossible to demonstrate TTP synthesis from
either thymidine or TMP in broken mitochondria, it was not
possible to conclude that transport of TMP across the mito-
chondrial inner membrane accounted for the failure of TMP to
be phosphorylated to TDP and TTP. The transport of TMP
across the inner membrane has been demonstrated in mouse
liver mitochondria (23). An alternative mechanism that sup-
ports the transport of TMP across the inner membrane is sug-
gested in the model (Fig. 8) in which we hypothesize that the
mitochondrial TMPK utilizes TMP presented by TK2 prefer-
entially over TMP transported from the medium to the matrix.
The suggested mechanism of mitochondrial TTP synthesis may
occur by direct interaction of the two enzymes, i.e. TMPK and
TK2. Further, disruption of the mitochondria by freezing and
thawing may interfere with this enzyme-enzyme interaction.
Mitochondrial TMPK has been identified by Chen et al. (13),
and the recombinant TMPK2 protein was synthesized. Inter-
estingly, they were unable to show TMPK2 activity using the
purified recombinant TMPK2 in vitro. Our proposed model
would suggest that TMPK2 may not be functional in the
absence of TMP presented by TK2. This would explain the use
of thymidine as the only source for TTP synthesis in the mito-
chondrial salvage pathway.

A TK2 knockin mouse line carrying the human TK2 muta-
tion has been shown to recapitulate the human mitochondrial
DNA depletion syndrome (27). A recent publication from
Garone et al. (25) has shown that TMP supplementation in TK2
knockin mice significantly prolonged the lifespan of the
knockin mice, although they still died from the disease. From
these studies, the authors proposed that the exogenous TMP
bypasses the mutant TK2 step in mitochondrial TTP synthesis.
However, it should be noted that TMP in these studies was also
shown to be degraded to thymidine, potentially increasing thy-
midine levels. We have shown previously (16) that TTP synthe-
sized by mitochondria is robustly related to the exogenous thy-
midine concentrations. In summary, our data suggest an
alternative possibility for the TMP-mediated increase in lon-
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gevity in which increased thymidine levels may increase resid-
ual TK2 enzyme activity and produce more TTP.
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