INVESTIGATING MITOCHONDRIAL DEOXYRIBONUCLEOTIDE METABOLISM
AND ITS ROLE IN A FAMILY OF GENETIC DISEASES
By

VISHAL GANDHI

Dissertation
Submitted to the Faculty of the
Graduate School of Vanderbilt University
in partial fulfillment of the requirements
for the degree of
DOCTOR OF PHILOSOPHY
n

Human Genetics

December, 2011

Nashville, Tennessee

Approved:

Professor Scott Williams
Professor Tricia Thornton-Wells
Professor David Samuels
Professor Todd Hulgan

Professor Emmanuele DiBenedetto



ACKNOWLEDGEMENTS

Dr. David Samuels — research advisor. For his sd@ma mentorship.

NIH — funding agency. For their research grant.

Mark, Song, and Passorn — current and former mesydiehe lab. For their friendship.

Drs. Emmanuele DiBenedetto, Todd Hulgan, Triciarfkan-Wells, and Scott Williams

— my committee. For their support and guidance.

Students and members of the Vanderbilt Universapt€r for Human Genetics Research

and Program in Human Genetics; and of Virginia Bioimatics Institute and Program in

Genetics, Bioinformatics, and Computational Biologgr their support and friendship.

Yan.

My parents.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS. ... ..ttt e et e et e e e e e e e ii
LIST OF TABLES . ...ttt e e e e e e e e e e e e Vi
LIST OF FIGURES. .. ..o e e e e e e e vii
Chapter
l. INTRODUCGCTION. .. ettt et e et et e et e e e e e e e 1
[.1. Mitochondrial DIology.........cviii i 1
[.2. Nucleotide metabolism.......... oo e 4
1.3. Generating mitochondrial ANTP poolS..........ccooiiii i, 5
Mitochondrial SalVagEe. ... ..o 5
Deoxyribonucleotide flow between the cytoplasm emtbchondria......10
I.4. The importance of mitochondrial ANTP pools.......coeiiiiiiiinnn ... 13
Mitochondrial DNA depletion syndromes.............ccccooveiiiiiieinenn .. 31
Mitochondrial dNTP pools in patient cells.............ccoooi i, 15
I.5. Regulation of dNTP pools and DNA replication. ..........ccccoovennen. 17
I.6. The difficulty of studying mitochondrial dNTOOIS.............cccieeeien. 19
I.7. Research summary and significance.................ccoii it emeee 19
Il. A REVIEW COMPARING DEOXYRIBONUCLEOSIDE TRIPHOSFATE

CONCENTRATIONS IN THE MITOCHONDRIAL AND CYTOPLASMIC

COMPARTMENTS OF NORMAL AND TRANSFORMED CELLS......... 23
0 A Y 0T [T 1 ) 23
L2 @ 1Y =T T 24
1.3, METNOAS. .. e e 25
Conversion to correct concentration UNitS.............coveviiieienann. 25
[1.4. ReSUIts and DiSCUSSION... . ...ttt e e e e 30
Variation in cytoplasmic and mitochondrial dNTP centrations......... 30
A suggested problem with ANTP assays..........cooovviiiiiiiinvenens 37..
Analyzing simultaneous data on cytoplasmic and chibmdrial ANTP
concentrations: dTTP and dATP observations..................... ce... 38
Analyzing simultaneous data on cytoplasmic and chibmdrial ANTP
concentrations: dCTP and dGTP observations.........................42
Interpreting the correlations in normal cells.............ccoeeeev e .43
Interpreting the lack of correlations in transfodhells.................... 45
Our interpretations in the context of the probleithwWNTP assays... 48
CONCIUSION. ... e e e e 48



Il CORRELATED TISSUE EXPRESSION OF GENES OF CYTIG¥SMIC AND
MITOCHONDRIAL NUCLEOTIDE METABOLISMS IN NORMAL TISSUES

IS DISRUPTED IN TRANSFORMED TISSUES.........covviiiiiiiie e, 51
HELL. INtrOdUCTION. ..o e e e e e e e e 51
L @ A= Y1 P 51
L3, MethOdS. ..o e e e e 52

Selection Of geNeS... ..o 52
Obtaining expression Values..........covvveiie i i e 53
IS 1= 1115 1o 57
LA, RESUIS... oottt e e e e 57
Correlations in transformed tissues are not indéeehof the
correlations in normal tiSSUES.........ovviiiiiiiiie e 59
Differences in normal and transformed tissue cati@hs are not
due to different sample SizeS..........cccevviii i, 61
Transformed tissues have more negative correlatirsnormal
LSS [ PP 63

Cytoplasmic and mitochondrial genes are coordigaepressed
in normal tissues and this coordination is disrdptetransformed

LTS U =2 63
Genes of cytoplasmic nucleotide metabolism havkdrig
expression in transformed tiSSUES..........coccvviviiiii i 67
DGUOK expression is important for transformed tessu. ....... 70
LS. DISCUSSION. ..ttt et e e e e e e e e e e e e e e e e e 72

IV.  ENZYME KINETICS OF THE MITOCHONDRIAL
DEOXYRIBONUCLEOSIDE SALVAGE PATHWAY ARE NOT SUFFIGENT

TO SUPPORT RAPID mtDNA REPLICATION.....ocoiiiii e 76
IV. L INErOAUCTHION. ..o e e e e e e 76
AV @ Y= £/ =1 76
IV.3. MENOAS. ...t s 77

S 78
Substrate concentrations............cco e iiiiiiiiii e W 18
INNIDItIONS. .. 80
Computational SImulations...........cccovviie e, 80
IV 4, RESUIS. .. e e e e e e 85
The kat/ K FatiO. ..o e e 85
The effects of substrate concentration............................ 388
Substrate flow through the salvage pathway...................93
Computational SImulations..........coceiiiie e e e 98
AV T B 11 o § 1= (o] o (R 102

Kinetic characteristics of the mitochondrial saleamnzymes and
their contribution in producing dNTP substratesifdDNA
(=7 0] o= 11 o] o FAP P 102



The contribution of cytoplasmic nucleotide metadwiiin

producing dNTP substrates for mtDNA replication.......... 103
Similarities and differences between nucleotideamelism in the
cytoplasm and mitochondria...........c.ccoovviiiiiiiiiin s 104
The identity of the imported substrate and the rioution of
importin quiescent Cells..........cooiiiiiiii i 106
Could there be more than one deoxynucleotide tate?....... 107

Tissue specificity of mtDNA depletion syndromes............109
The applicability of our results to different tigsuand species..110

Limitations of our analysis..........c.cooveiiiii i, 111
SUMMIATY Lttt et e e e et ree e e eans 113
V. CONCLUSION . L. et e e e e e e e e e e e e 114
V.1. Summary and future direCtions............ccovv e iiiiiiiiiii e 114
V.2. Concluding remarksS. ... ....ooouinieie e 122
Y o] 01T Lo [ PP 123
TADIE O e 123
JLIE= 10 0 125
JLIE= 10 0 127
L= 10 0 139
L= 10 0 142
L= 10 0 145
SUPPORTING INFORMATION SI1....oiiiitiie it e e e e e e 147
SUPPORTING INFORMATION S2....e ittt e e e e e e 158
SUPPORTING INFORMATION S3.. .ttt et e e et e e 174
REFERENGCES. .. ... it e e e e e e e e et e e e e e eees 187



LIST OF TABLES

Table 1: Mitochondrial DNA depletion Ssyndromes..........c.oovviiiiiiinie s ven s 12

Table 2: Parameter values used to calculate subcellulaPdddhcentrations. Not all
parameters were available for all cell ines............coovieieeiiiiii e, 38

Table 3: NTP concentrations in the cytoplasm and mitochianaf normal mitotic
Table4: dNTP concentrations in the cytoplasm and mitochianaf normal
POSTMITOLIC CEIIS. ..ottt e e e e e e e e e 44

Table5: dNTP concentrations in the cytoplasm and mitocharaf transformed

LIS e 46
Table6: Statistics for correlations between mitochondaiad cytoplasmic dNTP
concentrations. NS = not significant..............oooo i e 52
Table 7: Cytoplasmic protein genes used in this analysis...cccecevvvvivviiiiiennnn. 67
Table 8: Mitochondrial protein genes used in this analysiS................c.ocovvne. 68
Table 9: Gene expression in Normal tiISSUES.........coovv i iie i e e e 135
Table 10: Gene expression in transformed tiSSUES..........cccvviviiiiiiiieaan, 137
Table11: List Oof COrrelations. .. .......oe i e e 139
Table 12: ke.a/Km. Molecular weights taken for multimer forms of f®teins......... 151

Table 13: Concentration/k; values. Concentration assumptions can be thodgig o
approximating the substrate concentrations in rhidodria of 'quiescent’ (Low) or
‘cycling' (High) cells. dNXP = dNMP or dNDP or dNTR.........coiiiiiiiiiii e, 154

Table 14: Enzyme inhibitions. Ktaken to be K when K not available.
‘high’ = High concentrations, ‘low’ = LOW CONCENtIAaNS..........cvvvvieeriiennninnnns 157

Vi



LIST OF FIGURES

Figure 1: Mitochondrial deoxyribonucleoside salvage metamli(A) Biochemical
pathway representation of the mitochondrial dedgmucleoside salvage metabolism.
Deoxyribonucleosides undergo a series of reverpbtesphorylations to become
deoxyribonucleoside triphosphates (substrates tBINA replication). Enzymes that are
yet to be identified are represented by questiorkengB) Subcellular localizations of
some enzymes important for the production of imteechondrial ANTPs. Arrows

denote the flow of substrates between the enzymbe.question marks denote substrate
flows that appear to be required by the enzymdilatgon data, but which seem
UNFEASONADIE. .. ... e 16

Figure 2: The origin of intra-mitochondrial ANTPs. dN = dgoxcleoside, dNMP,

dNDP and dNTP = mono, di, or tri phosphorylatedxyeibonucleotide respectively.

The solid arrow denotes the identified deoxyribdeaside transport mechanism. Dotted
arrows represent possible but unidentified deoxynizleotide transport mechanisms.
The conversions between nucleosides and dNMPsraweisible and carried out in the
forward and reverse direction by separate enzymes............cccooviiiiiiiiiieineennn 21

Figure 3: Cytoplasmic and mitochondrial concentrations cdeapirom the literature of
dTTP and dATP from (A) mitotic cells data, (B) pwsitotic cell data, (C) mitotic and
post-mitotic data combined, and (D) transformedscélhe error bars were calculated by
statistically propagating the uncertainties in dhiginal measurements. Lines are linear
fits to the data, shown when statistically sigr@fit...................coooiiiiiii e a7

Figure4: Cytoplasmic and mitochondrial concentrations cdeapirom the literature of
dCTP and dGTP from (A) mitotic cells data, (B) postotic cell data, (C) mitotic and
post-mitotic data combined, and (D) transformedscélhe error bars were calculated by
statistically propagating the uncertainties in dhiginal measurements. Lines are linear
fits to the data, shown when statistically sigr@fit...................ooooiiiiii 48

Figure5: Correlation between DGUOK and GUK1 in (A) normatgB) transformed
tissuesThe Spearman correlation Rho in normal tissues4i8 8nd is highly significant
(p = 0.001), but is not significant in transforntexsues (Rho = -0.23, p = 0.26).......... 70

Figure 6: Magnitudes of all 300 correlations in normal arahsformed tissues. Each
point is the magnitude of the Spearman correldtom pair of genes. The line of equal
values is shown. Red, both genes code for mitoairehzymes; green, both genes
code for cytoplasmic enzymes; and blue, one gedesctor a cytoplasmic enzyme and
the other gene codes for a mitochondrial enzyme.chhrelations in transformed tissues
are not independent of the correlations in norisalies (Spearman correlation = 0.52, p
< 10%. The number of correlations below the equal véihes 176, is statistically
significantly (chi-square test, p = 0.002) greditan 150 (50% of 300) indicating a trend
of higher magnitudes of correlations in normaluess.............c..coveevieie i eennnn. 72

Vii



Figure 7: Smaller number of correlations in transformedussis not simply due to
smaller sample size. We randomly chose 20 tissogseanoved all gene expression
values in order to truncate the number of tissnéke normal dataset to equal the
number in the transformed dataset. This procedaserepeated 100 times, and for each
truncated dataset the number of significant caticela was recorded. The mean of the
resulting distribution was 43.5 with a standaraeaf 0.9 in the truncated normal
datasets compared to the 26 correlations obsenvéie itransformed tissue dataset
containing the same number of tiSSUES..........cocoiiiiiiiiiii e e e T4

Figure 8: Statistically significant (p < 0.05) correlatiobstween cytoplasmic and
mitochondrial protein genes in normal and transigrissues. A, normal tissues; B,
transformed tissues; Blue, cytoplasmic protein geRed, mitochondrial protein genes;
Solid lines, positive correlations; dashed linesyative correlations. Lines with greater
width represent absolute values of correlation ritadas (Spearman Rho) of more than
0.5. Cytoplasmic and mitochondrial genes are coatdiy expressed in normal tissues
and this coordination is disrupted in transformssdues. The complete list of correlations
is presented in Table 11 in the APPendiX.........ccouvuiie it iiiii e e 77

Figure 9: Genes with statistically significantly differentgression between normal and
transformed tissues based on Wilcoxon-Mann-Whitesy. The expression of all genes
is higher (p < 0.05) in transformed tissues ancepk8lME4, all genes code for
cytoplasmic enzymes. A. NME4, p value = 0.03. BMZRp value = 0.03. C. TK1, p
value = 0.0007. D. GUK1 = 0.01. E. UCK2, p value.el. F. NMEL1, p value = 0.03...81

Figure 10: Correlations that are statistically significantijferent (p < 0.05) between
normal and transformed tissues. Only correlati@mecting cytoplasmic and
mitochondrial protein genes are shown. All cortielad changed from positive in normal
tissues to negative in transformed tissues antbalélations involved mitochondrial

Figure 11: Keat/ Ky values of mitochondrial enzymes. (Ax# Kn, values of

mitochondrial salvage enzymes. Each group of Isaferione enzyme, and within each
such group the bars are arranged from lowest toelsigso that the best substrates lie to
the right on each plot. Substrates that are DNAymsors are in green, and non-DNA
precursor substrates are in red. 2’-UMP and 3’-Ugfiér to uridine 2° monophosphate
and uridine 3' monophosphate. (B Ky, values of the mitochondrial DNA

polymerase POLG, justifying the use @f/kK, as a measure of substrate preference...98

Figure 12: Concentration / i values in ‘cycling cells’ for mitochondrial enzyse
Concentration / i values at higher mitochondrial concentrationsdlityg cells’) of the
deoxyribonucleotide substrates (10 uM). (A) Valtersmitochondrial salvage enzymes.
All reactions involving DNA precursor substratesy@&oncentration / Kvalues less
than 1, suggesting that none of these reactionsdwimiexpected to be running at even
half-maximal velocity. (B) Values for POLG and SL%#19, justifying the principle of
using the ratio Concentration jKas a measure of substrate preference. The
Concentration / i ratio for ANTP substrates for POLG is about areoaf magnitude

viii



larger than the ratios for reactions with rNTPse Tdoncentration / )Kratios of DNA
precursor substrates of SLC25A19 are [oW........ocovviii it it e e e 101

Figure 13: Concentration / K values in ‘quiescent cells’ for mitochondrial enms.
Concentration / i values at lower mitochondrial concentrations (&ggient cells’) of the
deoxyribonucleotide substrates (1 uM) for (A) mitondrial salvage enzymes and (B)
POLG @nd SLC25A19. .. .u ittt e e e e e et e e e e e e 103

Figure 14: Effective velocities of some of the reactions afarhondrial nucleotide
metabolism. (A) Effective velocities (number of striate molecules catalyzed per minute
per enzyme molecule) of nucleoside kinase reactiersus NT5M reactions. Theoretical
maximum velocities of NT5M reverse reactions ar@yatld higher than the maximum
velocities from nucleoside kinases. (B) A comparisbthe effective velocities for
deoxynucleotide substrates for enzymes of the mdodrial salvage pathway. The
horizontal reference line shows the number of ratades (approximately 69) of each
triphosphate needed per minute on average to coenple®NA replication in two

Figure 15: The effects of nucleotide import into the mitoctidon on the mtDNA
replication rate. Each point is the mean mtDNA icgtion rate from 100 simulations
with different randomly chosen initial concentraisoof deoxynucleosides and
deoxynucleotides. The X-axis represents the totaluat of additional deoxynucleosides
or deoxynucleotides supplied (sum total of equabamts for each of the four species).
Additional supply of dN, dNMP, dNDP or dNTP werensilated separately. The dNTP
output from mitochondrial salvage alone is insuéit to support a replication rate of as
long as 10 hours. Additional supply of dNs and dMNMi¥s insufficient to support a
replication duration of 2 hours indicating that gidechal ANDPs or dNTPs are essential.
The results were essentially identical for supglgither ANDPs or dNTPs.............. 112



CHAPTER |

INTRODUCTION

I.1. Mitochondrial biology

Mitochondria are semi-autonomous, double membransd sub-cellular organelles
present in nearly all eukaryotic cells. Cells tybig contain numerous mitochondria. The
space between the two membranes that bound easthwmitdrion is referred to as the
mitochondrial intermembrane space and that whicoigained within the inner
membrane is referred to as the mitochondrial maece. Mitochondria are very
dynamic structures. They grow, divide, fuse, amddegraded. Mitochondria cannot be
createdde novo by the cell, but must be formed by the growth division of existing

mitochondria, a process called mitochondrial biegen

Mitochondria are the predominant source of cellelargy. As the sites of oxidative
phosphorylation, mitochondria generate most otc#lkilar ATP, the energy currency of
the cell. Each mitochondrion possesses a numbsopiés of a small circular genome
(16.6 kbp in humans). The compact mitochondrial DIFADNA) molecule only

includes protein encoding genes for 13 essentlalrsits of the respiratory chain (and
genes for translation of those 13 genes). The atBeubunits of the respiratory chain, as
well as the much larger number of proteins thatfiom in mitochondrial biogenesis and
maintenance and in mtDNA replication and mainteeaace encoded in the nuclear

genome (NDNA). The nDNA-encoded proteins with niikmedrial localization are



translated by the ribosomes in the cytoplasm aed transported as unfolded peptide
chains into the mitochondria through special protdiannels called TOM-TIM

complexes [1].

Besides ATP production, mitochondria are importdayers in many key cellular
functions. These include metabolism of amino aais$ fatty acids, the citric acid cycle,
and apoptosis to name a few. Mitochondria are ¢is$éor life — and this is probably
due to their role in the assembly of iron-sulfursters [2], rather than their more famous
identity as the powerhouses of the cell. Becausbkedf substantial contribution to the
proper functioning of cells, mitochondrial dysfuiect has been implicated in an array of
important human pathologies, including, but notited to, cancer, neurodegenerative
disorders, and a family of genetic diseases cafliédchondrial DNA depletion
syndromes (MDS) [3]. Mitochondrial DNA depletionrglromes are characterized by a
reduction in the cellular amount of mitochondridl® and result from mutations in at
least nine known nuclear genes (Table 1). Eighthe$e nine genes code for proteins
with functions either in the apparatus that repésantDNA or in the production of the

deoxyribonucleoside triphosphates required for mADH&Iplication.



Table 1: Mitochondrial DNA depletion syndromes.

Gene OMIM ID OMIM name
TK2 609560 MTDPS2 (Myopathic type)
DGUOK | 251880 MTDPS3 (Hepatocerebral type)
MPV17 256810 MTDPS6 (Hepatocerebral type)
C100RF2| 271245 MTDPS7 (Hepatocerebral type)
POLG 203700, 613662 MTDPSA4A (Alpers type), MTDPINBNGIE type)
MTDPS9
SUCLG1 | 245400
(Encephalomyopathic type with methylmalonic acidyri
SUCLA2 | 612073 MTDPS5 (Encephalomyopathic with mkttafonic aciduria)
TYMP 603041 MTDPS1 (MNGIE type)
MTDPSB8A (Encephalomyopathic type with renal tubuaiityy),
RRM2B 612075

MTDPS8B (MNGIE type)




[.2. Nucleotide metabolism
Nucleotide metabolism can be broadly defined as¢h®f anabolic and catabolic

conversions of nucleotides.

Let us briefly review some terminology associatethwucleotide metabolism. A
nucleoside consists of a sugar molecule attachad#se. The common bases are

adenine (A), cytosine (C), guanine (G), thymine @nd uracil (U).

Nucleosides can be divided into two classes, ribteusides and deoxyribonucleosides.
The difference is in the sugar molecule, whichbsse in the former and deoxyribose in
the latter. Thus, the common deoxyribonucleosidé are deoxyadenosine,
deoxycytidine, deoxyguanosine, deoxythymidine (a¢ferred to as thymidine), and
deoxyuridine; while the common ribonucleosides (@ adenosine, cytidine, guanosine,

and uridine.

A nucleoside can undergo as many as three enzyralyzoad phosphorylations.
Nucleatide is the term for a phosphorylated nudtEasThus for each deoxyribo- as well
as ribo- nucleoside, three corresponding nuclestle possible. For
deoxyribonucleosides, these are deoxyribonucleosm®ophosphate (ANMP),
deoxyribonucleoside diphosphate (ANDP), and debryucleoside triphosphate

(dNTP).



dNTPs and rNTPs are essential for the replicatimntenance, and repair of DNA and
RNA, respectively. dNTPs are generated via twoesuthale novo pathway and the
salvage pathway. In thae novo pathway, after small molecules are converted to
ribonucleoside diphosphates, a cytoplasmic enzyatedcribonucleotide reductase
(RRM) converts the ribonucleoside diphosphatetéocbrresponding
deoxyribonucleoside diphosphates [4]. These regutteoxyribonucleoside diphosphates
can then be phosphorylated to generate the dNTdR$itidnally, dNTPs can also be
synthesized through three successive phosphonytatibdeoxyribonucleosides. This

pathway of dNTP generation is referred to as theaga pathway.

In the cell, DNA resides in two places, the nucland the mitochondria, and therefore
dNTPs are required in both compartments. In theptgsm, the majority of ANTPs are
generated via thée novo pathway. The existence of te novo route in the
mitochondria has not been established, and thereddNTP production in the
mitochondria is thought to occur solely through shésage route. The primary focus of
the remainder of this dissertation is on mitoch@aldiNTP pools. All of the genes

discussed in this dissertation are encoded in tlckear genome.

I.3. Generating mitochondrial dNTP pools

Mitochondrial salvage: Deoxyribonucleotide metabolism for generating dST#thin
mitochondria occurs through the salvage pathwayufféi 1), though other sources may
also exist. This metabolism within the mitochondrie separate from the corresponding

metabolism that provides dNTPs for nuclear DNA icgtlon. There exists one report of



a mitochondrial ribonucleotide reductase, thus satigg the presence of a mitochondrial
de novo pathway, but that finding remains uncorroboratgdIp the mitochondrial
salvage pathway, the canonical A, C, G, and T deoagucleosides, after entering the
mitochondrion through equilibrative nucleoside saorters (ENTS), are converted to the
corresponding deoxyribonucleoside triphosphatesutin three successive
phosphorylations. This is a complex process withesoeactions occurring in parallel for
the four deoxyribonucleosides, and some reactismgjuthe same enzyme (for example,
the first phosphorylation of dT and dC are botlalyated by thymidine kinase 2) in
addition to the presence (not shown in Figure lifgedback mechanisms (for example,

dTTP and dCTP inhibition on thymidine kinase 2 [6])
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RRM2B

TYMP

Figure 1: Mitochondrial deoxyribonucleoside salvage metadmoli(A) Biochemical
pathway representation of the mitochondrial dedgmiucleoside salvage metabolism.
Deoxyribonucleosides undergo a series of revergbtesphorylations to become
deoxyribonucleoside triphosphates (substrates tBiINA replication). Enzymes that are
yet to be identified are represented by questiorksn€B) Subcellular localizations of
some enzymes important for the production of imiitechondrial ANTPs. Arrows

denote the flow of substrates between the enzymks.question marks denote substrate
flows that appear to be required by the enzymdilatson data, but which seem
unreasonable. Reproduced from Gandhi and SamuE4)$7].



The known elements of the mitochondrial salvagéway are as follows.
Deoxyguanosine kinase (DGUOK) and thymidine kinag€K2) are the purine and
pyrimidine deoxyribonucleoside kinases, respecfivepart from these
deoxyribonucleoside kinases, other elements ofpghisway are relatively less studied.
Mitochondria possess a pyrimidine 5’,3’-deoxyribolaotidase (NT5M) which can
dephosphorylate dTMP. The existence of additioeakgribonucleotidases as well as
the extent of NT5M’s contribution towards opposd®MP, dCMP, and dGMP
production is not established. For monophosphatasé activity, candidates include
adenylate kinase (AK) isoforms, cytidine monoph@dpltkinase 2 (CMPK2), and
thymidine monophosphate kinase 2 (TMPK2) actinglaMP, dCMP, and dTMP
respectively. It is unclear which AK isoform hag timost contribution towards producing
mitochondrial JADP. Regarding CMPK2, its kineticRk mdUMP as a substrate were far
more favorable than the kinetics with dCMP whicltsssecond-most preferred substrate
[8]. Additionally, CMPK2 might be dispensable in TE synthesis given that its
expression is restricted and was not detectedgsudis with high energetic demand such
as heart and muscle [8]. Following putative idecdifion, attempts at characterizing the
enzyme activity of TMPK2 have been unsuccessfuh botitro and in cell extracts [9].
No candidates exist for dGMP phosphorylation attiii the mitochondria. Assuming
that mitochondria possess a complete salvage pgihiaalack of knowledge of the
monophosphate kinases is a fundamental gap inrmerstanding. NME4 is a candidate
for the mitochondrial nucleoside diphosphate kirederity. Again, knowledge about
mitochondrial nucleoside diphosphate kinase agtigiscarce, and multiple NME

isoforms have been reported.



The physical structure of the mitochondrion progideother complication that is rarely
considered in this context. The mitochondrion &i@sntermembrane space (between the
inner and outer membranes) and a matrix compartwignin the inner membrane
(Figure 1B). Several contact sites exist betweernrther and outer membranes. mtDNA
is tethered to the inside of the inner membranthiwthe matrix, so it would be expected
that the enzymes of the salvage pathway also wmeildcated within the matrix. In the
simplest picture of the mitochondrial salvage pathwleoxyribonucleosides are
transported through the inner membrane by the ibgaiiive nucleoside transporter and
then phosphorylated to dNTPs within the matrix. ldger, evidence exists to suggest
that the AK2 adenylate kinase as well as NME4 rasitie diphosphate kinase might
actually be localized to the mitochondrial interntrame space [10, 11}, not in the
matrix. It is possible that other isoforms of theseymes might localize to the
mitochondrial matrix [10, 11]. If so, which vers®are more crucial to intra-
mitochondrial NTP pools? If it is not the matrigrgions, it is hard to understand how
the salvage pathway would function without an uessarily complicated transport of
deoxyribonucleotides back and forth across therinmembrane (arrows marked with

guestion marks in Figure 1B).

In a recent report, in addition to its presencmitochondria, a cytosolic form of TK2
was detected in multiple rat tissues [12]. Thimiaddition to the well-studied thymidine
kinase 1 (TK1) which is the distinct cytoplasmiainterpart of mitochondrial TK2. In

summary, it is possible that despite intensiveystud currently might know only a



fraction of the components that participate inghéhways of mitochondrial dNTP pool

generation.

Deoxyribonucleotide flow between the cytoplasm anohitochondria: Older evidence
supported the view that mitochondrial nucleotideg/oe isolated from the
corresponding cytoplasmic pools [13], but severatenrecent studies exist to support the
transport of deoxyribonucleotides between the dgp and mitochondria [14-18] and
show that nucleotide import from the cytosol vekgly contributes to mitochondrial
dNTP pools in both cycling and quiescent cells [i3], (Figure 2). dCTP transport
activity in proteoliposomes containing the mitoctinal protein fraction of human acute
lymphocytic leukemia cells has been observed [RBdgause the orientation of the
insertion of proteins in lipid vesicles is not carlied, we cannot conclude whether the
dCTP transport was unidirectional or bidirectiofia]. Other ribonucleoside and
deoxyribonucleoside triphosphates were able tdinhthe dCTP transport, thus raising
the possibility of a more general, non-specifiogort function for this protein. A
mitochondrial transporter (pyrimidine nucleotideres, PNC1) with a preference for
UTP has also been described [16]. Again, PNC1 Jsasable to transport a variety of
other molecules, including other ribonucleoside dedxyribonucleoside triphosphates.
Transport of dTMP into and out of isolated mitoctiva also has been reported [15]. In
that experiment, a fraction of dTMP was convertethymidine, dTDP, and dTTP both
in the medium and in the mitochondria. Thus, intetgtion of the exact nature of that
transport is complicated. Using isotope experimdiienchi and colleagues have

established the importance of cytoplasmic enzyméisdé maintenance of mitochondrial

10



dTTP and dGTP pools [17, 18]. By following the flokradioactivity, they identified
two-way transport of thymidine and deoxyguanosinel@otides between the cytoplasm
and mitochondria, and determined that while themigsmic de novo pathway is the
predominant source of mitochondrial dTTP in probteng cells, even non-proliferating
cells depend on ribonucleotide reduction in th@pltsm. Details of the transport, such
as the identities of the transporter and the tramsubstrate, and the kinetics of transport
remain unresolved. It is also unknown if the bebawef deoxyadenosine and
deoxycytidine nucleotides is similar to what hasrbebserved regarding thymidine and
deoxyguanosine nucleotides. Thus, even though sweldtence has accumulated to
support the transport of deoxyribonucleotides betwite cytoplasm and mitochondria,

in the end we know little about the molecular mex$ias of this transport process.
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Figure 2: The origin of intra-mitochondrial ANTPs. dN = dgakonucleoside, dNMP,
dNDP and dNTP = mono, di, or tri phosphorylatedxyeibonucleoside respectively.

The solid arrow denotes the identified deoxyribdeaside transport mechanism. Dotted
arrows represent possible but unidentified deoxyrleleotide transport mechanisms.
The conversions between nucleosides and dNMPsraxeisible and carried out in the
forward and reverse direction by separate enzyRegroduced from Gandhi and
Samuels (2011) [19].
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I.4. The importance of mitochondrial ANTP pools

Mitochondrial DNA depletion syndromes: Mitochondrial DNA depletion syndromes
are a set of genetic diseases commonly definededuation in the amount of cellular
mitochondrial DNA without other defects such asetiehs or point mutations [20].
However, underlying this definition is a clinicabynd genetically complex set of diseases
(Table 1). Genetic and allelic heterogeneity; Maggenetrance, severity of symptoms,
and ages of onset; and gene-dependent tissueisjpgaf phenotype are all
characteristics of mtDNA depletion syndromes. Aeottomplication in the
characterization of mtDNA depletion syndromes &t ttepletion of mtDNA is not
always exclusive of other genomic defects. For ggtamn mitochondrial
neurogastrointestinal encephalomyopathy (MNGIElgtttns may accompany the
depletion of mtDNA [21]. Mutations in the mitocharal DNA polymerase (POLG) may
lead to any of a diverse set of disorders, inclggirogressive external opthalmoplegia
(PEO). Also in PEO, mutations, deletions, and dépieof mitochondrial DNA may not
necessarily be mutually exclusive [21], and theenthnce may be sporadic, dominant, or
recessive [22]. Thus, while the inheritance of mdepletion syndromes is usually
deemed to be autosomal recessive [23], featurdseahitDNA depletion syndrome
phenotype also follow other inheritance patterrige d@iseases that make up the mtDNA
depletion syndrome family are shown in Table 1nglwith their OMIM IDs. MDS is
nearly always severely debilitating and often lethanfancy or early childhood for
homozygous patients [23]. The prevalence of théssades is not yet well determined.
However, quantification of mtDNA in the liver or mele tissue of 100 children with

unexplained respiratory chain deficiency showed RARIepletion to be less than 35%
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of the control values in 50% of these cases, irtiigahat depletion of mtDNA is a
common cause of respiratory chain deficiency itdtidod [24]. Mutations in nine
nuclear-encoded genes are known to cause mtDN/Atil@plsyndrome. Eight of the nine
genes code for enzymes that contribute to gengratitochondrial deoxyribonucleoside
triphosphates or that participate in mtDNA replicat The function of the ninth gene,
MPV17, which encodes a mitochondrial inner membi@nogéein, remains to be

determined.

The discoveries of a mutated p53-inducible smabmucleotide reductase subunit
(RRM2B) [25] and a mutated thymidine phosphoryl@éMP) [26] as causes of
MtDNA depletion syndrome highlight the importanéeytoplasmic nucleotide
metabolism in maintaining mtDNA. Both RRM2B and T¥Mre cytoplasmic enzymes
of nucleotide metabolism (Figure 1B). RRM2B is &wit of cytoplasmic ribonucleotide
reductase, the key enzyme of tdenovo pathway which reduces ribonucleoside
diphosphates to deoxyribonucleoside diphosphatéslPrconverts deoxythymidine to
thymine, and thus a lack of TYMP activity can résalexcess deoxythymidine. This
association between DNA depletion in the mitoch@ndnd defects in cytoplasmic
nucleotide metabolism implies that cytoplasmic eatiles influence and contribute
significantly to intra-mitochondrial pools of deaXyonucleotides. We can therefore
speculate that defects in other enzymes of cytoptasucleotide metabolism, in addition

to RRM2B and TYMP, could also lead to mtDNA depeti
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On a side note, the intermembrane localizationdEM is interesting considering the
importance of RRM2B-catalyzed ribonucleotide regrcin the cytoplasm for
maintaining mitochondrial DNA. In the presence difiwe production of
deoxyribonucleoside diphosphates in the cytopldasminal phosphorylation of those
dNDPs by NME4 and the subsequent entry of the tiagulNTPs into the mitochondrial
matrix would appear to be a logical benefit of NNVEMcalization to the intermembrane

space.

Mitochondrial dNTP pools in patient cells: Experiments with patient cells have
demonstrated the effects of pathogenic mutationmitmchondrial ANTP pools. In
fibroblasts from a patient with deoxyguanosine &adeficiency where quiescence was
induced through serum starvation, reduced mitochahdGTP led to an imbalance
between the four ANTPs compared to controls [2¥/]ibroblasts from patients with TK2
deficiency, mitochondrial dTTP, dCTP, and dATP pooekre all decreased while dGTP
was slightly increased in one patient and sligd#greased in another patient [28]. The
fact that externally supplied deoxyribonucleosided deoxyribonucleoside
monophosphates are able to rescue mtDNA depletmrndes further evidence that
limited substrate availability can cause mtDNA dijpin [27, 29, 30]. Experiments from
cellular and animal models have also reported digyas in mitochondrial ANTP pool
homeostasis [31-33]. TK2 H126N (c.378-379CG>AA) ¢kin mice had unbalanced
mitochondrial NTP pools due to reduced dTTP inrbaad reduced dCTP in liver [31].
Culturing Hela cells in the presence of high lexalthymidine (50uM) to mimic the

conditions leading to MNGIE (caused by mutation$ ¥MP), led to an expansion of
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mitochondrial dTTP and dGTP pools and a reducticth® mitochondrial dCTP pool
[33]. In another cellular model of MNGIE, incubatiof quiescent fibroblasts in the
presence of high levels of deoxythymidine or deoiiyne led to an expansion of

mitochondrial dTTP, but mitochondrial dCTP was tieetied [32].

In conclusion, the availability and balance of itiea-mitochondrial ANTP pools are
major determinants of the rate and fidelity of m#@®Meplication and thus of the integrity
of the mitochondrial genome [34]. Besides mtDNA ld&pn syndromes, mitochondrial
dNTP pools are important in other human patholodgvichondrial toxicity induced by
HIV/AIDS therapy can manifest as severe clinicatpbtypes and increased mortality
[35, 36]. This toxicity is likely the result of ietference with mtDNA replication and
intra-mitochondrial nucleotide metabolism broughtat by nucleoside analogs [37-40].
To advance our understanding of these numerousrhdisarders, to elucidate the role
of mtDNA mutations in aging and cancer [3, 41-46]d to devise suitable therapies, it is
critical that we understand the formation and ragioih of intra-mitochondrial dNTP
concentrations. Because mitochondrial dNTP leveddasrupted in mtDNA depletion
syndromes, a thorough understanding of the maintenaf mitochondrial dNTPs is a
necessary step towards insights on the mechanisthha potentials therapies of

MtDNA depletion syndromes.

Considering that mitochondrial ANTP pools are crucal for normal functioning of
cells, what are the features of wild-type mitochondal dNTP pools? We know that

flow of deoxyribonucleotides between the cytoplas@nd mitochondria is possible.
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What is the influence of this flow on the relationkip between wild-type

mitochondrial ANTP pools and cytoplasmic dNTP pool2

I.5. Regulation of dNTP pools and DNA replication

The fidelity of nDNA replication and cell-cycle mgression are influenced by the
concentrations of the DNA precursors, the substtfEPs [47]. S-phase specific
activities of the cytoplasmide novo ribonucleotide reductase and the salvage thymidine
kinase 1 enzymes lead to a many-fold differencdNiP levels between S-phase and
non-S phase cells [48, 49]. This mechanism prevamtsut-of-phase excess or imbalance
of DNA precursors, thus also preventing unschedateztroneous DNA replication.
Ribonucleotide reductase reduces ribonucleotidédset@orresponding
deoxyribonucleotides and has an important roleslhproliferation. Increased
ribonucleotide reductase activity has a role inceanus transformation as well as
metastasis [50]. It is also known that oncogenydainsformed mammalian cells contain
much higher dNTP pools than normal cells [34]. Régeit was shown that nucleotide
deficiency results in DNA damage in early stagesrafogenesis as cells are forced to
proliferate despite low nucleotide pools [51]. Atocihondrial transporter (PNC1) with

the ability to transport a variety of substrateduding ribonucleoside and
deoxyribonucleoside triphosphates but a prefer&mceTP has been reported [16, 52]. It
is interesting that the PNC1 gene had higher espesn transformed cells and primary
prostate cancers and that enhanced expression@i Rids reported to have a role in

transformation and in the invasive potential of turcells.
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In summary, it is well-acknowledged that the proces of carcinogenic
transformation is often connected to impaired nucletide homeostasis. Combined
with the fact that a cross-talk between cytoplasmiand mitochondrial
deoxyribonucleotides is possible, what are the faates of mitochondrial ANTP pools
in transformed cells? How do their features relatéo those of the cytoplasmic dNTP

pools in such cells?

Mitochondrial DNA replication [53], and the mitoamdrial nucleoside salvage pathway
that generates the precursor deoxyribonucleosipleasphates for mitochondrial DNA
replication, generally have been believed to fuorctndependently of nuclear DNA
replication and cytoplasmic nucleotide metaboli$he mitochondrial DNA molecule
has a half-life of 10-30 days [54]. To maintain thtdNA content of the cell, mtDNA
must replicate even in postmitotic cells [53]. Syadis of mMtDNA and mitochondrial
biogenesis, therefore, must be able to proceegeriently of nuclear DNA synthesis
and cellular division [53]. However, mtDNA and nDN&nthesis cannot be completely
decoupled since mtDNA replication must be increagexbme point in cell division to
provide sufficient mtDNA for the two daughter cel@early there must be a flexible
system of control linking these two parallel metabpathways that allows them to work
together sometimes and independently at other tifrtes observation associating
mutated RRM2B (a p53-inducible ribonucleotide radae subunit) with mtDNA
depletion and at least one observation of mtDNAicapon restricted to S-phase in
deoxyguanosine kinase deficient cells further makkear that mtDNA replication and

maintenance are not always completely independaheaytoplasmic state [25, 30].
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How does the expression of genes coding for mitoatdrial enzymes of
deoxyribonucleotide metabolism relate to the expreson of genes of the
corresponding cytoplasmic enzymes? Can we reconcileese gene expression
patterns with the patterns in the dNTP pools that esult from the activities of the

enzymes encoded by the genes?

[.6. The difficulty of studying mitochondrial ANTP pools

Due to the small physical scale of mitochondria esdtively rapid dynamics of the
pathways, it is very difficult to study the dynamiaf mitochondrial dNTPs through
traditional wet-lab methods. Owing to the complgxit the pathways that generate
mitochondrial NTP pools for the maintenance ofoctitondrial DNA, there exist many

open questions in the field, as we have seenlihelgome more below.

Although we know deoxyribonucleotide transport betveen the cytoplasm and
mitochondria occurs, what is the identity of the tansported substrate? Is it the
mono-, di-, or the tri-phosphate? What is the impication of a lack of transport?
Which pathway components represent major bottleneckin the generation of

mitochondrial ANTP pools?

I.7. Research summary and significance

The unifying objective of this dissertation wasrtorease our understanding of the

features of mitochondrial dNTP pools.
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The extent of the association between cytoplasmicnaitochondrial NTP pools was
not clear prior to my research. Chapter Il shoves thitochondrial and cytoplasmic
dNTP concentrations are correlated in normal deltsnhot in transformed cells. In the
research presented in Chapter I, although thedata was not produced in our
laboratory, | generated a usable resource out bEédnverted, analyzed, and summarized
all relevant published data to a more compreherfsive, thus substantially adding to the
usefulness of the data. It can be misleading topawenpreviously published results as
they were originally reported because of the uthigd are used to report such data. My
work of converting all relevant data to biochemligaheaningful micromolar
concentrations allows for comparisons of publisdt®d P pool measurements between
published experiments; sub-cellular compartmemtd;reormal and transformed cell
lines. An additional significant contribution ofefanalysis presented in Chapter Il is the
suggestion of specific experiments furthering ike&lf The highly significant association
between cytoplasmic and mitochondrial dNTP conegioins that | discovered would
indicate the existence of regulatory mechanismissyrachronize the respective dNTP
pools. Finally, for publication of these result&dorporated my analysis into the context
of an overall review of the field and pointed ootlbthe state of our understanding as

well as key areas where knowledge is lacking.

What mechanism might give rise to the strong agtiliistatistically significant
correlation between cytoplasmic and mitochondréilB pools in normal cells but not in
transformed cells? | offer one mechanism throughrésearch presented in Chapter IIl. |

hypothesized that coordinated gene expression ¢gmitthe mechanism to explain the
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correlation between cytoplasmic and mitochonddil' B pools. At the time |
commenced my research, the enzymes that generdte pdbls in the mitochondria
were not considered to be carefully regulatedabt, fit was not uncommon for them to
be perceived as housekeeping enzymes. | also timsguerception in my research
presented in Chapter lll. | obtained tissue-expoesdata for a selected set of genes from
the NCBI Unigene database and conductethaiico gene expression analysis. My
results showed that in normal tissues, the expressigenes encoding proteins of
mitochondrial salvage varies in coordination whie expression of the corresponding
genes of cytoplasmic salvage. However, in transéortissues, consistent with the
disruption in the correlation in dNTP concentraidriound in Chapter Il, the
coordination in the gene expression is also digdigtnlike in normal tissues, the
expression of mitochondrial genes is negativelpassed with the expression of
cytoplasmic genes. To my knowledge, such a systemnaestigation into the expression
network of genes important for cytoplasmic and ehitandrial ANTP pools has not been

carried out apart from my research.

By discovering the results in Chapters Il andhatthave implications for transformed
tissues and by highlighting mitochondrial deoxygusine kinase expression as
potentially a significant factor for transformeddiiies, my research highlighted the

possibility of important connections between mitmatirial ANTP pools and cancer.

Chapter IV presents a comprehensive analysis gine@xinetics of the mitochondrial

deoxyribonucleoside salvage pathway enzymes. Thplexity of the homeostasis of
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mitochondrial NTP pools makes it extremely difftdio understand the processes in
their entirety using traditional laboratory techueg. For developing novel approaches
for therapyi, it is important to first improve ounderstanding of the mitochondrial
salvage pathway. | attacked this using a logidaieaiive, and systematic approach, and
my work is the only computational model incorpangtall available relevant knowledge
regarding this complex biological process. While#s accepted that
deoxyribonucleotide import from the cytoplasm te thitochondria is possible, my
results showed that it is in fact essential for MfOmaintenance in most circumstances.
| also discovered that import would need to ocd¢uha diphosphate or triphosphate
levels; import at the monophosphate level doesati$fy the rate at which dNTP

substrates are required for mtDNA replication inlityg cells.

The content in this dissertation was reproducet v@visions from published papers on

which | am first author [7, 19]. A paper describthg work presented in Chapter Il is in

preparation.
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CHAPTER II

A REVIEW COMPARING DEOXYRIBONUCLEOSIDE TRIPHOSPHATE
CONCENTRATIONS IN THE MITOCHONDRIAL AND CYTOPLASMIC
COMPARTMENTS OF NORMAL AND TRANSFORMED CELLS

[I.1. Introduction

Although mitochondrial dNTP generation is an impattpathway, much about the origin
of mitochondrial dNTPs remains unclear. Since timagy of mtDNA depletion
syndromes can be traced to altered mitochondridlRipbols, it is critical to understand
how the mitochondrial ANTP pools relate to the esponding cytoplasmic pools. The
evidence reviewed in Chapter | repeatedly pointsatd a significant amount of
interaction between the mitochondrial and cytoplastNTP pools. What data exists
concerning the relationship between the dNTP canagons in these two subcellular
compartments, and is the existing data consistéhttte increasing evidence of
communication between the cytoplasm and mitochanalith respect to
deoxyribonucleotides? In this chapter we focushasé question§Ve reviewed the
available data on simultaneous measurements gblegimic and mitochondrial ANTP

pools in wild-type cells [27, 32, 33, 55-59].

The content of this chapter has been reproducddreiisions from a published paper on

which | was first author [19].
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I1.2. Overview

The deoxyribonucleoside triphosphate pools thapstighe replication of mitochondrial
DNA are physically separated from the rest of bk lry the double membrane of the
mitochondria. Perturbed homeostasis of mitochohdNAP pools is associated with a
set of severe diseases collectively termed mitodhahDNA depletion syndromes. It is
important to determine the degree of interactiothefmitochondrial ANTP pools with
the corresponding dNTP pools in the cytoplasm. @veerved the literature on previously
reported simultaneous measurements of mitochoraighlcytoplasmic
deoxyribonucleoside triphosphate pools to investigad quantify the extent of the
influence of the cytoplasmic nucleotide metabol@mmitochondrial ANTP pools. We
converted the reported measurements to concemsatieating a catalog of paired
mitochondrial and cytoplasmic dNTP concentratiorasugements. We found that over
experiments from multiple laboratories, dNTP coniions in the mitochondria are
highly correlated with dNTP concentrations in tlygoplasm in normal cells in culture
(Pearson R = 0.79, p = 3 x )but not in transformed cells. For dTTP and dAffRre
was a strong linear relationship between the cgmplc and mitochondrial
concentrations in normal cells. From this lineamdlove hypothesize that the salvage
pathway within the mitochondrion is only capabldariming a concentration of
approximately 21M of dTTP and dATP, and that higher concentratiggiire transport

of deoxyribonucleotides from the cytoplasm.
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[1.3. Methods

Conversion to correct concentration units:With the goal of investigating whether
concentrations calculated from previously measdi¢@dP pools are consistent with the
biochemical evidence of deoxyribonucleotide flovimeen the cytoplasm and
mitochondria, we converted the reported data tamabncentrations. This conversion
requires the estimation of several parameters. f/Bezctivities, kinetics, and the rate
and fidelity of mtDNA replication are all influenddy the local dANTP concentrations.
These concentrations are maintained by metabadlioyzeys that function in two
subcellular compartments with very different volemalthough concentrations are
indeed the true biochemical driving factors, dNERads instead generally reported as
amounts per million cells in culture. Per cell amtsucan be misleading, since the
conversion from these experimentally convenientsuio the actual units of
concentration in subcellular compartments can vadycally between different cell

types. Paradoxically, the justification for usingta such as the amount per million cells
is to make comparisons possible; but, all the wihile cell lines and culture conditions in
different experiments are different in the critiparameters needed to convert these units
to actual concentration units. For reporting dNDBIp, the most commonly used units in
the literature are picomoles per million cells bath subcellular compartments, or
picomoles per milligram mitochondrial protein. hetfollowing section we give

estimates to convert these units to true conceortranits.

To obtain concentrations from data reported as amdNTP (picomoles) per cell, we

must use estimates of cell and subcellular compartvolumes (for details see Table 2).
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Bestwicket al. [55] reported dNTP amounts in subcellular fracsioh asynchronously
growing HelLa cells. For cellular and mitochondsialumes of HelLa cells, we referred to
a publication from Posakorg al. [60] who followed cellular and mitochondrial volem
at different times along the cell cycle of HeLalseWWe combined nuclear and
cytoplasmic amounts reported by Bestwétkl. [55], and converted these to molar
concentrations using averaged cellular volume aat#d for mitochondrial volume. We
calculated mitochondrial concentrations by usirgdtierage mitochondrial volume from

different cell cycle phases.

Songet al. [33] reported mitochondrial dNTP pools in HeLalgels the amount dNTP
(in picomoles) per milligram mitochondrial proteifo calculate the corresponding
concentrations, we used a factor of 0.82 micrditeater space per milligram rat heart
mitochondrial protein [61]. For converting wholel@mounts from picomoles per
million cells, we first used the calculated mitooddal concentrations and the
mitochondrial volume measure for HelLa cells in Gage [60] to estimate the picomole
amounts of dNTPs in mitochondria per million Heledls After subtracting
mitochondrial amounts and volume from corresponaihgle-cell values for HelLa cells
in G1 phase [60], we arrived at an approximationyddplasmic concentrations of Song

et al.’s data for confluent HelLa cultures.

Rampazzet al. [59] measured dNTP amounts in exponentially gngwiuman
osteosarcoma line (HOS) cells and mouse fibrob(&3t8) cell lines. Since we did not

find a publication that provides the required casian factors for the HOS cells, as an
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estimate we used the measurements from Hela WYéHisaveraged cellular and
mitochondrial volumes measured in different cetlleyphases of HelLa cells [60] and
obtained cytoplasmic and mitochondrial ANTP conegiuns. For the cytoplasmic
volume, we subtracted the total mitochondrial vaduinom the cellular volume to
account for the fact that Rampazt@l. combined nuclear and cytosolic dNTP pools.
We did not find the mitochondrial volume measunedd3 cells. As an estimate, we
averaged the mitochondrial volumes reported forddahd Chinese hamster cells [60,
62] and obtained the cytoplasmic volume after atimg whole-cell volume [63] for the
total mitochondrial volume. We then converted dNaFRounts for 3T3 cells to

concentrations using these volume measures.

Ferraroet al. [57] and Pontariet al. [32] reported dNTP amounts measured in human
lung and skin fibroblasts. We used the human skiolblast volume reported by
Imaizumiet al. [64]; and after correcting this whole-cell meashy subtracting
mitochondrial volume, we transformed the reportgglasmic picomole amounts to
cytoplasmic concentrations. We obtained the averageochondrial volume from HelLa
cells [60]. We used the cytoplasmic volume of fillest cells obtained by subtracting
mitochondrial volume from fibroblast cell volumedocount for the fact that Ferrasb

al. [57] and Pontariet al. [32] combined nuclear and cytosolic dNTP poolse T
parameters used for these conversions were alsidasenvert the data from Saada [27]

and Frangingt al. [58].
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Finally, to convert ANTP amounts reported by Dediet. [56] for HeLa cells, we used
parameters from Hela cells [60] for average ceflated mitochondrial volumes. We
subtracted mitochondrial amounts and volume fromesponding whole-cell measures

and obtained cytoplasmic and mitochondrial coneeiatns.

The conversion parameter values are listed in TAbléere exist reports of
mitochondrial ANTP pool measurements that are isoudsed here [15, 28, 65-67]. In
these experiments, because the corresponding agtofd dNTP pools were not also
reported, the mitochondrial ANTP measurements wetr@seful for the purposes of
answering the questions posed in this chapteshduld be clear from the preceding
paragraphs that the conversion of the traditionadlgd units to the actual units of
concentration is not trivial. ldeally, each expegnt should take care to measure and
report the additional information needed for theswersion to true concentration units.
The missing parameter values, which we estimatetkssribed above, may have
introduced noise into the following analysis poiglht obscuring any relationship

between the cytoplasmic and mitochondrial pools.
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Table 2: Parameter values used to calculate subcellulaPdddhcentrations. Not all
parameters were available for all cell lines.

Reference | Parameter Estimate

[60] Cellular volume per HelLa cell 1766 + 55 fL
[60] Cytoplasmic volume per Hela cell 1611 + 62 fL
[60] Number of mitochondria per HeLa cell 545+ 31
[60] Volume of a mitochondrion in Hela cells 0.289.005 fL
[60] Mitochondrial volume per HelLa cell 155+ 29 fL
[60] Cellular volume per HelLa cell (G1 phase only) 1353 £ 54 fL
[60] Cytoplasmic volume per HelLa cell (G1 phaseypnl 1235 £ 55 fL
[60] Number of mitochondria per HelLa cell (G1 phaséy) 417 £ 39

[60] Volume of a mitochondrion in HelLa cells (Glgse only)| 0.283 £ 0.006 fL
[60] Mitochondrial volume per HelLa cell (G1 phasgy 118 £ 11 fL

[61] Mitochondrial volume per milligram protein QL

[60, 62, 63] | Cytoplasmic volume per 3T3 cell 2628 AfL
[60, 62] Mitochondrial volume per 3T3 cell 96 = i5

[60, 64] Cytoplasmic volume per fibroblast cell 22629 fL
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[1.4. Results and Discussion

Variation in cytoplasmic and mitochondrial dNTP corcentrations: Paired
measurements of dNTP levels in mitochondria andptgsm, converted to concentration
units as described above, are given in Tablest&dshown in Figures 3 and 4. The
variation in dNTP concentrations in both compartteés striking. Even for cells within
each particular category, the range of ANTP comagans in both compartments spans
an order of magnitude. This argues for measuringRINvels in a wide variety of cell
lines, especially those cell types that are afféatenitochondrial DNA depletion
syndromes. Also, given these characteristics ofltsieibution of ANTP concentrations,
the usefulness of calculating a mean value acrssypes is diminished. Nevertheless,
the mean dNTP concentrations that we calculatémin cellular compartments are
higher in cycling cells than in quiescent cellddfdifference of ~10 in the cytoplasm and
~4 in the mitochondria). It is interesting that meihondrial dNTP pools vary
proportionally with the cytoplasmic pools and cpglistate of cells. This observation is
consistent with deoxyribonucleotide flow betweea tytoplasm and mitochondria and is
indicative of mitochondrial dNTP pools being redathin a similar manner as the
cytoplasmic pools. Mean cytoplasmic dNTP micromalancentrations in postmitotic,
mitotic, and transformed cells were approximatel§d, and 21 respectively; and mean
mitochondrial micromolar concentrations were aliy&, and 10 respectively. These
calculated mean concentrations hint that perhapedhilibrium between the cytoplasm
and mitochondria with respect to dNTP concentratioould be qualitatively and

guantitatively different for the three cell cateigsr since the calculated mean
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mitochondrial concentration is lower than the megoplasmic concentration in normal

mitotic and transformed cells, and higher in positig cells.
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Table 3: dNTP concentrations in the cytoplasm and mitocharaf normal mitotic cells.

Cell line (Reference) dNTP Cytoplasmic concentratio | Mitochondrial concentration
(micromolar) (micromolar)
Cycling skin fibroblasts [32] | T 260.2 12+2.2
Cycling skin fibroblasts [32] | C 20+0.2 13+2.3
Cycling lung fibroblasts [57]| T 18+2.0 10+1.9
Cycling lung fibroblasts [57] | A 3.9+1.0 1.940.3
Cycling lung fibroblasts [57]| C 611 4+1
Cycling lung fibroblasts [57] | G 2.240.2 1.3£0.3
Cycling skin fibroblasts [57] | T 26+0.2 12+2.2
Cycling skin fibroblasts [57] | A 18+0.2 9.0£1.6
Cycling skin fibroblasts [57] | C 20+0.2 13+2.3
Cycling skin fibroblasts [57] | G 3.7+£0.03 2.6x0.5
Cycling skin fibroblasts [27] | T 8.2+1.5 7.2+2.0
Cycling skin fibroblasts [27] | A 3.8+0.5 4.8+1.2
Cycling skin fibroblasts [27] | C 3.7+1.1 7.4+2.1
Cycling skin fibroblasts [27] | G 3.8+1.7 14+3.3
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Table 4: dNTP concentrations in the cytoplasm and mitocharaf normal postmitotic
cells.

Cell line (Reference) dNTP Cytoplasmic concentratio | Mitochondrial concentration
(micromolar) (micromolar)
Quiescent skin fibroblasts [32] T 0.30+0.002 1.4t+0.
Quiescent skin fibroblasts [32] C 0.980+0.008 22440
Quiescent lung fibroblasts [57] T 0.760+0.006 0.2+0
Quiescent lung fibroblasts [579] A 3.510.3 1.940.3
Quiescent lung fibroblasts [54] C 2.46+0.61 1.22380.
Quiescent lung fibroblasts [57] G 1.140.3 0.25+0.05
Quiescent skin fibroblasts [57] T 0.92+0.01 0.96+#0.
Quiescent skin fibroblasts [57] A 1.07+0.01 3.510.6
Quiescent skin fibroblasts [57] C 2.15+0.01 1.4+0.3
Quiescent skin fibroblasts [57] G 1.23+0.01 0.8+0.1
Quiescent skin fibroblasts [27] T 0.6+0.3 4.2+1.1
Quiescent skin fibroblasts [27] A 1.7+£0.3 3.1+1.7
Quiescent skin fibroblasts [27] C 0.3+0.2 2.6+0.8
Quiescent skin fibroblasts [27] G 0.8+0.3 8.511.9
Quiescent skin fibroblasts [58] T 0.5+0.1 0.7+0.2
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Table 5: dNTP concentrations in the cytoplasm and mitochamaf transformed cells.

Cell line dNTP | Cytoplasmic concentration Mitochondrial concentration
(Reference) (micromolar) (micromolar)
HOS [59] T 27455 4.4+0.8
HOS [59] A 6.8+0.3 2.9140.5
HOS [59] C 12+0.4 4.8+0.9
HOS [59] G 3.610.1 1.7+£0.3
3T3[59] T 7.240.2 5.4+0.8
3T3[59] A 4.2+0.1 4.7+0.7
3T3[59] C 7.60.2 5.8+0.9
3T3[59] G 2.09+0.05 4.0+0.6
Hela [33] T 2615.3 35+6.1
Hela [33] A 23+2.3 15+0.3
Hela [33] C 11+0.6 7.9+1.2
Hela [33] G 3.310.9 29+1.2
HeLa [56] T 57+9.6 5.5+2.7
Hela [56] A 2816.2 6.412.2
HeLa [56] C 17+2.8 14+2.8
Hela [56] G 20£2.0 7.1+3.3
HeLa [55] T 79+3.0 17+3.1
Hela [55] A 74+2.8 11+2.0
Hela [55] C 14+0.5 15+2.8
HeLa [55] G 6.1+0.2 6.4+1.2
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Figure 3: Cytoplasmic and mitochondrial concentrations cdeapirom the literature of
dTTP and dATP from (A) mitotic cells data, (B) podbtic cell data, (C) mitotic and
postmitotic data combined, and (D) transformedscdlhe error bars were calculated by
statistically propagating the uncertainties in dhiginal measurements. Lines are linear
fits to the data, shown when statistically sigraft
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A suggested problem with dNTP assayst is possible that some of the reported dNTP
measurements are overestimates. In a recent gagreayoet al. [68] concluded that
reported dNTP measurements can be contaminatdtdmucleotide triphosphates. This
contamination is a consequence of the low disciatmmm power of the Klenow DNA
polymerase fragment that is widely used to meadNEP amounts by means of a
polymerase assay. It was suggested that these @ssgyications might have resulted in
overestimates of dNTPs, including the very highuealreported for mitochondrial dGTP
levels in rat tissues [67]. When Ferr&tal. extracted and measured dNTPs from cycling
and confluent human fibroblasts, the original Kieresssay did not result in any
overestimation of dTTP. The deoxyribonucleotideSBAdGTP, and dCTP were all
overestimated, and the severity of this complicaieemed to most affect dGTP and, to a
lesser extent, dCTP. From our interpretation offeeraroet al. analysis we judged that
the dATP measurements analyzed here may not hgwéicant contamination from

ATP competition for incorporation. At an ATP/dATERtio of 350 in cycling cells, the
overestimation in Ferraro et al's results for dAT&s about 21% compared to their
modified assay and about 26% compared to HPLCnAABP/dATP ratio of 1450 in
confluent cells, the overestimation in dATP wagldlly more than 100% compared to
their modified assay. Ferraebal. could not use HPLC for measuring dNTP pools in
confluent cells. Since we did not have paired rMiéasurements for our dNTP data and
since Ferraret al.’s paper did not provide a spectrum of overestiamaéffects over a
broad enough range of Klenow concentrations and/éAPP ratios, we cannot
guantitatively determine the true effects of theasnplication on the dATP concentrations,

although at a low ATP/dATP ratio, the observed esgmation was not substantial.
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Ferraroet al. concluded that the Klenow enzyme is unsuitablerfeasuring dGTP and
dCTP pools, but the assay can be used with motiditato measure dTTP and dATP
pools. We took these concerns into account by vargethe data on dTTP and dATP
concentrations separately from the data on dGTRI@IdP concentrations. Accordingly,
we have split our data discussion into two grotips;,dTTP and dATP group and the

dGTP and dCTP group.

Analyzing simultaneous data on cytoplasmic and mitchondrial ANTP

concentrations: dTTP and dATP observationsFigures 3 and 4 (and Tables 3-5) show
the comparison of paired measurements of dNTP adrat®ns in the cytoplasm and in
the mitochondrial compartments of the cell. Desfhterelatively low number of
available observations and the potential for addél noise due to the need for some
parameter estimations, these data show highlyfggnt correlations. In addition, the
pattern of which correlations are highly signifitamd which are non-significant is
interesting. For the combined dTTP and dATP measants in the mitotic cells (Figure
3A) the mitochondrial and cytoplasmic concentragibad a very highly significant
correlation (p-value = 0.0009) while the postmitatell measurements alone (Figure 3B)
had no significant correlation. However, when plostmitotic cell and mitotic cell
measurements were analyzed together (Figure 3@pthelation became extremely
significant (p = 5 x 18). The concentrations were highly correlated /0.9 in both
cases, Figure 3A and Figure 3C). Such a strondhagindly significant correlation over

the broad range of concentrations, in data frontipialindependent experiments from

different laboratories, is extremely compellingdance for a tight connection between
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the cytoplasmic and mitochondrial dTTP and dATPIpo&orrelations, of course,
cannot prove which of these two pools is contrgliihe other. However, considering the
relatively small total cellular volume of the miteandria compared to the cytoplasm, it is
reasonable to assume that it is the larger cytopadNTP pool that is controlling the

much smaller mitochondrial pool.

We label the combined mitotic and postmitotic celsnormal’ to contrast them with the
final category which is transformed cells (Figui®) 8onsisting of HeLa, HOS, and 3T3
cells. The transformed cells show no significanteation between the mitochondrial
and cytoplasmic concentrations for dTTP and dATRis is in stark contrast to the
normal cycling cells (Figure 3A) which had a vetgoag correlation. The statistics are

summarized in Table 6.
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Table 6: Statistics for correlations between mitochondaiadl cytoplasmic dNTP
concentrations. NS = not significant.

Cell Type dNTP Type Number of Pearson R | p-value Slope
Observations

Mitotic dTTP and dATP 7 0.90 9x 10 | 0.37+0.05

Postmitotic dTTP and dATP 8 0.01 0.77 NS

Normal (Mitotic + | dTTP and dATP 15 0.90 5x%0 | 0.41+£0.04

postmitotic)

Normal (Mitotic + | dTTP 9 0.92 3x10 | 0.42+0.04

postmitotic)

Normal (Mitotic + | dATP 6 0.77 0.01 0.36 £ 0.09

postmitotic)

Transformed dTTP and dATP 10 0.05 0.53 NS

Mitotic dCTP and dGTP 7 0.42 0.11 NS

Postmitotic dCTP and dGTP 7 0.14 0.39 NS

Normal (Mitotic + | dCTP and dGTP 14 0.49 0.005 0.53+£0.15

postmitotic)

Normal (Mitotic + | dCTP 8 0.88 0.0005 0.56 £ 0.08

postmitotic)

Normal (Mitotic + | dGTP 6 0.16 0.42 NS

postmitotic)

Transformed dCTP and dGTP 10 1x°10 0.99 NS

Normal (Mitotic + | All ANTPs 29 0.62 3x10 [ 0.43+0.06

postmitotic)

Transformed All dNTPs 20 0.03 0.45 NS
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In Figure 3 the two different deoxyribonucleotidfSTP and dATP are plotted with
different symbols. Although the amount of datadach deoxyribonucleotide separately
is quite small, both dTTP and dATP appear to blefohg the same relationship
between cytoplasmic and mitochondrial concentratiommitotic cells and in the
combined ‘normal cell’ category. There are enoogtasurements in the normal cell
category (Figure 3C) to allow an analysis of dT e dATP separately, and they are
independently statistically significant (p = 3 x"lfor dTTP and p = 0.01 for dATP).
More importantly, the slopes on the linear reg@ssifor dTTP and dATP analyzed
separately are consistent with each other (0.424 @nd 0.36 = 0.09 respectively)
(Table 6). The simplest interpretation of thishatta common mechanism is acting on

both dATP and dTTP.

We fit a linear model of mitochondrial dTTP and dA€oncentrations as a function of

their cytoplasmic concentrations in normal cellsagling the following equation:

where dNTP is either dTTP or dATP and concentrateme measured in micromolar.
The R of this model was 0.9 and the p-value of the isttawas 5 x 16. The model
indicates that in normal cells, mitochondrial dTaml dATP concentrations are slightly
less than half the cytoplasmic dNTP concentratios pbout 1.8 micromolar. If we
assume that the mitochondrial salvage pathwaydispgandent of the cytoplasm dNTP
concentrations, then one simple interpretatiornisf tnodel is that the slope represents
the transport function between these two subcelkdaenpartments and the intercept

represents the production of the mitochondrial agdvpathway, independent of the
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cytoplasmic pathways. Based on this linear matéb the experimental data, we
speculate that the mitochondrial salvage pathwaiyeais sufficient to support a
concentration of roughly 2 micromolar of dATP andlé® within the mitochondria. In
postmitotic cells, the mitochondrial concentrati@ns in general higher than the
cytoplasmic concentrations (Figure 3B). In thediscbecause of low cytoplasmic
concentrations, the intercept term of the modelihagased influence on the

mitochondrial concentrations compared to its inflcesin mitotic cells.

dCTP and dGTP observations:For dGTP and dCTP the connection between the
mitochondrial and cytoplasmic concentrations idéas clear (Figure 4). No significant
correlations exist for the mitotic and postmitatedls analyzed separately (Figures 4A
and 4B). When these data are combined into thmalazell category (Figure 4C) the
correlation is significant (p = 0.005). As was saeth dTTP and dATP, dGTP and dCTP
were not significantly correlated in the transfocheell data. When dCTP and dGTP
were analyzed separately for the normal cell catethee dCTP concentrations were
significantly correlated (p = 0.0005) but the dGddncentrations were not significant.
The slope for the dCTP concentration correlationarmal cells was slightly larger (0.56
+ 0.08) than that obtained for dTTP and dATP (T&)lerThe primary difference between
the dNTP concentrations in the mitochondrial anghasmic compartments occurs in
dGTP, which is consistent with the concerns raiseéerraro et al [68], and discussed

above, about the validity of measured dGTP levsisgicurrent standard methods.
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Interpreting the correlations in normal cells: The data show that in normal cells in
culture, dTTP, dATP, and dCTP concentrations innitechondria are correlated with
those in the cytoplasm with very highly significgnvalues. While the mitochondrial
dNTP concentrations within the quiescent cells wiadten alone are not significantly
correlated with the cytoplasmic dNTP concentratidinsse values fit into the statistically
significant linear correlation in the normal cydinells. The lack of significant
correlation within the quiescent cell data may inepty due to the small dynamic range
of the concentrations within the quiescent cellsnpared to the noise level in the
measurements. dNTPs in mitochondria can in prieaypiginate from two routes: import
of cytoplasmic deoxynucleosides and subsequentpblooglation within the

mitochondria (the standard salvage pathway), aratiomport of phosphorylated
deoxyribonucleotides from the cytoplasm (Figurel2he primary source of dNTPs
within the mitochondrion was the salvage pathwantbne would expect that the
mitochondrial and cytoplasmic dNTP concentrationsid be independent, since the
salvage pathway could produce mitochondrial dNTd?spietely independently of the
cytoplasmic dNTPs. Our analysis of the availabkadaows this is not the case in
normal cells and is in agreement with conclusioasienby the researchers who produced
the data. Our description of the original interptiein of the data is focused just on those
conclusions that relate to our own, and we referéaders to the original papers for the
complete interpretations. Rampazt@l. [59] in their study of transformed cells
concluded that while dNTP levels were lower in thieochondrial compartment than in
the cytoplasmic compartment, the difference mighekplained by different patterns of

the concentrations in the three phosphorylatiotestao that the summed
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deoxyribonucleotide concentrations may be rougglyivalent in the two compartments.
Since the deoxyribonucleotides other than dNTP weteneasured in these experiments,
their conclusion cannot be directly tested. In fegter Rampazzet al. also reported that
the mitochondrial dTTP level in the transformed<earies with the cell cycle. In the
later experiment by the same group Fereira. [57] measured dNTP levels in non-
transformed cells and concluded that the propostadmmitochondrial to cytoplasmic
dNTP levels in non-transformed cells was similathiat in their previous experiment on
transformed cells [59]. In contrast to these jotetations, we have chosen to concentrate
just on the reported dNTP levels, instead of attérgdo extrapolate to the mono-
phosphate and di-phosphate levels. Also in contoahese papers, we have determined
that there is a very significant difference betw#enresults from the non-transformed

and the transformed cells.

The association between cytoplasmic and mitochahdNTP concentrations suggests a
strong cytoplasmic control on the pathways thagé gise to the mitochondrial dNTPs.
The simplest form of this control would be the spaort of deoxyribonucleotides from

the cytoplasm to the mitochondrion with only a draatount of NTP production from
the mitochondrial salvage pathway. An alternatiug,less parsimonious mechanism
would involve a coordinated modulation of nucleetidetabolism in the two subcellular
compartments. One caveat of our review is thaattadlable data is based on cell cultures
from a limited range of cell types, primarily luagd skin fibroblasts. Quiescent
fibroblasts may not be a good general model fonatil-cycling cells, in particular for

neurons and muscle fibers. This data indicatesdieel to carry out similar experiments
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simultaneously measuring the cytoplasmic and maadnial dNTP concentrations in
these postmitotic cell types that are directlyvatd to the genetic diseases involving
altered mitochondrial dNTP production. Measuring tompartmental volumes in the
same experiment in addition to measuring dNTP &eweluld allow for a direct
comparison of dNTP concentration measurements dlifierent labs and between cell

lines, avoiding the parameter assumptions that wecessary here.

Since the mitochondrial dNTP levels are strongfgeed by the cytoplasmic dNTP
levels, alterations in many of the other gene$efdytoplasmic deoxyribonucleotide
metabolism may also have phenotypes involving ffaito properly maintain
mitochondrial DNA. The hypothetical transport macism that shuttles
deoxyribonucleotides into the mitochondria woulsloabe a candidate for mtDNA
depletion syndromes, and its expression patterridimela factor in determining the
vulnerability of tissues to mutations in the tramgpr. These results, showing that the
mitochondrial and cytoplasmic dNTP levels are tighorrelated, greatly expand the
range of proteins that may lead to mitochondrial BNmbalances, and thus to problems

with mtDNA replication.

Interpreting the lack of correlations in transformed cells: The correlation between the
mitochondrial and cytoplasmic dNTP concentratiavisich is strong in normal cycling
cells, is lost in this data from transformed celscomparison of Figure 3D (transformed
cells) to Figure 4A (normal mitotic cells) showsithhe range of values for both the

mitochondrial and cytoplasmic dTTP and dATP conediuns is increased by roughly a
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factor of three in the transformed cells compacethé normal cycling cells. It is possible
that the higher percentage of S-phase cells iarstormed cell culture compared to a
culture of normal fibroblasts contributes to thisrease in dTTP and dATP
concentrations. The dNTP metabolism in both popjsears to be altered, though one
could argue from the distribution of the data (FFeg8D) that the cytoplasmic values are
more systematically increased than are the mitadti@nvalues. However, there is not
enough data currently to make a confident compari€ertainly, the tight correlation
seen in the normal cycling cells is disrupted m titansformed cells by some unknown
mechanism. One might reasonably ask whether thisgtion of the correlation between
the dNTP levels is a minor consequence of the fioamstion process or is a fundamental
(perhaps even necessary) part of the transformptmeess. The Warburg hypothesis
proposes that a shift of energy metabolism frondatiwe phosphorylation to glycolysis
is intimately involved in the transformation of naal cells to the cancerous state, and not
just a side-effect [69]. The Warburg hypothesis ¢iase in and out of favor over the
decades since it was first proposed, though reogrgriments support it [70].

Diminished transcription or translation of mtDNAe=d components of oxidative
phosphorylation would diminish the ATP productiortfie mitochondria. The correlation
of cytoplasmic and mitochondrial ANTP concentragionnormal cells and its disruption
in transformed cells indicates that the transforomgprocess alters the cytoplasmic-
mitochondrial communication in dNTP levels. By amalysis, decoupling of dNTP
concentrations can be attributed mostly to dispribqaately higher dNTP concentrations
in the cytoplasm, as the mitochondrial concentratio such cells are generally not

drastically elevated compared to normal cyclingsc&ne speculative mechanism that
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could account for this disruption of the normalbht correlation in dNTP levels between
the two compartments would be a limitation in tr@sport of deoxyribonucleotides
from the cytoplasm into the mitochondrion. Thisikcbcome about simply through the
saturation of the transport mechanism as the cgsopilc INTP concentrations rise in the
transformed cells, or it could come about throughdctive suppression of the transport
mechanism as part of the cell transformation pmcaside from the potential
importance of the loss of this correlation in dNI€fels as a feature of transformed cells,
there is a great practical importance to this olsen. This data supports the
conclusion that transformed cells should not bel usetudies of the mitochondrial
deoxyribonucleotide metabolism, since somethingléumental about that metabolism is
altered in transformed cells. This would be incaomneast, since transformed cell lines are
generally far easier to useimvitro than are primary cell cultures. However, the data
Figures 3 and 4 clearly indicate that somethintcetdiis disrupted in the mitochondrial
dNTP metabolism pathway, at least in these theeestormed cell types. An additional
concern is the lack of data on the mitochondriahpartment size in 3T3 and HOS cells,
as discussed above. Conceivably, the paramet@masens needed to convert the
reported units to concentrations may introduce ghawise to mask a correlation
between the two compartments in the transformedd. dalirther work on this question is
clearly needed. In particular, an experiment meagumitochondrial and cytoplasmic
dNTP concentrations in both normal cells and ttraimsformed versions would be very

valuable.
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Our interpretations in the context of the problem wth dNTP assays:As described
earlier, Ferrar@t al. [68] recently concluded that the dNTP levels meadiy the
Klenow polymerase assay could be significantly aonbated by ribonucleotides. Their
results indicated that dTTP measurements would hamenal contamination problems.
The fact that the dATP correlation slope (Tablés&)onsistent with the dTTP correlation
slope, and that in general the pattern in the ddaf is indistinguishable from the
pattern in the dTTP data (Figure 3) gives us camfoe in the dATP measured values.
The dCTP measured values also showed a signifocarglation between the
mitochondrial and cytoplasmic concentrations imnmalrcells, though with a slightly
higher slope than the dTTP or dATP correlation(@#®). This slightly higher slope
could reasonably be due to a ribonucleotide comtation in that assay, or it may reflect
slightly different kinetics of the unknown mechanisausing this correlation. Finally
the dGTP values in the two compartments showednelation and this is consistent
with Ferraroet al.’s results showing that the dGTP measurements qugdibly be
strongly contaminated by ribonucleotides, thoughafrse we cannot rule out the
possibility that the apparent correlation betwegiomlasmic and mitochondrial dNTP

concentrations simply does not occur for dGTP.

Conclusion: We have carried out a meta-analysis of the avaldhta on dNTP levels in
the cytoplasmic and mitochondrial subcellular cortipants. By compiling the data from
multiple experiments into a single larger data sethave been able to make quantitative
interpretations and statistically significant testshe data. Our review of the data

showed that in normal cells the concentrationsTafRland dATP in the mitochondrion
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are very strongly correlated with that in the cyasm, but that this relationship does not
occur in transformed cells. Thus, in terms of thiecgllular distribution of dNTPs,
transformed cells may not be suitable for studyingmalin vivo regulation of intra-

mitochondrial dNTPs.

The meta-analysis that we have carried out herapoong the results of multiple
independent experiments, points the way towardféedrset of experiments carried out
under consistent conditions and focused towarchggtiie hypothesis resulting from this
meta-analysis. It would also be valuable to asatsther the extent of the cytoplasmic
influence on the mitochondrial levels of dNTPsiigedent for the individual nucleotides,
and if so, how divergent are the origins of therfcanonical dNTPs? A suitable next step
would be for a research group to simultaneouslysmeacytoplasmic and mitochondrial
dNTPs in a broader set of cell lines including sfanmed cells, in a controlled, uniform
environment. In order for measurement of ANTP kewelbe truly useful, the extra effort
of converting the experimentally convenient unitsumount per million cells to the
relevant units of concentration should be donemé#&my cases in this analysis we had to
estimate values for missing information. One siffiece of estimating this missing
information is the possible introduction of noia#i the data. The strong correlations
existed despite this unavoidable complication. Funental measurements, such as cell
volume and total mitochondrial volume, need todygorted in these studies in order to
make the data comparable across different studdsle we understand the difficulty of

the extra measurements needed to report dNTP levatfual concentration units, we
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would argue that the increased usability of theltewy data makes this effort

worthwhile.
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CHAPTER Il

CORRELATED TISSUE EXPRESSION OF GENES OF CYTOPLASMIC AND
MITOCHONDRIAL NUCLEOTIDE METABOLISMS IN NORMAL TISS UES IS
DISRUPTED IN TRANSFORMED TISSUES

[11.1. Introduction

This analysis was motivated by the following quassi. What is the relationship between
the expression of corresponding genes of cytoplaamil mitochondrial nucleotide
metabolisms? Can gene expression patterns expriobiserved correlation patterns in
dNTP concentrations? We also know that the cytoplasnd mitochondrial
compartments are in metabolic communication andegahange deoxyribonucleotides.
Therefore, deoxyribonucleotide levels in the cyagph can impact mitochondrial
deoxyribonucleotide levels, and vice versa. Siheewell established that
transformation is associated with altered cytoplasihNTP pools, does the
transformation process have an effect on the letlwben the cytoplasm and

mitochondria?

[11.2. Overview

We investigated the expression of a set of nugeaes encoding proteins of the
corresponding pathways of cytoplasmic and mitochahducleotide metabolism in
normal and cancerous tissues. We also includeduitieotide reductase in our analysis.
We were interested in determining the extent ofdimation between these two

corresponding metabolisms at the gene expressiehitehealthy tissues and whether
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healthy and cancerous tissues differed in the @oatidn of gene expression of the two
metabolisms. This analysis revealed a large numbleighly significant positive
correlations between the tissue expression pradiiéise genes of the mitochondrial and
cytoplasmic pathways in normal tissues indicathmeg tn normal tissues the two
metabolisms coordinately generate deoxyribonualieosiphosphates. In transformed
tissues, this correlation structure was disrupitédtiple correlations involving the
mitochondrial nucleoside kinase gene DGUOK werssieally significantly different
between normal and transformed tissues sugges$iagontrol of DGUOK expression

relative to other cytoplasmic genes is importarttamsformed tissues.

A paper describing the work presented in this abraigtin preparation.

[11.3. Methods

Selection of genesThe list of relevant genes was defined based @atti@me’s
‘Metabolism of nucleotides’ pathway [71]. Within @&fabolism of nucleotides’, the sub-
categories of interest to us were the reactiori@tytoplasmic and mitochondrial
pathways of ‘Purine salvage’, ‘Purine catabolisiyrimidine salvage’, and ‘Pyrimidine
catabolism’. These sub-categories are made ofiogaadf anabolism or catabolism of
nucleotides, and contain the reactions of intraaafiondrial salvage of
deoxyribonucleosides, which were the focus of malysis. Genes coding for enzymes
involved in these reactions were chosen for oulyaisa Genes coding for enzymes
involved in anabolism or catabolism of nucleosidese not included (e.g., thymidine

phosphorylase). Genes coding for interconversiamuofeotides were also not included
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(eg: thymidylate synthase). Given its importancenaintaining both cytoplasmic and
mitochondrial dNTPs, we included ribonucleotideustdse as a special exception
although it does not conform to the above critehlagenes are encoded by the nuclear
genome. We refer to them as ‘cytoplasmic’ and ‘chitandrial’ to refer to the

localization of the proteins encoded by the genes.

Obtaining expression valuesThe NCBI UniGene database provides EST frequerndies
UniGene clusters, which are representative of tR&N# frequencies of the gene that
corresponds to that cluster. The features of th&eime database are described in [72].
All of the data is from human tissue samples. Wwioled EST profiles for our selected
genes from the UniGene database build #228 fos¢hef UniGene-classified
‘Breakdown by Body Sites’ and ‘Breakdown by Hedffate’ tissues. The first category
is comprised of tissues such as muscle, eye, keteyand the second category is
comprised of tumors, carcinomas, cancers, etc.néfefore denote these categories as
‘normal tissues’ and ‘transformed tissues’, respett. We did not include expression
values for the tissues ‘ascites’ in the normal gaitg and ‘normal’, and ‘non-neoplasia’

in the transformed category because of the amlyigfithe classification of those tissues,
leaving 44 tissues in the normal category andsgu#és in the transformed category. For
four genes in our target set (TMPK2, AK6, NME2, atC1A) we did not find
expression values in UniGene, leaving 25 geneshath five encoded mitochondrial
enzymes. Our final dataset was comprised of exjpresslues (transcripts per million)

of 25 selected genes in 44 normal tissues anda24formed tissues. EST counts came
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from non-subtracted and non-normalized libraridee Tist of genes is given in Tables 7

and 8.
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Table 7: Cytoplasmic protein genes used in this analysis.

Gene Protein product

RRM1 ribonucleotide reductase subunit M1
RRM2 ribonucleotide reductase subunit M2
RRM2B ribonucleotide reductase subunit M2B
TK1 thymidine kinase 1

DCK deoxycytidine kinase

AK1 adenylate kinase 1

AK5 adenylate kinase 5

GUK1 guanylate kinase 1

CMPK1 cytidine monophosphate kinase 1
DTYMK deoxythymidylate kinase

NME1 nucleoside diphosphate kinase 1
NME3 nucleoside diphosphate kinase 3
ADK adenosine kinase

NT5E 5'-nucleotidase, ecto

NT5C2 5'-nucleotidase, cytosolic Il

NT5C1B 5'-nucleotidase, cytosolic IB

NT5C 5', 3'-nucleotidase, cytosolic

NT5C3 5'-nucleotidase, cytosolic IlI

UCK1 uridine-cytidine kinase 1

UCK2 uridine-cytidine kinase 2
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Table 8: Mitochondrial protein genes used in this analysis.

Gene Protein product

TK2 thymidine kinase 2

DGUOK deoxyguanosine kinase

NT5M 5',3"-nucleotidase, mitochondrial
AK2 adenylate kinase 2

NME4 nucleoside diphosphate kinase 4
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Statistics: For statistical robustness, we used the non-pdranmeeasure of Spearman
rank correlation to measure the strength of pagwétationships. Correlations that were
statistically significantly different between norhaad transformed tissues were obtained

using Fisher’s z transformation.

The full dataset and correlations are presentd@bles 9-11 in the Appendix.

[1l.4. Results

In a set of 25 genes, 300 gene-pairs are possibteeach of the 300 gene-pairs, we
calculated the non-parametric Spearman rank cdioelan both normal and transformed
tissues. In Figure 1 we give an example of thisetation for the mitochondrial protein
gene DGUOK and cytoplasmic protein gene GUK1. Imral tissues, the correlation of
the expression levels is 0.46, with the highly gigant p-value of 0.001 (Figure 5A).
Note that since we are using a hon-parametric ledioa, any outliers such as can be
seen in Figure 5A, have minimal effect on the datien value. In transformed cells

(Figure 5B), the correlation is -0.23 with an imgfgcant p-value of 0.26.
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Figure 5: Correlation between DGUOK and GUK1 in (A) normatlgB) transformed
tissuesThe Spearman correlation Rho in normal tissues4i8 @nd is highly significant
(p = 0.001), but is not significant in transformex$ues (Rho = -0.23, p = 0.26).
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Correlations in transformed tissues are not indepedent of the correlations in

normal tissues:We investigated the entire set of correlationtes for the presence of
any systematic trends. The results are shown iar€&i§. Each point is a pair of genes,
and their correlation in normal tissues and tramséal tissues is represented by the X
axis and Y axis respectively. The Spearman corogldtetween the correlations within
the two tissue categories is 0.52 (p €)@ hus, the correlations in transformed tissues
are not independent from the correlations in nottisalies. This reproducibility of the
general pattern in expression levels between thedata sets lends support for the
validity of our analysis of these correlations. Her, there is an important difference
between the correlations in the transformed tissoegpared to the normal tissues. For
176 of the 300 pairs, the correlation in normauess was higher than the corresponding
correlation in transformed tissues. Note that ihe in Figure 6 is the line of equal
values, not a fit to the data. The number of gexiesgpelow this line (176 of the pairs)
was statistically significantly different from 1%580% of 300) with a chi-square p-value
of 0.002. In Figure 6, the gene pairs are colorecbdased on whether their protein
products are cytoplasmic and mitochondrial. Howgevisually there appears to be no
difference in the patterns of the correlationstfar three different categories of gene

pairs.
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| ® Both genes code for mitochondrial proteins
Both genes code for cytoplasmic proteins

@ One gene codes for a cytoplasmic protein and
the other gene codes for a mitochondrial protein

0.8

Correlation in transformed tissues
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Correlation in normal tissues

Figure 6: Magnitudes of all 300 correlations in normal arahsformed tissues. Each
point is the magnitude of the Spearman correldtom pair of genes. The line of equal
values is shown. Red, both genes code for mitoat@rehzymes; green, both genes
code for cytoplasmic enzymes; and blue, one gedescfor a cytoplasmic enzyme and
the other gene codes for a mitochondrial enzyme.chhrelations in transformed tissues
are not independent of the correlations in noriisalies (Spearman correlation = 0.52, p
< 10%. The number of correlations below the equal véihe 176, is statistically
significantly (chi-square test, p = 0.002) gredlwen 150 (50% of 300) indicating a trend
of higher magnitudes of correlations in normaluess

60



Differences in normal and transformed tissue corredtions are not due to different
sample sizesOne possible confounding factor in this analysithat the number of
tissues in the transformed category was only 24¢iwis a smaller number than the 44
tissues in the normal category. To control for thifference, we investigated the
influence of the sample sizes on the number ofifsogimt correlations in this set of

genes. We hypothesized that even when the sanzgl®kihe normal category was
artificially made equal to that of the transfornwadegory, the number of significant
correlations in the truncated normal dataset weatildexceed the number observed in the
transformed category. The results are presentEdyure 7. These datasets for normal
tissues were truncated by choosing 20 tissues nalydout of 44) and removing the
expression values for all genes for those 20 t&slieis cut the number of normal tissues
to be equal to the number of transformed tisswsoving the potential for bias. This
procedure was repeated to generate 100 randomtsubslee normal dataset. The mean
number of significant correlations in the truncatiadasets was 43.5 with a standard error
of 0.9. The number of significant correlations one of the 100 truncated datasets was
lower than the number observed in the full setafisformed tissues, indicating an
empirical p-value of less than 0.01. We can corelihét the smaller number of
significant correlations in transformed tissues pared to normal tissues is not simply

due to the smaller sample size.
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Figure 7: Smaller number of correlations in transformeduiessis not simply due to
smaller sample size. We randomly chose 20 tissugseamoved all gene expression
values in order to truncate the number of tissngéke normal dataset to equal the
number in the transformed dataset. This procedaserepeated 100 times, and for each
truncated dataset the number of significant caticela was recorded. The mean of the
resulting distribution was 43.5 with a standaraeaf 0.9 in the truncated normal
datasets compared to the 26 correlations obsenvéie itransformed tissue dataset
containing the same number of tissues.
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Transformed tissues have more negative correlatiorthan normal tissues:Out of the
300 gene-pair correlations, 83 were negative imabtissues while 120 were negative in
transformed tissues. Note that these numbers iaddoth significant and non-significant
correlations. As the non-significant correlations by definition not statistically
significantly different from 0, there should be systematic trend in the sign of the
correlations. However, that was not the case aadiifference in the number of negative
correlations was statistically significant (Fistseone-tailed p-value = 0.0009).
Considering just the significant correlations, fout of the 26 correlations in
transformed tissues were negative, while threebtlte 66 correlations in normal tissues
were negative. This difference was not statistycailfjnificant, likely due to small scale

of the numbers of significant negative correlations

Cytoplasmic and mitochondrial genes are coordinatglexpressed in normal tissues
and this coordination is disrupted in transformed issues:Figure 8 shows the
significant correlations between genes for cytapiagproteins and mitochondrial
proteins in normal (A) and transformed (B) tissu&e. emphasize that all of these genes
are located in the nuclear genome, not the mitoghalngenome. The distinction is
between the subcellular localization of the germ&pcts, not the localization of the genes
themselves. For the purpose of focusing our arglys only plotted here the
correlations between cytoplasmic protein and mibochial protein genes and
disregarded those correlations where either batlege/ere for cytoplasmic proteins or
both genes were for mitochondrial proteins. In Fég8, red circles are mitochondrial

protein genes and blue circles are cytoplasmicepr@enes. Genes are further grouped
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and aligned by enzyme class, indicating the roldhefenzyme within the pathway. Solid
lines represent positive correlations between gaipeession levels and dashed lines
represent negative correlations. The bold linesggr width) are the correlations with

the absolute value of the magnitude greater than 0.
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A. NORMAL TISSUES

CYTOPLASM
Nucleotidase Nuclleosme Nucleoside rnonophosphate Nucleo&dfe diphosphate
kinase kinase kinase

NME1 A NME3

RRM2 . RRM1 RRM2B

Ribonucleotide

reductase
MITOCHONDRIA
B. TRANSFORMED TISSUES CYTOPLASM
Nucleotidase Nuzl:leoside Nucleoside monophosphate Nucleosid.e diphosphate
kinase kinase kinase

NT5C | NTSE NTSC1B, NT5C2 NT5C3 AK5 | CMPK1 DTYMK GUKT‘ UCK2  UCK1
n
: .
"y RRM2  RRM1

Ribonucleotide
reductase

MITOCHONDRIA

Figure 8: Statistically significant (p < 0.05) correlatiobstween cytoplasmic and
mitochondrial protein genes in normal and transggrissues. A, normal tissues; B,
transformed tissues; Blue, cytoplasmic protein geRed, mitochondrial protein genes;
Solid lines, positive correlations; dashed linesyative correlations. Lines with greater
width represent absolute values of correlation ritadas (Spearman Rho) of more than
0.5. Cytoplasmic and mitochondrial genes are coatdiy expressed in normal tissues
and this coordination is disrupted in transformssdues. The complete list of correlations
is presented in Table 11 in the Appendix.
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As seen in Figure 8A, normal tissues have a laugeler of significant correlations
linking the tissue expression of cytoplasmic antbotiondrial protein genes. Moreover,
all but one of the correlations is positive. Mitoddlrial protein genes of the different
enzyme classes are correlated to the cytoplasrmteiprgenes not only of the
corresponding enzyme classes, but also to the lagimyic protein genes of other enzyme
classes. Clearly, in normal tissues, the expressiagtoplasmic and mitochondrial
proteins of this metabolism is coordinately up-aodvn regulated. However, this
coordination is disrupted in transformed tissuegufe 8B). The number of correlations
is much smaller in transformed tissues. As showigire 7, this reduction is not simply
due to the smaller sample size of the transforna¢eigory. The frequency of negative
correlations is also higher in the transformedugss The correlations between the
corresponding cytoplasmic and mitochondrial protggnes of the same enzyme classes,
S0 numerous in normal tissues, are lost in thestommed tissues except within the
nucleoside diphosphate kinase group, the final istéipe salvage pathway to form
nucleoside triphosphates needed to replicate DNWs iB interesting because of the
evidence that puts the localization of mitochondd&E4 protein to the mitochondrial
intermembrane space [11]. The mitochondrial intenimene space is considered to be in
equilibrium with the cytoplasm for the small molésithat are the substrates of these
enzymes, making the designation of this space sxhundrial or cytoplasmic somewhat
ambiguous. Mitochondrial AK2 also has been repottedcalize to the intermembrane
space [10]. As seen in Figure 7B, AK2 is positivetyrelated with cytoplasmic protein
genes in the transformed tissues. Thus, genesgalimucleotide metabolism enzymes

located in the mitochondrial intermembrane spaees&pressed coordinately with the
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genes encoding enzymes of cytoplasmic nucleotidaboésm in transformed tissues.
On the other hand, DGUOK and TK2, which are nucteokinases localized to the
mitochondrial matrix, are exclusively negativelyradated with cytoplasmic protein
genes. Additionally, the positive correlations offW, a mitochondrial nucleotidase that
dephosphorylates nucleoside monophosphates toasindss, support the conclusion that
the equilibrium of the metabolism in the mitochaatimatrix is shifted towards
deoxyribonucleosides rather than phosphorylatedyddmnucleotides. Together, the
correlation structure in transformed tissues ingigahat mitochondrial intermembrane
space metabolism is coordinately regulated withcifieplasmic metabolism while the

matrix metabolism is negatively regulated.

Genes of cytoplasmic nucleotide metabolism have lhigr expression in transformed
tissues:From Figure 8B, we observed that the expressionitafchondrial protein genes
is generally negatively correlated with the expi@s®sf the cytoplasmic protein genes.
But in which subcellular compartment is expressmgmificantly changed? To answer
that question, we tested for statistically sigmifit differences between gene expression
in normal tissues compared to the expression imstoamed tissues, using the non-
parametric Wilcoxon-Mann-Whitney test. The resals shown in Figure 9. Six of our
25 genes had significantly different (p < 0.05) regsion levels between normal and
transformed tissues. Out of these six genes, fieda cytoplasmic proteins. The only
mitochondrial protein gene in this group, NME4, esdor the nucleoside diphosphate
kinase that has been reported to be localizedetonitochondrial intermembrane space

[11]. As mentioned above, the mitochondrial intenmbeane space is generally

67



considered to be in equilibrium with the cytoplamsmall molecules. As seen in
Figure 9, genes encoding several critical and kigkdulated members of cytoplasmic
nucleotide metabolism such as RRM2, TK1, and NMB&Jlehhigher expression in
transformed tissues. In fact, all of the genes wheogression was significantly different
between the two tissue categories had higher esipres the transformed category.
Thus, Figure 9 indicates, not surprisingly, thabpjasmic nucleotide metabolism is
upregulated in transformed tissues. None of thegending for mitochondrial matrix
proteins are significantly different in their expseon in normal and transformed tissues.
Thus, unlike the cytoplasmic metabolism, the mitoadrial metabolism is not
upregulated in transformed tissues. The negatineletions between the two
metabolisms seen in Figure 8B additionally indidhtg higher expression of the
cytoplasmic protein genes is associated with leex@ression of the mitochondrial
protein genes in the transformed tissues. In Fiuiee also observe that there is a
noticeable overlap between the distributions ofreggion in normal and transformed
tissues. However, in general transformed tissuetagofewer values of zero expression
compared to normal tissues indicating that thecdwitom no expression in normal
tissues to detectable expression in transformedéssis an important driver of the
statistically significant differences in expressitirshould be mentioned that a
statistically significant difference in expressioes not necessarily equate to
biologically significant difference. We also noteetoverlap between the distributions of
expression values in normal and transformed tisshewn in Figure 9. Although we
have used box-plots to capture the data, notesthaistical significance was assessed

using a non-parametric test.
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Figure 9: Genes with statistically significantly differentpgression between normal and
transformed tissues based on Wilcoxon-Mann-Whitesy. The expression of all genes
is higher (p < 0.05) in transformed tissues ancepk8lME4, all genes code for
cytoplasmic enzymes. A. NME4, p-value = 0.03. BNRR p-value = 0.03. C. TK1, p-
value = 0.0007. D. GUK1 = 0.01. E. UCK2, p-valu.81. F. NME1, p-value = 0.03.
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DGUOK expression is important for transformed tisstes: Which correlations
distinguish normal tissues from transformed tis8u&® answered this question by using
the Fisher r to z transform to find the correlasidhat are statistically significantly
different between normal and transformed tissubs.r€sults are shown in Figure 10.
Again, only the correlations connecting mitochoablgenes with cytoplasmic genes are
evaluated. All three correlations with significatanges (p < 0.05) switched from being
positive in normal tissues to being negative ingfarmed tissues. More importantly, all
three correlations involved a single gene for aafibndrial protein, DGUOK. This
suggests that the control on the expression of D&lEative to the expression of other
genes could be an important characteristic of feaimeed tissues. DGUOK is a
mitochondrial matrix nucleoside kinase acting ooxdguanosine and deoxyadenosine.
Thus, due to its influence on dGTP and dATP symshése expression of DGUOK is

important for mtDNA maintenance.
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Figure 10: Correlations that are statistically significantijferent (p < 0.05) between
normal and transformed tissues. Only correlati@rmnecting cytoplasmic and
mitochondrial protein genes are shown. All cortielad changed from positive in normal
tissues to negative in transformed tissues antbalélations involved mitochondrial
DGUOK.
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[11.5. Discussion

MRNA levels do not necessarily predict protein Isand protein levels are also
controlled by translation rates and degradatioestad more subtle point is that the
strongest or the most significant correlationsrof guantities may not necessarily be the
most biologically significant. Even considering#e warnings, the pattern in the
expression levels of this set of genes is condisted is indicative of a strong
relationship between the parallel mitochondrial ayiplasmic metabolic pathways for
dNTPs. Furthermore, it is clear that this stroslgtionship is disrupted in transformed

cells.

Evidence from mammalian cell-culture models [53,St%ports the paradigm that
mitochondrial DNA molecules replicate randomly tiigbout the cell-cycle and continue
replicating in postmitotic cells which do not regalte nDNA. To investigate the
relationship between nucleoside salvage in theptgson and mitochondria, we analyzed
tissue expression profiles of genes involved irs¢hisvo processes. The results give a
consistent picture of a significant and positiviking between the parallel mitochondrial
and cytoplasmic nucleoside salvage pathways thedrgee some of the substrate dNTPs
for DNA replication. We observed that unlike theaged lack of coordination of

mMtDNA and nDNA replication, the expression profitdggenes encoding proteins that
produce dNTPs were coordinated. Our observatiogestg that ANTP production in the
mitochondria increases correspondingly with incregaeNTP production in the
cytoplasm and is consistent with the reports ofkglgbonucleotide transport between the

cytoplasm and mitochondria. In further support,abetic defects in cytoplasmic
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nucleotide metabolism that manifest as reduceditiydaf replication of the
mitochondrial genome are well-acknowledged [74}tiPalarly, altered ribonucleotide
reductase activity as a cause of DNA depletiomérhitochondria [25] is also well-
established. Ribonucleotide reductase, and morergiythe

cytoplasmic pathway ale novo nucleotide metabolism generate the majority of BSIT

in the cytoplasm and also contribute to mitochaddiNTP pools.

Figure 8A leads to the clear conclusion that the parallel deoxyribonucleotide
metabolisms collaborate to produce dNTPs in notissilies. However, in transformed
tissues (Figures 6 and 8B), we observed that @iioek in the genes of cytoplasmic and
mitochondrial nucleoside salvage were weakenedtiegcorrelations were more
frequent, and the total number of significant clattens was far smaller. Taken together,
our results show that, at the gene expression,lthekcoordination between cytoplasmic
and mitochondrial salvage genes is disrupted imstcamed tissues. Dissecting the
correlation patterns reveals two interesting insghirst, all correlations involving the
mitochondrial nucleoside kinase genes TK2 and DGUiOtansformed tissues were
negative. TK2 and DGUOK catalyze the first stepotleoside salvage in the
mitochondrial matrix. It follows that in transforighéissues, when dNTP production in the
cytoplasm is high, dNTP production in the mitochaldnatrix through the salvage
pathway would be suppressed. The positive coraglatof the mitochondrial
nucleotidase NT5M with cytoplasmic genes would atslicate that the mitochondrial
metabolism is shifted towards deoxyribonucleositleshis case, mitochondria would act

as sources of deoxyribonucleosides via exportaaitioplasm through equilibrative
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nucleoside transport. The second insight relatéise@ositive correlations shared by
AK2 and NME4 with cytoplasmic genes. As noted eaflAK2 and NME4 both localize
to the intermembrane space, which is considerée o equilibrium with the cytoplasm.
This implies that the activities of AK2 and NMEZ4anore closely aligned to the
enzymes of cytoplasmic nucleotide metabolism indfarmed tissues. It seems that
unlike the other mitochondrial enzymes, NME4 and2Ad€e probably utilized to support

deoxyribonucleotide metabolism in the cytoplasrtramsformed tissues.

An interesting transcriptional correspondence betwtbe two metabolisms was
observed in serum-starved resting HelLa cells [#gne the cellular response to an
siRNA-induced decrease in the mitochondrial nuctenkinase DGUOK mRNA was an
increase in the expression of the cytoplasmic deytidine kinase DCK. In our analysis,
we discovered three correlations involving DGUOHKttlvere statistically significantly
different between normal and transformed tissuemelver, each of the three
correlations switched from being positive in norrisdues to being negative in
transformed tissues. DGUOK is important for themtenance of mtDNA. Mutations in
DGUOK are associated with mtDNA depletion [76] elrg@stingly, it has been shown that
lack of mitochondrial DNA (rh®) can lead to chromosomal instability in the nuclea
genome [77]. We hypothesize that control of DGUGddression is important in
transformed cells and would recommend experimesatiadation of this hypothesis. One
possible approach in this regard would be to #tterexpression of DGUOK in
transformed tissues or cells and investigate whetia¢ affects the transformed state or

transformation potential of transformed tissuesedis.
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The Warburg Effect connects energy production,yafierction of mitochondria, and
cancer [69]. Most cancer cells generate cellulaPARrough glycolysis even when
oxygen is available [78, 79]. Mitochondria do netassarily shut down in such cells. In
fact, certain mitochondrial functions are esseritietumor cell proliferation [52]. We
might speculate that by controlling the expressiba small set of nuclear genes
encoding proteins of mitochondrial nucleotide metin, cancer cells would be able to
control mtDNA replication and thus selectively aahimitochondrial oxidative

phosphorylation.

Our analysis discovered a large number of stagibyisignificant and biological
plausible correlations showing that genes of csyplic and mitochondrial nucleotide
metabolism are coordinately expressed in normsiiéis. In transformed tissues, this
relationship is disrupted. It would be valuable &aresearch group to test either the
strongest or the most significant correlations emalelations involving critical genes
such as ribonucleotide reductase and deoxyguankisiase. It would be particularly
illuminating to investigate the same correlatioinstfin a set of normal tissues or cells

and then upon induction of transformation of thisgues or cells.
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CHAPTER IV

ENZYME KINETICS OF THE MITOCHONDRIAL DEOXYRIBONUCLE OSIDE
SALVAGE PATHWAY ARE NOT SUFFICIENT TO SUPPORT RAPID mtDNA
REPLICATION

IV.1. Introduction

A considerable amount of data on the mitochondigalxyribonucleoside salvage
pathway has accumulated over time. Most of thia dats gathered from investigating
discrete components of this pathway. There is d fmestudying this collection of data

in its entirety. This chapter presents a computationodel for fulfilling this need. The
mitochondrial salvage pathway is complex, and &esys analysis of this pathway as a
whole is an important companion to the study ofitlavidual enzyme kinetics. Our
comprehensive computational model allowed us testigate the dynamics and origins
of mitochondrial dNTPs. Our modeling is based opegimentally measured kinetics and
model results enable us to quantitatively trackawcentrations as well as the balance of
the various deoxynucleosides and deoxynucleotidestone within an individual

mitochondrion.

The content of this chapter has been reproducddreiisions from a published paper on

which | was first author [7].

IV.2. Overview
Using a computational model, we simulated mitochm@ahdeoxynucleotide metabolism
and mitochondrial DNA replication. Our results icatie that the output from the
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mitochondrial salvage enzymes alone is inadequasapport a mitochondrial DNA
replication duration of as long as 10 hours. Wd fimat an external source of
deoxyribonucleoside diphosphates or triphosphéatesjdition to those supplied by
mitochondrial salvage, is essential for the repilicaof mitochondrial DNA to complete

in the experimentally observed duration of appratety 1 to 2 hours [80]. For meeting
a replication target of 2 hours, we found that atrtavo-thirds of the dNTP requirements
had to be externally supplied as either deoxyriloteuside di- or triphosphates, at about
equal rates for all four dNTPs. Added monophosphdig not suffice. However, for a
replication target of 10 hours, mitochondrial sglvavas able to provide for most, but not
all, of the total substrate requirements. Stildisdnal dGTPs and dATPs had to be
supplied. Our analysis of the enzyme kinetics edsealed that the majority of enzymes
of this pathway prefer substrates that are notyssecs (canonical deoxyribonucleosides
and deoxyribonucleotides) for mitochondrial DNA Ireg@tion, such as phosphorylated
ribonucleotides, instead of the corresponding debgpucleotides. The kinetic constants
for reactions between mitochondrial salvage enzyanelsdeoxyribonucleotide substrates
are physiologically unreasonable for achievingoggfit catalysis with the expected

situ concentrations of deoxyribonucleotides.

IV.3. Methods

As far as possible, we restricted our analysisata fom human enzymes. Exceptions
are noted below. We assumed Michaelis-Menten kigdtir all enzymes except TK2
which has negatively cooperative kinetics with Hilefficient less than 1 with

deoxythymidine [6].
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Keat / Km: K Values were obtained from the literature [6,B898] or the BRENDA
database [91]. For most enzymes, we could onlydisthgle report of kinetic
parameters. For the nucleoside kinases DGUOK ari] W did find multiple reports of
kinetic parameters. In these cases, we selectegfir@nce providing the most
comprehensive information. To computg; kalues, we first obtained reportegy

values [6, 8, 81, 83-85, 87-90] and molecular weig8, 82, 91, 92] of the various
enzymes from the literature or the BRENDA databdd4be enzyme was reported to be a
multimer, we added the molecular weights of theusits to calculate the molecular
weight of the holoenzyme. The quantityk K, (M™ s*) was calculated from the

reported values of Wax/ Km (With units of pmol miit mg* uM™) using the following

conversion,

Keat  V max 10°

—_— = ENZYME ) | | et it ie e i e e e e e e aes e e s ae e e ae s aenas s E . 2
Ko~ K O )( GOJ q

where WzymeiS the enzyme molecular weight. Reported value&fg Vimax and the

calculated k,/ Ky, values are provided in Table 12 in the Appendix.

Substrate concentrations:Values for the concentrations of the deoxyribonosiide,
deoxyribonucleotide, ribonucleoside, and ribonutiteosubstrates were used to calculate
‘(substrate) Concentration / (substrate) Katios. These values were used for a
comparison of activities of the enzyme with differsubstrates and are not meant to be
precise. Instead, rough order-of-magnitude comagan values were used to compare

values for this ratio, which often varies by seVerders of magnitude within a single
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enzyme for different substrates. Literature repsuiggest that mitochondrial ANTP pools
are higher in actively cycling cells compared téeguent cells [27, 32, 57, 93]. We
assumed a 10-fold lower concentration of deoxynilabeotides in quiescent cells, and
chose 10 uM and 1 uM as reasonable representativea¢es of mitochondrial ANTP
concentrations in cycling and quiescent cells reypely. The basis of these estimates
are the concentrations calculated from publishédgegan HelLa cells [33] and quiescent
fibroblasts [58] respectively. We used a value .820ml/g mitochondrial protein [61] to
calculate concentrations from the measured poetsizHela cells, and we used the
value of 92.3um* for mitochondrial volume per cell [60] to obtalmetconcentrations
from the measured pool size in quiescent fibrobldsbr simplicity, we assumed
ribonucleotides and deoxyribonucleotides to be Bguaancentrated in the three
phosphorylation states (mono, di, or tri-phospheted). Again for simplicity we
assumed all four nucleotides (dAXP, dCXP, dGXP, BTahere X = phosphorylation
state) to have equal concentrations. Nucleosideardrmations were assumed to be
equilibrated between plasma, cytoplasm, and mitodha and set at a constant Q8
using a reported value for plasma concentratioi [S#wer nucleoside concentrations
have also recently been reported [95, 96]. We lkapé the higher value in our analysis
since this is the most conservative choice. Lawmleoside concentration values would
make the problems that we point out in this analgsien more severe. Ribonucleotide
concentrations were assumed to be constant arad 80 1M, that is, one order of
magnitude higher in cycling cells and two ordersnaignitude higher in quiescent cells
compared to deoxyribonucleotide concentrationss Tha fairly conservative (i.e. low)

choice for the ribonucleotide concentrations. Rbeospecial cases of substrates (such as
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dUMP, dl, or IMP) concentrations data are not rigaalrailable so we again assumed low
concentration values for these substrates. The lepeniist of assumed concentrations is

provided in Table 13 in the Appendix.

Inhibitions: In the case that we could not fing Walues of for enzyme inhibitors, we
assumed competitive inhibition so that thefd€ the inhibitor was set to be equal to the
K, for that chemical as a substrate. Inhibition kigetata [6, 8, 81, 85, 88, 90, 97] are

provided in Table 14 in the Appendix.

Computational simulations: Our group has previously published a computatiomadel
of mitochondrial deoxyribonucleotide metabolism][93arameter values for the model
were based, whenever available, on published axpetal values [6, 8, 9, 76, 81-86, 88-
93, 97-102]. As part of the present work, we updaibe model to reflect the findings
since the original model was defined. We referrdaglers to the previous publication for
a complete explanation of the basic framework efrtiodel [93]. Briefly, enzymatic
reactions were modeled with Michaelis-Menten equnstilexcept TK2, which is
modeled by the Hill equation) and rates of charfgeetabolites were modeled using
ordinary differential equations. The updates torttoglel include adding (e.g. CMPK2)
and removing (e.g. SLC25A19 or DNC) pathway compismiand updated kinetics (e.qg.
inhibition terms and kinetic constants). The moaa$ written inMathematica 7. The
model files and model constants are available ppating information S1-S3 in the

Appendix.
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Deoxynucleoside transport was modeled through € Erotein as equilibrative
between the cytoplasm and mitochondria. Thus, gteate of deoxynucleoside transport

was defined using the Michaelis-Menten equatiofobsws:

V max,j[dN]cyto,j _ \Y maXvi[ dN] mito j
Km, | (14' Zi [KQ]j +[dN]oyo, ;i Km,j (14_ zi[Ci j +[dN]mito,

Vent, | =

Ki,i
where j represents the four deoxynucleoside spédiesdC, dG, dT) and i represents

inhibitors. Vinax and K, were taken to be the same for both directionsaofsport.

The various enzymatic reactions (i.e., phosphdosatand dephosphorylations) were

modeled using the Michaelis-Menten equation. Tthesyeaction velocity was

V= V“‘a*{g] .................................................................... Eq. 4
Km(1+ Ziwj+[81

where S stands for substrate and [C] stand focdhneentration of any competitive
inhibitors. For the reaction of dT with TK2, theoate equation was modified by raising

the K, and [S] terms to the power 0.5 to represent thiecbiefficient.

The model of the mtDNA polymerization process wgsl@ned in the previous
publication [93]. It models polymerization usin@dtions of the four deoxynucleotides in
the mtDNA sequence, setting the prevalence of bask in the mtDNA light and heavy

strands separately to match the prevalence inGR&reference sequence [103]. We
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have modeled mtDNA replication as asynchronous [8}g the locations of the origins

of replication of the light strand and the heawvgistl.

Differential equations for the concentrations @ tlarious metabolites were defined by
adding and subtracting the relevant reaction vilamuations. For example, for ANMPs
(deoxyribonucleoside monophosphates), the followdifigrential equation models the
rate of change of a particular dANMP:

d[dNMP}]

pm = NKj = NTj + NMPKrev, j = NMPKwd, j «ovvvniiiiiiiiii e Eq. 5

where NK represents the nucleoside kinase readtidmepresents the nucleotidase
reaction, NMPK represents the forward and reverseaphosphate kinase reactions. The
kinetic constants and inhibition parameter valuesazailable in Tables 12-14 in the

Appendix.

We used this updated model to test the hypothleatsatsource of deoxyribonucleotides
in addition to intra-mitochondrial salvage is esgdrior completing mtDNA replication
in cycling cells in the experimentally observeddiof 1-2 hours [80]. To be
conservative, we set the ‘target’ replication titmdoe 2 hours (requiring an average
replication rate = 33136 (nucleotides) / 120 (m&s)it= ~276 nucleotides / minute). We
ran simulations with a replication time of 120 ntiesi(2 hours), with all dynamics
including mtDNA replication starting immediatelytae beginning of the simulation. We
also tested a target replication time of 10 hoteguiring an average replication rate =

33136 (nucleotides) / 600 (minutes) = ~55 nuclexgtiiminute), reasoning that in
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qguiescent cells the time constraints for completm®NA replication may be more

relaxed.

Transport of deoxynucleotides from the cytoplasrtheomitochondrial matrix was
modeled in a simple manner, by setting a constanttyction term of either
deoxynucleosides, dNMPs, dNDPs (deoxyribonucleadigieosphates), or dNTPs.
Transport was modeled as occurring at only one giiarylation level at a time, in order
to assess the effectiveness of transport at egeh Ehe essence of our simulation
experiments was to test whether mtDNA replicati@s wompleted in the target time
under varying levels of added molecules, includingaddition, of various (A, C, G, T)
deoxynucleosides and deoxynucleotides. We notdrthatnciple the additional source

of deoxynucleotides in this model does not necdgdave to be import from the
cytoplasm but could also be from other unknowraimitochondrial sources. However,
considering the evidence that nucleotide transpaes occur between the cytoplasm and
mitochondria [17, 18], we assume that the additisnarce we have modeled
corresponds to import from the cytoplasm. We testattiple ‘transport profiles’. A
transport profile is composed of simply the rat¢hef transported deoxynucleosides and
deoxynucleotides. For each transport profile, welf@0 simulations each beginning with
a different, randomly selected (with uniform prolig) set of initial mitochondrial
concentrations of each deoxynucleoside and deogotide. As an initial test of the

level of exogenous precursor transport needed eivecgial rates of import for all four

(A, C, G, T) nucleosides (or nucleotides) at aipalkar phosphorylation level and then let

the rate of import vary from 0 to 1200 molecules péute, in increments of 100. Thus,
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for example, for testing whether transport of dewgteosides alone suffices, we ran 13
sets of 100 simulations. In each of those 13 get®xynucleosides alone were imported
at equal rates for each of the four nucleosidesyarements of 100 starting from 0 and
up to 1200. Such simulation sets of 13 differerpon levels were conducted similarly

for each phosphorylation level of the four deoxyeaside species.

The initial conditions of the simulations were sstdomly with a uniform distribution
over a set range. The allowed range (minimum arndman) of initial deoxynucleoside
concentrations was 0.05 pM to 5 uM and the rangeitidl deoxynucleotide
concentrations was 0.1 pM to 10 pM. We set the eatnations of ribonucleosides,
ribonucleotides, and non-canonical deoxynucleositheisdeoxynucleotides to be
proportional to the randomly selected dN and dNXRcentrations (see Table 13 in the
Appendix for details) and held these concentrat{srisch only acted as inhibitors)
constant throughout the time course of the simutatiThe simulations were repeated

100 times with varying initial conditions.

We extended the transport analysis further by abtgithe minimum number of
molecules of each transported dNTP required forM#&Deplication to be completed in
2 hours (representing cycling cells) or 10 houepi(esenting quiescent cells). For the
simulations to determine the minimum transport igef we tested whether the
replication rate exceeded 55 (‘quiescent cellggdiinitial concentrations: dNs = 0.5
micromolar and dNXPs = 1 micromolar) or 276 (‘cpdicells’, fixed initial

concentrations: dNs = 0.5 micromolar and dNXPs smi€romolar) nucleotides per

84



minute. We started at equal import of all four dNTR a rate such that replication would
be completed in slightly less than the target tithbours or 10 hours). Next, we
decreased the import of one dNTP at a time to chdxkher the target replication rate
was observed. We continued this relaxation prooatswe obtained the minimum
transport for each individual deoxyribonucleotigeces necessary to support the target

replication rate.

IV.4. Results

The ket / Ky ratio: In Michaelis-Menten kinetics,cl and K, are the basic parameters
of an enzyme-substrate reaction pair. The pararkgiés the number of substrate
molecules catalyzed per enzyme molecule per uné,tand Ik, is the substrate
concentration at which the reaction proceeds dtrhakimal velocity. High kyand low
Km values imply a fast and efficient reaction, anastha high k:/ Kn, ratio indicate that
this substrate is catalytically preferred by theyene. We searched the literature [6, 8,
81-90] and databases [91] and gathered the avaitktth on the reaction kinetics of
enzymes of mitochondrial nucleotide salvage. Fidur& shows a plot of &/ Km,
values. Each group of bars is for one enzyme, atidnneach group the bars are
arranged from lowest to highest so that the bdsitsates lie to the right on each plot.
For clarity, the substrates that are DNA precurgarssumed to be the ‘proper’
substrates of these enzymes) are in green, an®Nénprecursor substrates are in red.

The kat/ K values cover a very wide range and so are ploitea logarithmic scale.
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Figure 11: Kot/ Km values of mitochondrial enzymes. (Al# K, values of
mitochondrial salvage enzymes. Each group of Isaferione enzyme, and within each
such group the bars are arranged from lowest toelsigso that the best substrates lie to
the right on each plot. Substrates that are DNAymsors are in green, and non-DNA
precursor substrates are in red. 2’-UMP and 3’-U#ler to uridine 2" monophosphate
and uridine 3' monophosphate. (B)# K, values of the mitochondrial DNA
polymerase POLG, justifying the use @fkK, as a measure of substrate preference.
Reproduced from Gandhi and Samuels (2011) [7].
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Figure 11A shows that each of these enzymes hasisamt reactions with non-DNA
precursors. More importantly, except for TK2, nafi¢the mitochondrial enzymes have
DNA precursors as their preferred substrates, &s §em the fact that the substrates
which lie to the right in each group of bars are4BiNA precursors. Prior work [104] has
estimated the theoretical maximum @f:k K, for an enzyme-substrate pair. This
maximum is constrained by the diffusion limit, amds estimated to be ~4per M per
second [104]. Compared to the diffusion limit, Kag/ K, values for reactions of the
mitochondrial salvage pathway with DNA precursaes @ders of magnitude lower
(range = 888 to 5.63 x 1@er M per second). In summary, in both absoluteratative
terms these enzymes of the mitochondrial salvatierag (with the possible exception
of TK2) do not appear to be optimized for discriating mtDNA precursor substrates

from chemically related non-precursor substrates.

To put the k;:/ Ky results in Figure 11A in perspective, Figure 18R plot of ky/ Kn,
for the various substrates of the mitochondrial DpbAymerase gamma (POLG). In
contrast to the enzymes of mitochondrial nucleotd#abolism, Figure 11B shows that,
as expected, DNA precursors are preferably disoated by POLG. This is true both
absolutely and relatively. Thek/ Kn, values for the dNTP substrates approach the
diffusion limit of ~1 per M per s, and the values for dNTP substraesnany orders

of magnitude larger than the.K K, values of the ribonucleotide substrates. GTP and
UTP kinetics data are not shown because the POh&iks with these potential

substrates have not been measured.
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The effects of substrate concentrationWhile the ratio ki / K captures the efficiency
of a reaction between an enzyme and a substralees not take into account the
expected physiological concentration of the substrahich may vary by several orders
of magnitude between ribonucleotide and deoxyrilotentide substrates. The ratio of
‘(substrate) Concentration / (substrate) Krovides information that is complementary
to that revealed in the previous section by thie tat:/ K. When the substrate
concentration is much smaller compared to thetde enzyme is sensitive to substrate
concentration and can thus operate at a rangeaditres. However, the velocities in this
range would be smaller than the maximum possiliecitg. Depending on the relation
between maximum possible velocity and the requiagel of enzymatic output, substrate
concentrations smaller than,Kan be a detriment. This is the case for the rndodrial
salvage enzymes because mtDNA replication hagisfysaertain time constraints. We
searched the literature [6, 8, 81-90] and databj&dg¢dgor K, values of the

mitochondrial salvage enzymes for various substratel their expectad situ
concentrations. Figures 12A and 13A show plotsaic@ntration / kg values for all of
the enzyme-substrate pairs for which we could flath. As before, each group of bars is
for one enzyme, and within each such group the @ arranged from lowest to highest
value of the ratio. Preferred substrates wouldXpeeted to have higher concentrations
relative to the reaction )and thus would fall to the right in each enzymab<Srates that

are DNA precursors are plotted in green, and nomk[Pkecursor substrates are in red.
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Figure 12 Concentration / i values in ‘cycling cells’ for mitochondrial enzysie
Concentration / i values at higher mitochondrial concentrationsdlinyg cells’) of the
deoxyribonucleotide substrates (10 uM). (A) Valt@smitochondrial salvage enzymes.
All reactions involving DNA precursor substratev@&&oncentration / Kvalues less
than 1, suggesting that none of these reactionsdvimmiexpected to be running at even
half-maximal velocity. (B) Values for POLG and SL&¥19, justifying the principle of
using the ratio Concentration ks a measure of substrate preference. The
Concentration / K ratio for dNTP substrates for POLG is about areoad magnitude
larger than the ratios for reactions with rNTPse Tdoncentration / )Kratios of DNA

precursor substrates of SLC25A19 are low. Repratiroen Gandhi and Samuels
(2011) [7].
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Figure 12A shows Concentration i Kalues at higher mitochondrial concentrations
(‘cycling cells’) of the deoxyribonucleotide sulatis (10 uM). The Concentration 4K
values for DNA precursor substrates range fromDt0@®.19. Thus, none of the
reactions involving DNA precursor metabolism in theochondria would be running at
maximal reaction velocity. In fact, since all reans involving DNA precursor substrates
have Concentration /Kvalues less than 1, none of these reactions warikkpected to
be running at even half-maximal velocity. It is apgnt that these enzymes of
mitochondrial nucleotide metabolism have significaffinities for non-DNA precursors.
In many cases, the enzymes have higher affinitieadn-DNA precursors than for the
DNA precursors. In the case of the nucleoside kiad¥<2 and DGUOK, although they
have higher affinities for DNA-precursors, theraikess than 10-fold difference from
their preference of non-DNA precursors. For sonaetiens, the expected substrate
concentrations are orders of magnitude lower tharreaction k values (range: 0.001 to
0.19). The same trends exist in the values of Qanaton / K, assuming lower
mitochondrial concentrations of substrates (Fidl8&). Moreover, comparing Figure
13A (low deoxyribonucleotide concentrations) toufg12A (high deoxyribonucleotide
concentrations), the disparity between DNA preawsmd other substrates is more
striking with an order of magnitude decrease inGloacentration / i ratio of the DNA
precursor substrates (range: 0.0007 to 0.19).Wassexpected as we assumed
mitochondrial ribonucleotide concentrations to bastant and independent of high or

low mitochondrial deoxyribonucleotide concentration
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Figure 13: Concentration / K values in ‘quiescent cells’ for mitochondrial enms.
Concentration / K values at lower mitochondrial concentrations (&gagient cells’) of the

deoxyribonucleotide substrates (1 pM) for (A) mitondrial salvage enzymes and (B)
POLG and SLC25A19. Reproduced from Gandhi and Skenfgel11) [7].
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To place these enzyme kinetics values in contegdrés 12B and 13B show positive and
negative examples justifying the principle of usthg ratio Concentration /Kas a
measure of substrate preference. The Concentriakgmatio for ANTP substrates for
POLG is about an order of magnitude larger tharrdties for reactions with
ribonucleoside triphosphates (rNTPs) (Figure 128% noteworthy that POLG is the
only enzyme of the mitochondrial ‘salvage’ (DNA lieption) pathway whose DNA
precursor substrates have expected concentratiahare larger than the enzymg K
values. For our negative example, we considered2SRT9 (formerly named the
deoxynucleotide carrier (DNC), now identified as thiamine pyrophosphate carrier)
[65] to be a suitable choice. In contrast to POtl@&, Concentration / Kratios of DNA
precursor substrates of SLC25A19 are low both enaibsolute and the relative sense.
Dolce et al [82] published data on thg Bnd K values of substrates (we usedsK a
proxy for K, if K, was not reported) that were tested for transpothb SLC25A19
protein, and it is seen in Figures 12B and 13B E4A precursor substrates (green bars)
are not the preferred substrates of this enzymentaally, it was discovered that the
function of SLC25A19 had been misinterpreted [68]1When we compare the
concentration / K plots of the mitochondrial nucleotide metaboligfigres 12A and
13A) to those of POLG and SLC25A19 (Figures 12B &8H) we observe that the
Concentration / i values of DNA precursors with the enzymes of ntitordrial
nucleotide metabolism are at the same level a€tmeentration / i values of the DNA
precursors with SLC25A19, even though these DNAymsors are not the physiological

substrates of SLC25A19. We note that SLC25A19 nedisised a negative example in
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Figure 11B because the enzyme kinetics valugg (kere not available for the relevant

deoxyribonucleotide or ribonucleotide substrates.

As a side observation, we are intrigued by the tlaat at lower dNTP concentrations the
Concentration / i values for NTPs are essentially equal to thoselforPs for
polymerization by POLG (Figure 13B). This obsergatireveals that discrimination by
POLG in this case is perhaps almost completely mi#get on the corresponding reaction
Vmax AS the Vhax (Or kea) Of INTPs with POLG are much lower than thosedWNiTPs, it

is possible that in quiescent cells POLG faces nraegference by ribonucleotides, thus
obstructing the polymerization of deoxyribonucldes into the DNA molecule being
synthesized and at the same time promoting thepocation of ribonucleoside
triphosphates in the DNA strand. This is consistetit the reported incorporation of

ribonucleotides in replicating mtDNA [106].

Substrate flow through the salvage pathwayAs an initial analysis of the function of
the salvage pathway, we used the Michaelis-Menjeaten to calculate reaction rates
under assumed substrate concentrations. We igtioeesffect of inhibitions. This

implies that the reaction rates we calculated (remol substrate molecules catalyzed per
enzyme molecule per minute) were the upper-bourdeofates at the estimated
concentrations, because inhibitions would act teelothese rates. We call such reaction
rates ‘effective velocities’. As we assumed dedxgniucleoside concentrations to be
constant at 0.5 pM and deoxyribonucleotide conediptis to be either 10 uM (high,

‘cycling cells’) or 1 uM (low, ‘quiescent cells\ye obtained two sets of effective
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velocities for the enzymes of mitochondrial nud@etmetabolism — one approximating

the behavior in cycling cells, and one approxinmtime behavior in quiescent cells.

Figure 14A is a plot of the effective velocitiesrafcleoside kinases versus NT5M.
Remember from Figure 1A that NT5M is the nucled&lthat reverses the action of the
nucleoside kinases, so the amount of materialrfedthe salvage pathway depends in
part on the balance between these two groups gfeew The substrate dACMP is absent
for Figure 14A because no reaction was observeddsst NTSM and dCMP [88]. Note
that the nucleoside concentrations were assumied ¢onstant, so the high and low
concentration rates are only given for NT5M. Beeaofinhibitions and competing
reactions, the deoxyribonucleoside output from NT&wbUuld be much lower than
represented here, but it is still instructive tonpare objectively the disparity between the
forward and reverse reactions at the first phogpabon level. It is clear that the
theoretical maximum velocities (at the assumed eotnations) of NT5M reverse
reactions are many-fold higher than the maximuroaiges from nucleoside kinases.
While the situation is poor for the dG and dT stdiss, it is extremely poor for the dA
substrate where the reverse reaction has wellaverder of magnitude advantage over
the forward reaction. Furthermore, NT5M may notheonly nucleotidase in the

mitochondria, thus exacerbating this issue [88].
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Figure 14: Effective velocities of some of the reactions afarhondrial nucleotide
metabolism. (A) Effective velocities (number of striate molecules catalyzed per minute
per enzyme molecule) of nucleoside kinase reactiersus NT5M reactions. Theoretical
maximum velocities of NT5M reverse reactions ar@ya®ld higher than the maximum
velocities from nucleoside kinases. (B) A comparisbthe effective velocities for
deoxynucleotide substrates for enzymes of the mdodrial salvage pathway. The
horizontal reference line shows the number of ratades (approximately 69) of each
triphosphate needed per minute on average to coeenpi®NA replication in two hours.
Reproduced from Gandhi and Samuels (2011) [7].
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In addition to these qualitative comparisons ofssrgte preferences of mitochondrial
nucleotide metabolism enzymes, we analyzed theiosddnetics further to
approximately quantify the flow of substrates thgbuhis enzymatic pathway. For
simplicity, we ignored the inhibition terms in tMichaelis-Menten equations
(inhibitions would further reduce reaction veloest). We could then investigate the
effect of ka, Km, and substrate concentrations on the upper-boiwelacity of the
reactions at assumed substrate concentrationsoamglace the estimated velocities to the
expected requirements for completing one roundt®fi replication in a specified
amount of time. It has been reported that one raimitDNA replication in cell culture
takes ~1-2 hours to complete [80]. To be consergatie assumed that mtDNA
replication takes 2 hours to complete. To replid&éb68 bases pairs on two mtDNA
strands in 2 hours, ~276 nucleotides are requieednpnute on average (with the log
scale on Figure 14B it is unnecessary to precdieigle this quantity into the specific
numbers of dATP, dCTP, dGTP, and dTTP moleculedettéor the human mtDNA
sequence). Figure 14B shows the effective velacidfesome of the enzymes of
mitochondrial nucleotide metabolism (DGUOK, TK2, €2 and AK2). These are all
the enzymes for which we found data that would Enab to calculate effective
velocities. To facilitate comparison across thesgymes, some data for DGUOK and
TK2 are repeated in Figure 14B from Figure 14A.b&$ore, nucleoside kinase velocities
in Figure 14B are the same for high or low cona@min conditions because nucleoside
concentrations are assumed to be constant. Thists exnany-fold difference in the
output of the four dNMPs, with dA nucleosides befied into the salvage pathway by

DGUOK at a rate many orders of magnitude lower tinam required to support mtDNA
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synthesis. Assuming a 2 hour replication duratioth @an approximately 276 / 4
nucleotides per minute substrate requirement, tineber of molecules of the DGUOK
enzyme per mitochondrion required to catalyze dugiisite output of JAMP is close to
3000. The poor kinetics of DGUOK with dA is noetbanly problem with the dA
pathway. Although there could be multiple AK isofs in the mitochondria, some of
them are reported to be lacking kinase activity moide of them appear to catalyze
dAMP phosphorylation with comparable efficiencythat of AMP phosphorylation

[107]. This is verified for AK2 as seen in FiguEEA, 12A, and 13A.

A calculation of dCDP production by CMPK2 at lowsasied dCMP concentrations
shows that more than 1000 CMPK2 enzymes per mituiri@n would be required to
produce the necessary dCMP output per minute (asguam approximate requirement
of 276 / 4 nucleotides per minute). This resuitriportant considering that CMPK2
expression was undetectable in many tissues [8$, ithplying that CMPK2 function
may not be essential for the production of mtDNAgqurrsors as has been noted

previously [8].

The data on the kinetic parameters of the humanamitndrial nucleoside diphosphate
kinase (NME4 in Figure 1) is scarce(or dTDP of approximately 1 mM, which is 100
to 1000 times the physiological concentration oD&) [86], which is why it is not
included in Figure 14B. An NDPK isolated from thggnn mitochondrial matrix
preferred ribonucleoside diphosphates over deoggribleoside diphosphates by several

fold [99]. Surprisingly, it appears that both AKRO] and NME4 [11] are localized in the
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mitochondrial intermembrane space, thus suggestatgf their reaction products
participate in the mtDNA precursor synthesis, theyld then have to be imported into
the mitochondrial matrix. Although dAMP is not theeferred substrate for AK2 (Figures
11A, 12A, and 13A), AK2 still has a very fast raantwith JAMP (Figure 14B). Good
efficiency with dJAMP and the localization of AK2 the intermembrane space instead of
in the mitochondrial matrix seem to contradict eatifer regarding the role of AK2 in

MtDNA precursor synthesis.

Computational simulations: To test our conclusions and to build upon themused an
updated computational model to perform simulatioindeoxyribonucleotide dynamics

and mtDNA replication within the mitochondrion.

Figure 15 shows our simulation results. The X-agmesents the number of molecules
of each nucleotide supplied to the mitochondriotheform of a ‘source’ term in the
differential equations in addition to the outpudrfr salvage within the mitochondrion.
Each value on the X-axis is the sum of moleculgpked of all four species. For
example, the X-axis value of 400 means that 10@oubés per minute of each of the
four (A, C, G, T) species were supplied. The Y-arigresents the average (over 120
minutes of simulation time) mtDNA replication rateat we observed, calculated as
number of nucleotides replicated divided by theetiiaken to replicate them. Initial
values for the substrate concentration in the rhidodrion were randomly varied over a
set range as described in the Methods section. Eaetiue corresponds to the mean of

100 replication rates from 100 simulations withetiihg initial substrate conditions. The
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standard deviations were far smaller than the reaares (and are therefore not shown in
Figure 15) indicating that the simulation was rextstive to the initial substrate
conditions. We compared the observed replicatitasrp those required to complete
MtDNA replication in 2 hours (‘cycling cells’) ol0lhours (‘quiescent cells’). For the
MtDNA length of 33,136 nucleotides (replicatingtbstrands), these would be 33136
(nucleotides) / 120 (minutes) and 33136 (nuclea)id&00 (minutes) respectively or
approximately 276 nucleotides per minute and 53eaticles per minute respectively.
Since the mean observed replication rates withdaitianal nucleotides supplied (0 on
the X-axis) fall below the 2 hour line, it is clagaat the output from mitochondrial
salvage cannot account for an mtDNA replicatioration of 2 hours. In fact, even when
a 10 hour replication target was set, mitochondiadage alone is an inadequate source
of dNTPs, though only a slight amount of additiosiabstrate supplied by transport is
needed in this case. Next, we note that both damtgnside as well as deoxynucleoside
monophosphate import are insufficient to suppd@theur replication target. Transport of
either dNDPs or dNTPs is sufficient to achievettrget replication rate. The profiles of
dNDP and dNTP transport are indistinguishable fooma another on Figure 15 because

of the extremely fast kinetics of NMEA4.
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Figure 15: The effects of nucleotide import into the mitoctidon on the mtDNA
replication rate. Each point is the mean mtDNA iegtion rate from 100 simulations
with different randomly chosen initial concentraisoof deoxynucleosides and
deoxynucleotides. The X-axis represents the totaluat of additional deoxynucleosides
or deoxynucleotides supplied (sum total of equabamts for each of the four species).
Additional supply of dN, dNMP, dNDP or dNTP werensilated separately. The dNTP
output from mitochondrial salvage alone is insuéit to support a replication rate of as
long as 10 hours. Additional supply of dNs and dNMWs insufficient to support a
replication duration of 2 hours indicating that gidcial ANDPs or dNTPs are essential.
The results were essentially identical for supglgither ANDPs or dNTPs. Reproduced
from Gandhi and Samuels (2011) [7].
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Transport of approximately 48 molecules per mirfiateeach of the four nucleotide
species was required to complete mtDNA replicaitio? hours. The longer replication
time of 10 hours required a transport of 15 dNTReques per minute for each of the
four nucleotide species. These rates were detedrimom the simulation by transporting
all four nucleotide species at equal rates and f#d initial concentrations (as
described in Methods).We next addressed the questithe minimum transport of each
dNTP species necessary to support the target atiplic As described in the Methods
section, the assumption of equal transport of dloe NTP species was relaxed to find
the minimal amount of transport separately for edldfiP species required to meet the
MtDNA replication rate goal. To achieve a replioatrate of at least 276 nucleotides per
minute (‘cycling cells’), 47, 31, 48, and 48 mol&=uper minute of dTTP, dCTP, dATP,
and dGTP were required. Thus, for this conditionetditively fast replication, transport
of all four nucleotide species at similar ratesgsessary. The total ANTP transport rate
sums to 174 nucleotides per minute, a large fraatiche 276 dNTPs per minute
consumed by the mtDNA replication. For the slow#DNA replication with a target of
10 hours, Figure 15 shows that a relatively smalbant of transport of ANTP molecules
per minute suffices. To achieve the replicatioe tatget of at least 55 nucleotides per
minute (representing slow mtDNA replication in ‘gacent cells’), individual dNTP
transport rates of 0, 3, 8, and 15 molecules pauteiof dTTP, dCTP, dATP, and dGTP
were required. Due to the complexity of the sysamonlinear one because of
feedbacks and inhibitions), slightly different lmften practically similar transport
profiles were observed to result in similar regiica rates. For example, for cycling cells

the transport profile of 41, 34, 48, and 41 moleswer minute also achieved the
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replication rate target. For quiescent cells, ttediles of 2, 2, 8, and 15 and 0O, 2, 8, and
15 molecules per minute (practically identicallie transport profile given above) also

achieved the replication rate target.

In summary, rapid replication of mtDNA requiresudostantial additional source of all
four dNTPs (or dNDPs) to supplement the limitedekics of the mitochondrial salvage
pathway. Under the conditions of quiescent cefis,drimary requirement is for the
transport of dATP and dGTP molecules, and the wagbrity of the dNTPs consumed by

the mtDNA replication can be provided by the sabvpgthway.

IV.5. Discussion

Kinetic characteristics of the mitochondrial salvag@ enzymes and their contribution

in producing dNTP substrates for mtDNA replication: Based on this analysis of the
enzyme kinetics three properties of the mitochalamnicleoside salvage pathway are
thus apparent:

i) The majority of the enzymes of this pathway aoé restricted or specific for
metabolism of mtDNA precursors.

i) The majority of the characterized enzymes prefn-DNA precursor substrates.

iii) For the majority of substrate-enzyme pairg Hinetic constants are physiologically
unreasonable for achieving efficient catalysis Wit expected substrate concentrations

insitu.
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From the kinetics perspective mitochondrial nugtetnetabolism as defined by this set
of enzymes (Figure 1A) cannot be expected to bgtingary source of ANTP substrates
for the rapid replication of mtDNA molecules. Sinmdgonucleotides exist at higher
concentrations than deoxyribonucleotides, enzyimastake both ribonucleotide and
deoxyribonucleotide substrates wilh,situ, not favor the catalysis of
deoxyribonucleotides. This is certainly true fozymes that possess higher affinities for
ribonucleotides, but also for those enzymes the¢ loaly slightly better kinetics for
deoxyribonucleotides. In these cases ribonucleatidhstrates will simply out-compete

the deoxyribonucleotides substrates owing to traive abundance of ribonucleotides.

The contribution of cytoplasmic nucleotide metabobm in producing dNTP
substrates for mtDNA replication: One plausible interpretation of this analysis &t th
import of cytoplasmic deoxyribonucleotides is tlmemary source that supplies the direct
precursors for the replication of mitochondrial gere while the mitochondrial salvage
pathway acts as a back-up metabolism with a minioialto play in cycling cells. The
occurrence of deoxyribonucleotide transport betwhermitochondria and cytoplasm
and the substantial contribution of cytoplasm dewxcjeotides toward intra-
mitochondrial NTP pools have been demonstratedll8f Our results make it possible
to comment on why this must be so, due to the kifgbperties of the enzymes of
mitochondrial salvage. Our results also enabl® wsnclude that import of
deoxyribonucleotides is in fact essential to suppormtDNA replication time of ~2
hours. Furthermore, simulations based on thesammkynetics indicate that this import

occurs either at the dNDP or dNTP level. In cellere cytoplasmic deoxynucleotide
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concentrations are low, mitochondrial salvage wagdsume a greater role and, in
combination with some other supply such as RRM2Biated reduction of
ribonucleotides in the cytoplasm followed by deddgnucleotide transport into the
mitochondrion, would produce the dNTPs for bothréy@ication of mitochondrial DNA
and perhaps repair of nuclear DNA. Possibly, th®Bblproduced by RRM2B activity
might first undergo the terminal phosphorylationMiyIE4 in the intermembrane space
(Figure 1B) and may then be imported into the nitowrion matrix at the dNTP level to
combine with the dNTP pool from intra-mitochondsalvage. Indeed, this is consistent
with defects in the mitochondrial salvage pathwayihg their most severe phenotype in
postmitotic tissues. That mitochondrial salvagedrdg a back-up role in supporting
mMtDNA replication is one explanation why DGUOK anid2 deficiency phenotypes are

tissue-restricted and not systemic.

Similarities and differences between nucleotide nmigbolism in the cytoplasm and
mitochondria: The kinetic characteristics of the cytoplasmic deyparts of
mitochondrial salvage enzymes expose informativelleds and distinctions between the
cytoplasmic and mitochondrial pathways of nuclemtigetabolism. The good activity of
the mitochondrial enzymes (except the nucleosidadaés TK2 and DGUOK) with
ribonucleotide substrates implies that these engymight play as important a role in
ribonucleotide production to support RNA synthesighey do in supporting DNA
synthesis. Based on our analysis, we would argateftture studies of the kinetics of the
mitochondrial salvage enzymes would benefit frobmr@ader characterization of the

kinetics, particularly the activity of the enzymesh ribonucleotide substrates relative to
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the activity with deoxyribonucleotide substrateBeTnajority of the cytoplasmic
counterparts also show a preference for non-DNAys®rs (such as dUMP) and
ribonucleotide substrates [81, 100, 108]. Howethex role of nucleoside salvage as a
source of dNTPs for nuclear DNA replication is gaflg assumed to be minimal. In the
S-phase of the cell cycle, ribonucleotide reductasgersibly converts ribonucleoside
diphosphates to deoxyribonucleoside diphosphatessabsequently,
deoxyribonucleotides originating frode novo sources proceed to become the
predominant precursors to nDNA replication. Thispmucleotide affinities of these
cytoplasmic enzymes not only provide the ribonusige diphosphates for ribonucleotide
reduction but also ensure an adequate supply of RNv&trates. The terminal kinase
(NDPK) of the cytoplasmic salvage pathway accepth bbonucleoside and
deoxyribonucleoside diphosphates, and the proaactshen be appropriately diverted
for either RNA or DNA synthesis. Salvage enzymedesixythymidine metabolism fit
nicely into such a model - examples being the ésmctekinetics of TK1 and TK2 with
dT, and those of cytoplasmic deoxythymidylate kengessential for both salvage and de
novo pathways of dTTP synthesis) with dTMP — sideexythymidine is not an RNA
substrate and because of the crucial allosteritraloexerted by deoxythymidine
nucleotides on ribonucleotide reductase [109] dbasdfeedback control on
mitochondrial TK2 [90]. Such similarities in thezmne kinetics of the parallel
mitochondrial and cytoplasmic metabolisms leachtoquestion of a ribonucleotide
reductase connection to mitochondrial nucleotidéatraism. Such a connection is
hinted at by the data supporting a connection batviiee mitochondrial ANTP pool and

the ribonucleotide reductase RRM2B [18, 25]. THee been at least one report of
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ribonucleotide reductase activity within the mitoolrion [5], though this has never

been confirmed as far as we are aware of.

The identity of the imported substrate and the conibution of import in quiescent
cells: Our simulations show that mitochondrial salvageaslequate to account for the
observed replication time of ~1-2 hours in cyclogdis. It is likely that the deficit is
supplied by import from the cytoplasm. We propdsst tieoxyribonucleotide import into
the mitochondria not only does occur, but is irt &ssential to replicate and maintain
MtDNA in cycling cells. Furthermore, in our simugats, import at the monophosphate
level was not able to support mtDNA replication enthe constraint of a replication
duration of 2 hours or less. Our observation tithee dNDP or dNTP transport are able
to nearly identically support mtDNA replicationdsie to the extremely fast kinetics of
NME4, the nucleoside diphosphate kinase. The Fattthe NME4 kinetics for the
conversion of dNDP to dNTP are fast lends weigtih&ohypothesis that transport occurs
mainly at the dNDP level, and not at the dNTP leveich would bypass the NME4

activity.

Our results are not necessarily in disagreemeiht pvgvious reports that observed that
supplementation with external dA and dG or dAMP d@iMP rescued mtDNA
depletion [27, 30]. In those cases, it was unddterdwhether these externally supplied
substrates changed their phosphorylation level poior after entering the mitochondria,
or even the cell. In the study conducted by Saadh |n patient fibroblasts harboring

DGUOK defects while dGTP pools were reduced congpyeontrols, dATP pools
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were only moderately affected. In this study whweese patient fibroblasts were given
external supplementation of both deoxyguanosinedaastyadenosine, mitochondrial
dGTP notably increased, while the increase in rhivodrial JATP was less pronounced.
Our observation on the inefficient kinetics of DGKI@ith dA is consistent with these
findings. We are not aware of any studies on tfectf of pyrimidine supplementation in

TK2 deficiency.

We have chosen a somewhat arbitrary target reficéitme of 10 hours for the mtDNA
in quiescent cells. It has been reported that @veuiescent cells (rat hepatocytes),
mitochondrial DNA is subject to rapid turnover [7B]oreover, it is plausible to suspect
that long replication durations might compromise itltegrity of either or both the
template and the synthesis strand by increasingribhi@ability of damage to the exposed
DNA or unfaithful replication (deletions, framedinify, etc). Therefore, it is possible that
the mtDNA replication time may be practically caagted to a shorter duration than 10
hours. In that case deoxynucleotide import coulédsential even in quiescent cells.
There is a lack of data on mtDNA replication tinnregjuiescent cells, a critically
important gap in our knowledge since quiescenscek the most severely affected cells

in most forms of Mitochondrial DNA Depletion Synadnes.

Could there be more than one deoxynucleotide trangpter?: The fact that clinical
conditions arising from altered intra-mitochondd®&TP pools mostly manifest in
postmitotic tissues is consistent with our resuitee possibility of there being more than

one deoxynucleotide transporter, say one for putgexynucleotides and one for
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pyrimidine deoxynucleotides, might explain why ntigas in TK2 and DGUOK which
are both nucleoside kinases produce different pigpes. It is plausible that there exists
more than one mitochondrial deoxynucleotide trartspaovhose expression levels,
possibly in conjunction with other factors, contrié to tissue specificity of mtDNA
depletion syndromes. There have been reports Pl@a<serting a role of PNC1
(pyrimidine nucleotide carrier encoded by solutgieafamily 25, member 33 or
S.C25A33) in nucleotide import into mitochondria as wellmgochondrial maintenance.
PNC1 was able to transport a variety of metabgliteduding purine and pyrimidine
ribonucleotides and deoxyribonucleotides, with efgnence for UTP. Intra-
mitochondrial UTP accumulation decreased in respomsiRNA-transfection against
PNCL1. Mitochondrial ADP, ATP, and GTP levels wea significantly altered but the
effect on dNTPs was not investigated. SuppresdiétiN& 1 was associated with reduced
MtDNA while overexpressed PNC1 was associated iwdleased mtDNA relative to
controls. Since UTP is a cofactor of the mitochaaddrelicase (PEOL1 or twinkle),
mMtDNA levels might have been altered through inseeleor decreased UTP [52]. Itis
also possible that these consequences resultedceftaok of RNA primers or lack of
MtDNA precursors that might be substrates of PNBawever, PNC1 mRNA was
undetectable in skeletal muscle [16], a tissueithattarget of TK2 defects. Interestingly,
ribonucleotide reductase overexpression caused wtddypletion in skeletal muscle of
mice [110]. Also, per mg protein, PNC1 appearettansport roughly 1.5 times more
UTP compared to dTTP, the next most transportedtsatle. At this time, the role of
PNC1 in transporting deoxyribonucleotides for mtDBithesis is inconclusive. Import

of radioactively labeled dTMP into mitochondria leeen observed [15]. However, it
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was also observed that a fraction of the labeldd®Tvas degraded as well as
phosphorylated in the growth medium, leading togbssibility that the transport of
phosphorylated states other than the monophospiatéave occurred. A transport

activity with preference for dCTP has also beereoled [14].

Tissue specificity of mtDNA depletion syndromestt has been proposed that low basal
TK2 expression in muscle renders the tissue vubierta TK2 defects, while

overlapping substrate specificity of cytosolic d@kevents mtDNA depletion from
mutant DGUOK in tissues where dCK expression i fidd 1]. While mtDNA defects
that have a basis in mutated salvage enzymes wogieeivably be rescued by other
factors such as overlapping substrate specifidigytoplasmic enzymes, this hypothesis
cannot account for phenotypes relating to POLGalefémportantly, the fact that
phenotypes from mutations in POLG are also tispaeiic and not systemic indicate
that other factors, such as rates of mtDNA turn@reznergetic demand of tissues might
also be a factor in the basis of tissue selectiltitya recent review, Liya Wang discussed
deoxynucleoside salvage enzymes and their asswtiatth tissue specific phenotypes of
MtDNA depletion [20]. It was hypothesized that & mtDNA turnover rates are

different in different tissues and also because RIgdols show organ-specific
differences, it would be expected that the regoitatif ANTP pools would also be
different for different tissues. Because both meiseid liver have high amounts of
MtDNA and also of mtDNA turnover, and since the &Tgool is lowest in muscle and
the dGTP pool is smallest in liver, it was propo#t these tissues would be especially

vulnerable to mutations in TK2 and DGUOK respedtiv®ther contributing factors
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could include limiting RRM2B, thymidylate synthae,nucleotide transporter activity.
In our opinion, it is probable that there is mdrart one underlying principle that
explains tissue specificity — vulnerability of ties to mutations might be from a
combination of various factors such as transcn@i@ompensation, turnover rates,
energetic demand, etc, and that different formstNA depletion syndromes may trace

their etiology to different factors.

The applicability of our results to different tissues and speciesBased on their
experiments with perfused rat heart, Morris etaatuded that in isolated perfused
heart, there is no de novo synthesis of dNTPs [1sk®dssing the importance of TK2 in
rat heart. This could indicate that our observation the inadequacy of mitochondrial
salvage enzymes may not hold across all tissuetypis also possible that the
deoxyribonucleotide pools in rat heart arose in flapugh salvage mediated by residual
TK1 activity. In a recent report of a TK2H126N knockin mouse [113], the authors
observed TK1 to be the main thymidine kinase corepbm heart, compared to TK2 in
the brain. In this mouse, phenotypic manifestatibmK2 deficiency was related to TK1
down-regulation and transcriptional compensatidth@dugh by postnatal day 13 both
brain and heart had suffered substantial mtDNA&tepi, in contrast to brain, heart was
spared as respiratory chain proteins were stilbatal levels in this organ when assayed
at postnatal day 13. This could indicate a diffeeeim the importance of TK2 in the heart
tissue of rats compared to mice. A recent repaitretd that a cytosolic localization of
TK2 is present in many rat tissues [12]. For thedkin mouse [113], a compensatory

mechanism involving increased mtDNA transcriptibroigh suppression of MTERF3
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(mitochondrial transcription termination factore}pression was implicated in
alleviating some of the effects of mtDNA depletittrvas unclear why dTTP but not
dCTP levels were affected and whether cytosoliomileleotide reduction had any
influence in this observation. In humans, evenuiescent patient fibroblasts with only
5-40% of residual TK2 activity, mitochondrial angt@solic dTTP pools were unaltered
[58]. This finding would be consistent with the pility that the activities of
mitochondrial salvage enzymes may not be stricigeissary even for quiescent cells.
Alternatively, it is also possible for there to f@ctical important differences between
species with regard to this metabolism. In theidgtof the rat heart, Morris et al [112]
noted that although known as a substrate of TK2wdl not converted to dUMP
possibly due to ENT1 nucleoside transporter natdpéacalized to mitochondria in
rodents, unlike humans, suggesting that dU mayeadtansported into the mitochondria
in rodents. It has been noted that genes involwedtDNA depletion syndromes etiology
are essential for life in mouse models [20]. Howetlee severe phenotype of knock-out
mice is not identical to the phenotype in humarigilalthough multi-organ phenotypes
have come to light in humans also [115]. This dyegice could perhaps be due to species
differences or because of the complete absencezgfree activity in knock-out models

[114].

Limitations of our analysis: One limitation of modeling biochemical pathwayshiat
kinetic parameters as reported in the literatuck@tained from recombinant enzymes
may not reflect thén situ reality, for instance, if the enzyme conformatisn

unknowingly affected in thi vitro analysis, or if the assay conditions do not regmes
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the cellular environment adequately. Similarly, e relied on the literature and our
judgment for selecting appropriate concentrationsenzyme copies within the
mitochondrionln our analysis we have assumed a nucleoside ctvaten of 0.5uM
[94]. There have been reports of nucleoside camagons of approximately 50-fold
lower [96]. Such lower concentrations would hawe effects on this analysis. First, the
problems that we point out concerning the functbthe nucleoside kinases TK2 and
DGUOK would be even worse with significantly lowarcleoside concentrations.
Second, there is a more subtle problem that thgnemxkinetics for TK2 were measured
at much higher substrate concentrationgNiLlto more than 10QM) [90]. If the true
substrate concentrations were on the order of 10théh the kinetics would have to be
extrapolated to much lower concentrations, whiahdmtroduce additional uncertainty
in the kinetic constants. Finally, our estimateiwie taken to replicate mtDNA (2 hours)
comes from a study of mouse cells [80]. It is warthntioning that POLG kinetics
suggest that polymerization itself is capable afcpeding at a rate much faster than 2
hours [83]. A more comprehensive investigation mt®NA replication durations in a
variety of human cells and patrticularly in the a¢gtles affected by mtDNA depletion

syndromes would thus be very beneficial.

For simplicity, we assumed that only one mtDNA naeale is replicating at any given
time in a particular mitochondrion. If two or maréDNA molecules were replicating
simultaneously, then the deficit in the requiredl@d would be even larger than our
analysis indicates. It should also be noted th&behondria are very dynamic and

undergo continuous fusion and fission. However gtifiects of fusion and fission on the
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mitochondrial ANTP content would most likely averagut. While fusion of two
mitochondria would result in a larger dNTP pool ésered as number of molecules per

organelle), fission would result in a smaller dNF&dI.

Summary: Since the known elements of the mitochondrial ggvaathway do not have
sufficient enzyme kinetics to support mtDNA reptioa in the observed duration of ~1-2
hours, an alternative source of mtDNA precursorstrbe essential. Despite the intensive
focus of research on this pathway associated withcimondrial depletion syndromes, it
seems likely that our knowledge of mitochondriatleotide metabolism is still
incomplete and that this pathway might need todmesiclerably expanded in the future to

include new enzymes, mechanisms, nucleotide tratesp@and modes of regulation.

113



CHAPTER V

CONCLUSION

V.1. Summary and future directions

Mitochondrial DNA depletion syndromes are a consege of defective maintenance of
mitochondrial DNA. Defective maintenance of mtDN&sults from problems in the
homeostasis of mitochondrial ANTP pools or withigbems in the replication apparatus
that maintains mitochondrial DNA. As noted in Chagdt{ mitochondrial dNTP pools and
MtDNA integrity are significant also in numerousi@t human pathologies. Thus, also
from a clinical perspective, it is imperative that increase our knowledge of the biology
of mitochondrial dNTP pools. This dissertation passented the results obtained from an
extensive investigation into mitochondrial deoxgnloicleotide metabolism, the pathway
that generates dNTPs within the mitochondria. Tiogetvith ANTPs generated in the
cytoplasm, mitochondrial dNTPs become the substfatemitochondrial DNA

replication and repair.

Through the research described in Chapter Il,dadisred that cytoplasmic and
mitochondrial dNTPs are strongly and highly stataty significantly correlated in
normal cells but not in transformed cells. Thisccdigery is significant due to several
reasons. The mitochondrial matrix space is genenall considered to be in equilibrium
with the cytoplasmic space, particularly to chargealecules such as

deoxyribonucleoside phosphates owing to the dougienbrane that bounds the
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mitochondrial matrix. The extent of the contributiof cytoplasmic deoxyribonucleotides
to mitochondrial deoxyribonucleotides was also eacl The cytoplasmic pathway that
generates dNTPs is also much more complex thapattihsvay carrying out the same
function in the mitochondria. Moreover, dNTP getierain the cytoplasm is tightly
controlled, and coordinated with cell cycle progies, to ensure the integrity of genomic
DNA. At the time | commenced my research, the plipanotion was that

mitochondrial ANTP levels are not stringently cotiéd. Although this notion is
consistent with the fact that mitochondrial DNA Iregtion is not strictly synchronized
with nDNA replication, the results | described inapter 1l clearly show that
mitochondrial dNTP levels are not independent edbghasmic dNTP levels (which are
under stringent control) in normal cells. Howears correlation is broken in
transformed cells. There are practical implicatiohthis observation. Transformed cells
are commonly used for experiments in this fielde Bdvantage of transformed cell lines
is that they are more readily available and moraeugerable compared to normal cell
lines. Through my research, | alerted other re$eascin this field of the disadvantages
of transformed cell lines. My research served tatioa that if something about
mitochondrial dNTPs is fundamentally different iarisformed cells compared to normal
cells, then conclusions meant to apply to the nofamectioning of intra-mitochondrial
deoxyribonucleotide metabolism from studies ongfarmed cells may not be reliable.
Another practical benefit of my work presented ima@ter 1l was the resource
comprising estimated dNTP concentrations thatate by converting previously

published data to a more meaningful form. This nes® enables comparisons between

115



existing data as well as of future data to existiata, something which was not strictly

possible prior to my work.

The results described in Chapter Il gave rise veise important hypotheses, one of
which was tested in Chapter lll. An alternativehat hypothesis is that the correlation in
mitochondrial and cytoplasmic dNTP concentratiasitts from a strong cytoplasmic

control on mitochondrial ANTP concentrations.

One plausible mechanism for enforcing such contrakould be through the
regulation of deoxyribonucleotide transport betweerthe cytoplasm and
mitochondria. In that case, the hypothetical transprt protein could be a candidate
gene for mitochondrial DNA depletion syndromes. Parcularly, its tissue-expression
patterns might reveal critical insights regarding he tissue-specificity of mtDNA
depletion syndromes. Similarly, many of the genesding for enzymes acting in
cytoplasmic dNTP production would also be candidatefor mtDNA depletion

syndromes.

Regarding the disruption of the correlation in sfanmed cells, we might hypothesize
that the disruption is connected to the WarburgaffOtto Warburg observed that
cancerous cells derive most of their energy frotegiasmic glycolysis even in the
availability of oxygen [69]. One way to shut doaxidative phosphorylation in the
mitochondria would be reduced transcription or $fation of the mitochondrial genome

thereby limiting the availability of mtDNA-encodedmponents of the oxidative
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phosphorylation machinery. The results in chagteugigest that unlike cytoplasmic
dNTP concentrations, mitochondrial ANTP concerdretiare not unusually elevated in

transformed cells compared to normal cells.

Might diminished import of cytoplasmic deoxyribonudeotides into the mitochondria
be a mechanism through which transformed cells suppss oxidative

phosphorylation?

Although the correlations in dNTP concentrationsadded in Chapter 1l were highly
statistically significant, the underlying data cafr@m a small set of cell lines and only a
handful of labs. It would be very beneficial foresearch group to test my conclusions in
a controlled environment with a variety of cyclimpn-cycling, and transformed cell
lines; and particularly the cell types affectedritDNA depletion syndromes. It is also
important to verify whether all four of the canaaideoxyribonucleotides have similar
behavior with respect to the observed correlationsyhether there are differences
between the four ANTPs. Are there qualitative amdiative differences in the origins of

the four dNTPs?

To further understand the results obtained fromréisearch presented in Chapter II,
namely the strong association between cytoplasndaw@itochondrial ANTPs in normal
cells and the disappearance of that associatitnamsformed cells, | hypothesized that
correlation patterns in the expression of gengbhetytoplasmic and mitochondrial

deoxyribonucleotide metabolisms would be consistetit the correlation patterns in the
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corresponding dNTP concentrations. | obtained éissipression data for a selected set of
nDNA-encoded genes that code for enzymes thatcpzate in the cytoplasmic and
mitochondrial metabolisms. The pattern of correladiin expression profiles suggested
that in normal tissues, the cytoplasmic and mitochial deoxyribonucleotide
metabolisms coordinately generate dNTPs. Howewasistent with the disruption in
dNTP concentrations seen in Chapter I, the caigglastructure in gene expression
profiles is also disrupted in transformed tissiBgsecifically, the results suggested that in
transformed tissues, when dNTP levels are highercytoplasm, dNTP production in the
mitochondria would be suppressed. Three correlatiovolving mitochondrial DGUOK
were statistically significantly different betwerarmal and transformed tissues
suggesting that control on DGUOK expression re¢atorthe expression of other genes

might be important for transformed tissues.

Dissecting the correlation patterns in transformeslies hinted that the distinction
between the metabolism in the mitochondrial magp&ce and the intermembrane space,
which is generally considered to be a subtle poaty actually be crucial. This is
because in transformed tissues the matrix spacgboietm is negatively regulated
relative to the cytoplasmic metabolism whereadrtermembrane space is in fact
positively regulated relative to the cytoplasmictat®lism. This fits with the fact that the
mitochondrial intermembrane space is generallyidensd to be in equilibrium with the

cytoplasm.
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| also observed that genes of cytoplasmic nucleatidtabolism have higher expression
in transformed tissues. This observation adds métion to the correlation in dNTP
concentrations that | observed in Chapter Il ampetts the proposition that the
correlation in dNTP concentrations is broken imsfarmed cells perhaps due to an
increase in cytoplasmic dNTPs without a similaréase in the mitochondrial production
of dNTPs. The higher expression of cytoplasmicgirogenes in transformed tissues and
the lack of such an increase in the expressioheofititochondrial protein genes can be
interpreted in the context of the Warburg effe¢te production of mt-DNA encoded
components of oxidative phosphorylation is pargidépendent on the mitochondrial

dNTP levels that are available to maintain mtDNA.

Might suppressed expression of nuclear genes of mithondrial deoxyribonucleotide
metabolism be a mechanism through which cancer tises suppress oxidative

phosphorylation?

The research presented in Chapter Ill helped descavarge number of correlations.
However, it is not necessary to verify each of éhosrrelations. It would be valuable to
test either the strongest, most statistically $igant, or the most biologically interesting
correlations. Additionally, since DGUOK expressappears to be so important for
transformed tissues, the correlations it partiegpanh deserve special attention. An
important future study would involve manipulatingDOK expression to determine the

effects of the manipulation on the transformatitatesof the cells or tissues. A key
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extension to the work presented in Chapter Il widag to test corresponding normal and

transformed samples from the same tissue.

The dynamics of mitochondrial ANTP pools were stddn Chapter IV. The research
presented in Chapter IV involved building a compotel model of mitochondrial
deoxyribonucleotide metabolism and mtDNA replicatibo accomplish this, | surveyed
the literature for the purposes of accurately defjrthe set of reactions to model and
obtaining the experimental data necessary for dinstcuction of a relevant model. By
computationally simulating mitochondrial deoxyrilumteotide metabolism and
mitochondrial DNA replication, | discovered thremperties of the mitochondrial
enzymes of this pathway: i) The majority of the yanes of this pathway are not
restricted or specific for metabolism of mtDNA puesors. ii) The majority of the
characterized enzymes prefer non-DNA precursortgatbs. iii) For the majority of
substrate-enzyme pairs, the kinetic constantslaysigogically unreasonable for
achieving efficient catalysis with the expectedsttdie concentrationa situ.
Significantly, my results showed that the outpothirmitochondrial salvage is inadequate
to support the experimentally observed mtDNA regilan duration of 1-2 hours in
cycling cells. Additional sources of either AINDRINTPs are required. Importantly, an

additional source of nucleotides at the dNMP lalgss not suffice.

Although other researchers had observed that ddmmoucleotide import from the
cytoplasm to the mitochondria occurs, my resultggsst that import is in fact essential.

Furthermore, despite intensive study from wet ladugs, we scarcely knew any details

120



about the transport mechanism. My results strosghgest that transport at the dNMP
level is not sufficient to explain previously puiied experimental results regarding the
rate of mtDNA replication. Transport at the ANDRIDITP level is also consistent with
the results presented in Chapters Il and lll. Tdat that the mitochondrial metabolism
has minimal contribution towards mitochondrial dNg®®ls in most conditions is also
one explanation for the fact that the depletiomabchondrial in cases of mtDNA

depletion syndromes is observed in only a smalssubf all tissues.

My results on the kinetic characteristics of théathondrial enzymes of
deoxyribonucleotide metabolism also point towah#srieed for exploring the role of

these enzymes in generating ribonucleoside trighats;s.

Do the enzymes of mitochondrial deoxyribonucleotidenetabolism also influence

mitochondrial ribonucleoside triphosphateand mitochondrial RNA levels?

My results from Chapter IV also generate numerdesas for future studies. It would be
advisable for researchers in the field to estinttagentDNA replication duration in a
variety of human cell lines, but particularly calisthe tissues that are affected by
MtDNA depletion syndromes. This information colién help calibrate the model |
have developed more precisely to the affectedessAinother important area for future
investigation is the identity of the transportetsuate. My results indicate that ANMP is

not a viable import candidate and this hypothdsmikl be tested. Finally, the very slow
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kinetics of DGUOK with deoxyadenosine appear t@be of the major bottlenecks of

this pathway. These kinetics should be verifiedrisure their accuracy.

V.2. Concluding remarks

At the time | commenced my research, there wereraéwvpen questions regarding the
biology of mitochondrial deoxyribonucleotide metibm. | addressed many of these
open questions through the research presentedrherngdissertation. The process of
inquiry is of course never-ending. | have attemptedontribute to broadening the
horizons of this research field, and | hope mymafits at highlighting the importance of
mitochondrial deoxyribonucleotide metabolism to fileé&ds of cancer biology and
maintenance of mitochondrial ribonucleoside trigitaes receive the attention they

deserve.
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Table 9: Gene expression in normal tissues.

Appendix

Tissue TK2 DGUOK NTSM AK2 NME4 RRM1 RRM2 RRM2B TK1 DCK AK1 AKS GUK1 CMPK1 DTYMK NMEL NME3 ADK NTSE NTS5 C2 NT5C1B NT5C NT5C3 UCK1 UcK2
Adipose tissu 76 0 0 15z | 152 76 0 76 0 76 76 7€ 76 76 76 0 0 0 0 76 0 0 0 0 0
Adrenal glan 30 6C 0 15C | 12C 60 30 0 60 30 0 0 90 30 0 301 6C 0 0 0 0 0 0 30 0
Bladde 0 32 0 16€ | O 134 201 67 67 67 33 0 67 33€ 0 23t 0 67 33 10C 0 33 134 33 0
Blood 8 11c 1€ 194 | 16 27¢ 35€ 24 12¢ | 24 16 0 72 72 48 31t 1€ 56 16 18¢ 0 64 64 48 1€
Bone 69 5& 13 198 | 97 111 167 41 111 | 0 83 12 152 13¢ 69 362 5& 83 41 27 0 27 27 0 13
Bone marrov 0 14: 0 228 | 20 614 28€ 0 40 81 0 2C 20 61 0 122 0 20 40 20 0 0 0 0 0
Brain 52 2€ 8 88 34 21¢ 12¢ 38 23 43 42 4€ 127 65 28 12t 2¢ 31 53 261 0 20 19 54 47
Cervix 124 | 41 2C 43t | 20 394 332 0 29C | O 102 | O 18¢ 41 10¢ 16€ 0 62 62 20 0 0 124 14¢ 82
Connective tisst | 33 8C 6 12C | 13 38¢ 80 20 0 0 46 10C | 53 80 20 234 6 688 42¢ 147 0 0 33 26 6
Eal 61 0 0 0 0 12t 0 61 0 0 0 0 61 128 0 61 0 0 0 0 0 0 0 0 0
Embryonic tissu 9 78 4 19¢ | 74 88 111 37 14¢e | 27 4 4 64 64 88 361 5& 27 55 97 0 13 32 27 74
Esophagu 0 48 0 98 48 153 227¢ 0 49 0 0 0 14¢ 0 0 197 0 0 49 98 0 0 0 48 48
Eye 14 78 9 21t | 66 10€ 127 33 104 | 23 56 14 26( 47 56 407 94 28 23 94 0 42 23 47 6€
Hear 44 18¢ 11 234 | 78 167 10C 0 22 33 8¢ | O 27¢ 11 44 24¢ 44 33 33 55 0 22 44 22 6€
Intestine 8 68 0 17¢ | 63 132 24z 4 17¢ | 29 89 8 20C 98 76 26C 42 29 51 76 0 46 29 63 7€
Kidney 33 51 14 22¢ | 28 28¢ 28t 47 70 56 18 9 132 99 80 207 18 33 151 94 0 23 18 61 47
Larynx 41 0 0 0 41 621 0 0 0 0 0 0 0 0 0 165 0 0 0 82 0 0 0 0 41
Liver 4 52 14 12C | 48 81 24C 28 43 43 19 9 62 96 24 462 4 48 43 33 0 24 33 14 32
Lung 35 74 5 18z | 62 121 83 14 56 20 124 | 2 234 10€ 35 30z 3t 29 13C 62 0 26 32 35 47
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Lymph 0 4E 0 564 | 0 22t 51¢ 0 812 | 9C 0 0 13t 13t 67 542 9C 0 0 18C 0 22 0 0 4E
Lymph nodt 10 87 0 18t | 21 141 76 13C 174 | 98 0 0 24C 87 141 13C 0 21 87 76 0 0 12¢ 10 54
Mammary glan 6 91 6 18z | 18z 22¢ 11C 32 36t | 32 58 13 15C 45 52 411 1¢ 22¢ 39 91 0 26 6 38 2€
Mouth 14 2¢ 0 74 58 31z 492 29 29 0 14 0 29 20€ 0 74 0 14 104 611 0 0 29 14 44
Muscle 37 4€ 27 157 | 27 37 27¢ 55 18 0 44t | O 12¢C 12¢C 111 13¢ 4€ 10z 18 83 0 18 13¢ 46 9
Nerve 19C [ O 0 12¢ | 63 63 63 63 63 0 63 0 63 12¢ 0 19C 62 0 0 12¢ 0 0 0 12¢ 0
Ovary 0 107 9 22¢ | 107 48 88 0 274 | 19 88 0 274 68 88 284 1¢ 9 9 48 0 97 39 29 9
Pancree 13 107 0 167 | 55 41 79 9 128 | 37 132 | 0 22¢ 93 46 274 97 23 18 41 0 41 79 0 41
Parathyroir 0 24z 0 584 | 0 194 0 97 0 0 1l4€ | O 242 0 97 29z 97 0 0 48 0 0 0 48 48
Pharyn; 24 29C 0 24 72 96 0 0 24 0 0 0 72 0 0 43t 0 96 0 72 0 0 24 0 0
Pituitary glan 60 6C 0 60 0 0 0 0 0 0 0 0 60 60 60 361 0 0 60 0 0 0 0 0 0
Placent 35 5€ 0 15€¢ | 24 15€ 18¢ 53 99 21 21 3 10€ 64 46 16C 1c 28 121 13¢ 0 14 14 28 9¢
Prostat 26 63 0 137 | 35¢ 184 52 21 11C | 31 31 0 19t 68 63 274 68 58 42 73 0 52 0 52 3€
Salivary glan 0 48 0 99 99 48 99 49 19 | 0 347 | 0 89¢ 14€ 99 44¢ 0 0 0 48 0 99 48 48 0
Skin 14 61 0 28C | 99 17t 28¢ 23 194 | 33 33 0 32z 118 90 57¢ 32 37 204 80 0 47 18 85 61
Spleel 0 0 0 16€ | 37 16€ 12¢ 0 0 18 55 0 92 74 0 0 0 0 18 16€ 0 0 55 55 0
Stomacl 1C 1c 0 144 | 62 124 53¢ 10 158 | 20 20 1c 11z 165 72 26¢ 51 31 41 41 0 20 31 20 2C
Testis 57 42 12 114 | 9 311 257 6 3 57 57 1t 63 18 18 96 21 9 63 517 311 12 27 60 27
Thymus 24 24 0 17z | O 78¢ 189¢ 0 0 98 0 0 12 24 24 12 0 0 24 85(C 0 12 73 12¢ 12
Thyroid 42 21 0 25z | 21 63 147 84 42 0 42 0 84 10E 0 84 0 0 231 35¢ 0 0 21 84 0
Tonsi 0 17¢ 0 0 0 58 23t 0 708 | O 0 0 352 0 0 117 0 58 0 0 0 117 58 23t 0
Trachei 0 57 0 1711 0 20¢ 19 95 0 0 38 0 0 76 0 0 0 0 20¢ 177¢ 0 0 38 38 0
Umbilical corc 0 0 0 73 73 21¢ 14¢ 0 0 0 1l4€ | O 0 0 0 511 0 0 0 0 0 0 0 0 21¢
Uterus 12 72 8 214 | 72 12C 94 38 98 30 51 12 257 12¢ 7 21¢ 51 47 184 12¢ 0 21 17 30 3C
Vascula 0 38 0 13t | 18 347 28¢ 38 0 18 38 0 38 178 19 17z 0 0 347 17z 0 38 38 18 0
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Table 10: Gene expression in transformed tissues.

Tissue TK2 | DGUOK | NT5M | AK2 | NME4 | RRMI | RRM2 | RRM2B | TKL DCK | AKL | AKS | GUKL | CMPKL | DTYMK |NMEL |NME3 |ADK |NTSE |NT5 C2 | NT5CIB | NT5C | NT5C3 | UCKL | UCK2
Adrenal tumo 78 15€ 0 15€ 78 0 78 0 15€ 0 0 0 0 0 0 547 0 0 0 0 0 0 0 0 0
Bladder carcinom 0 57 0 57 0 114 57 0 0 57 0 0 171 114 0 114 0 0 0 0 0 57 57 0 57
Breast (mammary glan 0 74 0 21z 23¢ 31¢ 15¢ 31 584 31 31 1C 18C 31 63 53C 31 31¢ 31 10€ 0 42 0 31 21
tumor

Cervical tumo 58 58 2¢ 43¢ 0 43¢ 37¢ 0 261 0 14¢ 0 11€ 58 87 14t 0 87 29 29 0 0 174 174 58
Chondrosarcon 84 6C 24 16¢ | 72 15€ 181 36 60 0 10€ | 12 10¢ 16¢ 60 16¢ 3€ 24 16¢ 36 0 12 12 12 36
Colorectal tumc 17 3t 0 19z | 35 157 31t 0 28C | 26 108 | O 201 70 26 297 61 52 52 70 0 0 43 17 52
Esophageal tum 0 57 0 11¢ 57 179z 266( 0 57 0 0 0 17z 0 0 231 0 0 0 11F 0 0 0 57 57
Gastrointestinal tum: 8 25 8 30¢ 83 27¢ 69E 8 217 33 83 41 19z 117 75 30¢ 58 41 16 117 0 67 16 67 10C
Germ cell tumc 18 41 0 204 34 45¢ 362 45 12¢ 75 34 72 117 49 34 20¢ 3 30 53 25C 3 41 15 5€ 60
Gliome 0 65 5€ 112 84 14C 20t 0 84 18 37 18 187 46 14C 93 84 37 65 9 0 74 18 74 74
Head and neck tum 29 2¢ 0 132 80 182 30C 36 58 0 58 0 17¢€ 124 14 17¢ 0 0 124 42t 0 14 22 22 14
Kidney tumo 29 2¢ 0 72 72 43 58 14 18¢ | 87 43 14 18¢ 87 87 261 0 29 0 87 0 14 29 58 43
Leukemiz 0 104 2C 23¢ | 20 417 21¢ 0 114 | 73 0 0 104 52 52 31z 1c 62 83 177 0 31 41 2C 31
Liver tumol 10 41 0 124 62 124 41F 31 83 20 10 1C 51 83 20 37¢ 1C 51 72 51 0 20 51 31 31
Lung tumo 19 67 1¢ 20 | 12€ 10€ 13t 19 174 | 9 58 0 41€ 58 38 53¢ 1¢ 67 87 9 0 19 29 3¢ 77
Lymphom: 0 27 0 404 0 181 481 0 66¢ 83 0 0 152 167 55 44t 5& 0 0 12t 0 13 55 5& 27
Ovarian tuma 0 117 0 247 39 52 78 13 234 26 91 0 28¢€ 91 117 28¢€ 2€ 13 0 52 0 78 52 123 13
Pancreatic tum 19 9 0 15z | 76 66 114 19 256 | O 191 |0 29¢ 76 95 35¢2 114 0 38 57 0 47 19 0 38
Primitive 7 7 31 19¢ | 13t 31C 1032 | 0 30z [ 7 55 1t 19¢ 15 127 28¢ 9t 71 87 23 0 23 31 87 127
neuroectodermal tumor

Prostate canc 9 87 0 107 | 258 214 97 29 194 | 48 0 0 23t 68 68 477 6¢ 87 19 77 0 9 0 6¢ 58
Retinoblastom 43 21 21 17z | 107 30z 49€ 43 30z [ O 21 0 517 21 86 997 107 0 0 43 0 21 0 21 17z
Skin tumo 16 72 0 25€ | 112 11z 36( 24 31z | 32 0 0 464 88 12C 824 1€ 48 56 32 0 40 24 13¢ 64
Soft tissue 31 108 0 21t 79 342 311 23 15¢ 39 23 11¢ 15¢ 10z 111 367 47 91C 342 31 0 7 23 23 15
muscle tissue tumor




Uterine tumo
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Table 11: List of correlations.

Gene 1 Gene 2 Normal tissues Transformed tissues
Spearman Rho| p-value| Spearman Rhg p-valu
DGUOK | TK2 -0.27 0.08 -0.07 0.73
NT5M TK2 0.28 0.07 0.10 0.65
NT5M DGUOK | 0.22 0.16 -0.10 0.63
AK2 TK2 -0.10 0.50 -0.01 0.95
AK2 DGUOK | 0.34 0.02 0.11 0.60
AK2 NT5M 0.31 0.04 0.20 0.35
NME4 TK2 0.10 0.54 0.11 0.61
NME4 DGUOK | 0.11 0.48 0.04 0.84
NME4 NT5M 0.11 0.50 0.18 0.40
NME4 AK2 0.05 0.74 -0.13 0.56
RRM1 TK2 -0.13 0.42 -0.15 0.48
RRM1 DGUOK | -0.15 0.34 -0.07 0.73
RRM1 NT5M 0.02 0.91 0.27 0.20
RRM1 AK2 0.07 0.65 0.33 0.12
RRM1 NME4 -0.30 0.05 -0.07 0.76
RRM2 TK2 -0.25 0.10 -0.07 0.74
RRM2 DGUOK | -0.18 0.24 -0.45 0.03
RRM2 NT5M 0.20 0.20 0.31 0.14
RRM2 AK2 0.22 0.16 0.40 0.05
RRM2 NME4 -0.20 0.18 0.00 1.00
RRM2 RRM1 0.43 0.00 0.68 0.00
RRM2B | TK2 0.13 0.41 0.40 0.05
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RRM2B | DGUOK | -0.14 0.37 -0.09 0.68
RRM2B | NT5M 0.02 0.88 -0.20 0.36
RRM2B | AK2 0.14 0.35 -0.08 0.72
RRM2B | NME4 -0.08 0.62 0.34 0.11
RRM2B | RRM1 -0.20 0.19 0.00 0.99
RRM2B | RRM2 -0.22 0.15 -0.05 0.82
TK1 TK2 -0.21 0.17 -0.01 0.95
TK1 DGUOK | 0.35 0.02 -0.18 0.40
TK1 NT5M 0.16 0.29 0.08 0.73
TK1 AK2 0.38 0.01 0.58 0.00
TK1 NME4 0.31 0.04 0.27 0.20
TK1 RRM1 -0.22 0.16 0.10 0.63
TK1 RRM2 0.30 0.05 0.28 0.18
TK1 RRM2B | -0.06 0.71 -0.10 0.64
DCK TK2 -0.08 0.62 -0.42 0.04
DCK DGUOK | 0.12 0.44 0.11 0.61
DCK NT5M 0.09 0.56 -0.34 0.10
DCK AK2 0.36 0.02 0.15 0.49
DCK NME4 0.06 0.72 -0.21 0.32
DCK RRM1 0.16 0.31 0.04 0.86
DCK RRM2 0.22 0.16 -0.17 0.42
DCK RRM2B | -0.01 0.94 -0.06 0.77
DCK TK1 0.21 0.17 0.11 0.59
AK1 TK2 0.09 0.55 0.36 0.08
AK1 DGUOK | 0.02 0.91 -0.32 0.13
AK1 NT5M 0.36 0.02 0.31 0.15
AK1 AK2 0.27 0.08 0.18 0.40
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AK1 NME4 0.34 0.03 0.00 0.99
AK1 RRM1 -0.23 0.13 -0.12 0.57
AK1 RRM2 -0.12 0.45 -0.04 0.84
AK1 RRM2B | 0.22 0.15 0.12 0.58
AK1 TK1 0.02 0.87 0.11 0.60
AK1 DCK -0.16 0.30 -0.39 0.06
AKS TK2 0.21 0.18 0.04 0.86
AK5 DGUOK | 0.07 0.64 -0.15 0.50
AKS NT5M 0.41 0.01 0.14 0.51
AK5 AK2 0.08 0.61 0.02 0.93
AK5 NME4 0.18 0.23 0.17 0.44
AKS RRM1 0.09 0.55 0.14 0.52
AKS RRM2 0.06 0.69 0.12 0.58
AKS RRM2B | 0.15 0.34 0.28 0.18
AKS TK1 0.02 0.88 -0.19 0.37
AKS DCK 0.34 0.02 0.26 0.23
AK5 AK1 0.13 0.41 0.18 0.40
GUK1 TK2 -0.09 0.56 -0.06 0.78
GUK1 DGUOK | 0.47 0.00 -0.24 0.27
GUK1 NT5M 0.21 0.18 -0.01 0.98
GUK1 AK2 0.43 0.00 0.00 1.00
GUK1 NME4 0.37 0.01 0.51 0.01
GUK1 RRM1 -0.34 0.02 -0.29 0.18
GUK1 RRM2 -0.01 0.93 -0.08 0.70
GUK1 RRM2B | 0.03 0.83 0.20 0.35
GUK1 TK1 0.65 0.00 0.39 0.06
GUK1 DCK 0.11 0.48 -0.07 0.75
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GUK1 AK1 0.38 0.01 0.25 0.24
GUK1 AK5 -0.01 0.94 -0.15 0.48
CMPK1 | TK2 0.00 1.00 0.08 0.72
CMPK1 | DGUOK | -0.31 0.04 -0.14 0.53
CMPK1 | NT5M -0.02 0.89 -0.25 0.23
CMPK1 | AK2 0.12 0.43 0.11 0.61
CMPK1 | NME4 0.01 0.95 -0.25 0.23
CMPK1 | RRM1 -0.22 0.16 -0.32 0.13
CMPK1 | RRM2 0.20 0.19 -0.20 0.34
CMPK1 | RRM2B | 0.50 0.00 0.24 0.25
CMPK1 | TK1 0.20 0.20 -0.17 0.43
CMPK1 | DCK 0.06 0.68 0.28 0.19
CMPK1 | AK1 0.14 0.38 0.24 0.26
CMPK1 | AKS5 0.05 0.74 0.12 0.57
CMPK1 | GUK1 0.04 0.82 0.00 0.98
DTYMK | TK2 0.06 0.68 -0.01 0.95
DTYMK | DGUOK | 0.27 0.08 -0.03 0.90
DTYMK | NT5M 0.38 0.01 0.41 0.05
DTYMK | AK2 0.52 0.00 0.33 0.12
DTYMK | NME4 0.24 0.12 0.39 0.06
DTYMK | RRM1 -0.21 0.18 0.01 0.97
DTYMK | RRM2 0.05 0.77 0.08 0.70
DTYMK | RRM2B | 0.24 0.12 -0.02 0.91
DTYMK | TK1 0.47 0.00 0.55 0.01
DTYMK | DCK 0.21 0.16 0.07 0.76
DTYMK | AK1 0.36 0.02 0.30 0.16
DTYMK | AK5 0.16 0.30 0.26 0.21
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DTYMK | GUK1 0.59 0.00 0.43 0.04
DTYMK | CMPK1 | 0.19 0.21 -0.02 0.92
NME1 TK2 -0.22 0.15 0.10 0.65
NME1 DGUOK | 0.39 0.01 0.15 0.48
NME1 NT5M 0.17 0.27 -0.22 0.31
NME1 AK2 0.17 0.26 0.27 0.21
NME1 NME4 0.42 0.00 0.46 0.02
NME1 RRM1 -0.23 0.13 -0.10 0.64
NME1 RRM2 -0.03 0.82 0.10 0.64
NME1 RRM2B | -0.20 0.20 0.17 0.43
NME1 TK1 0.43 0.00 0.56 0.00
NME1 DCK 0.01 0.92 0.07 0.76
NME1 AK1 0.14 0.36 -0.38 0.07
NME1 AKS 0.00 1.00 -0.29 0.17
NME1 GUK1 0.32 0.03 0.28 0.19
NME1 CMPK1 | 0.00 0.99 -0.25 0.25
NME1 DTYMK | 0.33 0.03 0.07 0.76
NME3 TK2 0.13 0.41 -0.11 0.62
NME3 DGUOK | 0.31 0.04 -0.29 0.17
NME3 NT5M 0.30 0.05 0.31 0.14
NME3 AK2 0.40 0.01 0.14 0.52
NME3 NME4 0.34 0.02 0.46 0.02
NME3 RRM1 -0.26 0.09 0.04 0.84
NME3 RRM2 -0.07 0.64 0.21 0.32
NME3 RRM2B | 0.08 0.62 0.07 0.75
NME3 TK1 0.35 0.02 0.51 0.01
NME3 DCK 0.22 0.16 -0.06 0.78
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NME3 AK1 0.33 0.03 0.24 0.25
NME3 AK5 0.23 0.13 0.14 0.51
NME3 GUK1 0.45 0.00 0.51 0.01
NME3 CMPK1 | 0.11 0.48 -0.04 0.87
NME3 DTYMK | 0.41 0.01 0.57 0.00
NME3 NME1 0.45 0.00 0.30 0.15
ADK TK2 0.12 0.44 -0.03 0.88
ADK DGUOK | 0.44 0.00 0.32 0.13
ADK NT5M 0.57 0.00 0.18 0.40
ADK AK2 0.14 0.36 0.31 0.14
ADK NME4 0.16 0.28 0.30 0.16
ADK RRM1 -0.02 0.88 0.28 0.19
ADK RRM2 0.18 0.25 0.04 0.86
ADK RRM2B | 0.01 0.93 0.07 0.74
ADK TK1 0.40 0.01 0.19 0.38
ADK DCK 0.11 0.48 0.23 0.28
ADK AK1 0.14 0.37 0.11 0.61

ADK AK5 0.34 0.02 0.38 0.07

ADK GUK1 0.31 0.04 0.05 0.83
ADK CMPK1 | 0.08 0.61 -0.09 0.67
ADK DTYMK | 0.27 0.07 0.30 0.15

ADK NME1 0.26 0.09 0.10 0.64
ADK NME3 0.23 0.13 0.15 0.47
NT5E TK2 0.12 0.45 0.23 0.28
NT5E DGUOK | 0.05 0.74 0.07 0.74
NT5E NT5M 0.21 0.18 0.29 0.17
NT5E AK2 0.22 0.14 0.10 0.65
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NT5E NME4 -0.14 0.37 0.25 0.23
NT5E RRM1 0.28 0.06 0.14 0.51
NT5E RRM2 0.27 0.08 0.11 0.62
NT5E RRM2B | 0.23 0.14 0.33 0.12
NT5E TK1 -0.02 0.92 -0.25 0.25
NT5E DCK 0.10 0.53 -0.16 0.47
NT5E AK1 -0.02 0.89 0.29 0.17
NT5E AK5 0.30 0.05 0.39 0.06
NT5E GUK1 -0.06 0.70 -0.09 0.69
NT5E CMPK1 | 0.28 0.07 0.19 0.36
NT5E DTYMK | 0.12 0.43 0.12 0.59
NT5E NME1 -0.18 0.25 -0.14 0.51
NT5E NME3 -0.08 0.59 0.14 0.52
NT5E ADK 0.23 0.13 0.49 0.02
NT5C2 TK2 -0.03 0.83 -0.24 0.26
NT5C2 DGUOK | -0.25 0.11 -0.27 0.20
NT5C2 NT5M 0.04 0.78 -0.34 0.10
NT5C2 AK2 0.11 0.49 0.15 0.49
NT5C2 NME4 -0.25 0.10 -0.21 0.33
NT5C2 RRM1 0.41 0.01 0.34 0.10
NT5C2 RRM2 0.30 0.05 0.24 0.27
NT5C2 RRM2B | 0.28 0.06 0.29 0.17
NT5C2 TK1 -0.17 0.26 -0.02 0.92
NT5C2 DCK 0.17 0.27 0.33 0.12
NT5C2 AK1 -0.07 0.63 -0.02 0.92
NT5C2 AKS 0.08 0.61 0.08 0.71
NT5C2 GUK1 -0.27 0.08 -0.06 0.78
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NT5C2 CMPK1 | 0.20 0.19 0.22 0.29
NT5C2 DTYMK | -0.16 0.31 -0.24 0.25
NT5C2 NME1 -0.37 0.01 -0.05 0.80
NT5C2 NME3 -0.05 0.74 -0.10 0.65
NT5C2 ADK -0.09 0.54 -0.08 0.70
NT5C2 NT5E 0.41 0.01 -0.04 0.86
NT5C1B | TK2 0.19 0.22 0.08 0.72
NT5C1B | DGUOK | -0.09 0.56 -0.09 0.67
NT5C1B | NT5M 0.22 0.16 -0.14 0.50
NT5C1B | AK2 -0.14 0.37 0.11 0.62
NT5C1B | NME4 -0.16 0.29 -0.23 0.29
NT5C1B | RRM1 0.16 0.29 0.32 0.13
NT5C1B | RRM2 0.11 0.46 0.14 0.53
NT5C1B | RRM2B | -0.08 0.61 0.36 0.09
NT5C1B | TK1 -0.13 0.41 -0.11 0.62
NT5C1B | DCK 0.19 0.21 0.29 0.17
NT5C1B | AK1l 0.09 0.56 -0.02 0.94
NT5C1B | AK5 0.24 0.11 0.35 0.09
NT5C1B | GUK1 -0.12 0.44 -0.20 0.36
NT5C1B | CMPK1 | -0.17 0.26 -0.17 0.44
NT5C1B | DTYMK | -0.09 0.55 -0.14 0.53
NT5C1B | NME1 -0.17 0.26 -0.17 0.44
NT5C1B | NME3 0.06 0.72 -0.17 0.44
NT5C1B | ADK -0.06 0.69 -0.05 0.83
NT5C1B | NT5E 0.13 0.41 0.05 0.83
NT5C1B | NT5C2 0.22 0.15 0.32 0.13
NT5C TK2 -0.28 0.07 -0.49 0.01
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NT5C DGUOK | 0.34 0.02 -0.10 0.64
NT5C NT5M 0.29 0.06 0.08 0.70
NT5C AK2 0.20 0.19 0.04 0.85
NT5C NME4 0.25 0.10 0.11 0.62
NT5C RRM1 -0.23 0.14 -0.23 0.27
NT5C RRM2 0.27 0.08 -0.21 0.32
NT5C RRM2B | 0.00 0.98 0.14 0.53
NT5C TK1 0.61 0.00 -0.02 0.91
NT5C DCK 0.27 0.07 0.23 0.28
NT5C AK1 0.24 0.11 0.12 0.56
NT5C AK5 0.07 0.63 0.27 0.20
NT5C GUK1 0.57 0.00 0.36 0.08
NT5C CMPK1 | 0.27 0.07 0.14 0.50
NT5C DTYMK | 0.37 0.01 0.33 0.11
NT5C NME1 0.43 0.00 -0.15 0.49
NT5C NME3 0.37 0.01 0.25 0.24
NT5C ADK 0.43 0.00 -0.08 0.73
NT5C NT5E 0.00 0.99 -0.02 0.92
NT5C NT5C2 -0.05 0.73 0.05 0.82
NT5C NT5C1B| -0.04 0.81 0.14 0.53
NT5C3 TK2 -0.18 0.25 -0.21 0.33
NT5C3 DGUOK | 0.16 0.29 -0.10 0.64
NT5C3 NT5M 0.32 0.03 -0.01 0.96
NT5C3 AK2 0.14 0.35 0.25 0.24
NT5C3 NME4 -0.20 0.18 -0.60 0.00
NT5C3 RRM1 -0.12 0.46 -0.21 0.31
NT5C3 RRM2 0.28 0.06 -0.08 0.73
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NT5C3 RRM2B | 0.04 0.79 -0.37 0.08
NT5C3 TK1 0.20 0.19 0.01 0.95
NT5C3 DCK 0.06 0.71 0.27 0.21
NT5C3 AK1 0.24 0.11 0.17 0.43
NT5C3 AK5 -0.18 0.24 -0.13 0.55
NT5C3 GUK1 0.18 0.24 -0.08 0.72
NT5C3 CMPK1 | 0.21 0.17 0.42 0.04
NT5C3 DTYMK | 0.20 0.20 0.02 0.91
NT5C3 NME1 -0.14 0.36 -0.30 0.15
NT5C3 NME3 -0.15 0.33 -0.21 0.33
NT5C3 ADK 0.37 0.01 0.13 0.54
NT5C3 NT5E 0.17 0.26 0.05 0.80
NT5C3 NT5C2 0.15 0.34 -0.11 0.59
NT5C3 NT5C1B| 0.00 1.00 -0.17 0.44
NT5C3 NT5C 0.35 0.02 0.12 0.57
UCK1 TK2 0.01 0.93 -0.16 0.44
UCK1 DGUOK | -0.04 0.78 -0.14 0.52
UCK1 NT5M 0.16 0.30 0.28 0.19
UCK1 AK2 0.21 0.17 0.20 0.35
UCK1 NME4 -0.07 0.65 0.27 0.21
UCK1 RRM1 0.10 0.53 0.32 0.12
UCK1 RRM2 0.31 0.04 0.45 0.03
UCK1 RRM2B | 0.07 0.66 -0.09 0.69
UCK1 TK1 0.24 0.11 0.26 0.23
UCK1 DCK -0.03 0.87 0.18 0.41
UCK1 AK1 0.20 0.20 -0.07 0.75
UCK1 AK5 -0.09 0.57 0.30 0.16
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UCK1 GUK1 0.33 0.03 0.15 0.47
UCK1 CMPK1 | -0.09 0.57 -0.16 0.45
UCK1 DTYMK | 0.10 0.53 0.42 0.04
UCK1 NME1 -0.20 0.20 -0.08 0.70
UCK1 NME3 0.09 0.58 0.03 0.89
UCK1 ADK 0.11 0.47 0.43 0.03
UCK1 NTSE 0.18 0.24 0.05 0.83
UCK1 NT5C2 0.32 0.03 0.08 0.72
UCK1 NT5C1B| 0.16 0.29 0.11 0.62
UCK1 NT5C 0.24 0.11 -0.03 0.87
UCK1 NT5C3 0.23 0.13 0.02 0.93
UCK2 TK2 0.03 0.85 -0.03 0.88
UCK2 DGUOK | 0.15 0.32 -0.40 0.05
UCK2 NT5M 0.26 0.08 0.56 0.00
UCK2 AK2 0.32 0.03 0.01 0.97
UCK2 NME4 0.19 0.21 0.30 0.16
UCK2 RRM1 0.31 0.04 0.27 0.21
UCK2 RRM2 0.25 0.10 0.44 0.03
UCK2 RRM2B | -0.10 0.52 -0.06 0.79
UCK2 TK1 0.28 0.06 0.22 0.30
UCK2 DCK 0.19 0.22 -0.03 0.88
UCK2 AK1 0.19 0.21 0.06 0.78
UCK2 AKS 0.14 0.37 0.09 0.69
UCK2 GUK1 0.32 0.03 0.42 0.04
UCK2 CMPK1 | -0.23 0.14 -0.32 0.13
UCK2 DTYMK | 0.40 0.01 0.32 0.13
UCK2 NME1 0.29 0.05 0.00 0.99
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UCK2 NME3 0.35 0.02 0.35 0.09
UCK2 ADK 0.18 0.24 0.09 0.68
UCK2 NT5E 0.23 0.13 -0.03 0.87
UCK2 NT5C2 0.00 0.98 -0.22 0.31
UCK2 NT5C1B| 0.01 0.97 0.17 0.44
UCK2 NT5C 0.13 0.42 0.15 0.48
UCK2 NT5C3 -0.05 0.77 -0.13 0.53
UCK2 UCK1 0.08 0.61 0.54 0.01
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Table 12: keaf K. Molecular weights taken for multimer forms of {h®teins.

Molecular References Vmax References Km VimadKm (Umol per min KeadKm (per Notes
weight (kd) (for molecular (umol per min (for Vmax) (UM) | per mg peruM) M per s)
weight) per mg)
DGUOK 58 [91]
dG 0.04 [89] 4.00 0.01 10391.67
dA 0.43 [89] 467.0| 0.00 888.01
dl 0.39 [89] 012.00 0.03 31416.67
TK2 87 [91] TK2 exists both as dimer and tetramer:
mean molecular weight assur
daT 1.29 [90] 3.61 0.36 517979.04 Hill kinetids;," = 1370.5
dc 0.79 [90] 11.00 0.07 104004.55
du [6] 31078.74 dU activity is about 6% of dgtivity
NT5M 46 [92]
dUMP 110.00 [85] 100.0 1.10 843333.33
dTMP 74.00 [85] 0200.0 0.37 283666.67
dCMP 0.00 [88] 0150.0 0.00 0.00
dGMP 4.40 [88] 0150.0 0.03 22488.89
dAMP 2.20 [88] 0150.0 0.01 11244.44
diMP 6.60 [88] 0150.0 0.04 33733.33
UMP 81.40 [88] 0150.0 0.54 416044.44
CMP 0.00 [88] 0150.0 0.00 0.00
GMP 0.00 [88] 0150.0 0.00 0.00
AMP 2.20 [88] 2150.0 0.01 11244.44
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IMP 2.20 [88] 150.0 0.01 11244.44
3'-dTMP 226.60 [88] 0150.0 1.51 1158177.78
3-UMP 74.80 [88] 0150.0 0.50 382311.11
3-CMP 0.00 [88] 0150.0 0.00 0.00
2'-UMP 33.00 [88] 0150.0 0.22 168666.67
2'-GMP 0.00 [88] 0150.0 0.00 0.00
dTDP 2.20 [88] 0150.0 0.01 11244.44
dTTP 0.00 [88] 0150.0 0.00 0.00
AK2 26 [91] °
AMP 198.40 [81] 80.00] 2.48 1074666.67
dAMP 272.80 [81] 210.0] 1.30 562920.63
CMP 161.20 [81] 06000. 0.03 11642.22
UMP 3.96 [81] 09?000. 0.00 190.67

00
CMPK2 445 [8]
dUuMP 0.48 [8] 100.0| 0.00 3560.00
dCMP 1.77 [8] 01310. 0.00 1002.10
CMP 1.64 [8] 03(‘)090. 0.00 393.64
UmP 0.19 8] 0(?300. 0.00 22.37
POLG = POLG Vs arexcat (per s), and reduced

by 1/2

dTTP 12.50 [83] 0.63 19841269.84
dCTP 21.50 [83] 0.90 23888888.89
dATP 22.50 [83] 0.80 28125000.00
dGTP 18.50 [83] 0.80 23125000.0?
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CTP 0.01 [87] 67.00 14328
ATP 0.01 [87] 100.0 56.00
0
DNC (Lam 32 [84] Presence of cholesterol and iADP
et al 2005) assumed
dCTP 0.04 [84] 3000,/ 0.00 7.89
00
dATP 0.01 [84] 2700.] 0.00 2.39
00
dTTP 0.00 [84] 600.0] 0.00 4.00
0
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Table 13: Concentration/k; values. Concentration assumptions can be thodgig approximating the substrate concentrations in
mitochondria of ‘quiescent’ (Low) or ‘cycling' (Higcells. dNXP = dNMP or dNDP or dNTP.

150

High Low
concentrations concentrations
Km Reference | Concentration Concentration / Concentration Concentration / Notes
Mv) | (M) K (M) Ko
(for Kw)
DGUOK
dG 4.0 [89] 0.5 0.13 0.50 0.13
dA 467.0 [89] 0.5 0.00 0.50 0.00
dl 12.0 [89] 0.5 0.04 0.50 0.04
TK2
daT 3.6 [90] 0.71 0.20 0.71 0.20 Hill kineticsi 1370.5, 'Concentration’ = 0.570.5
dc 11.0 [90] 0.5 0.05 0.50 0.05
du 6.0 [6] 05 0.08 0.50 0.08
NT5M
dUMP 100.0 [85] 1 0.01 0.10 0.00 dUMP and dTMfsKvere available, rest assumed to be
dTMP 200.0 [85] 10 0.05 1.00 0.01 -
dCMP 150.0 [88] 10 0.07 1.00 0.01 No reactiop£¥ 0)
dGMP 150.0 [88] 10 0.07 1.00 0.01
dAMP 150.0 [88] 10 0.07 1.00 0.01
diMP 150.0 [88] 0.1 0.00 0.01 0.00
UMP 150.0 [88] 100 0.67 100.00 0.67
CMP 150.0 [88] 100 0.67 100.00 0.67 No reactiopa(¥ 0)
GMP 150.0 [88] 100 0.67 100.00 0.67 No reactiopa(¥ 0)
AMP 150.0 [88] 100 0.67 100.00 0.67

142



IMP 150.0 [88] 1 0.01 1.00 0.01
3-dTMP 150.0 [88] 0.1 0.00 0.01 0.00
3-UMP 150.0 [88] 0.1 0.00 0.01 0.00
3-CMP 150.0 [88] 0.1 0.00 0.01 0.00 NO reaction{\ 0)
2-UMP 150.0 [88] 0.1 0.00 0.01 0.00
2-GMP 150.0 [88] 0.1 0.00 0.01 0.00
dTDP 150.0 [88] 10 0.07 1.00 0.01
dTTP 150.0 [88] 10 0.07 1.00 0.01 NO reaction¥ 0)
AK2

AMP 80.0 [81] 100 1.25 100.00 1.25
dAMP 210.0 [81] 10 0.05 1.00 0.00
CMP 6000.0 | [81] 100 0.02 100.00 0.02
UMP 9000.0 | [81] 100 0.01 100.00 0.01
CMPK2

dUMP 100.0 i8] 1 0.01 0.10 0.00
dCMP 13100 | [8] 10 0.01 1.00 0.00
CMP 3090.0 | [8] 100 0.03 100.00 0.03
UMP 63000 | [8] 100 0.02 100.00 0.02
POLG

dTTP 0.6 [83] 10 15.87 1.00 1.59
dCTP 0.9 [83] 10 1111 1.00 111
dATP 0.8 [83] 10 12.50 1.00 1.25
dGTP 0.8 [83] 10 12.50 1.00 1.25
CTP 67.0 [87] 100 1.49 100.00 1.49
ATP 100.0 [87] 100 1.00 100.00 1.00
NME4
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dTDP 1000.0 [86] 10 0.01 1.00 0.00
DNC

(Dolce et al

2001)

ATP 42.6 [82] 100 2.35 100.00 2.35 ATP and ADFRstavailable, rest assumed to be same as
ADP 106.0 [82] 100 0.94 100.00 0.94
GDP 197.0 [82] 100 0.51 100.00 0.51
CDP 284.0 [82] 100 0.35 100.00 0.35
UDP 380.0 [82] 100 0.26 100.00 0.26
dADP 14.0 [82] 10 0.71 1.00 0.07
dGDP 55.0 [82] 10 0.18 1.00 0.02
dCDP 99.0 [82] 10 0.10 1.00 0.01
dTDP 117.0 [82] 10 0.09 1.00 0.01
duDP 179.0 [82] 1 0.01 0.10 0.00
dGTP 230.0 [82] 10 0.04 1.00 0.00
dCTP 423.0 [82] 10 0.02 1.00 0.00
dTTP 595.0 [82] 10 0.02 1.00 0.00
duTpP 963.0 [82] 1 0.00 0.10 0.00
DNC Presence of cholesterol and iADP assumed
(Lam et al

2005)

dCTP 3000.0 [84] 10 0.00 1.00 0.00
dATP 2700.0 [84] 10 0.00 1.00 0.00
dTTP 600.0 [84] 10 0.02 1.00 0.00
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Table 14: Enzyme inhibitions. Ktaken to be K when K not available. ‘high’ =

High concentrations, ‘low’Low concentrations.

Concentration (M) Ki References| [iJ/K Sum([iJ/Ki) Concentration | [iJ/K; Sum([il/K5) Notes
(high’) (um) (for K3) (uM)
(‘high”) (‘high”) (‘low”) (‘low’) (‘low”)
DGUOK 28.27 2.98
dG 0.50 4.00 [89] 0.13 0.50 0.13
dA 0.50 467.00 [89] 0.00 0.50 0.00
dl 0.50 12.00 [89] 0.04 0.50 0.04
dGMP 10.00 4.00 [97] 2.50 1.00 0.25
dAMP 10.00 28.00 [97] 0.36 1.00 0.04
dIMP 0.10 78.00 [97] 0.00 0.01 0.00
dGTP 10.00 0.40 [97] 25.00 1.00 2.50
dATP 10.00 41.00 [97] 0.24 1.00 0.02
dITP 0.10 41.00 [97] 0.00 0.01 0.00 i € dITP set equal to dATP;K
TK2 17.24 1.83
dT 0.50 4.90 [90] 0.10 0.50 0.10
dc 0.50 40.00 [90] 0.01 0.50 0.01
du 0.50 227.00 [6] 0.00 0.50 0.00 i &€ dU set as geometric mean
dTTP 10.00 2.30 [90] 4.35 1.00 0.43
dCTP 10.00 0.83 [90] 12.05 1.00 1.20
dUuTP 1.00 1.38 [90] 0.72 0.10 0.07 i 8¢ dUTP on TK2 geometric mean of dCTP and
dTTP values
NT5M 3.07 2.71
dUMP 1.00 100.00 [85] 0.01 0.10 0.00
dTMP 10.00 200.00 [85] 0.05 1.00 0.01
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dCMP 10.00 150.00 [88] 0.07 1.00 0.01
dGMP 10.00 150.00 [88] 0.07 1.00 0.01
dAMP 10.00 150.00 [88] 0.07 1.00 0.01
dIMP 0.10 150.00 [88] 0.00 0.01 0.00
UMP 100.00 150.00 [88] 0.67 100.00 0.67
CMP 100.00 150.00 [88] 0.67 100.00 0.67
GMP 100.00 150.00 [88] 0.67 100.00 0.67
AMP 100.00 150.00 [88] 0.67 100.00 0.67
IMP 1.00 150.00 [88] 0.01 1.00 0.01
3'-dTMP | 0.10 150.00 [88] 0.00 0.01 0.00
3-UMP 0.10 150.00 [88] 0.00 0.01 0.00
3'-CMP 0.10 150.00 [88] 0.00 0.01 0.00
2'-UMP 0.10 150.00 [88] 0.00 0.01 0.00
2'-GMP 0.10 150.00 [88] 0.00 0.01 0.00
dTDP 10.00 150.00 [88] 0.07 1.00 0.01
dTTP 10.00 150.00 [88] 0.07 1.00 0.01
AK2 1.33 1.28
AMP 100.00 80.00 [81] 1.25 100.00 1.25
dAMP 10.00 210.00 [81] 0.05 1.00 0.00
CMP 100.00 6000.00 [81] 0.02 100.00 0.02
UMP 100.00 9000.09 [81] 0.01 100.00 0.01
CMPK2 0.07 0.05
dumMP 1.00 100.00 [8] 0.01 0.10 0.00
dCMP 10.00 1310.00 [8] 0.01 1.00 0.00
CMP 100.00 3090.00 [8] 0.03 100.00 0.03
UMP 100.00 6300.00 [8] 0.02 100.00 0.02
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Start of L strand replication
Lstrandstart=10969;

S1: Simulation parameters (nbtathematica-readable).

The fractions of A, C, G, T on the heavy and lighstrands of mtDNA

fdTH=0.309;
fdTL=0.247;
fdCH=0.131;
fdCL=0.313;
fdAH=0.247;
fdAL=0.309;
fdGH=0.313;
fdGL=0.131,

Hill coefficient of TK2-deoxythymidine reaction
Reference [6]
tk2hill=0.5;

The length of both strands of mtDNA
DNAlength=33136;

The length of one strand of mtDNA
strandDNA=DNAlength / 2;

Volume of a mitochondrion
Reference [93]
volmito=2 x 10';

Conversion factor used to convert Kms and concenttans from micromolar to molecules per mitochondrio

(conversion = 120.4;)
conversion=1 x 18x 6.022 x 16 x volmito;
secondsperminute=60;

Factor used to decrease the Vmax of the polymerase double stranded templates with lower primer denisy

Reference [93]
dsfact=1/2;

Polymerase kinetic constants

Reference [83]

VmaxPoldT=25.0 x dsfact x secondsperminute;
VmaxPoldC=43.0 x dsfact x secondsperminute;
VmaxPoldA=45.0 x dsfact x secondsperminute;
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VmaxPoldG=37.0 x dsfact x secondsperminute;
KmPoldT=0.63 x conversion;

KmPoldC=0.9 x conversion;

KmPoldA=0.8 x conversion;

KmPoldG=0.8 x conversion;

Ki of dTTP on TK2
Reference [90]
kidttptk2=2.3 x conversion;

Ki of dUTP on TK2: geometric mean of dCTP and dTTPvalues
kidutptk2=1.38 x conversion;

Ki of dCTP on TK2
Reference [90]
kidctptk2=0.83 x conversion;

Ki of dU on TK2: geometric mean
Reference [6]
kidutk2=227 x conversion;

Ki of dC on TK2
Reference [90]
kidctk2=40 x conversion;

Ki of dT on TK2
Reference [90]
kidttk2=4.9 x conversion;

(Substrate Kis on DGUOK set equal to substrate Kms)

Ki of dl on DGUOK set equal to Km
Reference [89]
kididgk=12 x conversion;

Ki of dIMP on DGUOK
Reference [97]
kidimpdgk=78 x conversion;

Ki of dITP on DGUOK set equal to dATP Ki
kiditpdgk=kidatpdgk;

Ki of dGMP on DGUOK
Reference [97]
kidgmpdgk=4 x conversion;

148



Ki of dAMP on DGUOK
Reference [97]
kidampdgk=28 x conversion;

Ki of dJATP on DGUOK
Reference [97]
kidatpdgk=41 x conversion;

Ki of dGTP on DGUOK
Reference [97]
kidgtpdgk=0.4 x conversion;

Estimated nucleoside transporter (ENT) molecular wight in kilodalton
Reference [93]
transporterMW=50;

TK2 and DGUOK molecular weights in kilodalton

(DGUOK is a dimer, TK2 exists both as dimer and teamer (mean taken))
Reference [76, 101]

dgkMW=58;

tkaMw=87;

Molecular weight of NT5M in kilodalton (dimer)
Reference [88, 92]
dnt2MW=46;

Ectonucleotidase molecular weight in kilodalton (teamer)
Reference [91]
enMW=210;

TMPK2 molecular weight in kilodalton
Reference [9]
tmpk2MW=44;

GMPK?2 assumed molecular weight in kilodalton
Reference [91]
gmpk2MW=22;

CMPK2 molecular weight in kilodalton
Reference [8]
cmpk2MW=44.5;

AK2 molecular weight in kilodalton
Reference [UniProt accession P54819]
akMW=26;
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NME4 molecular weight in kilodalton (homohexamer)
Reference [86]
ndpkMW=120;

Nucleoside kinase molecules in each mitochondrion
Reference [93]

tk2moleculespermito=100;
dgkmoleculespermito=200;

NT5M molecules in each mitochondrion
Reference [93]
dnt2moleculespermito=50;

Ectonucleotidase molecules in each mitochondrion
enmoleculespermito=50;

TMPK2 molecules in each mitochondrion
Reference [93]
tmpk2moleculespermito=50;

GMPK2 molecules in each mitochondrion
Reference [93]
gmpk2moleculespermito=50;

CMPK2 molecules in each mitochondrion
Reference [93]
cmpk2moleculespermito=50;

NME4 molecules in each mitochondrion
Reference [93]
ndpkmoleculespermito=300;

The factor that the reverse reaction is faster thanhe forward reaction for NMPK
factorMD=0.1; (AMP/ADP)

The factor that the reverse reaction is faster tharthe forward reaction for NDPK
factorDT=0.1; (ADP/ATP)

ENT molecules per mitochondrion
Reference [93]
transportermoleculespermito=38;

Adenylate kinase molecules per mitochondrion

Reference [93]
akmoleculespermito=450;
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ENT Vmax converting from micromoles substrate/mg emyme/minute to molecules substrate/mitochondrion/miute
Reference [98, 102]
transportervmax=0.000086/0.0000021 x transportercudé spermito;

Vmax of the first phosphorylation of dT in the forward direction converting from micromoles substrateing enzyme/minute to molecules substrate/mitochondm/minute
Reference [90]
Vmax1PfdT=1.288 x tk2ZMW x tk2Zmoleculespermito;

Vmax of the first phosphorylation of dC in the forward direction converting from micromoles substrateg enzyme/minute to molecules substrate/mitochondm/minute
Reference [90]
Vmax1PfdC=0.789 x tk2ZMW x tk2Zmoleculespermito;

Vmax of dC with DGUOK converting from micromoles sibstrate/mg enzyme/minute to molecules substrate/nichondrion/minute
Reference [89]
Vmax1PfdCdgk=0.059 x dgkMW x dgkmoleculespermito;

Vmax of the first phosphorylation of dA in the forward direction converting from micromoles substrateg enzyme/minute to molecules substrate/mitochondm/minute
Reference [89]
Vmax1PfdA=0.429 x dgkMW x dgkmoleculespermito;

Vmax of the first phosphorylation of dG in the forward direction converting from micromoles substrateing enzyme/minute to molecules substrate/mitochondm/minute
Reference [89]
Vmax1PfdG=0.043 x dgkMW x dgkmoleculespermito;

Vmax of the first phosphorylation of dT in the revase direction converting from micromoles substratehg enzyme/minute to molecules substrate/mitochondm/minute
Reference [85]
Vmax1PrdT=74 x dnt2MW x dnt2moleculespermito;

Ectonucleotidase Vmax of the first phosphorylatiorof dT in the reverse direction converting from micromoles substrate/mg enzyme/minute to molecules stitage/mitochondrion/minute
Vmax1PrdTen=4.5 x enMW x enmoleculespermito;

Vmax of the first phosphorylation of dC in the revese direction converting from micromoles substratahg enzyme/minute to molecules substrate/mitochondrm/minute
Vmax1PrdC=4.5 x enMW x enmoleculespermito;

Vmax of the first phosphorylation of dA in the revese direction converting from micromoles substratahg enzyme/minute to molecules substrate/mitochondrm/minute
Vmax1PrdA=4.5 x enMW x enmoleculespermito;

Vmax of the first phosphorylation of dG in the revese direction converting from micromoles substratehg enzyme/minute to molecules substrate/mitochondm/minute
Vmax1PrdG=4.5 x enMW x enmoleculespermito;

Vmax of the second phosphorylation of dT in the faward direction converting from micromoles substratdmg enzyme/minute to molecules substrate/mitochongm/minute
Reference [91]
Vmax2PfdT=0.821 x tmpk2MW x tmpk2moleculespermito;

Vmax of the second phosphorylation of dC in the faward direction converting from micromoles substratémg enzyme/minute to molecules substrate/mitochonadm/minute
Reference [8]
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Vmax2PfdC=1.77 x cmpk2MW x cmpk2moleculespermito;

Vmax of the second phosphorylation of dA in the foward direction converting from micromoles substratédmg enzyme/minute to molecules substrate/mitochonadm/minute
Reference [81]
Vmax2PfdA=272.8 x akMW x akmoleculespermito;

Vmax of the second phosphorylation of dG in the faward direction converting from micromoles substratédmg enzyme/minute to molecules substrate/mitochonm/minute
Reference [81]
Vmax2PfdG=1.54 x gmpk2MW x gmpk2moleculespermito;

Vmax of the second phosphorylation of dT in the resrse direction
Vmax2PrdT=Vmax2PfdT x factorMD;

Vmax of the second phosphorylation of dC in the rearse direction
Vmax2PrdC=Vmax2PfdC x factorMD;

Vmax of the second phosphorylation of dA in the resrse direction
Vmax2PrdA=Vmax2PfdA x factorMD;

Vmax of the second phosphorylation of dG in the rearse direction
Vmax2PrdG=Vmax2PfdG x factorMD;

Vmax of the third phosphorylation of dT in the forward direction converting from micromoles substrateing enzyme/minute to molecules substrate/mitochondm/minute
Reference [99]
Vmax3PfdT=140 x ndpkMW x ndpkmoleculespermito;

Vmax of the third phosphorylation of dC in the forward direction converting from micromoles substrateing enzyme/minute to molecules substrate/mitochondri/minute
Reference [99]
Vmax3PfdC=50 x ndpkMW x ndpkmoleculespermito;

Vmax of the third phosphorylation of dA in the forward direction converting from micromoles substrateing enzyme/minute to molecules substrate/mitochondri/minute
Reference [86]
Vmax3PfdA=225 x ndpkMW x ndpkmoleculespermito; (sgtial to dGDP Vmax)

Vmax of the third phosphorylation of dG in the forward direction converting from micromoles substrateing enzyme/minute to molecules substrate/mitochondy/minute
Reference [99]
Vmax3PfdG=225 x ndpkMW x ndpkmoleculespermito;

Vmax of the third phosphorylation of dT in the reverse direction
Vmax3PrdT=Vmax3PfdT x factorDT;

Vmax of the third phosphorylation of dC in the revese direction
Vmax3PrdC=Vmax3PfdC x factorDT;

Vmax of the third phosphorylation of dA in the reverse direction
Vmax3PrdA=Vmax3PfdA x factorDT;
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Vmax of the third phosphorylation of dG in the revase direction
Vmax3PrdG=Vmax3PfdG x factorDT;

ENT Km
Reference [98]
transporterkm=2 x conversion;

Km of the first phosphorylation of dT in the forward direction
Reference [90]
km1PfdT=13 x conversion;

Km of the first phosphorylation of dC in the forward direction
Reference [90]
km1PfdC=11 x conversion;

Km of dC with DGUOK
Reference [89]
km1PfdCdgk=336 x conversion;

Km of the first phosphorylation of dA in the forward direction
Reference [89]
km1PfdA=467 x conversion;

Km of the first phosphorylation of dG in the forward direction
Reference [89]
km1PfdG=4 x conversion;

Km of the first phosphorylation of dT, dU in the reverse direction
Reference [88]

km1PrdT=200 x conversion;

km1PrdU=100 x conversion;

km1PrrU=1.5 x km1PrdT;

Ectonucleotidase data: geometric means for substratKms, higher Kms plugged for inhibitions to be coservative
Reference [91, 92]

Ectonucleotidase Km of the first phosphorylation ofdT, dU, rU in the reverse direction

km1PrdTen=22.5 x conversion;

km1PrdUen=110 x conversion; (set equal to UMP Km)

km1PrrUen=110 x conversion; (set equal to Km)

Ectonucleotidase Km of the first phosphorylation ofdC, rC in the reverse direction
km1PrdC=290 x conversion;
km1PrrC=360 x conversion;

Ectonucleotidase Km of the first phosphorylation ofda, rA in the reverse direction
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km1PrdA=62 x conversion;
km1PrrA=19 x conversion; (set equal to Km)

kiadpen=17 x conversion;
kiatpen=15 x conversion;

Ectonucleotidase Km of the first phosphorylation ofdG, rG in the reverse direction
km1PrdG=48 x conversion;
km1PrrG=59 x conversion; (set equal to Km)

Ectonucleotidase Km of the first phosphorylation ofdl, rl in the reverse direction
km21PrdI=100 x conversion; (set equal to Km of IMP)
km1Prrl=100 x conversion; (set equal to Km)

Km of the second phosphorylation of dT in the forwad direction
Reference [81]

km2PfdT=20 x conversion;

km2PfdUtmpk2=2600 x conversion; (Kmis 170, but«k®2600)

Miscellaneous inhibitions
Reference [91]
kidttptmpk2=700 x conversion;
kidttmpk2=180 x conversion;

Km of the second phosphorylation of dC in the forwed direction
Reference [8]

km2PfdC=1310 x conversion;

km2PfrC=3090 x conversion;

km2PfrU=6300 x conversion;

km2PfdUcmpk2=100 x conversion;

CMPK1 can phosphorylate AMP and dAMP
Reference [100]
km2PfrAcmpk2=km2PrrAcmpk2=km2PfdAcmpk2=km2PrdAcmpB0 x 500 x conversion; (Km of CMP is 500 microaml

Km of the second phosphorylation of dA in the forwad direction
Reference [81]

km2PfdA=210 x conversion;

km2PfrA=80 x conversion;

CMP and UMP have some reactivity with AK2 - includel as inhibitions
Reference [81]

km2PfrCak2=6000 x conversion;

km2PfrUak2=9000 x conversion;

Km of the second phosphorylation of dG in the forwad direction
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Reference [91]
km2PfdG=112 x conversion;
km2PfrG=18 x conversion;

Km of the second phosphorylation of dT in the revese direction
km2PrdT=km2PfdT;
km2PrdUtmpk2=km2PfdUtmpk2;

Km of the second phosphorylation of dC in the revese direction
km2PrdC=km2PfdC;

km2PrrC=km2PfrC;

km2PrrU=km2PfrU;

km2PrdUcmpk2=km2PfdUcmpk2;

Km of the second phosphorylation of dA in the revese direction
km2PrdA=km2PfdA;
km2PrrA=km2PfrA,;

km2PrrCak2=km2PfrCak2;
km2PrrUak2=km2PfrUak2;

Km of the second phosphorylation of dG in the revese direction
km2PrdG=km2PfdG;
km2PrrG=km2PfrG;

(Reaction is linear for dTDP and UDP until at leastL000 uM)
Km of the third phosphorylation of dT in the forwar d direction
Reference [99]

km3PfdT=1000 x conversion;

km3PfdU=km3PfdT;

km3PfrU=km3PfdT;

Km of the third phosphorylation of dC in the forward direction

Reference [99]

km3PfdC=1000 x conversion; (ANDPs are weaker satestthan rNDPs: author statement but data n/aree salue used)
km3PfrC=1000 x conversion; (Reaction linear urttieast 1000 uM)

Km of the third phosphorylation of dA in the forwar d direction

Reference [99]

km3PfdA=70 x conversion; (Km of ADP is about 70 roimolar, Km of dADP set equal to that of dGDP)
km3PfrA=300 x conversion; (substrate inhibition) Ki

Km of the third phosphorylation of dG in the forward direction

Reference [99]
km3PfdG=75 x conversion;
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km3PfrG=100 x conversion; (substrate inhibition) Ki

Inosine inhibitions
km3Pfrl=km3Prrl=km3Pfdl=km3PrdI=1000 x conversion;

Km of the third phosphorylation of dT in the reverse direction
km3PrdT=km3PfdT;
km3PrdU=km3PrdT;
km3PrrU=km3PrdT;

Km of the third phosphorylation of dC in the reverse direction
km3PrdC=km3PfdC;
km3PrrC=km3PrdC;

Km of the third phosphorylation of dA in the reverse direction
km3PrdA=km3PfdA;
km3PrrA=km3PrdA,;

Km of the third phosphorylation of dG in the reverse direction
km3PrdG=km3PfdG;
km3PrrG=km3PrdG;

(Initial concentrations selected randomly)

Initial dN concentrations

dTcyto=RandomReal[{0.05 x conversion, 5 x converHio
dCcyto=RandomReal[{0.05 x conversion, 5 x convetio
dAcyto=RandomReal[{0.05 x conversion, 5 x convenjp
dGceyto=RandomReal[{0.05 x conversion, 5 x convergio

dTO0=dTcyto;

dCO=dCcyto;
dAO=dAcyto;
dG0=dGcyto;

Initial dNXP and rNXP levels

If[celltype==1,dTTPcyto=RandomReal[{0.1 x conversjd0 x conversion}]];
If[celltype==1,dCTPcyto=RandomReal[{0.1 x conversid0 x conversion}]];
If[celltype==1,dATPcyto=RandomReal[{0.1 x convensjd 0 x conversion}]];
If[celltype==1,dGTPcyto=RandomReal[{0.1 x conversid0 x conversion}]];

dTMP0=RandomReal[{0.01 x conversion, 10 x convergio
dTDPO=RandomReal[{0.01 x conversion, 10 x convergio
dTTPO=dTTPcyto;

dCMP0=RandomReal[{0.01 x conversion, 10 x convergjo
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dCDP0=RandomReal[{0.01 x conversion, 10 x convei§jo
dCTPO=dCTPcyto;

dAMPO=RandomReal[{0.01 x conversion, 10 x convargio
dADP0O=RandomReal[{0.01 x conversion, 10 x convergio
dATPO=dATPcyto;

dGMPO=RandomReal[{0.01 x conversion, 10 x convergjo
dGDP0=RandomReal[{0.01 x conversion, 10 x convei§io
dGTPO=dGTPcyto;

dU=dUcyto=dTcyto;
rU=rUcyto=dTcyto;
di=dlcyto=0.1 x dAcyto;
rl=ricyto=0.1 x dAcyto;
rC=rCcyto=dCcyto;
rA=rAcyto=dAcyto;
rG=rGcyto=dGcyto;

dUMP=1 x conversion; (0.1 x dTMPO;)
rUMP=10 x conversion; (10 x dTMPO;)
dIMP=1 x conversion; (0.1 x dAMPO;)

rIMP=1 x conversion; (0.1 x dAMPO;)

rCMP=10 x conversion; (10 x dCMPO;)
rAMP=10 x conversion; (10 x dAMPO;)
rGMP=10 x conversion; (10 x dGMPO0;)

dUDP=1 x conversion; (0.1 x dTDPO;)
rUDP=10 x conversion; (10 x dTDPO;)
dIDP=1 x conversion; (0.1 x dADPO;)

rIDP=1 x conversion; (0.1 x dADPO;)

rCDP=10 x conversion; (10 x dCDPO;)
rADP=10 x conversion; (10 x dADPO;)
rGDP=10 x conversion; (10 x dGDPO;)

dUTP=1 x conversion; (0.1 x dTTPO;)
rUTP=10 x conversion; (10 x dTTPO;)
dITP=1 x conversion; (0.1 x dATPO;)

rITP=1 x conversion; (0.1 x dATPO;)

rCTP=10 x conversion; (10 x dCTPO;)
rATP=10 x conversion; (10 x dATPO;)
rGTP=10 x conversion; (10 x dGTPO;)

DNAO=0;
LDNAO=0;
HDNAO=0;
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S2: Mathematica simulation code.

(*Mitochondrial deoxynucleotide metabolism and Diplication*)

(*Vishal V Gandhi and David C Samuels*)

(*The model simulates transport of deoxynucleosatas$ dexoynucleotides into and out of a mitochandgi)(*their subsequent phosphorylation and
dephosphorylation and uptake into mtDNAY*)

ClearAll["Global™*"]; (*clear any previous varialkdein memory*)
Off[General::spelll]; (*Turn off spelling checker*)
Off[General::spell];

(* directory where this file and constants fildasated *)
SetDirectory["C:\\Documents and Settings\\gandMwDocuments\\pro\\data\\mathematicaexpbase\\tamspxperiments"];

celltype=1,;

(*Choose the number of separate mitochondrial DNplication events*)

(*Partially overlapping mtDNA replication eventseanot supported in this version of the code*)
numDNAmols=1;

replication=1; (*0 = Off, 1 = On, starts immediat&lith the simulation*)

(*Set the length of the total simulation in minudes
(*Replication time is determined by initial and $gNTP levels*)

simtime=120;(*Total simulation time (min)*)
replengths = {};
repdurations = {};

parameters = {};

Do[
<<modelconstants.txt;(*Load constants file*)

parameters = Append[parameters,{dT0,dC0,dA0,dGO0JdTMTDPO,dTTP0,dCMP0,dCDP0,dCTP0,dAMPO0,dADPO,dAdB6)P0,dGDPO,dGTPO}];
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count =0;
Do[
count++;

(*Michaelis Menten equations of deoxythymidine nietiism®*)

dTnucleosidetransport=

mmZl0[transportervmax,transporterkm,dTcyto,dCcyamgporterkm,dAcyto,transporterkm,dGeyto, transpknedUcyto,transporterkm,rUcyto, transporterkm,rC
cyto,transporterkm,rAcyto,transporterkm,rGeyto, sporterkm,dicyto,transporterkm,ricyto,transportefkm
mmZ10[transportervmax,transporterkm,dT[t],dC[t],sporterkm,dA[t],transporterkm,dGJt], transporterkid,ttansporterkm,rU,transporterkm,rC,transporterkm,r
A, transporterkm,rG,transporterkm,dl,transporterkjnansporterkmy;

(*nucleoside transport in and out*)

dTnucleosidekinase= hill5[Vmax1PfdT,km1PfdT,dT[H;dP[t],kidttptk2,dC[t],kidctk2,dCTP[t] kidctptk2,didutk2,dU TP, kidutptk2,tk2hill]; (*nucleoside
kinase*)

dTnucleotidase=mm2[Vmax1PrdT,km1PrdT,dTMP[t],dUMBKrdU,rtUMP, km1PrrUl+mm12[Vmax1PrdTen,kmlPrdTen,d[IdCMPJt],km1PrdC,dAMP
[t],km1PrdA,dGMPJt],km1PrdG,dUMP,km1PrdUen,rUMP kRrtUen,rCMP,km1PrrC,rAMP,km1PrrA,rGMP,km1PrrG,dINMR.LPrdl,rIMP,km1Prrl,rADP, ki
adpen,rATP kiatpen];(*nucleotidase modeled throbgth dnt2 and ectonucleotidase*)

dTmpkforward= mm5[Vmax2PfdT,km2PfdT,dTMP[t],dTDRKIN2Prd T,dUMP,km2PfdUtmpk2,dUDP ,km2PrdUtmpk2,d T TR[dttptmpk2,d T[], kidttmpk2];
(*nucleoside monophosphate kinase forward*)

dTmpkreverse=mm5[Vmax2PrdT,km2PrdT,dTDPJt], dTMPkih2PfdT, dUMP,

km2PfdUtmpk2,dUDP,km2PrdUtmpk2,dTTP[t],kidttptmp#Z[t], kidttmpk?2];(*nucleoside monophosphate kinaseerse*)

dTdpkforward= mm21[Vmax3PfdT,km3PfdT,dTDP[t],dCDF{m3PfdC,dADP[t],km3PfdA,dGDP][t],km3PfdG,dTTP[§m3PrdT, dCTP[t],km3PrdC,
dATPJt],km3PrdA,dGTP[t],km3PrdG,dUDP,km3PfdU,dUTRE&PrdU,rUDP,km3PfrU,rUTP,km3PrrU,rCDP,km3PfrC,rCRIR3PrrC,rADP ,km3PfrA,rATP,k
m3PrrA,rGDP,km3PfrG,rGTP,km3PrrG,rIDP,km3Pfrl,rIkm3Prrl,dIDP,km3Pfdl,dITP,km3Prdl];(*nucleoside Higsphate kinase forward*)
dTdpkreverse=mm21[Vmax3PrdT,km3PrdT,dTTP[t],dTDR{]3PfdT,dCDP[t],km3PfdC,dADP[t],km3PfdA,dGDPJt], BRfdG,dCTP[t],km3PrdC,
dATPJt],km3PrdA,dGTP[t],km3PrdG,dUDP,km3PfdU,dUTRE&PrdU,rUDP,km3PfrU,rUTP,km3PrrU,rCDP,km3PfrC,rCRIR3PrrC,rADP ,km3PfrA,rATP,k
m3PrrA,rGDP,km3PfrG,rGTP,km3PrrG,rIDP,km3Pfrl, rIkm3Prrl,dIDP,km3Pfdl,dITP,km3Prdl];(*nucleoside Higsphate kinase reverse*)

(*Michaelis Menten equations of deoxycytidine nipetism*)

dCnucleosidetransport

=mm2l0[transportervmax,transporterkm,dCcyto,d Tcyaogporterkm,dAcyto,transporterkm,dGceyto,transpkntedUcyto,transporterkm,rUcyto,transporterkm,r
Ccyto,transporterkm,rAcyto,transporterkm,rGeytmgporterkm,dlcyto,transporterkm,ricyto,transponejk
mm10[transportervmax,transporterkm,dC[t],dT[t],sparterkm,dA[t],transporterkm,dG[t],transporterkkd,tansporterkm,rU,transporterkm,rC,transporterkm,r
A, transporterkm,rG,transporterkm,dl,transporterkjnansporterkmy;

(*nucleoside transport in and out*)
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dCnucleosidekinase =
mm5[Vmax1PfdC,km1PfdC,dC[t],dTTPI[t] kidttptk2,d Tkjdttk2,dCTP[t],kidctptk2,dU,kidutk2,dUTP kidut@k+rmm9[Vmax1PfdCdgk,km1PfdCdgk,dC][t],d
ATP[t],kidatpdgk,dGTPI[t],kidgtpdgk,dGMP]t],kidgmp#g AMPI[t],kidampdgk,dG[t], km1PfdG,dA[t], km1PfdA,dididgk,d IMP kidimpdgk,dI TP kiditpdgk];
(*nucleoside kinase, dC transformation modeledugloboth tk2 and dgk routes*)
dCnucleotidase=mm12[Vmax1PrdC,km1PrdC,dCMP[t],dTH{JRh1PrdTen,dAMP[t],km1PrdA,dGMP[t],km1PrdG,dUMmPRPrdUen,rUMP,km1PrrUen,rC
MP,km1PrrC,rAMP,km1PrrA,rGMP . km1PrrG,dIMP,km1PrtNjP,km1Prrl,rADP,kiadpen,rATP kiatpen];

dCmpkforward
=mmll[Vmax2PfdC,km2PfdC,dCMP[t],dCDP[t],km2PrdC,reMm2PfrC,rCDP,km2PrrC,dUMP,km2PfdUcmpk2,dUDP kntRRimpk2,rUMP, km2PfrU,rU
DP,km2PrrU,rAMP,km2PfrAcmpk2,rADP,km2PrrAcmpk2,dAMEkm2PfdAcmpk2,dADP[t],km2PrdAcmpk?2];(*nucleosideonophosphate kinase forward*)
dCmpkreverse
=mmll[Vmax2PrdC,km2PrdC,dCDP[t],dCMP[t],km2PfdC,reMm2PfrC,rCDP,km2PrrC,dUMP,km2PfdUcmpk2,dUDP kntRRimpk2,rUMP, km2PfrU,rU
DP,km2PrrU ,FAMP,km2PfrAcmpk2,rADP,km2PrrAcmpk2,dANt],km2PfdAcmpk2,dADP[t],km2PrdAcmpk2]; (*nuclea® monophosphate kinase
reverse*)

dCdpkforward = mm21[Vmax3PfdC,km3PfdC,dCDPJt],dTERmM3PfdT,dADP[t],km3PfdA,dGDP][t],km3PfdG,dTTP[tkm3PrdT, dCTP[t],km3PrdC,
dATPJt],km3PrdA,dGTP[t],km3PrdG,dUDP,km3PfdU,dUTR&PrdU,rUDP,km3PfrU,rUTP,km3PrrU,rCDP,km3PfrC,rCRIR3PrrC,rADP ,km3PfrA,rATP,k
m3PrrA,rGDP,km3PfrG,rGTP,km3PrrG,rIDP,km3Pfrl,rIkm3Prrl,dIDP,km3Pfdl,dITP,km3Prdl];(*nucleoside Higsphate kinase forward*)

dCdpkreverse = mm21[Vmax3PrdC,km3PrdC,dCTP[t],dGp¥h3PfdC,dTDPJt],km3PfdT,dADP[t],km3PfdA,dGDPKM3PfdG,dTTP[t],
km3PrdT,dATP[t],km3PrdA,dGTP[t],km3PrdG,dUDP,km3BfdUTP,km3PrdU,rUDP,km3PfrU,rUTP,.km3PrrU,rCDP,kmB8RfCTP,km3PrrC,rADP, ,km3Pfr
A,rATP,.km3PrrA,rGDP,km3PfrG,rGTP,km3PrrG,rIDP,km8RHTP,km3Prrl,dIDP,km3Pfdl,dITP,km3Prdl];(*nuclsme diphosphate kinase reverse*)

(*Michaelis Menten equations of deoxyadenosine inatam*)

dAnucleosidetransport=mmZ10[transportervmax,trartepkm,dAcyto,dCcyto,transporterkm,dTcyto,transpdarie dGeyto, transporterkm,dUcyto, transporterkm,r
Ucyto,transporterkm,rCcyto,transporterkm,rAcytasporterkm,rGeyto,transporterkm,dlcyto, transporterkcyto, transporterkmi-
mmZ10[transportervmax,transporterkm,dA[t],dC[t],sporterkm,d T[t],transporterkm,dG[t],transporterki,slansporterkm,rU, transporterkm,rC transporterkm,r
A transporterkm,rG,transporterkm,dl,transporterkpnansporterkm];

(*nucleoside transport in and out*)

dAnucleosidekinase=

mm38[Vmax1PfdA km1PfdA,dA[t],dG[t],km1PfdG,dATP[tlitatpdgk,dG TPJt],kidgtpdgk,dGMP]t],kidgmpdgk,dAMPRidampdgk,dl,kididgk,dIMP,kidimpdg
k,dITP,kiditpdgk];

(*nucleoside kinase*)
dAnucleotidase=mm12[Vmax1PrdA,km1PrdA,dAMP]t],dTM¥m1PrdTen,dCMP[t],km1PrdC,dGMP[t],km1PrdG,dUMmXPrdUen,rfUMP km1PrrUen,rC
MP,km1PrrC,rAMP,km1PrrA,rGMP ,km1PrrG,dIMP,km1PrtVjP,km1Prrl,rADP,kiadpen,rATP kiatpen];

dAmpkforward=
mm7[Vmax2PfdA,km2PfdA,dAMP[t],dADP]t],km2PrdA,rAMRmM2PfrA,rADP,.km2PrrA,rCMP,km2PfrCak2,rUMP,km2PfrlakCDP,km2PrrCak2,rUDP,km
2PrrUak2];(*nucleoside monophosphate kinase fortjard
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dAmpkreverse
=mm7[Vmax2PrdA,km2PrdA,dADP[t],dJAMP[t],km2PfdA,rADRM2PrrA,rAMP,km2PfrA,rCMP,km2PfrCak2,rUMP . km2PfrkiarCDP,km2PrrCak2,rUDP,k
m2PrrUak2];(*nucleoside monophosphate kinase revgrs

dAdpkforward= mm21[Vmax3PfdA,km3PfdA,dADP]t],dCDPKmM3PfdC,dTDP[t],km3PfdT,dATP[t],km3PrdA,dGDP[thiBPfdG,dTTP[t], km3PrdT,
dCTPJt],km3PrdC,dGTP[t],km3PrdG,dUDP,km3PfdU,dUTiR3LrdU,rUDP,km3PfrU,rUTP,km3PrrU,rCDP,km3PfrC,rCHiR3PrrC,rADP,km3PfrA,rATP k
m3PrrA,rGDP,km3PfrG,rGTP,km3PrrG,rIDP,km3Pfrl,rIkR3Prrl,dIDP,km3Pfdl,dITP,km3Prdl ];(*nucleosideptiosphate kinase forward*)

dAdpkreverse =mm21[Vmax3PrdA,km3PrdA,dATP[t],dCORIN3PfdC,dTDP[t],km3PfdT,dADP[t] km3PfdA,dGDP[thk3PfdG,d TTP[t], km3PrdT,
dCTPJt],km3PrdC,dGTP[t],km3PrdG,dUDP,km3PfdU,dUTiR3LrdU,rUDP,km3PfrU,rUTP,km3PrrU,rCDP,km3PfrC,rCHiR3PrrC,rADP,km3PfrA,rATP k
mM3PrrA,rGDP,km3PfrG,rGTP,km3PrrG,rIDP,km3Pfrl, rIkm3Prrl,dIDP,km3Pfdl,dITP,km3Prdl ];(*nucleosideptiosphate kinase reverse*)

(*Michaelis Menten equations of deoxyguanosine ingiam®*)

dGnucleosidetransport=
mmZ2l0[transportervmax,transporterkm,dGceyto,dCcyaogporterkm,dTcyto,transporterkm,dAcyto,transp&rtedUcyto,transporterkm,rUcyto, transporterkm,rC
cyto,transporterkm,rAcyto,transporterkm,rGeyto, sorterkm,dicyto,transporterkm,ricyto,transportefkm
mmZ10[transportervmax,transporterkm,dG[t],dCJ[t],Bparterkm,dT[t],transporterkm,dA[t],transporterkid,ttansporterkm,rU, transporterkm,rC transporterkm,r
A transporterkm,rG,transporterkm,dl,transporterkpnansporterkm];

(*nucleoside transport in and out*)

dGnucleosidekinase=
mm8[Vmax1PfdG,km1PfdG,dG[t],dA[t],km1PfdA,dATP[tjdatpdgk,dGTPJt],kidgtpdgk,dGMP]t],kidgmpdgk,dAMPRidampdgk,dl,kididgk,dIMP,kidimpdg
k,dITP,kiditpdgk];

(*nucleoside kinase*)

dGnucleotidase=mm12[Vmax1PrdG,km1PrdG,dGMP[t],dTi{ih1PrdTen,dAMP[t], km1PrdA,dCMP[t],km1PrdC,dUMPREPrdUen,ftUMP ,km1PrrUen,rC
MP,km1PrrC,rAMP,.km1PrrA,rGMP,km1PrrG,dIMP,km1PrtVjP,km1Prrl,rADP kiadpen,rATP kiatpen];
dGmpkforward=mm3[Vmax2PfdG,km2PfdG,dGMP[t],dGDRth2PrdG,rGMP,km2PfrG,rGDP,km2PrrG];(*nucleoside mphosphare kinase forward*)
dGmpkreverse=mm3[Vmax2PrdG,km2PrdG,dGDPJt], dGMRtRPfdG,rGMP,km2PfrG,rGDP,km2PrrG];(*nucleoside maphosphate kinase reverse*)
dGdpkforward=mm21[Vmax3PfdG,km3PfdG,dGDP[t],dCDRth3PfdC,d TDPJ[t],km3PfdT,dADP[t],km3PfdA,dATP[t],KBfPrdA,dTTP[t], km3PrdT,
dCTP[t],km3PrdC,dGTP[t],km3PrdG,dUDP,km3PfdU,dUTR3PrdU,rUDP,km3PfrU,rUTP,km3PrrU,rCDP,km3PfrC,rCHIR3PrrC,rADP,km3PfrA,rATP k
m3PrrA,rGDP,km3PfrG,rGTP,km3PrrG ,rIDP,km3Pfrl,rikm3Prrl,dIDP,km3Pfdl,dITP,km3Prdl];(*nucleosideptiosphate kinase forward*)

dGdpkreverse =mm21[Vmax3PrdG,km3PrdG,dGTP[t],dCPEt3PfdC,dTDP]t],km3PfdT,dADP[t],km3PfdA,dATP[tlk3PrdA,dTTP[t],
km3PrdT,dCTPJ[t],km3PrdC,dGDP[t],km3PfdG,dUDP,km3PfdUTP,km3PrdU,rUDP,km3PfrU,rUTP,km3PrrU,rCDP,kmBRfCTP,km3PrrC,rADP ,km3Pfr
A,rATP,km3PrrA,rGDP,km3PfrG,rGTP,km3PrrG,rIDP,km8RHTP,.km3Prrl,dIDP ,km3Pfdl,dITP,km3Prdl ];(*nuaeide diphosphate kinase reverse*)

(*Rates of polymerization for individual dNTP spegialone*)
rdT:=If[replication>0,1,0]*mm[VmaxPoldT,KmPoldT,dTA[t]];
rdC:=If[replication>0,1,0]*mm[VmaxPoldC,KmPoldC,d®Tt]];
rdA:=If[replication>0,1,01*mm[VmaxPoldA,KmPoldA,dAP[t]];
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rdG:=lIf[replication>0,1,0]*mm[VmaxPoldG,KmPoldG,d®&Tt]];

(*Heavy Strand Polymerization Start and Stop Dimtt*)

PolrateH:=If[ (startPol>t) || (HDNAJt])>strandid) ,0,1]*HPolrate[t];

(*Light Strand Polymerization Start and Stop Diient*)

PolrateL:= If[ ((startPol>t) || (LDNAJt])>straiDNA)|| ((HDNA[t])< Lstrandstart)),0,1]*LPolrate[t]

* ")

(*Definition of michaelis menten and hill functiof)s

(*Michaelis Menten function with no inhibitors*)
mm[vmax_,km_,s_J]:= If[s>0,1,0]*vmax*s/(km+s);

(*Michaelis Menten function with 1 inhibitor*)
mml[vmax_,km_,s_,i ki_]:=If[s>0,1,0]*vmax*s/(s+krikmn*(If[i>0,1,0]*(i/ki)));

(*Michaelis Menten function with 2 inhibitors*)
mm2[vmax_,km_,s_,il_,kil_,i2_,ki2_]:=If[s>0,1,0]*wamt*s/(s+km+km*(If[i1>0,1,0]*(i1/kil)+If[i2>0,1,0]*(2/ki2)));

(*Michaelis Menten function with 3 inhibitors*)
mm3[vmax_,km_,s_,i1 kil ,i2_,ki2_,i3_ ki3 ]:=If[63L,0]*vmax*s/(s+km+km*(If[i1>0,1,0]*(i1/ki1)+If[i2>0,1,0]*(i2/ki2)+If[i3>0,1,0]*(i3/ki3)));

(*Michaelis Menten function with 4 inhibitors*)
mmd4[vmax_,km_,s_,i1 kil _,i2_,ki2_,i3_,ki3_,i4  kK=If[s>0,1,0]*vmax*s/(s+km+km*(If[i1>0,1,0]*(i1/k1)+If[i2>0,1,0]*(i2/ki2)+If[i3>0,1,0]*(i3/ki3)+If[ i
4>0,1,0]*(i4/ki4)));

(*Michaelis Menten function with 5 inhibitors*)
mmb5[vmax_,km_,s_,i1_,kil_,i2_,ki2_,i3_,ki3_,i4_ ki ki5_]:=If[s>0,1,0]*vmax*s/(s+km+km*(If[i1>0,0]*(i1/ki1)+If[i2>0,1,0]*(i2/ki2)+If[i3>0,1,0]*(i3 /
ki3)+If[i4>0,1,0]*(i4/ki4)+1f[i5>0,1,0]*(i5/ki5)));

(*Michaelis Menten function with 6 inhibitors*)
mm6[vmax_,km_,s_,i1 kil ,i2_,ki2_,i3_,ki3_,i4 ki ki5 ,i6_,ki6_]:=If[s>0,1,0]*
vmax*s/(s+km-+km*(If[i1>0,1,0]*(i1/ki1)+If[i2>0,10]*(i2/ki2)+If[i3>0,1,0]*(i3/ki3)+If[i4>0,1,0]*(i4/ ki4)+If[i5>0,1,0]*(i5/ki5)+If[i6>0,1,0]*(i6/ki6)));

(*Michaelis Menten function with 7 inhibitors*)
mm7[vmax_,km_,s_,i1_,kil_,i2_,ki2_,i3_,ki3_,i4_ki#b ,ki5_,i6_,ki6_,i7_,ki7_]:=If[s>0,1,0]*
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vmax*s/(s-+km+km*(If[i1>0,1,0]*(i1/ki1) +If[i2>0,1,0F(i2/ki2)+If[i3>0,1,0]*(i3/ki3)+If[i4>0,1,0]*(i4/ki 4)+If[i5>0,1,0]*(i5/ki5)+f[i6>0,1,0]*(i6/ki6)+If[i 7>0,1
OIG7/Ki7)));

(*Michaelis menten function with 8 inhibitors*)
mm8[vmax_,km_,s_,i1_,kil_,i2_,ki2_,i3_,ki3_,i4_ki#b ,ki5_,i6_,ki6_,i7_,ki7_,i8_,ki8_]:=If[s>0,1,0fmax*s/(s+km+km*(If[i1>0,1,0]*(i1/ki1)+If[i2>0,1,0
*(i2/ki2)+If[i3>0,1,0]*(i3/ki3)+If[i4>0,1,0]*(i4/ki 4)+If[i5>0,1,0]*(i5/ki5)+If[i6>0,1,0]*(i6/ki6)+If[i 7>0,1,0]*(i7/ki7)+If[i8>0,1,0]*(i8/ki8)));

(*Michaelis menten function with 9 inhibitors*)
mm9[vmax_,km_,s_,i1_,kil_,i2_,ki2_,i3_,ki3_,i4_ki#b ki5_,i6_,ki6_,i7_,ki7_,i8 ,ki8_,i9 ,ki9_J:K>0,1,0]*vmax*s/(s+km+km*(If[i1>0,1,0]*(i1/ki1)+If
i2>0,1,0]*(i2/ki2)+If[i3>0,1,0]*(i3/ki3)+If[i4>0,1,0]*(i4/ki4)+If[i5>0,1,0]*(i5/ki5)+If[i6>0,1,0]*(i6/ ki6)+If[i7>0,1,0]*(i7/ki7)+If[i8>0,1,0]*(i8/ki8)+If [(9>0,1,0
I*(19/ki9)));

(*Michaelis menten function with 10 inhibitors*)

mm2l0[vmax_,km_,s_,il kil ,i2_,ki2_,i3 ,ki3_,i4 4kii5 ,ki5_,i6_,ki6_,i7_ki7_,i8 ,ki8 ,i9 ,ki9 ,ilcki1l0 ]:=If[s>0,1,0]*vmax*s/(s+km+km*(If[i1>0,1,0]
*(i1/ki1)+If[i2>0,1,0]*(i2/ki2)+1f[i3>0,1,0]*(i3/ki 3)+1f[i4>0,1,0]*(i4/ki4)+If[i5>0,1,0]*(i5/ki5)+If[i 6>0,1,0]*(i6/ki6)+If[i7>0,1,0]*(i7/ki7)+If[i8>0,1,0*(i8/ki8)
+1f[i9>0,1,0]*(19/ki9)+If[i10>0,1,0]*(i10/ki10)));

(*Michaelis menten function with 11 inhibitors*)

mmll[vmax_,km_,s_,il kil ,i2_,ki2_,i3 ,ki3_,i4 4kii5 ,ki5 ,i6_,ki6_,i7_ki7_,i8 ,ki8 ,i9 ,ki9 ,i1ckil0 ,ill ,kill ]:=If[s>0,1,0]*vmax*s/(s+km+km*(
If[i1>0,1,0]*(il/ki1)+If[i2>0,1,0]*(i2/ki2)+If[i3>0 ,1,0]*(i3/ki3)+If[i4>0,1,0]*(i4/ki4)+If[i5>0,1,0]*(i5/ki5)+If[i6>0,1,0]*(i6/ki6)+If[i7>0,1,0]*(i7/ki7) +If[i8>0,1
,0]*(i8/ki8)+If[i9>0,1,0]*(19/kiQ)+If[i10>0,1,0]*(i 10/ki10)+If[i11>0,1,0]*(i11/ki11)));

(*Michaelis menten function with 12 inhibitors*)

mml2[vmax_,km_,s_,i1_,kil_,i2_,ki2_,i3 ,ki3_,i4 4kii5_,ki5_,i6_,ki6_,i7_,ki7_,i8_,ki8_,i9 ,ki9 ,il(kil0_,i11_,kill ,i12_,kil2_]:=If[s>0,1,0]*vmax&
+km-+km*(If[i1>0,1,0]*(i1/ki1)+If[i2>0,1,0]*(i2/ki2) +If[i3>0,1,0]*(i3/ki3)+If[i4>0,1,0]*(i4/ki4)+If[i5> 0,1,0]*(i5/ki5)+If[i6>0,1,0]*(i6/ki6)+If[i7>0,1,0]*(i7/ki7
)+1f[i8>0,1,0]*(i8/ki8)+If[i9>0,1,0]*(i9/ki9)+If[i1 0>0,1,0]*(i10/ki10)+If[i11>0,1,0]*(i11/ki11)+If[i12>0,1,0]*(i12/ki12)));

(*Michaelis Menten function with 17 inhibitors*)

mm21[vmax_,km_,s_,i1 ,kil_,i2_,ki2_,i3 ki3 _,i4 4kii5 ,ki5_,i6_,ki6_,i7_,ki7_,i8_,ki8_,i9 ,ki9 ,il(kil0 ,i11 ki1l ,i12 ,ki12_,i13 ,ki13_,i14 kild
5 ,kil5_,i16_,kil6_,i17_,kil7_,i18 ,ki18_,i19 ,kil@0_,ki20_,i21_,ki21_]:=If[s>0,1,0]1*vmax*s/(s+knkm*(If[i1>0,1,0]*(i1/kil)+If[i2>0,1,0]*(i2/ki2)+If[ i3
>0,1,0]*(i3/ki3)+If[i4>0,1,0]*(i4/ki4)+If[i5>0,1,0]*(i5/ki5)+If[i6>0,1,0]*(i6/ki6) +If[i7>0,1,0]*(i7/ki 7)+If[i8>0,1,0]*(i8/ki8)+
+1[i9>0,1,0]*(19/ki9)+If[i10>0,1,0]*(i10/ki10)+If[i11>0,1,0]*(i11/ki11)+If[i12>0,1,0]*(i12/ki12)+If[13>0,1,0]*(i13/ki13)+If[i14>0,1,0]*(i14/ki14)+If[i15>0,1
,0]*(i15/ki15)+If[i16>0,1,0]*(i16/ki16)+If[i17>0,10]*(117/ki17)+If[i18>0,1,0]*(118/ki18)+If[i19>0,1,0*(i119/ki19)+If[i20>0,1,0]*(i20/ki20)+If[i21>0,1,0}(i21
/ki21)));

(*Hill equation function with 5 inhibitors*)
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hills[vmax_km_,s_,i1_kil_,i2_ki2_,i3_ki3_i4i%k i5_ki5_hc_]:=If[s>0,1,0/*vmax*(srhc)/((s"hcfkm~hc+kmAhc*(If[i1>0,1,0]*(1/kil)+If[i2>0,1,0]*(i2/
Ki2)+If[i3>0,1,0]*(3/ki3)+If[i4>0,1,0]*(i4/ki4)+If [i5>0,1,0]*(i5/ki5))));

* ")

(*The total simulation time is broken up so thaeantDNA molecule is copied each time through a tpop
(*the amount of time of each separate differerdgglation*)

DNAmolreptime=simtime/numDNAmols;
(*A Do loop that replicates one molecule of mtDN&Acé time through, the loop counter i counts froto hfumDNAmMols*)

Timing[Do[

(*Hold all simulation results in an array calledw@n, first mtDNA molecule synthesized in solutfa],
second mtDNA molecule replicated in solution[2],80)

If[i'=1, Table[solution[i-1]]];

(*Variable k holds a data Table of time (min) ardTd® molecules/mitochondrion*)
If[il=1,k=Flatten[Table[{t,d TTP[t],dCTP[t],dATP[tdGTPIt]} /.solution[i-1],{t,start,end,1}],1];

(*Get rid of blank lines in between each data line*

If[i'=1,data=ToString[ TableForm[k],OutputForm]];

If[i'=1,data2=StringReplace[data,{"\n\n"-> "\n"}]];

If[i'=1,data3=ToExpression["data2"]];

(*output 5 columns, the time (min), dTTP, dCTP, dATUGTP (molecules) to a file called dNTPs.txt*)
If[i'=1, OutputForm[data3] >>>"dNTPs.txt"];

(*loop counter used outside of loop for last iterat)

lin=i;

(*Start polymerization at beginning*)

startPol=DNAmolreptime*(i)-DNAmolreptime;(*startrtie of each differential equation loop where polyaserstarts*)
start=If[i==1,0,end];(*beginning time of each difemntial equation loop*)
end=If[i==1,DNAmolreptime,start+DNAmolreptime]; (*eling time of each differential equation loop*)

(*Set the nucleotide levels initially or this tinterough loop to the concentrations at the end efdkt loop*)
dTO=If[i==1,dTO,First[dT[start]/.solution[i-1]]];
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dTMPO=If[i==1,dTMPO,First[dTMP[start]/.solution[i{]];
dTDPO=If[i==1,dTDPO,First[dTDP[start)/.solution[i}l;
dTTPO=If[i==1,dTTPO,First[dTTP[start])/.solution[i{l;
dCO=lIf[i==1,dCO0,First[dC[start]/.solution][i-1]]];
dCMPO=If[i==1,dCMPO,First dCMP[start]/.solution[i}l;
dCDPO=If[i==1,dCDPO,First[dCDPJstart]/.solution[i};
dCTPO=If[i==1,dCTPO,First{[dCTP[start)/.solution[{j1
dA0=If[i==1,dAO0,First[dA[start]/.solution[i-1]]];
dAMPO=If[i==1,dAMPO,First{dAMP][start]/.solution[i-1i];
dADPO=If[i==1,dADPO,First[dADP[start]/.solution[i{]];
dATPO=If[i==1,dATPO,First[dATP[start]/.solution[i{]];
dGO=If[i==1,dG0,First[dG[start]/.solution[i-1]]];
dGMPO=If[i==1,dGMPO,First[dGMP[start]/.solution[i}]};
dGDPO=If[i==1,dGDPO,First{dGDP|start]/.solution[{j}
dGTPO=If[i==1,dGTPO,Firstf[dGTP[start]/.solution[1

(* *)
(*differential equations*)
(*Determine individual pool levels over time by aalgl and subtracting kinetic equations*®)

(*transport*)
ri = Range[0,1200,100];
(*OutputForm[ri] >>>"ri.txt";*

solution[i]l=NDSolve [{
dT'[t}==dTnucleosidetransport-dTnucleosidekinaserutdeotidase,
dTMP'[t]==dTnucleosidekinase-dTnucleotidase-dTmpkfard+dTmpkreverse,
dTDP'[t}==dTmpkforward-dTmpkreverse-d Tdpkforward-epkreverse,
dTTP'[t}==dTdpkforward-dTdpkreverse- PolrateL*fdTRolrateH*fd TH+ri[[count]],
dC'[t}==dCnucleosidetransport-dCnucleosidekinased®otidase,
dCMP'[t]==dCnucleosidekinase-dCmpkforward+dCmpkregedCnucleotidase,
dCDP'[t]==dCmpkforward-dCmpkreverse-dCdpkforwardtgkreverse,
dCTP'[t}==dCdpkforward-dCdpkreverse- PolrateL*fd@lolrateH*fdCH-+ri[[count]],
dA'[t]==dAnucleosidetransport-dAnucleosidekinasefdaéleotidase,
dAMP'[t}==dAnucleosidekinase-dAmpkforward+dAmpkrese-dAnucleotidase,
dADP'[t}==dAmpkforward-dAmpkreverse-dAdpkforward+dpkreverse,
dATP'[t]==dAdpkforward-dAdpkreverse- PolrateL*fdARelrateH*fdAH+ri[[count]],
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dG'[t}==dGnucleosidetransport-dGnucleosidekinasaxdiBotidase,

dGMP'[t}==dGnucleosidekinase-dGmpkforward+dGmpkreeedGnucleotidase,

dGDP'[t}==dGmpkforward-dGmpkreverse-dGdpkforward-tpp&reverse,

dGTP'[t}==dGdpkforward-dGdpkreverse- PolrateL*fdGPolrateH*fdGH+ri[[count]],

LDNA'[t]==PolrateL ,

HDNA't]==PolrateH ,

LPolrate[t]==rdT*rdC*rdA *rdG/((fdTL*rdC*rdA*rdG)+(fdCL*rd T*rdA*rdG)+(fdAL*rd T*rdC*rdG)+ (fdGL*rdT*rdC *rdA)+0.1),

HPolrate[t]==rdT*rdC*rdA *rdG/((fdTH*rdC*rdA*rdG)+fdCH*rd T*rd A*rdG)+(fdAH*rd T*rdC*rdG) +(fdGH*rd T*rdC* rdA)+0.1),

dT[start]==dTO,

dTMP[start]==dTMPO,

dTDPJ[start]==dTDPO,

dTTP[start]==dTTPO,

dC[start]==dCO,

dCMP|[start]==dCMPO,

dCDPJstart]==dCDPO,

dCTPJ[start]==dCTPO,

dA[start]==dAO0,

dAMP][start]==dAMPO,

dADP[start}==dADPO,

dATPJ[start]==dATPO,

dG[start]==dG0,

dGMP[start]==dGMPO,

dGDPJ[start]==dGDPO,

dGTP[start]==dGTPO,

LDNA[start]==LDNAO,

HDNA[start]==HDNAO,

LPolrate'[start]==0,

HPolrate'[start]==0},

{dT,dTMP,dTDP,dTTP,dC,dCMP,dCDP,dCTP,dA,dAMP ,dADR]®,dG,dGMP,dGDP,dGTP,LDNA,HDNA,LPolrate,HPolrate},

{t,start,end},MaxSteps->10000000,PrecisionGoal->dtfhdd->Automatic ],{i,1,numDNAmols}]];
(*end loop*)

(*Analysis*)

k=Flatten[Table[{PolrateL+PolrateH} /.solution[lift,start,end,0.1}],2];
reptime=(10*end-Count[k,0])*0.1;(*calctéathe replication time of the last mtDNA molecuplicated*)
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hd=HDNA[end]/.solution[1];
[d=LDNA[end]/.solution[1];

replengths = Append[replengths,hd[[1]]+Id[[1]]];
repdurations = Append[repdurations,reptime];
reprates = replengths/repdurations;

(*OutputForm[reprates] >>>"reprates.txt"; *

{13}];

{100}];
(*Analysis*)

replengths

repdurations

reprates

Max[replengths]
Min[repdurations]
TableForm[Partition[reprates,13]]
TableForm[parameters]

(*Data & Plots*)

(*write last iteration to end of file*)

(*Variable k* holds a data Table of time (min) atid and dNXP molecules per mitochondrion*)
kn=Flatten[Table[{t, dT[t],dC[t],dA[t],dG[t]} /.soltion[lin],{t,start,end,1}],1];

(*Get rid of blank lines in between each data line*
datan=ToString[TableForm[kn],OutputForm];

data2n=StringReplace[datan,{"\n\n"-> "\n"}];

data3n=ToExpression["data2n"];

(*output 5 columns, the time (min), dT, dC, dA, @@Bolecules) to a file called dNs.txt*)
OutputForm[data3n] >>>"dNs.txt";

kmono=Flatten[Table[{t, dTMPJ[t], dCMPJ[t],dAMP[t],dG[t]} /.solution[lin],{t,start,end,1}],1];
(*Get rid of blank lines in between each data line*
datamono=ToString[TableForm[kmono],OutputForm];
data2mono=StringReplace[datamono,{"\n\n"-> "\n"}];
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data3mono=ToExpression['data2zmono"];
(*output 5 columns, the time (min), dTMP, dCMP, dRMJdGMP (molecules) to a file called dNMPs.txt*)
OutputForm[data3mono] >>>"dNMPs.txt";

kdi=Flatten[Table[{t, dTDP][t],dCDP[t],dADPJt],dGDHM]} /.solution[lin],{t,start,end,1}],1];

(*Get rid of blank lines in between each data line*

datadi=ToString[ TableForm[kdi],OutputForm];

data2di=StringReplace[datadi,{"\n\n"-> "\n"}];

data3di=ToExpression["data2di"];

(*output 5 columns, the time (min), dTDP, dCDP, dARIGdP (molecules) to a file called dNDPs.txt*)
OutputForm[data3di] >>>"dNDPs.txt";

ktri=Flatten[Table[{t, dTTP[t],dCTP[t],dATP[t],dGTH} /.solution[lin],{t,start,end,1}],1];

(*Get rid of blank lines in between each data line*

datatri=ToString[TableForm[ktri],OutputForm];

data2tri=StringReplace[datatri,{"\n\n"-> "\n"}];

data3tri=ToExpression['data2tri"];

(*output 5 columns, the time (min), dTTP, dCTP, dATUGTP (molecules) to a file called dNTPs.txt*)
OutputForm[data3tri] >>>"dNTPs.txt";

kT=Flatten[Table[{t, dT[t],dTMP][t],dTDP]t],d TTP[t]}/.solution[lin],{t,start,end,1}],1];

(*Get rid of blank lines in between each data line*
dataT=ToString[TableForm[kT],OutputForm];

data2T=StringReplace[dataT,{"\n\n"-> "\n"}];

data3T=ToExpression["data2T"];

(*output 5 columns, the time (min), dT, dTMP, dTRH, TP (molecules) to a file called t.txt*)
OutputForm[data3T] >>>"T.txt";

kC=Flatten[Table[{t, dC[t],dCMP]t],dCDP]Jt],dCTP][t]}.solution[lin] {t,start,end,1}],1];

(*Get rid of blank lines in between each data line*
dataC=ToString[TableForm[kC],OutputForm];

data2C=StringReplace[dataC,{"\n\n"-> "\n"}];

data3C=ToExpression['data2C"];

(*output 5 columns, the time (min), dC, dCMP, dCIE,TP (molecules) to a file called C.txt*)
OutputForm[data3C] >>>"C.txt";

kA=Flatten[Table[{t, dA[t],dJAMP[t],dADP][t],dATP][t]} /.solution[lin],{t,start,end,1}],1];
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(*Get rid of blank lines in between each data line*
dataA=ToString[TableForm[kA],OutputForm];

data2A=StringReplace[dataA,{"\n\n"-> "\n"}];

data3A=ToExpression["data2A"];

(*output 5 columns, the time (min), dA, dAMP, dADIATP (molecules) to a file called A.txt*)
OutputForm[data3A] >>>"A.txt";

kG=Flatten[Table[{t, dG[t],dGMP][t],dGDP[t],dGTPJt]}.solution[lin]{t,start,end,1}],1];

(*Get rid of blank lines in between each data line*
dataG=ToString[TableForm[kG],OutputForm];

data2G=StringReplace[dataG,{"\n\n"-> "\n"}];

data3G=ToExpression['data2G"];

(*output 5 columns, the time (min), dG, dGMP, dGRIBTP (molecules) to a file called G.txt*)
OutputForm[data3G] >>>"G.txt";

(* *)

(*Plots of simulation results*)

(*Change simulation array solution[lin] to obsenther mtDNA molecules besides the last*)

* ")

(*In the graphs of different ANTPs, T=Red, C=Gre&nBlue, G=Black*)
(*In the graphs of different phosphorylated stat#$=Red, dANMP=Green, dNDP=Blue, dNTP=Black*)

(*Plot the levels of dNTPs for all mtDNA replicatis separately*)

For[i=1,i<(lin+1),i++,dNTP[i]=Plot[Evaluate[{d TTP[tconversion,dCTP][t]/conversion,dATP[t)/conversid@,T P[t]/conversion} /. solution][i]],
{t, DNAmolreptime*(i-1), DNAmolreptime*i}, AxesLabel> {"Time (min)", "concentration dNTPs (micromol&$/}, PlotRange-> {0,dTTPcyto},
PlotStyle->{Red,Green,Blue,Black}]

Iffi==lin && i>1,Show[dNTPJ[i],dNTPJ[i-1]]]]; (*Plot dNTP levels for last two mtDNA replications togett)e

(*dTXP concentration plots for the last mtDNA regation*)
Plot[Evaluate[{dT[t]/conversion,dTMP[t]/conversiai,DP[t)/conversion,dTTP[t]/conversion} /. solutidin]],
{t,start,end}, AxesLabel -> {"Time (min)", "Concendtion T (uM)"}, PlotRange-> {0,dTTPcyto/conversion
PlotStyle->{Red,Green,Blue,Black}]

(*dCXP concentration plots for the last mtDNA regaliion*)

Plot[Evaluate[{dC][t]/conversion,dCMP][t]/conversiaGDP][t]/conversion,dCTP][t]/conversion} /. solutidin]],
{t,start,end}, AxesLabel -> {"Time (min)", "Concemttion C (uM)"}, PlotRange-> {0,dTTPcyto/conversion
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PlotStyle->{Red,Green,Blue,Black}]

(*dAXP concentration plots for the last mtDNA regation*)
Plot[Evaluate[{dA[t]/conversion,dAMP]t]/conversiabADP[t]/conversion,dATP|t]/conversion} /. solutidit]],
{t,start,end}, AxesLabel -> {"Time (min)", "Concenttion A (uM)"}, PlotRange-> {0,dTTPcyto/conversipn
PlotStyle->{Red,Green,Blue,Black}]

(*dGXP concentration plots for the last mtDNA reyatiion*)
Plot[Evaluate[{dG[t]/conversion,dGMP][t]/conversialGDP[t]/conversion,dGTP[t]/conversion} /. solutidin]],
{t,start,end}, AxesLabel -> {"Time (min)", "Concemttion G (uM)"}, PlotRange-> {0,dTTPcyto/conversjpn
PlotStyle->{Red,Green,Blue,Black}]

(*Plot dNs*)

Plot[Evaluate[{dT[t],dC][t],dA[t],dG[t]} /. solutiorl]],

{t,start,end}, AxesLabel -> {"Time (min)", "dNs (nhecules/mitochondrion)"}, PlotRange-> {0,100},
PlotStyle->{Red,Green,Blue,Black}]

(*Plot dNMPs*)

Plot[Evaluate[{dTMP[t],dCMP[t],dAMP][t],dGMP]t]} /.solution[1]],

{t,start,end}, AxesLabel -> {"Time (min)", "dNMPs1{olecules/mitochondrion)"}, PlotRange-> {0,dTTPcyto
PlotStyle->{Red,Green,Blue,Black}]

(*Plot dNDPs*)

Plot[Evaluate[{dTDP[t],dCDP][t],dADP]t],dGDP]t]} /solution[1]],

{t,start,end}, AxesLabel -> {"Time (min)", "dNDPs(olecules/mitochondrion)"}, PlotRange-> {0,dTTPcjyto
PlotStyle->{Red,Green,Blue,Black}]

(*Plot dNTPs*)

Plot[Evaluate[{dTTP[t],dCTP][t],dATP[t],dGTPJt]} /solution[1]],

{t,start,end}, AxesLabel -> {"Time (min)", "dNTPsr(olecules/mitochondrion)"}, PlotRange-> {0,dTTPcjto
PlotStyle->{Red,Green,Blue,Black}]

(*Plot dNs™)

Plot[Evaluate[{dT"[t],dC'[t],dA'[t],dG'[t]} /. soldion[1]],

{t,start,end}, AxesLabel -> {"Time (min)", "dNs' (atecules per minute)"}, PlotRange-> {0,100},
PlotStyle->{Red,Green,Blue,Black}]
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(*Plot dNMPs'*)

Plot[Evaluate[{dTMP'[t],dCMP'[t], JAMP'[t],dGMP'[t]}/. solution[1]],

{t,start,end}, AxesLabel -> {"Time (min)", "dNMPgimolecules per minute)"}, PlotRange-> {0,100},
PlotStyle->{Red,Green,Blue,Black}]

(*Plot dNDPs™)

Plot[Evaluate[{dTDP'[t],dCDP'[t],dJADP'[t],dGDP'[t]}. solution[1]],

{t,start,end}, AxesLabel -> {"Time (min)", "dNDP&nolecules per minute)"}, PlotRange-> {0,100},
PlotStyle->{Red,Green,Blue,Black}]

(*Plot dNTPs™)

Plot[Evaluate[{dTTP'[t],dCTP'[t],dATP'[t],dGTP'[t]}. solution[1]],

{t,start,end}, AxesLabel -> {"Time (min)", "dNTP&nolecules per minute)"}, PlotRange-> {0,100},
PlotStyle->{Red,Green,Blue,Black}]

Plot[Evaluate[{HDNA[t], LDNA[t], (HDNA[t]+LDNA[t])} /.solution[1]],{t,DNAmolreptime/2,end}, AxesLabeb-
{"Time(min)","DNA(nucleotides)"},PlotRange -> {0,1000}, PlotStyle -> {Red,Blue, Black}]

Plot[Evaluate[{HDNA't], LDNA't], (HDNA'[t]+LDNAT t])}/.solution[1]],{t, DNAmolreptime/2,end}, AxesLaél -> {"Time(min)","DNA'(nucleotides per
minute)"},PlotRange -> {0,500}, PlotStyle -> {Redi, Black}]

Plot[Evaluate[{dTnucleosidekinase,dCnucleosidekinag&nucleosidekinase,dGnucleosidekinase}/.solutifjff,start,end},AxesLabel->{"Time
(min)","nucleoside kinase output (molecules perute)i'},PlotRange->{0,1000},PlotStyle->{Red,Greenvl Black}]

Plot[Evaluate[{dTnucleotidase,dCnucleotidase,dAratitlase,dGnuclectidase}/.solution[1]] {t,start,gAkesLabel->{"Time (min)","nucleotidase output
(molecules per minute)"},PlotRange->{0,1000},Plotgt>{Red,Green,Blue,Black}]

Plot[Evaluate[{dTmpkforward,dCmpkforward,dAmpkforredadGmpkforward}/.solution[1]],{t,start,end},Axesbe&l->{"Time (min)","monophosphate kinase
forward output (molecules per minute)"},PlotRand&,2000},PlotStyle->{Red,Green,Blue,Black}]

Plot[Evaluate[{dTmpkreverse,dCmpkreverse,dAmpkregagtGmpkreverse}/.solution[1]],{t,start,end},Axedied->{"Time (min)","monophosphate kinase
reverse output (molecules per minute)"},PlotRan{@-+000},PlotStyle->{Red,Green,Blue,Black}]

Plot[Evaluate[{dTdpkforward,dCdpkforward,dAdpkformedGdpkforward}/.solution[1]],{t,start,end},Axesb&l->{"Time (min)","diphosphate kinase forward
output (molecules per minute)"},PlotRange->{0,100@ptStyle->{Red,Green,Blue,Black}]
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Plot[Evaluate[{dTdpkreverse,dCdpkreverse,dAdpkregaiGdpkreverse}/.solution[1]],{t,start,end},Axedied->{"Time (min)","diphosphate kinase reverse
output (molecules per minute)"},PlotRange->{0, 100@ptStyle->{Red,Green,Blue,Black}]

Plot[Evaluate[{dTnucleosidetransport,dCnucleosiaiesport,dAnucleosidetransport,dGnucleosidetrangpmiution[1]],{t,start,end},AxesLabel->{"Time
(min)","nucleoside transport reaction output (males per minute)"},PlotRange->{-1000,1000},Plot&y{Red,Green,Blue,Black}]

Plot[Evaluate[{(dTnucleosidekinase-d Tnucleotidagi}nucleosidekinase-dCnucleotidase),(dAnucleosidedd-dAnucleotidase),(dGnucleosidekinase-
dGnucleotidase)}/.solution[1]],{t,start,end},Axeshel->{"Time (min)","net monophosphate productiondlecules per minute)"},PlotRange->{-
1000,1000},PlotStyle->{Red,Green,Blue,Black}]
Plot[Evaluate[{(dTmpkforward-dTmpkreverse),(dCmpikfard-dCmpkreverse),([dAmpkforward-dAmpkreverse) sitjikforward-
dGmpkreverse)}/.solution[1]],{t,start,end},AxesLdbe{"Time (min)","net diphosphate production (moldes per minute)"},PlotRange->{0,1000},PlotStyle-
>{Red,Green,Blue,Black}]

Plot[Evaluate[{(d Tdpkforward-dTdpkreverse),(dCdphiard-dCdpkreverse),(dAdpkforward-dAdpkreverse) doiorward-
dGdpkreverse)}.solution[1]],{t,start,end},AxesLdbe{"Time (min)","net triphosphate production (maigles per minute)"},PlotRange->{-
1000,1000},PlotStyle->{Red,Green,Blue,Black}]

t

{dT[t],dC[t],dA[t],dG]t]}/.solution[1]

{dTMPJt],dCMP][t],dAMP][t],dGMPJt]}/.solution[1]

{dTDPJt],dCDPIt],dADP[t],dGDPI]t]}/.solution[1]

{dTTPI[t],dCTP[t],dATP[t],dGTP[t]}/.solution[1]

{dT'[t],dC[t],dA'[t],dG'[t]}/.solution[1]

{dTMP'[t],dCMP'[t],dAMP'[t],dGMP'[t]}/.solution[1]

{dTDP'[t],dCDP'[t],dJADP'[t],dGDP[t]}/.solution[1]

{dTTP'[t],dCTP'[t],dATP'[t], dGTP'[t]}/.solution[1]

{HDNA[t], LDNAJ[t], HDNAJ[{] + LDNA[t]}/.solution[1]
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{HDNA'[t], LDNA't], HDNATt] + LDNATt]}/.solution [1]
{dTnucleosidetransport,dCnucleosidetransport,dAeosidetransport,dGnucleosidetransport}/.solution[1]
{dTnucleosidekinase,dCnucleosidekinase,dAnucledgidse,dGnucleosidekinase}/.solution[1]
{dTnucleotidase,dCnucleotidase,dAnucleotidase,d@&utidase}/.solution[1]
{dTmpkforward,dCmpkforward,dAmpkforward,dGmpkforvet.solution[1]
{dTmpkreverse,dCmpkreverse,dAmpkreverse,dGmpkreyesslution[1]
{dTdpkforward,dCdpkforward,dAdpkforward,dGdpkforvdt.solution[1]
{dTdpkreverse,dCdpkreverse,dAdpkreverse,dGdpkreyesslution[1]

{(dTnucleosidekinase-dTnucleotidase),(dCnucleositide-dCnucleotidase),(dAnucleosidekinase-dAnuidase),(dGnucleosidekinase-
dGnucleotidase)}/.solution[1]

{(dTmpkforward-dTmpkreverse),(dCmpkforward-dCmpleese),(dAmpkforward-dAmpkreverse),(dGmpkforward-dgkmeverse)}/.solution[1]

{(dTdpkforward-dTdpkreverse),(dCdpkforward-dCdpleese),(dAdpkforward-dAdpkreverse),(dGdpkforward-gtaeverse)}/ .solution[1]
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S3: Simulation parametersiathematica-readable).

(*Mitochondrial Deoxyribonucleoside Salvage Patht®yay
(*Vishal V Gandhi and David C Samuels*)

(*DeoxynucleotideModelConstants.txt*)

(*This file is the constants file for the Mathentaf)
(*mitochondrial deoxynucleotide metabolism and m#N
(*synthesis model*)

Lstrandstart=10969;

(*the fractions of A,C,T, and G on the heavy amhtistrands of mtDNA*)
fdTH=0.309;
fdTL=0.247;
fdCH=0.131,
fdCL=0.313;
fdAH=0.247;
fdAL=0.309;
fdGH=0.313;
fdGL=0.131;

(*the Hill coefficient of TK2 for deoxythymidine*)
tk2hill=0.5;

(*The length of both strands of mtDNAY*)
DNAlength=33136;

(*the length of one strand of mMtDNAY*)
strandDNA=DNAlength/2;

(*volume of a mitochondrion*)
volmito=2*"-16;

(*conversion factor used to convert kms and conmedioins from microMolar to molecules/mitochondridn*
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(*conversion = 120.4;%)
conversion=1**-6*6.022*"23*volmito;
secondsperminute=60;

(*factor used to decrease the vmax of the polyneecgsdouble stranded templates with lower primesidg*)
dsfact=1/2;

(*Polymerase kinetic constants Johnson 01 JBC¥)
VmaxPoldT=25.0*dsfact*secondsperminute;
VmaxPoldC=43.0*dsfact*secondsperminute;
VmaxPoldA=45.0*dsfact*secondsperminute;
VmaxPoldG=37.0*dsfact*secondsperminute;
KmPoldT=0.63*conversion;
KmPoldC=0.9*conversion;
KmPoldA=0.8*conversion;
KmPoldG=0.8*conversion;

(*Ki of dTTP on tk2 Wang 03 DOI 10.1074/jbc.M2061200*)
kidttptk2=2.3*conversion;

(*Ki of dUTP on tk2 Geometric mean of dCTP and dTvidues*)
kidutptk2=1.38*conversion;

(*Ki of dCTP on tk2 Wang 03 DOI 10.1074/jbc.M206 240*)
kidctptk2=0.83*conversion;

(*Ki of dU on tk2 Geometric mean Munch-PetersenJ8C*)
kidutk2=227*conversion;

(*Ki of dC on tk2 Wang 03 DOI 10.1074/jbc.M20614 32D
kidctk2=40*conversion;

(*Ki of dT on tk2 Wang 03 DOI 10.1074/jbc.M2061432)
kidttk2=4.9*conversion;

(*Substrate Kis on dgk set equal to substrate kms*)
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(*Ki of dl on dgk set equal to km Sjoberg 98 Mol&uPharmacology*)
kididgk=12*conversion;

(*Sjoberg 01 DOI: 10.1128/AAC.45.3.739-742.2001,akdITP on dgk set equal to dATP Ki*)
kidimpdgk=78*conversion;
kiditpdgk=kidatpdgk;

(*Ki of dGMP on dgk Sjoberg 01 DOI: 10.1128/AAC.85/39-742.2001%)
kidgmpdgk=4*conversion;

(*Ki of JAMP on dgk Sjoberg 01 DOI: 10.1128/AAC.86739-742.2001%)
kidampdgk=28*conversion;

(*Ki of dATP on dgk Sjoberg 01 DOI: 10.1128/AAC.85739-742.2001%)
kidatpdgk=41*conversion;

(*Ki of dGTP on dgk Sjoberg 01 DOI: 10.1128/AAC.85/39-742.2001%)
kidgtpdgk=0.4*conversion;

(*estimated nucleoside transporter molecular weiighiD Griffiths 97 Nature Medicine assumed monaoPier
transporterMW=50;

(*tk2 and dgk molecular weight in kD=29 Wang 99 Edletters, Mandel 01 doi:10.1038/ng746*)

(*dgk is a dimer, tk2 exists both as dimer andateier: tetramer is more active but less abundamsition between the 2 states is possible and A&&iated
(mean taken)*)

dgkMW=58;

tk2MW=87;

(*molecular weight of dnt2 in kD Rampazzo 00 PNABnducker 05 dimer = 2*23%)
dnt2MW=46;

(*Ectonucleotidase molecular weight Tetramer Bréhda
enMW=210;

(*tmpk2 molecular weight in kD Chen 08 Genes tol€g!
tmpk2MW=44;
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(*ampk2 molecular weight in kD Brenda*)
gmpk2MW=22;

(*cmpk2 molecular weight in kD Xu08 JBC*)
cmpk2MW=44.5;

(*ak2 molecular weight in kD Uniprot/other literag?)
akMW=26;

(*human nme4 molecular weight in kD=20 Uniprot/Mil60, homohexamer*)
ndpkMW=120;

(*nucleoside kinase molecules in each mitochondfiom Saada 01 and 03 Nature Genetics and Mol Getabblism*)
(*as much as 20-fold variation may exist betwesautes*)

tk2moleculespermito=100;

dgkmoleculespermito=200;

(*dnt2 molecules in each mitochondrion*)
dnt2moleculespermito=50;

(*Ectonucleotidase molecules in each mitochondrjon*
enmoleculespermito=50;

(*tmpk2 molecules in each mitochondrion*)
tmpk2moleculespermito=50;

(*gmpk2 molecules in each mitochondrion*)
gmpk2moleculespermito=50;

(*cmpk2 molecules in each mitochondrion*)
cmpk2moleculespermito=50;

(*ndpk molecules in each mitochondrion*)
ndpkmoleculespermito=300;

(*the factor that the reverse reaction is fastantthe forward reaction for NMPK*)
factorMD=0.1;(*AMP/ADP*)
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(*the factor that the reverse reaction is fastantthe forward reaction for NDPK*)
factorDT=0.1;(*ADP/ATP*)

(*ent molecules per mitochondrion Life Sciences €an®6, Escubedo 00%*)
transportermoleculespermito=38;

(*adenylate kinase molecules per mitochondrion BuBiochem. 93, 263 1979 Tomaselli*)
akmoleculespermito=450;

(*number of total proteins in a mitochondrion assugraverage MW of 30 kD and 5x10710 mito/mg mitotpin*)
(*proteinspermito=400000;*)

(*transporter Vmax converting from micromoles suat#/mg enzyme/minute to molecules substrate/mitedtion/minute refer base model constants, camins
95, jimenez 00%)
transportervmax=0.000086/0.0000021*transportermbéspermito;

(*agreement between kcat from gerth 07 for tk2zast and the Vmax values - so ok*)

(*Vmax of the first phosphorylation of dT in therfeard direction converting from micromoles subshatg enzyme/minute to molecules
substrate/mitochondrion/minute Wang 03 DOI 10.1jw&4206143200%)
Vmax1PfdT=1.288*tk2ZMW*tk2moleculespermito;

(*Vmax of the first phosphorylation of dC in therfeard direction converting from micromoles substhaty enzyme/minute to molecules
substrate/mitochondrion/minute Wang 03 DOI 10.1jbe4M206143200%)
Vmax1PfdC=0.789*tk2MW*tk2moleculespermito;

(*VYmax of dC with dgk converting from micromoleskmirate/mg enzyme/minute to molecules substrate¢tmindrion/minute Sjoberg 98 Molecular
Pharmacology*)
Vmax1PfdCdgk=0.059*dgkMW*dgkmoleculespermito;

(*Vmax of the first phosphorylation of dA in therfeard direction converting from micromoles sub&hatg enzyme/minute to molecules
substrate/mitochondrion/minute Sjoberg 98 MolecBlaarmacology*)
Vmax1PfdA=0.429*dgkMW*dgkmoleculespermito;

(*VYmax of the first phosphorylation of dG in therfeard direction converting from micromoles substhatg enzyme/minute to molecules

substrate/mitochondrion/minute Sjoberg 98 MolecBlaarmacology*)
Vmax1PfdG=0.043*dgkMW*dgkmoleculespermito;
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(*turnover numbers for cytosolic nucleotidases frBrenda seem to match Vmax below*)

(*VYmax of the first phosphorylation of dT in thevegse direction converting from micromoles substraty enzyme/minute to molecules
substrate/mitochondrion/minute Mazzon 03 Biochehft@rmacology?*)
Vmax1PrdT=74*dnt2MW*dnt2moleculespermito;

(*Various sources, Spychala 89 for Vmax 45 for ABtiPsetting lower here, also refer Hunsucker 05*)

(*Ectonucleotidase Vmax of the first phosphorylatf dT in the reverse direction converting fromcromoles substrate/mg enzyme/minute to molecules
substrate/mitochondrion/minute*)
Vmax1PrdTen=4.5*enMW*enmoleculespermito;

(*VYmax of the first phosphorylation of dC in thevegse direction converting from micromoles substray enzyme/minute to molecules
substrate/mitochondrion/minute*)
Vmax1PrdC=4.5*enMW*enmoleculespermito;

(*VYmax of the first phosphorylation of dA in theverse direction converting from micromoles subsfragy enzyme/minute to molecules
substrate/mitochondrion/minute*)
Vmax1PrdA=4.5*enMW*enmoleculespermito;

(*VYmax of the first phosphorylation of dG in thevezse direction converting from micromoles subsfragy enzyme/minute to molecules
substrate/mitochondrion/minute*)
Vmax1PrdG=4.5*enMW*enmoleculespermito;

(*Vmax of the second phosphorylation of dT in tbesard direction converting from micromoles subtgthag enzyme/minute to molecules
substrate/mitochondrion/minute Brenda, also re&sti®d3 Kcat value for cytoplasmic enzyme is 1gerond*)
Vmax2PfdT=0.821*tmpk2MW*tmpk2moleculespermito;

(*VYmax of the second phosphorylation of dC in tbeafard direction converting from micromoles substhag enzyme/minute to molecules
substrate/mitochondrion/minute Xu 08 JBC*)
Vmax2PfdC=1.77*cmpk2MW*cmpk2moleculespermito;

(*VYmax of the second phosphorylation of dA in tleeviard direction converting from micromoles sub&fag enzyme/minute to molecules

substrate/mitochondrion/minute Alexandre 07 Nucksitds Research*)
Vmax2PfdA=272.8*akMW*akmoleculespermito;
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(*VYmax of the second phosphorylation of dG in theafard direction converting from micromoles sub&fag enzyme/minute to molecules
substrate/mitochondrion/minute from Brenda mouskrahunreliable values* Hall 86 Eur J Biochem Uiatde value*)
Vmax2PfdG=1.54*gmpk2MW*gmpk2moleculespermito;

(*VYmax of the second phosphorylation of dT in tlegerse direction*)
Vmax2PrdT=Vmax2PfdT*factorMD,;

(*VYmax of the second phosphorylation of dC in tbearse direction*)
Vmax2PrdC=Vmax2PfdC*factorMD;

(*VYmax of the second phosphorylation of dA in tleeerse direction*)
Vmax2PrdA=Vmax2PfdA*factorMD;

(*VYmax of the second phosphorylation of dG in tbearse direction*)
Vmax2PrdG=Vmax2PfdG*factorMD;

(*Milon 00 human and Lambeth 97 pigeon both hava dat Lambeth 97 has more, and there is overlapdesn dTDP values - so using Lambeth 97 for all
nme4 data*)

(*Vmax of the third phosphorylation of dT in therfeard direction converting from micromoles subsfatg enzyme/minute to molecules
substrate/mitochondrion/minute Lambeth 97 JBC¥*)
Vmax3PfdT=140*ndpkMW*ndpkmoleculespermito;

(*VYmax of the third phosphorylation of dC in thenfieard direction converting from micromoles substhatg enzyme/minute to molecules
substrate/mitochondrion/minute Lambeth 97 JBC*)
Vmax3PfdC=50*ndpkMW*ndpkmoleculespermito;(*authéatement: dNDPs are slower than rNDPs, so takimgRi€max=CDP*)

(*Vmax of the third phosphorylation of dA in therfeard direction converting from micromoles substhatg enzyme/minute to molecules
substrate/mitochondrion/minute Milon 00 JBC*)
Vmax3PfdA=225*ndpkMW*ndpkmoleculespermito;(*set edjto dGDP Vmax*)

(*Vmax of the third phosphorylation of dG in thenfeard direction converting from micromoles substhatg enzyme/minute to molecules
substrate/mitochondrion/minute Lambeth 97 JBC¥*)
Vmax3PfdG=225*ndpkMW*ndpkmoleculespermito;

(*VYmax of the third phosphorylation of dT in thevezse direction*)
Vmax3PrdT=Vmax3PfdT*factorDT,;
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(*Vmax of the third phosphorylation of dC in thevegse direction*)
Vmax3PrdC=Vmax3PfdC*factorDT;

(*VYmax of the third phosphorylation of dA in theverse direction*®)
Vmax3PrdA=Vmax3PfdA*factorDT;

(*Vmax of the third phosphorylation of dG in thevegse direction*)
Vmax3PrdG=Vmax3PfdG*factorDT;

(*transporter Km Escubedo 00*)
transporterkm=2*conversion;

(*Km of the first phosphorylation of dT in the foand direction Wang 03 DOI 10.1074/jbc.M206143200%*)
km1PfdT=13*conversion;

(*Km of the first phosphorylation of dC in the foand direction Wang 03 DOI 10.1074/jbc.M206143200%)
km1PfdC=11*conversion;

(*Km of dC with dgk Sjoberg 98 Molecular Pharmaapjt)
km1PfdCdgk=336*conversion;

(*Km of the first phosphorylation of dA in the foasd direction Sjoberg 98 Molecular Pharmacology*)
km1PfdA=467*conversion;

(*Km of the first phosphorylation of dG in the foand direction Sjoberg 98 Molecular Pharmacology*)
km1PfdG=4*conversion;

(*Km of the first phosphorylation of dT, dU in tmeverse direction Rampazzo 00 PNAS*)
km1PrdT=200*conversion;

km1PrdU=100*conversion;

km1PrrU=1.5*km1PrdT,;

(*Ectonucleotidase data from Hunsucker 05 or Br&nda
(*Geometric means for substrate Kms, higher Kmggéd for inhibitions to be conservative*)

(*Ectonucleotidase Km of the first phosphorylatiaidT, dU, rU in the reverse direction®)
km1PrdTen=22.5*conversion;
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km1PrdUen=110*conversion;(*set equal to UMP Km*)
km1PrrUen=110*conversion;(*set equal to Km*)

(*Ectonucleotidase Km of the first phosphorylatiaidC, rC in the reverse direction*)
km1PrdC=290*conversion;
km1PrrC=360*conversion;

(*Ectonucleotidase Km of the first phosphorylatiaida, rA in the reverse direction*)
km1PrdA=62*conversion;
km1PrrA=19*conversion;(*set equal to Km*)

kiadpen=17*conversion;
kiatpen=15*conversion;

(*Ectonucleotidase Km of the first phosphorylatimidG, rG in the reverse direction*)
km1PrdG=48*conversion;
km1PrrG=59*conversion;(*set equal to Km*)

(*Ectonucleotidase Km of the first phosphorylatiafidl, rl in the reverse direction*)
km1Prdl=100*conversion;(*set equal to Km of IMP*)
km1Prrl=100*conversion;(*set equal to Km¥*)

(*Km of the second phosphorylation of dT in thewiard direction Alexandre 07,misc*)
km2PfdT=20*conversion;
km2PfdUtmpk2=2600*conversion;(*Km is 170, but Ki2600%*)

(*miscellaneous inhibitions Brenda*)

(*deoxythymidine inhibition excluded because eveid 20 uM only 27% inhibition observed*)
kidttptmpk2=700*conversion;

kidttmpk2=180*conversion;

(*Km of the second phosphorylation of dC in theward direction Xu 08*)
km2PfdC=1310*conversion;

km2PfrC=3090*conversion;

km2PfrU=6300*conversion;

km2PfdUcmpk2=100*conversion;
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(*Refer VanRompay 99 Molecular Pharmacology cmp&d phosphorylate AMP and dAMP*)
km2PfrAcmpk2=km2PrrAcmpk2=km2PfdAcmpk2=km2PrdAcmpkR0*500*conversion; (*km of CMP is 500 uM*)

(*Km of the second phosphorylation of dA in theviiard direction Alexandre 07 Nucleic Acids Reseajch*
km2PfdA=210*conversion;
km2PfrA=80*conversion;(*Km is 80, Ki is 500 - bulis gives the incorrect impression that dAMP istdr substrate*)

(*Refer Alexandre 07 Nucleic Acids Research 07 -FZhd UMP have some reactivity with ak2 - includsdnhibitions*)
km2PfrCak2=6000*conversion;
km2PfrUak2=9000*conversion;

(*Km of the second phosphorylation of dG in thewWard direction, Brenda*)
km2PfdG=112*conversion;
km2PfrG=18*conversion;

(*Km of the second phosphorylation of dT in theerse direction*)
km2PrdT=km2PfdT;
km2PrdUtmpk2=km2PfdUtmpk2;

(*Km of the second phosphorylation of dC in theewse direction*)
km2PrdC=km2PfdC;

km2PrrC=km2PfrC;

km2PrrU=km2PfrU;

km2PrdUcmpk2=km2PfdUcmpk2;

(*Km of the second phosphorylation of dA in theeese direction*)
km2PrdA=km2PfdA;
km2PrrA=km2PfrA,

km2PrrCak2=km2PfrCak2;
km2PrrUak2=km2PfrUak2;

(*Km of the second phosphorylation of dG in theeese direction*)
km2PrdG=km2PfdG;
km2PrrG=km2PfrG;

(*Reaction is linear for dTDP and UDP until at 2800 uM Lambeth 97 JBC*)
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(*Km of the third phosphorylation of dT in the foand direction Lambeth 97 JBC¥*)
km3PfdT=1000*conversion;

km3PfdU=km3PfdT;

km3PfrU=km3PfdT;

(*Km of the third phosphorylation of dC in the faawd direction Lambeth 97 JBC*)
km3PfdC=1000*conversion;(*dNDPs are weaker substréftan rNDPs: author statement but data n/a se galue used*)
km3PfrC=1000*conversion;(*Reaction linear untilleast 1000 uM*)

(*Km of the third phosphorylation of dA in the foand direction Lambeth 97 JBC¥)
km3PfdA=70*conversion;(*Km of ADP is about 70 uM O&n of dADP set equal to that of dGDP*)
km3PfrA=300*conversion;(*substrate inhibition, Ki*)

(*Km of the third phosphorylation of dG in the foawd direction Lambeth 97 JBC*)
km3PfdG=75*conversion;
km3PfrG=100*conversion;(*substrate inhibition,Ki*)

(*inosine inhibitions*)
km3PfriI=km3PrriI=km3PfdlI=km3PrdI=1000*conversion;

(*Km of the third phosphorylation of dT in the rege direction*)
km3PrdT=km3PfdT;
km3PrdU=km3PrdT;
km3PrrU=km3PrdT;

(*Km of the third phosphorylation of dC in the rese direction*)
km3PrdC=km3PfdC;
km3PrrC=km3PrdC;

(*Km of the third phosphorylation of dA in the rage direction*)
km3PrdA=km3PfdA,;
km3PrrA=km3PrdA,;

(*Km of the third phosphorylation of dG in the rese direction*)

km3PrdG=km3PfdG;
km3PrrG=km3PrdG;
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(*initial concentrations*)

dTcyto=RandomReal[{0.05*conversion, 5*conversion}];
dCcyto=RandomReal[{0.05*conversion, 5*conversion}];
dAcyto=RandomReal[{0.05*conversion, 5*conversion}];
dGcyto=RandomReal[{0.05*conversion, 5*conversion}];

dTO=dTcyto;
dCO=dCcyto;
dAO=dAcyto;
dG0=dGcyto;

(*initial ANTP levels*)
(*for transport model, have set these to be choaedomly*)

If[celltype==1,dTTPcyto=RandomReal[{0.1*conversidi*conversion}]];
If[celltype==1,dCTPcyto=RandomReal[{0.1*conversidi)*conversion}]];
If[celltype==1,dATPcyto=RandomReal[{0.1*conversiatQ*conversion}]];
If[celltype==1,dGTPcyto=RandomReal[{0.1*conversid)*conversion}]];

dTMPO=RandomReal[{0.1*conversion, 10*conversion}];
dTDPO=RandomReal[{0.1*conversion, 10*conversion}];
dTTPO=dTTPcyto;

dCMPO=RandomReal[{0.1*conversion, 10*conversion}];
dCDP0O=RandomReal[{0.1*conversion, 10*conversion}];
dCTPO=dCTPcyto;

dAMPO=RandomReal[{0.1*conversion, 10*conversion}];
dADP0O=RandomReal[{0.1*conversion, 10*conversion}];
dATPO=dATPcyto;

dGMPO0O=RandomReal[{0.1*conversion, 10*conversion}];
dGDP0O=RandomReal[{0.1*conversion, 10*conversion}];
dGTPO=dGTPcyto;
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dU=dUcyto=dTcyto;
rU=rUcyto=dTcyto;
di=dlcyto=0.1*dAcyto;
rl=rlcyto=0.1*dAcyto;
rC=rCcyto=dCcyto;
rA=rAcyto=dAcyto;
rG=rGcyto=dGcyto;

dUMP=0.1*dTMPO;
rUMP=10*dTMPO;
dIMP=0.1*dAMPO;
rIMP=0.1*dAMPO;
rCMP=10*dCMPO;
rAMP=10*dAMPO;
rGMP=10*dGMPO;

dUDP=0.1*dTDPO;
ruDP=10*dTDPO;
dIDP=0.1*dADPO;
riDP=0.1*dADPO;
rCDP=10*dCDPO;
rADP=10*dADPO;
rGDP=10*dGDPO;

dUTP=0.1*dTTPO;
rUTP=10*dTTPO;
dITP=0.1*dATPO;
rITP=0.1*dATPO;
rCTP=10*dCTPO;
rATP=10*dATPO;
rGTP=10*dGTPO;

DNAO=0;
LDNAO=0;
HDNAO=0;

(*end file*)
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