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Abstract
Wehelie, R., 2006. Mycoplasma Pyrimidine  Deoxynucleotide Biosynthesis: Molecular
Characterization of a New Family Flavin-Dependent Thymidylate Synthase. Doctor’s
dissertation.
ISSN: 1652-6880, ISBN: 91-576-7125-7

Mycoplasmas (class mollicutes) are the smallest self-replicating bacteria. They are
obligate parasites in a wide range of organisms, including humans, plants, and animals.
This thesis describes studies related to Mycoplasma mycoides subsp. mycoides Small
Colony (MmmSC), the etiological agent of contagious bovine pleuropneumoniae,
Mycoplasma capricolum (Mcap), causing caprine pneumonia, Mycoplasma
hyopneumoniae (Mhp), the etiological agent of porcine enzootic pneumonia,
Ureaplasma urealyticum (Uu), a commensal of human urogenital tract causing
nongonococcal urethritis, Mycoplasma genitalium (Mg), a causative agent of
nongonococcal, chlamydia-negative urethritis, and Mycoplasma pneumoniae (Mpn)
causing atypical pneumonia and tracheobronchitis.

The first part concerns deoxynucleoside metabolism in Uu and growth inhibition of
Uu and Mpn by nucleoside analogs. The uptake and metabolism of the
deoxynucleosides, thymidine (dThd), deoxyuridine, deoxycytidine were studied and
all these deoxynucleosides were readily taken up by Uu and dThd showed the highest
rate of uptake. Pyrimidine nucleosides e.g. fluoropyrimidines gave complete
inhibition of Uu growth. The addition of dUrd and dThd to the growth medium
abolished inhibitory effect. These results suggested a new pathway of thymidylate
synthesis in Uu.

The second part deals with identification of a new family of flavin-dependent
thymidylate synthases (FDTS) in mycoplasmas. Thymidylate synthases (TS) are
essential enzymes in the de novo synthesis of thymidylate and are coded either by thyA
or thyX genes. Analysis of the fully sequenced Mycoplasma genomes revealed that
there were no TS genes annotated in the genomes of Uu, MmmSC, Mhp, and Mcap. Still,
TS activities were detected in Uu and MmmSC extracts. By using a bioinformatics
approach together with biochemical methods putative genes for (FDTS) were identified
in Uu, MmmSC, Mhp and Mcap genomes and functional verified. New members of this
family were also discovered in Mg and Mpn, which also have the thyA genes.

These mycoplasma FDTS have similar catalytic activity to the ThyX proteins, but
share very little sequence homology to the known bacterial ThyX. The sequence
homologies within Mycoplasma FDTS were also very low. Since Mycoplasma FDTS
share no sequence or structural homology to ThyA or ThyX this makes them promising
targets for future design of new antibiotics.

Keywords: mycoplasmas, ureaplasma, thymidylate synthase, flavin-dependent
thymidylate synthase, nucleoside analogs, nucleoside metabolism.

Author’s address: Rahma Wehelie, Department of Molecular Biosciences, SLU, BMC
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Reprints are published with the permission of the journals concerned.
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Abbreviations

Enzymes

dAK deoxyadenosine kinase
dCK deoxycytidine kinase
dGK deoxyguanosine kinase
dNMPK deoxyribonucleoside monphosphate kinase
FDTS flavin-dependent thymidylate synthase
DHFR dihydrofolade reductase
NDPK nucleoside diphosphate kinase
PRT phosphoribosyltransferases
RR ribonucleotide reductase
TK thymidine kinase
TK1 cytosolic thymidine kinase
TK2 mitochondrial thymidine kinase
TS Thymidylate synthase
ThyX flavin-dependent thymidylate synthase

Bases, nucleosides and nucleotides
A, Ado, dAdo adenine, adenosine, and 2′-deoxyadenosine
C, Cyd, dCyd cytosine, cytidine, and 2′-deoxycytidine
G, Guo, dGuo guanine, guanosine, and 2′-deoxyguanosine
T, dThd thymine, and 2′-deoxythymidine
dTTP  2’-deoxythymidine triphosphate
U, Urd, dUrd uracil, uridine, and 2′-deoxyuridine
PRPP 5-Phosphoribosyl-1-pyrophosphate



8

Nucleoside analogs

AZT 3′-azido-2′,3′-dideoxythymidine
5-BrdUrd 5-bromo-2′-deoxyuridine
5-FdCyd 5-fluoro-2′-deoxycytidine
5-IdUrd 5-Iodo-2′-deoxyuridine
5-FdUrd 5-fluoro-2′-deoxyuridine
5-FdUMP 5-fluoro-2′-deoxyuridine monophospate
dUMP 2′-deoxyuridine monophospate
5-FUra 5-fluorouracil
5-BrUra 5-bromouracil
MTHF 5,10-methylenetetrahydrofolate
FAD flavin adenine dinucleotide
NADPH nicotinamide adenine dinucleotide phosphate
NADH nicotinamide adenine dinucleotide
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General introduction

History of mycoplasmas

The family Mycoplasmataceae, which belongs to the order Mycoplasmatales under
the class Mollicutes, contains the genera Mycoplasma and Ureaplasma.
Mollicutes, which possess notably small genomes, may have evolved from the
Clostridia-bacilli branch of the phylum Firmicutes about million years ago by
losing considerable regions of the genome (Dandekar et al., 2002) (Fig. 1). This
group of organisms was considered for a long time to belong to the viruses
because they passed through filters, which normally block the passage of bacteria.
First recognized from a case of pleuropneumonia in cows, the organism was
designed “pleuropneumonia-like organism,” or PPLO. This term is still used
today, particularly for certain mycoplasma media (Eaton et al., 1944; Eaton &
Low, 1967).

Mycoplasmas, the smallest self-replicating organism, are highly pleomorphic
because they lack a cell wall, which also renders them completely resistant to β-
lactam and other cell wall antibiotics (Razin, 1992a).

Mycoplasmas have limited biosynthetic capabilities and are ubiquitous parasites
of human, animals and plants, etc. and host specific (Razin et al., 1978; Maniloff
et al.,1992). They are frequently implicated in respiratory and urogenital tract
infections in a variety of mammalian and avian species (Razin, 1992b; Tryon &
Baseman, 1992; Adams et al., 2000; Baseman et al., 1997).

In contrast to other pathogenic bacteria where virulence is mostly determined by
toxins, invasins, and cytolysins, pathogenic mycoplasma species appear to have
no such primary virulence factors, as revealed by the genomic sequence analysis of
eight species that have been completely sequenced (Fraser et al., 1995;
Himmelreich et al., 1996; Glass et al., 2000; Chambaud et al., 2001; Check et
al., 2002; Sasaki et al., 2002; Papazisiet et al., 2003; Jaffe et al., 2004; Minion
et al., 2004; Wang et al., 2004).

Growth requirements, genome size and codon usage

Mycoplasmas are facultative anaerobes, although the growth of some species is
improved by aeration. Most species require cholesterol and fatty acids for their
growth, as well as for their morphological and osmotic stability. Nutritional
requirements are met usually by using a complex medium containing serum and
yeast extract. The optimum growth conditions are at temperatures of 36-37°C
supplied with 5% CO2, and at a pH ~ 7 (Moller, 1979; Himmelreich et al., 1996;
Razin et al., 1998).
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Mollicutes possess a single circular chromosome of double stranded DNA and
have a G+C content of 24 -33 mol% which is lower than other Gram-positive
prokaryotes. The G+C content distribution along the genome is uneven (Altschul
et al., 1997; Fraser & Fleischmann, 1997; Razin et al., 1998). Their genome sizes
range from 580 kb of Mycoplasma genitalium to 1,358 kb of Mycoplasma
penetrans  (Fraser  et al., 1995; Sasaki et al., 2002).

Figure 1. Phylogenetic relationships among Gram-positive bacteria deduced from 16S
rRNA.

The genome sizes are variable, not only within the same genus but even among
strains of the same species. One of the reasons for this variability is the frequent
occurrence of repetitive elements, consisting of segments of protein coding genes,
differing in size and number of insertion sequences (Citti et al., 1997; Razin et
al., 1998; Dandekar et al., 2002; Mrazek, 2006). Based on the analysis of the 16S
rRNA sequences, Mycoplasmas have been classified into different groups (Fig. 2).

Mycoplasmas utilize the codon UGA to encode Trp (Dybvig, 1990), and in
E.coli this codon is recognized as a stop signal, which will result in truncation of
mycoplasma proteins expressed from cloned genes. By introducing the opal
suppressor allele trpT176 the tRNA produced from this allele is charged with Trp;
therefore, it has been possible to express Mycoplasma genes containing UGA
codons in E.coli (Minion et al., 1995). This fact has been an important
methodological tool used in this thesis work.
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Figure 2. Phylogenetic tree of Mycoplasmas based on  the 16S rRNA genes.

Energy metabolism

Mollicutes are divided into two groups, based on their ability to metabolize
carbohydrates: fermentative and non-fermentative organisms. Members of the
fermentative group produce acids from carbohydrates, decreasing the pH of the
medium. Most mollicutes have the ability to use glucose and arginine for ATP
synthesis. During their evolution, Mycoplasmas appear to have lost all of the
genes involved in amino acid and cofactor biosynthesis, as well as synthesis of the
cell wall and lipid metabolism, resulting in a requirement for the full spectrum of
substrates and cofactors taken up from the host or from a complex artificial culture
medium. (Miles et al., 1991; Himmelreich et al., 1996; Razin et al., 1998). The
majority of Mycoplasmas is deficient in genes coding for components of
intermediary and energy metabolism and thus are dependent mostly on glycolysis
as an ATP-generating pathway (Frey, 2002).

The energy metabolism of Ureaplasmas presents a special case. Ureaplasmas,
unique among the Mollicutes, possess a very potent urease, which hydrolyses
urea. The resulting intracellular accumulation of ammonia/ammonium ion is
coupled to ATP synthesis through a chemiosmotic type of mechanism (Blanchard
et al.,1988; Neyrolles et al., 1996;  Razin et al., 1998).

Nucleotide methabolism

Nucleotides have a central role in the physiology of all organisms as building
blocks of nucleic acids, storage of chemical energy, carriers of activated
metabolites for biosynthesis, structural moieties of coenzymes, and metabolic
regulators.
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 M.capricolum subsp, capripneumoniae
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Two fundamentally different pathways are used for the synthesis of nucleotides.
One is a de novo pathway, in which ribose phosphate, certain amino acids, CO2,
and NH3 are combined in successive reactions to form the nucleotides. In addition
to the de novo pathway, cells also have various mechanisms for making use of the
free bases and nucleosides released from the breakdown of nucleic acids by
converting them back to nucleotides, which is the salvage pathway (Stryer et al.,
2001) (Fig. 3).

Synthesis of deoxyribonucleotides

Deoxyribonucleotides are building blocks used for DNA synthesis and repair.
Deoxynucleotides are produced from ribonucleotides, in the de novo pathway, by
ribonucleotide reductase (RNR), which reduces ribonucleoside diphosphates to
deoxyribonucleoside diphosphates (Brown & Reichard, 1969; Thelander &
Reichard, 1979).  RNR has been identified in all Mycoplasmas except for
Ureaplasmas  (Glass et al., 2000) (Fig. 3).

Deoxynucleotides can also be produced in the salvage pathway;
deoxyribonucleosides (dN), derived from nutrients and degraded DNA, are taken
up and phosphorylated to deoxyribonucleoside monophosphate (dNMP) by
deoxyribonucleoside kinases, which are the key enzymes in the salvage of dN
(Eriksson et al., 1991). Subsequently dNMPs are phosphorylated into
diphosphates and triphosphates, which are the precursors of DNA. In mammals
there are four deoxyribonucleoside kinases with overlapping specificities (Arner &
Eriksson, 1995).

Mycoplasmas have two types of deoxynucleoside kinases, i.e. thymidine kinase
(TK) and deoxyadenosine kinase (dAK). TK catalyses the phosphorylation of
thymidine and deoxyuridine using a nucleoside triphosphate as phosphate donor.
It can be found in most living cells. It is present in two forms in mammalian
cells, TK1 and TK2. Certain viruses also have genetic information for expression
of viral thymidine kinases. TKs are conserved within Mycoplasmas with sequence
identities ~ 50%. Mycoplasma TKs show ~ 25-30 % sequence identities to human
TK1 and, thus, belong to the TK1 enzyme family (Carnrot et al., 2003).
Transposon mutagenesis studies showed that TK is an essential gene and required
for the viability of M.genitalium (Wasinger et al., 2000; Glass et al., 2006).

dAK is also present in all mycoplasma species sequenced to date. dAK of M.
mycoides has been shown to phosphorylate dAdo, dGuo and dCyd with dAdo as
the most efficient substrate (Wang et al., 2001). The dAK of M. mycoides has
25% sequence homology to the dGK of U.urealyticum and Mycoplasma
pneumoniae and ∼25-29 % sequence homology to other bacterial dAK/dCK.
Therefore, they belong to the family of mammalian dCK and Herpes TK (Wang et
al., 2001).
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Figure 3. Pathways of nucleotide biosynthesis in Ureaplasma and Mycoplasma. RNR,
ribonucleotide reductase; NDPK, nucleoside diphosphate kinase; the newly discovered
enzyme - FDTS.
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All mycoplasmas lack the orotic pathway for pyrimidine synthesis as well as the
enzymatic pathway for de novo synthesis of purine bases; therefore, uracil,
thymine, and guanine are required for growth. Because of the lack of de novo
synthesis purine and pyrimidine bases Mycoplasmas synthesize nucleotides by
salvage pathways from more complex precursors. A range of salvage enzymatic
activities including thymidine phosphorylase and thymidine kinase, have been
detected in several Mycoplasma species  (Mitchell & Finch, 1977; Mitchell &
Finch, 1979; Neale, et al., 1984; Pollack, 1995; Wang et al., 2001; Carnrot et
al., 2003) (Fig. 3). Genes coding these salvage enzymes have been identified in all
Mycoplasma genomes sequenced.

The synthesis of mononucleotides in mycoplasmas proceeds from nucleobases
either with phophoribosylpyrophosphate (PRPP) in a one-step, an essentially
irreversible reaction, mediated by phosphoribosyltransferase or in a two-step
reversible reaction via the formation of nucleoside (Mitchell et al., 1978; Neale, et
al., 1983; Pollack & Williams, 1986; Wang et al., 2001).

Thymidylate synthase (TS)

Uracil, produced by the pyrimidine synthesis pathway, is not a component of
DNA. Rather, DNA contains thymidine, a methylated analog of uracil. Other steps
are required to generate thymidylate from uracil. Thymidylate synthase catalyzes
the methylation of 2’-deoxyuridine-5’-monophosphate (dUMP) to thymidine-5’-
monophosphate (dTMP), which is then phosphorylated to thymidine-5’-
diphosphate (dTDP) and thymidine-5’-triphosphate (dTTP) and finally
incorporated into DNA (Fig. 4). This is a key step in DNA precursor biosynthesis.
TS is present in almost all living organisms e.g. bacteria, DNA viruses, protozoa,
and animals and is an evolutionary conserved enzymatic step. It has long been
used as a key target for antibiotic and chemotherapeutic drugs (e.g. 5-fluorouracil)
(Harrap  et al., 1989; Costi, et al., 2005).

Figure 4. The conversion from dUMP to dTMP by TS.

Classical thymidylate synthase (TS) - ThyA

The first known TS or ThyA is coded by the thyA genes. ThyA uses methylene-
5,6,7,8-tetrahydrofolate (CH2H4folate) as both a carbon (methylene) donor and
reductant (hydride) resulting in the formation of dihydrofolate (H2folate) and
dTMP (Fig. 5). This reaction provides the thymidylate necessary for DNA
synthesis. Tetrahydrofolate (H4folate), required for various biological functions, is
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therefore rapidly regenerated by dihydrofolate reductase (DHFR), which catalyzes
the reduction of H2folate by use of NADPH (Cerreras et al., 1992; Shamira et al.,
1999; Johnson et al., 2002).

ThyA can influence the 2’-deoxyadenosine-5’-triphosphate/thymidine
triphosphate ratios inside the cell, thus indirectly modifying the incorporation in
DNA of the component bases (Berger et al., 1984).

Flavin-dependent thymidylate synthase (FDTS) - ThyX

Recent genomic studies revealed that a large number of organisms lack the genes
for TS and DHFR, and have an alternative enzyme for the conversion of dUMP to
dTMP. This new enzyme is denoted as flavin-dependent thymidylate synthase
(FDTS) or ThyX and is encoded by the thyX gene (Myllykallio et al., 2002).

ThyX catalyzes the conversion of dUMP to dTMP, and the activity depends on
NADPH oxidation and CH2H4folate is converted to H4folate (Fig. 5). ThyX
activity requires flavin adenine dinucleotide (FAD) which is often tightly bound to
the enzyme. (Myllykallio et al., 2002; Giladi et al., 2002; Graziani et al., 2004;
Leduc et al., 2004; Liu et al., 2004; Gattis et al., 2005; Griffin et al., 2005).

Figure 5. The reaction mechanisms of thymidylate synthase (A) ThyA and (B) ThyX.

ThyX sequences contain a distinctive ThyX motif i.e. (-RHRX7S-), identified
through BLAST searches of the GenBank database. Although the vast majority of
ThyX proteins are composed of approximately 200-250 amino acid, the ThyX
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NADPH NADP+

NADH NAD+
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homologues of Thermaplasma and Chlymadia species are much longer and
contain two fused ThyX domains in the same polypeptide and share very little
homology to other ThyX sequences (Mathews et al., 2003; Sampathkumar et al.,
2005; Griffin et al., 2005).

The difference of the target site that can be defined most clearly is the covalent
inactivation of ThyA by FdUMP. This fluorinated deoxyuridylate analog is
formed via the reduction of FUDP by ribonucleotide reductase and
dephosphorylation. Alternatively, it can be formed directly from 5-FdUrd by
thymidine kinase when this 5-FUrd is regionally infused. However, the inhibition
of 5-FdUMP to ThyX or FDTS enzymes is not via covalent complex between 5-
FdUMP to ThyX or FDTS enzymes, rather competitive inhibition (Costi et al.,
2005).

ThyX proteins contain a flavin group as demonstrated spectroscopically in this
thesis as well as by Myllkallio et al. (2002). Flavoproteins are highly reactive
with free oxygen (Massey, 2000) and their biochemical reaction is normally
studied under anaerobic conditions. The oxygen sensitivity observed in E.coli
ΔThyA that expressing thyX might therefore be attributed to oxygenation of the
flavin group by molecular oxygen (Giladi et al., 2002).

Many of the FDTS containing organisms are pathogenic or parasitic. ThyA and
ThyX share no sequence or structural homology (Fig. 6) and this makes FDTS a
promising target for drug design. Information regarding the FDTS reaction
mechanisms, 3-D structures and the differences between the classical TS (e.g.,
human TS) and bacterial ThyX will facilitate future antibiotic development.

Figure 6. Crystal structure of Thermotoga maritima ThyX (A) and E.coli ThyA (B).

A B
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TS inhibitors

Antimetabolites such as methotexate and fluoropyrimidines are clinically
important group of cancer drugs used in the treatment of a variety of solid tumors
and hematologic malignancies. The cytotoxicities of the antimetabolites stem from
their ability to interfere with key enzymatic steps in nucleic acid metabolism. The
discussion below concerns two types of well-studied compounds, the antifolates
and the fluoropyrimidines.

Methotrexate (MTX) displays significant tumoricidal activity against a variety
of human neoplasms, including acute leukemia, osteogenic sarcoma,
choriocarcinoma, breast cancer, head and neck cancers, and others (Bender, 1979;
Peters et al., 1993). Following uptake in animal cells by the folate transport
systems, MTX can bind to and inhibit dihydrofolate reductase (DHFR), which
results in depletion of the reduced folate pools essential for thymidylate synthesis.
The cytotoxicity of MTX is influenced by intracellular polyglutamation and these
polyglutamyl derivatives can also inhibit thymidylate synthase directly (Campbell
et al., 1991) (Fig. 7).

Figure 7. Inhibition of thymidylate synthase (TS) by 5-FdUMP and dihyrofolate
reductase by aminopterin, methotrexate, and trimethoprim. (modified from Stryer et al.,
2001).

Trimethoprim
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Trimethoprim, a folate analog, has potent antibacterial and antiprotozoal activity
because Trimethoprim binds specifically to DHFRs of microorganisms and 105-
fold less tightly to mammalian DHFRs. The combination of trimethoprim and
sulfamethoxazole (an inhibitor of folate synthesis) is presently widely used to treat
bacterial infections (Fig. 7).

Fluoropyrimidines e.g. 5-fluorouracil (5-FU) have been used extensively in the
treatment of gastrointestinal carcinomas since their introduction in the late 1950s.
Mechanisms of action are including inhibition of TS by 5-fluoro-2’-deoxyuridine
5’-monophosphate (5-FdUMP), incorporation of the fluorouracil base into RNA
with resultant inhibition of processing and function, and incorporation into DNA
(Fig. 7). Additionally, the incorporation of 5-fluorouridine triphosphate into RNA
correlated with cytotoxicity in some systems (Houghton et al., 1986). Resistance
to 5-FU is often caused by alterations in enzymes involved in fluoropyrimidine
metabolism, particularly those enzymes associated with the conversion of 5-FU to
FdUMP. Furthermore, changes in TS level or its affinity for 5-FdUMP are
associated with 5-FU resistance (Au et al., 1982; Keyomars & Moran, 1988; Mini
et al., 1990) (Fig. 7).

Clinical manifestations of Mycoplasma diseases: general
information on Mycoplasma species studied in this thesis

Mycoplasma mycoides subsp. mycoides Small Colony (MmmSC)

MmmSC is the etiological agent of contagious bovine pleuropneumoniae (CBPP),
a severe infectious disease causing major losses of livestock (Cheng et al., 1995).
This organism has been used as a model to investigate the molecular basis of
mycoplasmal virulence. MmmSC is an extracellular pathogen with a genome size
of 1,211kb and lives in close association with host cells (Westberg et al., 2004).
The rationale for the use of this species as a model is high virulence as well as the
fact that it is clearly established as the etiological agent of CBPP (Vilei et al.,
2001). Furthermore, this severe cattle disease is of extraordinary socioeconomic
importance to livestock production in countries that currently suffer CBPP
outbreaks. Countries that are free from MmmSC are continuously threatened by
reemerging infections. Recently, it has been suggested that MmmSC might release
toxic intermediates or side products as virulence determinants (Pilo et al., 2003).

Ureaplasma urealyticum (Uu)

Uu has been implicated in infertility, spontaneous abortion, stillbirth, premature
birth, low birth weight, and perinatal morbidity and mortality (Yoon et al., 1989).
Vaginal colonization of Uu has not been associated with preterm birth (Cassell at
el., 1993; Glass et al., 2000), while the presence of Uu in the amniotic fluid is
associated with a robust host response in fetal, amniotic, and maternal
compartments and subsequent preterm birth (Domingues et al., 2003; Kim et al.,
2003; Deguchi et al., 2004). It is not known why this microorganism invades the
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amniotic cavity only in some women, despite heavy colonization of the vagina
(Gerber et al., 2002; Povlsen et al., 2002). Recently, the species previously
classified as Ureaplasma urealyticum was separated into two new species: U.
parvum (previously U. urealyticum biovar 1) and U. urealyticum (previously U.
urealyticum biovar 2) (Kong et al., 2000; Martinez et al., 2001). Ureaplasma
urealyticum is present in the lower genital tract of 40-80% of pregnant women and
is strongly associated with chorioamnionitis during pregnancy (Hillier et al.,
1991). The rate of vertical transmission from the mother to full term infants and
preterm infants ranges from 18-55% and 29-55% respectively (Harrison et al.,
1983; Sperling et al., 1988; Lockwood & Kuczynski, 1999). Respiratory tract
colonization by Ureaplasma urealyticum is associated with increased incidences of
pneumonia (Shapiro et al., 1980; Heggie et al., 2001).

Mycoplasma capricolum (Mcap)

This bacterium is primarily a pathogen of goats, causing caprine pneumonia,
though it has also been found in sheep and cows. In goats, M. capricolum is
highly destructive, causing significant mortality and morbidity. The primary
clinical manifestation is severe arthritis (polyarthritis). The infection progresses in
the form of septicemia, with severe lesions in the joints leading to permanent
lameness. In young goats it also causes fever (Wesonga  et al., 2004).

Mycoplasma hyopneumoniae (Mhp)

Mhp is the etiological agent of porcine enzootic pneumonia, a chronic respiratory
disease that causes significant economic losses to the swine industry (Minion et
al, 2004). Infections are established via colonization of porcine respiratory
epithelia, a process initiated by the adherence of bacterial cells to host cilia (Chen
et al., 2003). Successful colonization results in ciliostasis and shedding of cilia
from the epithelial surface, thereby disrupting the mucociliary escalator and
leaving the host susceptible to secondary infections (Haesebrouck et al., 2004;
Minion et al., 2004). In spite of widespread vaccination with the currently
marketed vaccines (bacterins) and/or antibiotic therapy, pigs are not completely
protected from either M. hyopneumoniae infection or secondary infection (Thacker
et al., 2000; Thanawongnuwech et al., 2001; Menon et al., 2002; Haesebrouck et
al., 2004).

Mycoplasma genitalium (Mg)

Mg is an important, emerging sexually transmitted bacterial pathogen capable of
eliciting a wide range of symptomatologies. In men M. genitalium has been
identified as a causative agent of nongonococcal, chlamydia-negative urethritis
(Colman et al., 1990; Fraser et al., 1995; Svenstrup, et al., 2003). In women
with urogenital symptoms, M. genitalium was detected in the cervix and vagina.
Recently, M. genitalium has been strongly associated with cervicitis, endometritis,
salpingitis, pelvic inflammatory disease, and tubal factor infertility or serological
criteria (Manhart et al., 2003; Yoshida et al., 2003). Furthermore, M. genitalium
was detected in rectal, respiratory tract, and synovial fluid specimens and has been
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linked to a range of pathologies, such as arthritis, pneumonia, AIDS progression,
chronic fatigue, autoimmune disorders, and encephalitis (Horner et al., 1993).

Mycoplasma pneumoniae (Mpn)

This bacterium colonizes human respiratory tract epithelial cells to cause
tracheobronchitis and atypical pneumonia, which is the more acute form of
pneumoniae, which progresses quickly with severe early symptoms. Acute forms
of respiratory diseases caused by Mycoplasma pneumonia have been described in
all age groups (Himmelreich et al., 1996; Chabot et al., 1998). However, older
children and young adults are at greatest risk of developing the infection (Harris et
al., 1998; Waites & Talkington, 2004). Sometimes the disease develops
symptoms outside of the lungs, such as anemia and rashes, as well as neurological
syndromes (meningitis, myelitis, and encephalitis). Tetracyclines, macrolides,
ketolides, and fluoroquinolones are active against M. pneumoniae.  Most of these
agents are primarily bacteriostatic for M. pneumoniae, and only the
fluoroquinolones have been shown to be bactericidal.
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Present investigation

Aim

The work described in this thesis is aimed to enhance our understanding of
nucleotide metabolism in Mycoplsamas more specifically the synthesis of dTTP.
Thereby, I hope to contribute by identifying novel genes in Mycoplasmas, which
can be used as targets to develop new antibiotics against myoplasma infection.
The main contribution of this thesis was the identification and primarily
characterization of a new family of flavin dependent thymidylate synthase in
Mycoplasmas.

Results and discussion

Paper I: Pyrimidine deoxynucleoside metabolism in U. urealyticum
and growth inhibition of U.urealyticum and M. pneumoniae by
nucleoside analogues.

Mycoplasmas lack the de novo synthesis of purines and pyrimidines and they
totally rely on salvage pathway for DNA/RNA precursor synthesis. Using
radiolabelled deoxynucleosides, i.e. thymidine (dThd), deoxyuridine (dUrd), and
deoxycytidine (dCyd), we have studied the uptake and metabolism of these
nucleosides. All these nucleosides are readily taken up by U. urealyticum and
dThd had the highest rate of uptake than the other deoxynucleosides studied. The
radioactivity from [3H]-dThd was distributed as nucleosides, nucleotides and
nucleic acids with the highest ~ 68% as thymidine monophosphate (dTMP) and ~
20% incorporated into DNA. We could not detect any radiolabelled thymidine
triphosphate (dTTP).  The high level of dTMP detected in Uu supported the
thymidine kinase (TK) mediated uptake and metabolism pathway.

The radioactivity from [3H]-dCyd was recovered ~ 7% as dCyd, 42% as dUMP,
31% as dCMP, and ~ 2% as dCDP.  There was ~ 18% of the radioactivity was
incorporated into DNA. Again no dCTP or dTTP was detected. [3H]-dUrd was
recovered as dUMP and also high degree incorporation into DNA. This
observation strongly suggested the presence of TS-like enzyme in Uu, which
converted dUMP to dTMP despite the lack of a thyA or thyX homolog in the
genome.

Some radioactivity originating from [3H]-5-FdUrd or [3H]-5-FUra was recovered
as nucleotides, e.g. ~ 2% as 5-FdUMP or ~ 3% as 5-FUMP. No incorporation
into DNA could be detected. The enzyme responsible for the phosphorylation of
dThd and dUrd i.e. thymidine kinase of U.urealyticum was cloned and
characterized in detail in this paper, but the main focus of this thesis is
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thymidylate synthase of mycoplasmas, and therefore these results will not be
described further.

Since clinically important nucleoside analogues used for this study have known
function and inhibit specific enzymes, we wanted to examine their growth
inhibitory effect with U. urealyticum and M. pneumoniae. Uu culture with an
inoculum of 104 cfu/ml was killed by 0.8 µM 5-FdUrd, even after prolonged
incubation time there was no detectable survival of the bacteria. When 5-FdCyd
was added to Uu culture with inoculum 104 cfu/ml, similar results were obtained.
Most of the 5-halogenated deoxyuridine and uracil analogs inhibited the Uu
growth during the first 24 hrs, and the color changes of the culture media were
observed after 72-hrs incubation, indicating survival of the bacteria. Other
nucleoside analogs such as AZT and ACV were less potent inhibitors as compare
to the fluoropyrimidine analogs.

The EC50 values for 5-FdUrd, 5-FdCyd and 5-FUra were determined with
different Uu inoculum sizes. 5-FdUrd had the lowest EC50 values as compared to
5-FdCyd and 5-FUra with the same inoculum size. 5-FdUrd inhibited also the
growth of Mpn, but was less potent as compared with that of Uu.

Paper II: Mechanism of Growth inhibition of Ureaplasma urealyticum
with nucleoside analogs

Fluoropyrimidines are known to inhibit thymidylate synthase (TS) activity and
thereby interfere with DNA synthesis. Metabolic labelling with radiolabelled dThd
and dCyd showed that they were efficiently taken up by Uu cells and converted to
the corresponding nucleotides. In addition dCyd could be deaminated leading to
the formation of dUMP (Paper I). To understand the mechanism of inhibition by
5-FdUrd, we tested if addition of dUrd or dThd could protect Uu from the
inhibitory effect of 5-FdUrd. Normally an inoculum of 105 cfu/ml of Uu was
killed by 1.2 µM 5-FdUrd; however, when dUrd was added to the growth medium
in a ratio of 1:1 (dUrd:5-FdUrd), the EC50 value was 3 µM. The inhibitory effect
of 5-FdUrd was completely abolished by a 10-fold excess of dUrd. When dTHU, a
potent inhibitor of cytidine deaminase, was added to the growth medium the
inhibitory effect of 5-FdCyd was drastically reduced, indicating that it is the
deamination product 5-FdUrd, which inhibited Uu growth.

Growth inhibition effect of 5-FdUrd and 5-FdCyd was reversed by addition of
dUrd, dThd, and dTHU added to the growth medium, suggesting that the
inhibitory of effect 5-FdUrd and 5-FdCyd occur via the pyrimidine salvage
pathway, a competition between the natural dUMP and the analog 5-FdUMP.
It has been shown that mycoplasmas require pyrimidine bases for growth e.g.
uracil. In the presence of dUrd, Uu culture showed about twice the growth rate as
compared to the culture without dUrd. This observation suggested that Uu growth
is limited by the availability of pyrimidines in the media.
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Paper III: Flavin dependent thymidylate synthase (FDTS)

The studies in paper I, and II suggested the presence of TS-like enzymes in Uu.
Therefore, the goal of this work was to identify the alternative yet unknown TS
enzyme in Mycoplasma.

We cultured Uu and MmmSC in large scale and total proteins were extracted. A
flavin dependent thymidylate synthase (FDTS) activity was detected in the protein
extracts by using radiolabelled substrate and HPLC method to analyze the reaction
products. FPLC and anion-exchange chromatography techniques were used to
purify the Uu and MmmSC FDTS proteins. Both Uu and MmmSC FDTS
proteins showed complete conversion of dUMP to dTMP using 5,10-
methylenetetrahydrofolate (CH2THF) as methyl donor, and requiring FAD and
NADPH. We have used native gel electrophoresis to identify the presence of
FDTS in MmmSC extract, after electrophoresis gel pieces were excised and mixed
with reaction mixture with or without FAD. No activity was detected in the
reaction without FAD. Thus, FAD coenzyme is not covalently bound to the
enzyme and MmmSC FDTS activity is FAD dependent. We estimated the
molecular mass of MmmSC-FDTS in the native form ∼ 200 kDa. Fluorescent
emission spectra demonstrated that MmmSC and Uu-FDTS were flavin-proteins
and enzyme-bound FAD was essential for activity. Kinetic studies with MmmSC-
FDTS showed negative cooperative for dUMP and CH2THF with apparent Km

values of 17.3 µM (dUMP), 69 µM (CH2THF) and 103 µM (NADPH),
respectively. 5-FdUMP inhibited MmmSC FDTS competitively with a Ki value
of 1.5 µ M.

All mycoplasmas have thyA gene except for Uu, MmmSC, Mcap and Mhp
where no thyA homologs have been identified. Recently, a new family of FDTS
(ThyX) was discovered, which is present in many pathogenic bacteria such as
Chlamydia and Helicobacter. These FDTSs share a common thyX motif
(RHRX8S-) and sequence homology to each other. However, Fermaplasma and
Chalymadia thyXs have two thyX motifs, one common thyX motif and another
within their group. Using Fermaplasma thyX as query, we identified UU572 and
MSC0676 as putative FDTS.

UU572 and MSC0676 were cloned and the recombinant plasmids were
transformed to an E. coli thyA mutant ISM612. UU572 and MSC0676 could
rescue the thymidine auxotrophic phenotype of the TS deficient ISM612 grown on
M9 minimal medium plates lacking thymidine. Recombinant UU572 and
MSC0676 were purified and showed to have similar properties as the native
enzymes. The low (< 13%) sequence identity to either ThyX or ThyA suggested
that UU572 and MSC0676 belong to a new family of flavin-dependent
thymidylate synthase. The unique properties of Uu and MmmSC TS make them
attractive targets for design of new antibiotics against these pathogenic bacteria.
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Paper IV: A New family of flavin-dependent thymidylate synthase in
pathogenic mycoplasmas.

ThyA homologues are presence in many Mycoplasmas species e.g. M. genitallium
(Table. 1). The ThyA sequences are conserved within Mycoplasmas,  ~ 50-70%
sequence identities, while sequence homology to other bacterial ThyA is only ~
30-40%. As expected, Mycoplasmas, which have the thyA genes, possess also
genes for DHFR, which is required for reduction of the H2folate to H4folate.

M. pneumoniae and M. genitalium share an identical set of pyrimidine
metabolism pathways and other proteins (Inamine et al., 1989) as compared to
other mycoplasmas and both M. genitalium (Mg) and M. pneumoniae (Mpn)
possess thyA genes (Table. 1). However, studies by Glass et al. showed that Mg
thyA gene is not essential since its interruption did not affect Mg growth (Glass et
al., 2006). Using Uu FDTS sequence as query sequence, we identified an open
reading frame in Mg (Mg255) and Mpn (MPN358), which showed significant
homology to Uu FDTS, ≈ 26%.

We also identified homologous genes e.g. Mcap620 in Mcap genome and
Mhp655 in Mhp genome by using MmmSC FDTS as query sequence. We cloned
these four genes by using PCR method using genomic DNA as template.
MPN358, Mcap612 and Mhp655 could functionally replace the thyA gene of an E.
coli strain ISM612 that is TS deficient and suitable for expression of mycoplasma
proteins. Recombinant Mhp655 protein was expressed and purified using anion
exchange chromatography. Purified mhp655 protein showed FDTS activity and
the elution profile of Mhp655 was similar to that of UU572 and MSC0676.
Fractions containing TS activity displayed yellow color.  

Thus, we have identified a new family of flavin dependent thymidylate
synthase. Since these Mycoplasma favin dependent thymidylate synthases have no
sequence and possibly structural similarity to ThyA proteins, and they are
attractive targets for the design of new antibiotics against these pathogenic
bacteria.

Table1. Thymidylate synthase genes (thyA and thyX) in Mollicutes.

Mollicutes thyA thyX
M.gallisepaticum R + −
M.synoviae + −
M.mobile + −
M. penetran + −
M.pneumoniae + +
Onion yellow phytoplasma + −
Mesoplasma florum + −
M.genitalium + +
M.pulmonis + −
M.mycoides SC − +
M.hyopneumoniae − +
M.capricolum − +
U.realyaticum − +
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Concluding remarks and future perspectives

There are only a few studies on the nucleotide metabolism of Mollicutes, but
together with the information derived from Mollicute genome analysis, a wealth of
information was provided regarding the pathways of biosynthesis and degradation
of pyrimidine and purine nucleotides. The nucleotide biosynthetic enzymes are
potential targets for antimicrobials drugs designed selectively inhibit the growth of
these organisms.

There are several important differences between mycoplasma and mammalian
cells in the overall biosynthesis, transport and catabolism of nucleosides and
nucleotides. Of particular interest in the present study is the biosynthesis pathway
for dTMP from dUMP, in which the enzymes catalyzing the reaction and the
reaction mechanism are completely different. A better understanding of the
nucleotide metabolism of mycoplasmas is of fundamental interest in microbiology
and may help in the development of new anti-mycoplasma therapies.

Mollicutes posses pyrimidine nucleotides salvage enzyme and this pathway is
essential for the growth and survival of the Mollicutes. This is due to the limited
biosynthetic capacity and the absence of key enzymes of de novo pathways.

The discovery of an alternative flavin-dependent mechanism for thymidylate
synthesis described in this thesis has revealed a plausible explanation for the
unexpected observation that life without two essential enzymes ThyA and FolA is
still possible. It is also very important to understand folate metabolism in bacteria
using ThyX for thymidylate synthesis, which undoubtedly aid the evolution of
intermediary metabolism, as well as in designing new compounds for inhibiting
microbial growth.

The studies carried out in this thesis have demonstrated that targeting the
pyrimidine salvage pathway may present valuable opportunities for the
development of antimicrobial agents selective against Mollicutes. The practical
potential of the pathways of pyrimidine synthesis as therapeutic targets for
antibacterials specific to Mollicutes remains to be tested. To achieve this it is
necessary to establish the basic principals of the metabolism of nucleotides in the
Mollicutes, which this thesis is aimed to contribute to.
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Main conclusion of the thesis work

♦Nucleoside analogs, especially fluoropyrimidine nucleoside analogues e.g. 5-
FdUrd strongly inhibited the growth of Uu and Mpn. The mechanism of
inhibition is most likely due to blocked dTMP synthesis.

♦Flavin dependent thymidylate synthase activities were detected in the extracts of
Uu and MmmSC and the corresponding genes were identified.

♦ FDTS genes were identified in those mycoplasma genomes (Uu, Mhp, Mcap
and MmmSC), which lack thyA as well as in those Mycoplasma genomes (Mpn
and Mg), which possess thyA.

♦Mycoplasma FDTS sequences have little sequence homology to ThyX from
other bacteria and, thus, belong to a new family of flavin dependent thymidylate
synthase.

♦ Future structure and function studies of with recombiant proteins are needed to
explain the minimal sequence identities found between the ThyX and the new
family of Mycoplasma FDTS.

♦The unique properties of Mycoplasma FDTS make it an important target for
future design of specific antibiotic against these pathogenic bacteria.
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