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ABSTRACT

Chlamydia trachomatis depends on a eukaryotic host cell for the acquisition of

many metabolic precursors including nucleotides. V/ith the exception of thyrnidylate, the

mode of acquisition of all nucleotides required for RNA and DNA biosynthesis in

chlamydiae has been elucidated. The only known mechanisms of thymidylate acquisition

are the de novo syrthesis, by thymidylate synthase (thyA) or the salvage of thymidine

from the environment by thymidine kinase (rþ. In Escherichia coli, thyA catalyzes the

reductive methylation of deoxyuridine 5'-monophosphate (dllMP) by

methylenetetrahydrofolate (CHzHafolate) to form dTMP and dihydrofolate (H2folate).

lnterestingly, comparative genomic analysis indicates that several bacteria, including

Chlamydia sp., lack both the known pathways for formation of dTMP suggesting an

altemative method of acquisition. In Helicobacter pylori a novel enzpe (ThyX) has

recently been shown to catalyze dTMP formation from dIlMP. The goals of this thesis

were to provide molecular and biochemical evidence for the existence of a thymidylate-

synthesizing enzqe within chlamydiae and to chaructenze this novel enzyme. A C'

trachomatÌs gene that complemented the growth defect of a thymidylate synthase

deficient strain of Escherichia coli was isolated, cloned and expressed as a recombinant

protein. The complementing gene was demonstrated to encode a 60.9 kDa protein, which

shows low level homology to the ThyX class of enz)rynes and is active in the form of a

tetramer. Spectroscopic analysis revealed that this protein contains aî enzpe bound

flavin. In vitro kinetic experiments indicated that dUMP, CHzFl+folate, and NADPH

were required as substrates, serving as methyl acceptor, donor and source of reducing
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equivalents, respectively, producing dTMP and H¿folate as products. In contrast to the

extensively characteized thyA encoded thymidylate synthases, which form a ternary

complex with substrates dtIMP and CHzH¿folate and foliow an ordered sequential

mechanism, C. trachomatis ThyX was demonstrated to follow a ping-pong kinetic

mechanism involving a methyl enzqe intermediate. These differentiating characteristics

clearly distinguish ThyX from ThyA enzymes and make the chlamydial enzyme an

attractive targetfor new therapeutic agents directed at an important human pathogen.



INTRODUCTION

Chlamydia

Chlamydiae aÍe among the most common of the human pathogens, where

seroprevalence has been shown to be upwards o170o/o for certain species. Chlamydiae

generally cause mild diseases in their natural hosts, but serious complications are known

to occur late in the course of an infection if the disease is left untreated (Schachter 1999).

Chlamydiae are obligate intracellular eubacterial parasites that have been classified into

there own order, Chlamydiales with four species in the genus Chlamydia currently

recognized including: C. trachomatis, C. psittaci (Page 1968), C. pneumoniae (Grayston

1989), and C. pecorum (Fukushi and Hirai 1993). These four species infect a wide range

of eukaryotic host cells and cause a vanety of human and animal diseases (Fraiz and

Jones 1988). C. psittaci is comprised of a group of microorganisms that cause a variety

of diseases primarily in avian and animal species (Escalante-Ochoa, Ducatelle et al.

1993). Chlamydial infections cause severe complications such as atypical pneumonia

þsittacosis) that can lead to the eventual death of the infected person. The bacterium is

transmitted by direct contact with infected avian species, generally tropical species, and

can not be transmitted from person to person (Peeling and Brunham 1996). C.

pneumoniae is a common human pathogen causing acute infection of the respiratory tract

accounting for l0o/o of community- acquired pneumonia and 5Yo of bronchitis and

sinusitis cases, and has been identified as a potential risk factor for cardiovascular disease

(Grayston 1992; Kuo, Jackson et al. 1995; Peeling and Brunham 1996; Stephens 1999;
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Jahromi, Hill et at.2003; Numazaki 2004; Tiran, Tiesenhausen et al. 2004). It has been

estimated that 40o/o to 60%o of the world's adult population have antibodies to C.

pneumoniae, indicating a high prevalence of infection around the world (Schachter

1999). Recent studies have indicated that C. pneumoniae is associated with a number of

chronic diseases, such as sarcoidosis, otitis media, erythema nodosum, Reiter's

syndrome, atherosclerosis and asthma (Campbell, Kuo et al. 1998). Unlike C. psittaci, C.

pneumonia is transmitted from person-to-person through respiratory droplets of infected

individuals (Kuo, Jackson et al. 1995; Peeling and Brunham 1996). C. pecorum is one of

the newest identified species and is strictly a pathogen of animals, where it has been

shown to cause disease in the respiratory tracts of pigs and cattle (Hitchcock 1999;

Stephens 1999).

C. trachomal¿s causes a variety of diseases with the type of disease corresponding

to the biovars that the host is infected with, and the route of infection. C. trachomatis is

divided into three biovars based on the disease each causes: trachoma, lyrnphogranuloma

venereum (LGV), and murine (Moulder 1988). The trachoma biovar associated with

endemic trachoma include serovars A, B, Ba, and C, and preferentially infect mucosal

columnar epithelial cells of the eye (Stephens 1999; Numazaki 2004). Trachoma caused

by C. trachomatis is the world's most preventable cause of blindness, blinding

approximately 6 million people yearly (Thylefors, Negrel et al. 1995). This pathogen has

the potential of infecting upwards of 400 million to 600 million people in endemic areas

of the world (Thylefors, Negrel et al. 1995; Schachter 1999). Trachoma is considered a

disease of poverty and poor hygienic conditions, and is endemic mainly in tropical and

subtropical countries including North Africa, the Middle East, sub-Saharan Africa,
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Australia and Latin America (Thylefors, Negrel et al. 1995; Schachter 1999). Serovars

D-K are the sexually transmitted serovars of the trachoma biovar causing a wide range of

diseases including salpingitis, postpartum endometritis, male urethritis, epididymitis,

arthritis, and pelvic inflammatory disease (Schachter 1999). Of all sexually transmitted

pathogens, C. trachomatis is by far the most common with 90 million new cases being

reported yearly (Peeling and Brunham 1996; Schachter 1999). ln contrast, the LGV

serovars consisting of Ll, W, andL3 canpenetrate the submucosa entering the l¡rmphatic

and subepithelial layers causing a more systemic infection Q.{umazaki 2004). LGV is the

cause of the sexually transmitted disease lymphogranuloma venereum (Schachter and

Osoba 1983; Schachter 1999; Numazaki 2004). The murine biovar consists of a single

serotype, mouse pneumonitis (MoPn).

One of the defining characteristics of Chlamydia spp is its unique obligately

intracellular developmental cycle charactenzed by two distinct phenotypic developmental

phases. The extracellular elementary body (EB), which is metabolically inactive and

infectious, and the reticulate body (RB), which is metabolically active, but noninfectious

constitute the two bacterial forms that make up the biphasic growth cycle (Ward 1983;

Moulder l99l; Hatch 1999). The chlamydial developmental cycle involves the

conversion of EBs, upon infection of the host cell, to RBs. The RBs undergo cell

division and multiply into more RBs, which eventually revert back to the EB form and

lyse the cell (Ward 1983; Moulder 1991; McClarty 1994; Hatch 1999). The majority of

the developmental cycle occurs within a membrane-bound parasitophorous vacuole

known as the chlamydial inclusion (Hackstadt 1999).
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The sole function of the EB is to survive in the extracellular environment for

prolonged periods of time to allow for sufficient time to invade a host cell. The

chlamydial EB has adapted itself to survive the sometimes extreme physical and chemical

pressures of the extracellular environment by reducing its surface area (0.3 pm in

diameter), modifying its cell envelope and shutting down all metabolic activity (Hatch

1999). During this period in the extracellular environment, the EB displays no

measurable metabolic activity. Histone-like proteins present within the EB are

responsible for the condensation of DNA into nucleoid structures (Hatch 1999). The EB

has a high affinity for eukaryotic cells and upon contact are rapidly and efficiently

internalized (Scidmore, Rockey et al. 1996; Hackstadt 1999).

The precise molecular mechanisms of attachment and entry of chlamydiae to host

cells remains unclear. However, it is known that chlamydiae enter host cells that are not

professional phagocytes and entry terminates in the formation of the inclusion (Moulder

1991). Since it is well documented that EBs are infectious and taken up by the cell and

RBs are not, the entry-promoting properties must lie within the cell surface structures that

differ between the two forms (Moulder 1991). The structural characteristics of EBs and

RBs are unique and distinct. The EBs surface is relatively hydrophobic and has a net

negative charge at neutral pH. A number of surface ligands on the EB have been

proposed including glycosaminoglycan (GAG) (Escalante-Ochoa, Ducatelle et al. 1998),

heparin sulfate-like proteoglycans (Becker, Hochberg et al. 1969; Zhang and Stephens

1992; Chen, Zhang et al. 1996; Su, Raymond et al. 1996), the major outer membrane

protein (MOMP) (Su, Zhang et al. 1988; Su, Watkins et al. 1990), Hsp70 (Hackstadt

lggg), polymorphic outer membrane proteins (POMPs) (Longbottom, Findlay et al.
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1998; Longbottom, Russell et al. 1998), OmcB, and a thermolabile 38 kDa membrane

protein (Joseph and Bose 1991; Joseph and Bose 1991). Currently, heparin sulfate-like

proteins are the most promising candidates mediating the interaction of EBs with host

cells. The remainder of the proteins are implicated in some form or another by their

interaction with accessory proteins or their presence on the surface of EBs and not RBs

(Hackstadt 1999).

The uptake of chlamydiae by non-professional phagocytes has been termed para-

site-specifrc phagocytosis (Escalante-Ochoa, Ducatelle et al. 1998). The process of

chlamydial entry is as complicated to decipher as that for the attachment process.

Chlamydiae enter nonprofessional phagocytes at the energy expense of the host cell,

since the EB has no energy to expend (Friis 1972; Escalante-Ochoa, Ducatelle et al.

1998). There is evidence that chlamydiae can be endocytosed by a receptor-mediated

þinocytic) response into clathrin-coated pits (Hodinka and Wyrick 1986; Hodinka, Davis

et aI. 1988), microfilament-dependent þhagocytic) uptake into non-clathrin coated

vesicles (Ward and Murray 1984) as well as both processes (Wyrick, Choong et al.

1989). It has recently been demonstrated that the recruitment of Rac, a known critical

mediator of cytoskeletal organization in eukaryotic cells, and actin accompany

morphological changes in the eukaryotic cell and to eventual internalization of the

chlamydial cell (Carabeo, Grieshaber et al. 2002; Carabeo, Grieshaber et aL.2004).

For intracellular pathogens to survive within the host cell upon entry, they must

adapt a strategy to avoid lysosomal killing, a characteristic shared by both professional

and non-professional phagocytes. lngestion of a non-intracellular pathogen leads to

fusion of the lysosome with the pathogen-containing phagosome, and to the eventual
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release of acid hydrolases including glycosidases, proteases, and lipases. The release of

these digestive enzymes kills the pathogen and infection is subsequently prevented

(Moulder 1985; Escalante-Ochoa, Ducatelle et al. 1998). In order to avoid digestion by

lysosomes, intracellular parasites have devised a number of strategies to survive. These

strategies include adaptation to a host cell without lysosomes, such as the mature non-

nucleated erythrocyte (Haschen 1975), escaping the phagosome upon ceilular entry

(Winkler and Miller 1982), and acquiring methods to resist lysosomal enzymes (Straley

and Harmon 1984). The mechanism that chlamydiae employ is to completely prevent the

fusion of the lysosome with the endocytic pathway, although inhibition of fusion is

limited to the inclusion. Lysosomal activites within other compartments of the infected

cell remain unaltered (Fields and Hackstadt 2002). The process of inhibition of the

phagosome-lysosome fusion remains unresolved. It is speculated that it is the EB that is

responsible for preventing phagosome-lysosome fusion. Some likely processes

chlamydiae could use to control the interactions of the host cell with the inclusion include

mimicry, recruitment, and exclusion of host cell proteins involved in the regulation of

endocytic or exocytic vesicular trafficking (Eissenberg and Wyrick 1981; Eissenberg,

Wyrick et al. 1983; Fields and Hackstadt2}}2).

Once the inclusion is formed and free from lysosome attachment, the EB must

relax the rigid cell envelope and the condensed DNA, thereby transforming into the

metabolically-active, dividing RB form (Hatch 1999). This includes the reduction of an

extensive disulfide cross-linking of various proteins located within the cell envelope.

Such a change in the character of the envelope results in an increased size of the cell

(approximately 1 pm in size), fluidity of the membrane and membrane integrity. The



9

actual signals required for triggering the differentiation have not been determined. The

intracellular environment of the host varies substantially from that of the extracellular

environment, including pH, temperature, redox potential and concentration of

metabolites, such that one of a dozen different signals could potentially trigger the

differentiation (Moulder 1991). Soon after endocytosis, protein synthesis and metabolic

activity begin, committing the EBs to progtession through the developmental cycle

(Plaunt and Hatch 1988; Moulder 1991).

There are a number of biological and chemical differences between EBs and RBs.

The RB is osmotically and mechanically fragile, the nucleoid is relaxed and there is also

a substantial increase in the number of ribosomes present for protein expression.

Approximately 8 to 12 hours post-infection, an almost pure population of RBs will be

seen within the inclusion. Approximately 20 h post-infection, infectious EBs can once

again be identified within the inclusion. Although EBs can be seen, the cycle is

asynchronous and many RBs continue to multiply. Upon completion of the

developmental cycle, the inclusion lyses and EBs are released to infect uninfected cells,

although there is no defined end to the developmental cycle. C. psittaci has been known

to lyse cells anywhere between 30 h and 60 h post infection (Moulder l99l; Hackstadt

reee).

The cell envelope is reminiscent of a gram-negative organism consisting of an

inner membrane and an outer membrane which consists of lipopolysaccharide (Moulder

1991; Hackstadt 1999; Hatch 1999). It is not clear whether or not chlamydiae possess

peptidoglycan within their cell wall as a peptidoglycan layer has eluded detection

(Bavoil, Hsia et al. 2000). Peptidoglycan is responsible for the osmotic integrity of the
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cell and is located in the periplasmic space of gram-negative organisms. It has been

shown that inhibitors of peptidoglycan synthesis affect RB cell division (Moulder,

Novosel et aI. 1963; Tamura and Manire 1968; Barbour, Amano et al. 1982; Moulder

1993) and that most of the genes required for peptidoglycan synthesis are present in the

C. trachomatis serovar D genome (Stephens, Kalman et al. 1998; Hatch 1999; Hesse,

Bostock et al. 2003). Currently, only trace amounts of the sugar N-acetylmuramic acid

have been detected and it has been speculated that peptidoglycan is present in

substructural amounts playng only a minor role in the osmotic integrity of the EB (Hatch

1999). The presence of alarge unique network of disulf,rde cross-linked outermembrane

proteins is thought to determine the osmotic integrity of the chlamydial EB; disruption of

these disulfide cross-links causes the cell to be fragile and porous as seen within the RB

(Hatch, Vance et al. 1981; Newhall and Jones 1983; Moulder 1991; Hatch 1999).

The large network of disulfide cross-linked proteins that are present within EBs

consists of two cysteine-rich envelope proteins and MOMP. The two cysteine-rich

proteins are encoded within the same operon. OmcB is encoded by omcB and is

posttranscriptionally processed into two proteins present in equal proportions within the

cell membrane. OmcA is encoded by omcA and is a smaller 12-15 kDa lipoprotein

(Everett, Desiderio etal. 1994; Hatch 1999). The actual location of these two cysteine-

rich proteins is still unclear. It has been suggested by that OmcB may be a periplasmic

protein latticed together in a large network similar to that of the peptidoglycan layer in

other bacteria and that OmcA is anchored to the inner leaflet of the outer membrane

(Everett and Hatch 1995). MOMP is encoded by ompA, and is the most abundant surface

protein in both EBs and RBs, although the structural organization is different between the
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two chlamydial forms. Within EBs, MOMP is extensively disulfide cross-linked, while

within RBs it remains completely reduced (Newhall and Jones 1983; Hackstadt 1999;

Hatch 1999). As mentioned, it is the reduction of these disulfide cross links that causes

the RB cell wall to be porous. ln addition to its role as a structural component of the cell

wall, MOMP also functions as a porin, allowing the passage of valuable nutrients from

the host cell including ATP (Wyllie, Ashley et al. 1998; Hatch 1999). Other proteins

associated with the envelope include polymorphic outer membrane proteins (POMPs),

heat shock protein 70 (Hsp70), a type III secretion apparatus and various glycoproteins

(Hatch 1999).

Biochemistry: Nucleotide biosynthesis in Chlamydiae

Intracellular parasitism creates a unique situation for microorganisms that choose

this type of life cycle. The essential building blocks for DNA, RNA, protein and lipid

synthesis that most organisms must synthesize on their own are present within the host

cell and are accessible as long as appropriate mechanisms are available for their

acquisition (Moulder l99l; McClarty 1994). Due to the abundance of essential building

blocks within the host cell, chlamydiae can theoretically dispense of all the genes

required for the de novo synthesis of metabolites that are available from the host. This

simple fact may help to explain the extremely small nature of the chlamydial genome,

being one of the smallest of all prokaryotic genomes at approximately 1.0 x 106 bp

(Moulder 1985; McClarty 1994). The loss of biosynthetic capacity means that obligate

intracellular parasites like chlamydiae must obtain the required nutrients from the host
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cell cytoplasm. Chlamydiae face a unique situation when acquiring nutrients from the

cytoplasm of the host cell in that the nutrients must be translocated across three separate

membranes; the inclusion membrane, the outer and cytoplasmic membrane of the

chlamydial RB (McClarty 1994).

Translocation across the inclusion membrane is poorly understood, but possible

mechanisms include non-specific nutrient channels that allow the passive diffusion of

low molecular weight nutrients in and out of the inclusion, and specific transporters for

the acquisition of specific nutrients. The inclusion membrane however, excludes

molecules larger than 520 Da (Heinzen and Hackstadt 1997). The chlamydial genomes

encode several transporters, but there is no evidence that these transporters localize in the

inclusion membrane (Stephens, Kalman et al. 1998). The transport of nutrients through

the outer membrane againis not clearly understood, but it is thought that the MOMP, acts

as a porin. Although the ability of MOMP to act as a porin can account for a large

portion of transport, it has an exclusion limit of 850-2250 Da, indicating that other

transport mechanisms must exist within the outer membrane (Bavoil, Ohlin et al. 1984;

McClarty 1994; Wyllie, Ashley et al. 1998; Stephens 1999). PorB is also localized in the

chlamydial outer membrane and has been reported to posses porin activity (Kubo and

Stephens 2000). If chlamydiae depend on non-specific transport of nutrients from the

host cell through the inclusion membrane and the outer membrane, they must then rely on

specific transporters within the cytoplasmic membrane to transport nutrients from the

periplasmic space to the cytoplasm (McClarty 1994). Specific transport systems have

been shown to exist in chlamydiae. Two proteins termed Nptl and Npt2 have been

shown to act as an ATP/ADP translocase and nucleotide transporter, respectively (Hatch,
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Al-Hossainy et al. Ig82). The genome sequence indicates that chlamydiae encode

several other transport systems for the acquisition of required nutrients. However, it does

appear that they use fewer transport systems than free-living organisms, and for

chlamydiae to acquire all nutrients required for their survival, they must rely on transport

systems with broad specificity (Stephens 1999).

All eukaryotic and prokaryotic organisms require nucleotides for DNA and RNA

biosynthesis. Nucleotides are also required as high-energy compounds for many

biosynthetic reactions in which they provide the energy needed for chemical reactions to

occur. There are two mechanisms by which nucleotides can be obtained. They can be

synthesized directly de novo or they can be salvaged from the breakdown of nucleotide

metabolites. Both pathways of nucleotide acquisition are well characterized and the

enzymes for each studied in great detail (McClarty 1999). Genomic sequencing of C.

trachomatis serovar D indicates that this organism contains the smallest subset of

nucleotide metabolism genes, having no genes required for the de novo synthesis or the

salvage of nucleotides (McClarty 1999). Precursors for chlamydial biosynthesis of

nucleic acid must then come from the cytoplasmic nucleotide pool of the host cell.

Summary of nucleotide acquisition and biosynthesis in chlamydiae is represented in

Figure 1. It has been demonstrated that the cytoplasmic membrane transporter, Npt2, has

the ability to transport all four NTPs (ATP, GTP, CTP and UTP) into the chlamydial RB

(Tjaden, Winkler et al. 1999). Chlamydiae have been shown to encode genes required

for the biosynthesis of CTP. Thus, although chlamydiae can transport all four

ribonucleotides, they are in fact only auxotrophic for three of the four ribonucleotides

(Tipples and McClarty T993). Tipples and McClarty isolated a CTP synthetase gene
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(pyrG) which is responsible for the de novo synthesis of CTP from UTP (Tipples and

McClarty 1995; Wylie, Berry et al. 1996). Recent work by llliffe-Lee and McClarty has

shown that chlamydiae, which have been long thought to be strictly dependent on the

host for the supply of ATP, are capable of generating ATP by substrate level

phosphorylation (Iliffe-Lee and McClarty 1999). laterestingly, genome sequencing data

from C. trachomati.r serovar D suggests that chlamydiae may also be capable of

oxidative phosphorylation due to the presence of genes that are essential components in

the electron transport chain as well as an ATP synthase complex (Stephens, Kalman et

at. 1998; Iliffe-Lee and McClarty 1999). Although chlamydiae seem to be able to both

exchange ADP for ATP as well as synthesize ATP from ADP, it is not clear whether

chlamydial growth depends on the acquisition of ATP from the host (Iliffe-Lee and

McClarty 1999).

The complete sequencing of the C. trachomatis serovar D genome has also

identified genes thal arehomologous to monophosphate kinases (amk, gmk, cmk, tmk and

pyrlÐ, which are responsible for the phosphorylation of monophosphate nucleotides to

the diphosphate level. A non-specific nucleoside diphospate kinase (ndk) has also been

identified, which is responsible for phosphorylating dinucleotides to the triphosphate

level. These enzymes therefore allow chlamydiae to reuse the (d)NMPs and (d)NDPs

generated in the breakdown of nucleic acid (McClarty 1999).

In contrast to ribonucleotides, chlamydiae ate incapable of transporting

deoxyribonucleotides (dNTPs) (dATP, dCTP, dGTP and dTTP) across the cytoplasmic

membrane using the Npt transporter (McClarty and Tipples 1991; McClarty 1994;

Tjaden, Winkler et al. 1999). However, dNTPs are required for the biosynthesis of DNA,
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so dNTps must be produced de novoby chlamydiae. Chlamydiae encode nrdA andnrdB,

the two subunits of ribonucleotide reductase, that produces three of the four dNTPs

(dATp, dGTp and {CTP) by the direct reduction of the corresponding NTP (ATP, GTP

and CTp) (Roshick, Iliffe-Lee et al. 2000). The fourth nucleotide, thymidylate

triphosphate (¿TTP), is typically produced by two well-charactenzed events. Exogenous

thymidine can be directly salvaged by thymidine kinase (TK) or dTMP can be

sl,nthesized de novo from dUMP, a reaction catalyzed by thymidylate synthase (ThyA)

(Munch-petersen 1983; Carreras and Santi 1995). In an earlier study using mutant cell

lines with deficiencies in TK and dihydrofolate reductase (DHFR) as host, it was reported

that C. trachomatis was capable of incorporating exogenously added uridine into

thymidine nucleotides, a result implying the existence of a thymidylate synthase and a

dihydrofolate reductase (Fan, McClarty et al. l99l; Tipples and McClarty 1991).

lnterestingly, subseqtent in silico analyses of the C. trachomatis genome sequence

indicates that chlamydiae encode a DHFR homologue, however, no homologue for TK or

ThyA was identifred (Stephens 1999). A new gene responsible for the production of

thymidylate is presented in this thesis.

Until recently, ThyA was believed to represent the only enzpe capable of

catalyzing the de novo formation of dTMP in vivo and it was suggested that all

organisms encode ThyA, TK or both of these enzymes for survival (McClarty 1999).

However, genes required for the production of thymidylate are absent in ceÍain

organisms, including Helicobacter pylori and Treponema pallidurz (Tomb, White et al'

1997; Fraser, Norris et al. 1993) indicating that there must be another mechanism

available for the production of thymidylate. Recently, a novel thymidylate-synthesizing
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enzllme has been identified in organisms that do not encode thyA or tdk, including

chlamydiae (Murzin 2002; Myllykallio, Lipowski et al. 2002). Interestingly, many of

these organisms do not encode a gene for dihydrofolate reductase (DHFR), an enzyme

directly involved in production of thymidine nucleotides.

The biosynthesis of thymidylate requires the sequential actions of three enz)rynes:

thymidylate synthase (TS), dihydrofolate reductase (DHFR) and serine

hydroxymethyltransferase. TS is a well-charactenzed. protein that catalyzes the

reductive methylation of deoxyuridine 5'-monophosphate (dtrMp), using

methylenetetrahydrofolate (CH2Hafolate) as a one-carbon donor and source of reducing

equivalents, generating dTMP and dihydrofolate (H2folate) as products. This is unique

in that TS is the only enzyrne known that uses CHzH¿folate as both a one carbon donor

and a reductant (Carreras and Santi 1995). Hzfolate cannot be used as a cofactor, as only

reduced folates are functional in intermediary metabolism and must be replenished back

to tetrahydrofolate (Hafolate) by the action of DHFR using NADPH as the reducing

agent. Hafolate is an important one-carbon carrier and the cellular pool of Hafolate must

be maintained. The regeneration of CHzH¿folate is carried out by the action of the third

enzFrre in the thymidylate s¡mthase cycle, serine hydroxymethyltransferase, by the

addition of a one-carbon unit donated from serine to Hafolate to produce CHzHqfolate

and glycine (Carreras and Santi 1995; Myllykallio, Leduc et al. 2003). These three

enzymes constitute the thymidylate cycle represented in Figure 2. Inhibition of this

cycle depletes the cellular store of dTMP, preventing DNA replication and resulting in

thyrnineless death of the cell. The exact mechanism underlying how thymineless death

occurs is poorly understood but some common factors are present. These include DNA
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damage (both single and double strand breaks), alteration in nucleotide pool sizes and

impairment of transcriptional activity (Ahmad, Kirk et al. 1998). This unique feature

explains why the thymidylate synthesis cycle is an attractive target for chemotherapeutic

agents (Costi 1998).

Thymidylate synthases

characterized to date, found

one of the most conserved goups of enzlrrnes

bacteria, yeast, vertebrates, bacteriophages and

mammalian viruses. The native enzpe is a symmetrical dimmer of identical subunits

ranging between 30-35 kDa in size, each interacting in a specif,rc way to form the active

site of the enzyme (Ivanetich and Santi 1990; Caneras and Santi 1995). In protozoa, TS

is found fused with DHFR forming a single polypeptide, with two separate domains. The

individual subunits retain the activity of their counterparts with DHFR located at the

amino terminus and the TS domain at the carboxyl terminus. The bifunctional TS-DHFR

forms a dimer with individual subunits ranging in size from 110 -140 kDa (Ivanetich and

Santi 1990; Carreras and Santi 1995). It has also been shown that plants contain the

bifunctional ThyA-DHFR enzyme (Luo, Piffanelli et al. 1993). The folding pattern is

highly conserved among all TS enzymes charucterized by 8 c¿-helices and 10 B-sheets, all

connected with several coils. The active site consists of a funnel-shaped opening

surroundedby atotal of 30 amino acids (Carreras and Santi 1995). Of these 30 amino

acids, 28 come from one subunit of the dimer and two come from the second subunit.

Through the process of co-crystallization of the Lactobacillus casei TS with its substrates

(dIlMP and CHzH¿folate), the key amino acids in the active site have been determined,

and the catalytic mechanism has been deduced. All numbering refers to the L. casei TS.

dUMP is bound to the active site of the enzyme by several conserved amino acids

aÍe

in
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interacting together to neutralize the negative phosphate group and specifically select for

the duMP nucleotide. The binding of dtIMP requires a cystinyl-sH group from cysteine

19g in L. casei. In the absence of bound folate, the interaction of the -SH group and C-6

of the pyrimidine ring is non-covalent (Finer-Moore, Fauman et al' 1993)' The negative

charges on the phosphate in the nucleotide are stabilized by the interaction of a series of

conserved arginines, specifically R23, R218, R179 and R178, as well as a conserved

serine (5219). Arginines 178 and 179 are the two amino acids that are not present within

the same subunit as all the other active site residues (Hardy, Finer-Moore et al. 1987;

Finer-Moore, Fauman et al. 1993; Carreras and Santi 1995). Asparagine 229 determines

the nucleotide specificity of the enzyme by selecting for binding of dI-IMP over dCMP'

The discrimination between the two nucleotides is thought to occur because of steric

hindrance between the asparagine and the C4 amino group on dCMP' It has been

demonstrated that mutation of this residue leads to a dCMP methylating activity (Liu and

Santi 1992; Finer-Moore, Liu et al. 1996; Agarwalla, LaPorte et al. 1997). Upon binding

of the folate to form the ternary complex, a large conformational change takes place.

This conformational change allows the covalent binding of the -SH group of cysteine

19g to the C-6 of the pyrimidine ring to activate the substrates (Carreras and Santi 1995).

The catalytic mechanism of the TS reaction follows that of a sequential ordered

mechanism. This has been demonstrated through product inhibition kinetic assays with

the L. casei TS (Daron and Aull 1973). The sequential ordered mechanism requires

dl;Mp to bind to the enzqe f,rrst, followed by the association of CHzH+folate to form the

ternary complex. H2folate is the first product to dissociate from the active site after

catalysis, followed by dTMP. Through saturation kinetics, the kinetic constants (Krn) for
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approximately 5 and 10 ¡lM for dUMP and

Aull 1978; Climie, Carreras et aI. 7992)' After

L. casei TS were determined to be

CHzH¿folate, respectively (Daron and

formation of a reversible temary complex between dltMP and CHzH¿folate, a covalent

modification takes place when the thiol csH) group of cysteine 198 interacts with the c-

6 of dI_IMp. This interaction then activates the C-5 position for the attachment of the

one-carbon unit from CHzH+folate. This interaction features a complete ternary complex

in which duMp is covalently attached to the enziirr'r.Le and the cHzH¿folate is covalently

attached to dUMP (Maley and Maley 1990; Caneras and Santi 1995). This temary

complex can be detected using [63H] FdUMP as the nucleotide. The flouro group

prevents the transfer of the methyl group to the nucleotide, arresting the enzyme in the

ternary complex (Honess, Bodemer et al. 1986; Thompson, Honess et al' 1987)' The

final step in the reaction involves the proton removal and P elimination of H¿folate

followed by reduction of the one-carbon unit, producing dTMP, Hzfolate and the active

eîZwrleas products (Maley and Maley 1990; Caneras and Santi 1995).

Recently, a novel family of thymidylate synthesizing enzymes' termed

thymidylate synthase complementing proteins encoded by thyX, has been identified and

described in organisms that do not encode Ts or TK (Kuhn, Lesley et aL.2002; Murzin

Z}I};Myllykallio, Lipowski et al.2002, Mathews, Deacon et al. 2003; Agrawal, Lesley

et al.2004;Leduc, Grazíani et al.2004). All members of the family contain a conserved

ThyX motif (TIRHRXT4S) (Myllykallio, Lipowski et al. 2002; Mathews, Deacon et al'

2003;Leduc, Grazianí et a|.2004; Liu and Yang 2004). The first member of this family

charactenzed was a protein shown to complement a thymidine-requiring mutant of

Dictysotelium discoideum (Dynes and Firtel 1989; Murzin 2002; Myllykallio, Lipowski
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et al.2oo2). Recent in silico analyses indicate that homologues of ThyX are present in

upwards of 30o/o of microbial genomes sequenced to date (Myilykallio, Lipowski et al'

2002; Myllykallio, Leduc et al. 2003). Interestingly, many of the genomes containing

ThyX lack DHFR (Myllykallio, Lipowski et al. 2002; Myllykallio, Leduc et 41. 2003).

This information coupled with the observation that NADH or NADPH are required for

Helicobacter pylori ThyX dTMP synthesis activity has led to the speculation that

CHzH¿folate acts solely as a one-carbon donor producing H¿folate as the product,

allowing for the conservation of reduced folates (Myllykallio, Lipowski et al. 2002;

Mathews, Deacon et al. 2003; Myllykallio, Leduc et al. 2003; Agrawal, Lesley et al.

2004; Leduc, Graziari et aL.2004; Leduc, Graziani et al.2004). This could account for

the lack of a DHFR homologue. Organisms that do not encode DHFR are resistant to

antibiotics that inhibit thymidine synthesis at the DHFR level, including methotrexate and

trimethoprim (Murzin 2002; Myllykallio, Lipowski et aL.2002; Myllykallio, Leduc et al.

2003). However, bacteria lacking DHFR must still acquire reduced folates for protein

synthesis. The existence of an alternative mechanism for production of Hafolate has been

suspected, but has so far eluded detection (Myllykallio, Leduc et al' 2003). The

uniqueness of the new class of thymidylate s¡mthesizing enzymes and their presence in

several pathogenic bacteria, as well as its absence in humans, makes this enz¡nne an ideal

target for antimicrobials. The actual catalytic mechanism and reaction carried out by

ThyX enzymes is currently poorly understood.

Myllykallio et al showed that H. pylori ThyX contains an eîzpe-bound flavin

which is essential for thymidylate synthesizing activity and suggested that the flavin was

a likely source of reducing equivalents (Myllykallio, Lipowski et al. 2002)- Structural
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studies on the Thermotoga maritimaThyX homologue identified a nerv helix-loop-strand

FAD binding motif that is characteristic of this family of proteins (Mathews, Deacon et

al. 2003). Furthermor e, in vitro mutagenesis coupled with biochemical analyses have

identified several of the H. pylori ThyX residues essential for substrate binding and

catalysis and suggest that the active site of the homotetrameric ThyX enz.uIJre is formed

from three monomers (Leduc, Graziani et al' 2004)'

Folate coenzymes are involved in the biosynthesis of many biologically relevant

compounds including thymidylate, purine nucleotides, methionine, serine, glycine as well

as many others, by providing enzyrnes with the ability to transfer, oxidize and reduce

single carbon units (Kisliuk 1984). The biologically relevant form of the folate cofactors

is the tetrahydroderivatives, which are able to accept one carbon unit at the oxidation

level of formate and formaldyhyde. Formate is used in the de novo biosynthesis of the

purine ring, while formalydehyde is used in the formation of thymidylate' The

fomaldeyhyde is transferred to H¿folate by the reversible action of serine

hydroxymethyltransferase to generate CHzH+folate. The formaldehyde is also

interconvertible with the 5, lO-methenyl- and l0-formyl-Hafolate and can be reduced to

5-methyl-Hqfolate. The 5-methyl-H¿folate is then used in the biosynthesis of methionine

(Kisliuk 1984; Shane and Stokstad i985). The reaction carried out by thymidylate

synthase produces Hzfolate as indicated previously. H2folate is biologically and

metabolically inactive as a coenzyme and must then be reduced by the action of DHFR to

regenerate the H¿folate pool (Shane and Stokstad 1985). DHFR also has the capability of

reducing folate to the Hzfolate level, although to a much lesser extent than that of

Hzfolate to Hafolate (Kisliuk 1984).
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Several years ago our laboratory isolated a clone from a C. trachomatis genomic

DNA library that complemented an E. coli thyA- mutant to thymidine prototrophy (Fan

1994). The complementing open reading frame showed no homology to any proteins

deposited in the public databases at that time. Subsequent genome sequencing projects

(Stephens, Kalman et al. 1998; Read, Brunham et al. 2000; Shirai, Hirakawa et al. 2000;

Read, Myers et al. 2003) revealed that the complementing ORF is highly conserved in all

chlamydiae and is encoded by CT632 (Stephens, Kalman et al. 1998). Recent cross-

species in silico analyses (Myllykallio, Lipowski et al. 2002; Leduc, Graziani et al. 2004)

have shown that, while CT632 is twice as large as typical ThyX proteins and displays a

very low level of sequence homology with these proteins, it does contain a pafüal

sequence motif characteristic of ThyX proteins. The experiments presented in this thesis

were undertaken to determine the molecular and biochemical characteristics of C.

trachomatis serovar L2 ThyX. Kinetic studies were carried out to decipher the catalytic

mechanism of the C. trachomøl¡s serovar L2 ThyX. Through site directed mutagenesis,

key residues required for flavin binding and catalysis were identified.
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MATERIALS AND METHODS

1. Materials

[6-3H]dltMP (22 Cilmmole), and [5-3H] ¿UMP(15 Ci/mmole) were purchased

from Moravek Biochemicals, Brea, CA. H2folate, Hafolate, dTMP' {UMP, NADPH,

NADH, FMN, FAD and thymidine were purchased from Sigma Chemical Co' All other

chemicals were of reagent grade or better. Trizol reagent for RNA isolation, RT-PCR kit,

Taq Polymerase, restriction enzymes' DNA ligase and primers for site-directed

mutagenesis and RT-PCR were purchased from lnvitrogen Life Technologies. The

pepg6-L plasmid, and the plasmid and PCR product purification kits were obtained from

eiagen. The site-directed mutagenesis kit was purchased from Strategene. The western

blotting chemiluminescence kit was purchased from Amersham Biosciences'

purif,ied 5,1O-Methylenetetrahydrofolate (5, 10-CHzHafolate) was kindly provided

by Dr. Rudolf Moser at Merck Eprova EG, Schaffhausen Switzerland.

2. Formation of 5, l0-CH2Hafolate

The synthesis of 5, 10- cHzH¿folate was performed as described previously

(Roberrs 1966;Krungkrai, Yuthavong et al. 1989; Zapf,weir et al. 1993). Hafolate was

dissolved at a fnalconcentration of 2 mM in 50 mM Tris-HCl pH 7.0 containing 96 mM

2-mercaptoethanol and, 42 mM formaldehyde. The chemical reaction was allowed to

proceed for 30 mín at room temperature in the dark. After the reaction the 5, 10-
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CHzH¿folate was stored at -80oC. The 5, 10- CHzH¿folate produced from this method

was used exclusively for HPLC analysis of the dTMP formation assay.

3. Chlømydia trachomatÍs strains and propagation

C. trachomatis L21434/Bu was originally obtained from C.C. Kuo, University of

Washington (Seattle, Wa) and has been routinely maintained in our laboratory. C'

trachomatis L2l434lBt was used in this study and was propagated as previously

described (Tipples and McClarty 1991). One ¡rg/ml of cycloheximide was present in the

post infection growth medium. HeLa cells were infected with C. trachomatis at a

multiplicity of infection of 3 inclusion forming units per cell-

4. Cell lines and culture conditions

The wild-type HeLa 229 cells were obtained from R. Brunham, University of

British Columbia, Center for Disease Control and are continuously maintained in our

laboratory. The HeLa cells are cultured at 37oC in minimal essential medium (Life

Technologies) containing 10% heat inactivated (60"C for 30 min) fetal bovine serum

(Life Biotechnologies) at an atmosphere of 5o/o CO1

5. E. coli strains used for complementation and protein expression
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DH5cr (supE44/lacU169 (Ø\\lacZlMl5) hsdRITrecAI endAl gyrA96 thi-l

relAl) is routinely maintained in our laboratory.

XLl-Blue (recAl endAl gyrA96 thil hsdRl7 supE44 relAl lac [F' proAB

lacf ZlMl5 TnI} Qe{)l was obtained from Stratagene'

M1ztzo QhyA|t4(Stable)::Mu) was obtained from the E. coli Genetic Stock

Center (New Haven, Ct')

6. E. coli culture media

LB Broth consisted of 10 g tryrptone (Fisher), 5 g yeast extract and 5 g NaCl in 1

L. The pH was adjusted to pH 7.0 and autoclaved.

LB Agar consisted of 15 g agar added to 1 L of LB broth prior to autoclaving.

When required, 100 pgiml ampicillin and 40 pg/ml thymidine were added to the media.

SOC consisted of 20 g tryptone, 5 g yeast extract, 0.5 g NaCl, 0.2 g KCl, adjusted

to pH 7.0 in 1 L. Sterile MgCl2 and glucose were added to the media after it was

autoclaved to a final concentration of i0 mM and 20 mM respectively.

NZy+ Broth was prepared according to the Stratagene QuikChange Site-

Directed Mutagenesis Kit. In 1 L, 10 g of casein hydrolysate, 5 g yeast extract, 5 g NaCl,

were adjusted to a pH of 7 .5 and autoclaved. Prior to use, 12.5 ml of sterile 1 M MgCl2,

12.5 mlof sterile 1 M MgSO+ and 10 ml of 2 M sterile glucose were added'



28

Minimal Media consisted of 1 x M9 salts (200 mM NazHPO¿, 110 mM KIIzPO¿,

g4 mM NH+CI, 43 mM NaCl, 135 mM CaClz), 1.5o/o agarcse, 0.2o/o casamino acids,2

mM MgSO o, 2.5 mg/ml glucose, 50 pglml thiamine, 50 ¡rg/ml cysteine and 200 pM

serine. When required, 100 ¡rg/ml ampicillin and 40 ¡.rglml thymidine were added to the

media.

7. Molecular cloning of. C. trøchomøtis L2 thyX and E.coli thyA

C. trachomatis thyX was cloned into the pQE-SOL expression plasmid purchased

from eiagen. The pQE-80L-ThyX construct generated an N-terminal penta-histidine

tagged ervqe used for in vitro enzqe assays and kinetic studies. The expression

plasmid contains a phage T5 promoter regulated by a /ac repressor protein. Addition of

IpTG induces the expression of the recombinant ThyX protein. Cloning of chlamydial

thyX was performed using the following primers designed based on C. trachomatis

serovar D genome sequence datal. 5'TSL2-KpnI (5'-

3'TSL2-HindIII (5'-CCCCGGTACCATGTTGAGCtuAAGAG-3 ') and

CCCCAAGCTTTTAAGACTTTTTACG-3'). The KpnI and HindIII restriction sites are

underlined. PCR was carried out in a total volume of 50 pl which contained I x PCR

buffer, 1.5 mM MgC12,0.25 mM of all four deoxyribonucleoside triphosphates (dNTPs),

50 ng 5,TSL2 and 3'TSL2 primers, 2.5 U Taq polymerase and C. trachomatis L2

genomic DNA. The following program was carried out for 35 cycles: 1 min at 95oC, 1

min at 55oC and 2 min at 72oC. The thyX gene product was purified from a 0.7Yo agarose
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gel using a Qiaquick gel extraction kit (Qiagen) following the manufacturer's protocol.

The purified PCR products as well as purified pQE-8OL plasmid were digested separately

for 2 hrs with KpnI and HindIII at 37oC. The digested thyX PCR product and pQES0L

were ligated together ovemight at 16oC using 10 U T4 DNA ligase. The resulting

pQE8OL thyX construct was transformed into DH5o.

8. Transformation of E. colí

Competent E. coli strains were prepared as follows. LB broth was inoculated

with the desired strain of E. coli and incubated overnight at 37oC with shaking at 2,200

rpms. The overnight culture was used to inoculate 500 ml LB broth, which was then

incubated at3ToCwithshakinguntilitreachedanO.Dof0.6 at595 nm. Theculturewas

chilled on ice for 10 min prior to being centrifuged (Beckman J2-21 centnfuge with JA-

1 0 rotor) at 7 ,500 rpm for 12 min at 4oC. The pellet was resuspended in 100 ml of sterile

ice-cold water and centrifuged as described above. The pellet was then resuspended in

50 ml of sterile ice-cold water and centrifuged as described. The pellet was again

resuspended in 15 ml of l}Yo ice-cold glycerol and centrifuged at 4,500 rpm for 15 min at

AoC. The pellet was resuspended in 1 ml 10% ice-cold glycerol and stored at -80oC in

100 pl aliquots. Competent E. coli cells were transformed by electroporation using the

Bio-Rad Gene Pulser. 100 qg plasmid DNA (pQE80L-ThyXL2, pQE80L-ThyXR124A,

pQE8OL-ThyXS133A, pQE8OL-ThyXRl35A, pQE80L-ThyXR240A, pQE8OL-

ThyXR397A, pQE8OL-ThyXT4O7R, pQE80L-ThyXR477A) was mixed with i00 ¡rl of

competent E. coli cells (DH5 u or lll4}J272o) *d then transferred into a cold electroporation
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cuvette and pulsed with a capacitance of 25 pF, a resistance of 225 O and a voltage of

1.25 V. Following electroporation, 500 pl of SOC media was added to the cell

suspension and then transferred to a sterile eppendorf tube and incubated at 37oC for 1.5

hrs. The cells were then plated onto selective media containing 100 ¡rgiml ampicillin and

incubated overnight at 37oC. For MHzzzo cells, 40 pglml thymidine was added to the

media.

9. Site-directed mutagenesis of C. trachomatís thyX

The pQE8OL plasmid containing wild type C. trachomatts thyX was used as a

template for site-directed mutagenesis reactions using the QuikChange Site-Directed

Mutagenesis kit (Stratagene) according to the manufacturer's instructions. Primers

containing the desired mutations were designed based on the consensus nucleotide

sequence of the C. trachomølæ serovar D CT632 gene (thyX) (C. trachomatis thyX

GenBank accession number 4E001334) and are shown in Table 1. Mutational PCR was

performed using 16 cycles with the following parameters: 30 sec at95oC,1 min at 55oC

and 6 min at 68oC. The PCR products were then treated wíth DpnI and transformed into

XLl-Blue E. coli according to manufacturer's instructions. All plasmid constructs were

confirmed to contain desired mutations by DNA sequencing.

DNA sequencing

DNA sequencing was carried out by the DNA Core Facility, National

Microbiolo gy Lab or atory, Winnip eg, Manitoba.

10.



Table 1. Primers used in site-directed mutasenesis of C. trachomatis L2 t
CTThyX Amino acid Primers Used for Site-Directed Muta
Mutated changed to Name of Primer Sequence

Amino Acid
and Position
Arginine 124

Serine 133

Arginine 135

Arginine240

Arginine 397

Tyrosine 407

Arginine 477

Alanine

Alanine

Alanine

Alanine

Alanine

Arginine

Alanine

TSL2ARl24A#1 5'-GAAGATGCTGCGATTGGAGGGTCCCCCC-3'
TSL2AR124A#2 5'-GGGGGGACCCTCCAATCGCAGCATCTTC-3'
TSL2ASA# 1 5 '-CCCCCCTAG AJAJAJAAGCGTCTAGATACG-3 '
TSL2ASA#2 5'-CGTATCTAGACGCTTTTTCTAGGGGGG-3'
TSL2^Rl 3 5A# 1 5 '-CCCTAG AJqJqJAATCGTCTGCATACGTTTATTTCG-3 '
TSL2ARI 3 5 A#2 5 ' -CGAuA.A.T AJAACGTATGCAGACGATTTTTCTAGGG-3 '
TSL2AR24OA#1 5'-GAACTTGCTACACGCTTTGCAAGACAATAG-3'
TSL2AR24OA#2 5'-CTATTGTCTTGCAAAGCGTGTAGCAAGTTC-3'
TSL2AR397A#1 5'-CGGGATTTACAAAGACATGCTATCCTAACTC-3'
TSL2AR397A#2 5'-GAGTTAGGATAGCATGTCTTTGTfuqATCCCG-3'
TSL2AT407R#1 5'-GACAGCTTTTGCGGACTAJAATTGGGTTAC-3'
TSL2AT407R#2 5'-GTAACCCAATTTTGTCCGCTAJqAGCTGTC-3'
TSL2AR477A#T 5'-GGCTTTGTGAGTTAGCCTCTCAACCACAAGGGC-3'
TSL2AR477A#2 5'-GCCCTTGTGGTTGAGAGGCTAACTCACfuqAGCC-3'

" Primers were designed according to the C. trachomdlrs serovar D thyX sequence data in GenBank (accession # 4E001334).
b Nucleotides corresponding to the amino acid being mutated indicated in bold.

lJ)



32

11. RI\A Isolation

For time-course experiments, total RNA was isolated from C. trachomal¿s serovar

L2-infected HeLa cells (2.0 X 10i cells per 150 cm2 flask) cultured in D-MEM

supplemented with 10o/o fetal bovine serum at 2, 6, 16,24,36, 48 h p'i' Prior to RNA

isolation, the infected HeLa cell monolayers were washed with Hanks Balanced Salt

Solution. A total volume of 17.5 ml of Tnzol was added to the flask and incubated at

room temperature for 5 min to allow for cell lyses. Cell lysates were stored at -80oC in

the Trizol reagent until needed. The cell lysate was then thawed at room temperature,

and 0.2 ml chlorofoÍn per 1 ml of Trizol was added and the samples shaken vigorously

and incubated at room temperature for 3 min. The samples were centrifuged (Beckman

12-21 centifuge with JA-20 rotor) at 12,500 rpm for 15 min at 4oC. The aqueous phase

was then transferred to a new tube. The RNA was precipitated by adding 0.5 ml

isopropyl alcohol per 1 ml of Trizol used and incubated at room temperature for 10 min

prior to centrifugation at 12,500 rpm for 10 min at 4oC. The RNA pellet was washed

with 1 ml 75o/o ethanol (Prepared with DEPC-treated water) per 1 ml Trizol used and

centrifuged at 9,800 rpm for 5 min at 4oC. The RNA pellet was then allowed to dry for

l0 min at room temperature before being dissolved in 200 ¡rl of RNase-free water and

incubated at 55oC for 10 min. The RNA samples were stored at -80oc.

12. Reverse-transcriptase PCR (RT-PCR)
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RT-pCR was carried out using the ThermoScriptrM RT-PCR system according to

the manufacturer,s instructions. oDNA created from the reverse transcription was stored

at -20oC as template for PCR amplification. For semi-quantitative PCR, the thermal

cycling conditions consisted of 35 cycles of 1 min at 95oC, 1 min at 55oc and 1 min at

72oC. The pCR products of thyX, 235 rRNA and ompA were analyzed on 0.7o/o agatose

gels. Primer sequences are listed in Table 2.

13. Complementation studies

MHztzo cells transformed with pQE8OL-CTThyX, pQE8OL-CTThyXAR124A,

pQE8OL-CTThyXAR3gTA, pQES0L-CTThyXASl33A, pQE80L-CTThvXAR135A,

pQE8OL-CTThyXAR24OA, pQE8OL-CTThyXÀT4O7R, pQE8OL-CTThvXAR477A or

peE8gl (no insert, vector control) were grown ovemight at 37oC in LB containing 100

pglml ampicillin and 40 pdml thymidine. One ml of the overnight culture was

centrifuged at 6000 rpm for 5 min (Eppendorf centrifuge 5417C), and the supernatant

removed. The pellet was then washed three times in ice-cold sterile phosphate buffered

saline (pBS). The cells were streaked onto minimal media plates containing IPTG (200

pl of 100 mM IPTG added to the surface and allowed to dry) with or without 40 ¡rg/ml

thymidine. The plates were incub ated at 37oC ovemight and then photographed.
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Table 2. Primers used for RT-PCR.
Name of Sequence C. trachomatis gene

5'TSL2RT 5'-GATCTTATCCCTCAGGTTCG-3'

3'TSL2RT 5'-CCACCATAGCTTGGTGATG-3'b thyX

23S rRNA

23S rRNA

ompA

ompA

5'23S

3',235

5' -GGGTTGTAGGATTGAGGA-3' "

5 ' -GTTTTAGGTGGTGCAGGA-3 'd

5' MOMP 5'-AGTTCTGCTTCCTCCTTG-3'"

3'MOMP 5'-GTCTCAACTGTAACTGCG-3'f

u'o Primers designed according to the thyX sequence data in GenBank laccession +
4E001334)
''d Primers designed according to the 23S rRNA sequence data in GenBank (accession
#AE001345)
"'rPrimers designed according to the ompA sequence data from the C. trachomatisD
genome project (Stephens, 1998) (htþ://chlamydia-www.berkeley.edu:43211)
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14. Determination of enzyme-bound flavins

Absorption spectroscopy \ilas used to determine the presence of FAD bound to

wild-type and mutant CTThyX proteins (Coves, Lebrun et al. 1999). FAD was extracted

from purified CTThyX by incubation at 95oC for 10 min in the dark. Precipitated protein

was pelleted by centrifugation at 10,000 rpm (Eppendorf centrifuge 5417C) for 10 min.

The absorption spectra of the released flavin present in the supematant was determined

spectrophotometrically (Beckman Dt62 Spectrophotometer) at varying wavelengths from

250 nm fo750 nm in a 1 cm quartz cuvette (Myllykallio, Lipowski et al. 2002). The

identity of the flavin was determined by high perforrnance liquid chromatography

(HpLC) (Light, Walsh et al. 1980; Hausinger, Honek et al. 1986; Klatt, Schmidt et al.

1996; Coves, Lebrun et al. 1999). The flavins were isolated as described above, and

separated and identified by observing the A+so on the HPLC using a 25 cm C-18 reversed

phase column with a mobile phase consisting of 20 mM ammonium acetate pH 5.6 and

Z\o/omethanol with a flow rate of 1 mVmin.

15. Expression and purification of C. trschomøtis ThyX

E. coli strains DH5a and MHzrz¡ transformed with wild-type or the varÍous

mutant CTThyX plasmid constructs were grown in 1 L of LB media containing 100

pglml of ampicillin at 37oC to an O.D of 0.6 at 595 nm. The plasmids were induced by

the addition of IpTG to a concentration of 1 mM and further incubated at 37oC fot 3
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hours. cultures were harvested by centrifugation at 7000 rpm (Beckman J2-21 centffiuge

with JA-10 rotor) for 10 min at 4oc. The supernatant was removed and the pellet was

resuspended in 20 ml of binding buffer (5 mM Imidazole, 500 mM NaCl, 20 mM Tris-

HCI pH 7 .9) and frozen at -80oC. After thawing on ice, the cells were lysed by sonication

in the presence of lysozyme (at a final concentration of 350 pdmÐ. Cell lysates were

clarified by ultracentrifugation at 45,000 rpm in a Beckman Ti70 rotor for 2 hrs at 4oC.

All remaining steps were carried out at 4oC. Recombinant His{agged protein was

purified from the supernatant by metal chelation chromatography. Briefly, clarified

lysates were passed through a 3 ml nickel-affinity column; the column was then washed

with 15 ml of binding buffer (5 mM Imidazole, 500 mM NaCl, 20 mM Tris-HCl pH 7.9)

followed by 15 ml of wash buffer (60 mM Imidazole, 500 mM NaCl, 20 ml Tris-HCl pH

7.9). The bound recombinant protein was then eluted off the column with elution buffer

(200 mM Imidazole, 500 mM NaCl, 20 mM Tris-HCl pH 7.9). Glycerol was added to

the purified protein at a final concentration of l\Yo to prevent precipitation. Purified

CTThyX protein was dialyzed overnight at AoC in the dark against 50 mM Tris-HCl pH

7.Z containing5Yo glycerol. Samples were then aliquoted and stored aT -20"C.

Determination of Protein concentration

protein concentrations rvere determined using the Bio-Rad protein assay based on

the dye-binding procedure of Bradford using bovine serum albumin as the standard

(Bradford 1976).

16.
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t7. Non-denaturing Polyacrylamide Gel Electrophoresis

purified chlamydial ThyX was resuspended in gel loading buffer (25 mM HEPES

pH 7.4, 50Yo glycetol, 0.2o/o bromophenol blue and one capsule of complete protease

inhibitors (Roche)). The protein suspension was loaded onto an 8o/o polyacrylamide gel

(8% of 37.5:1 acrylamide:bis-acrylamíde 25 mM HEPES pH 7.4, 5 mM NaCl) and

electrophoresed at 80 V in non-denaturing electrophoresis buffer (25 mM HEPES pH7.4,

5 mM NaCl) at 4oC. The gel was stained with coomasie brilliant blue dye.

18. Western Blotting of CTThYX

purified chlamydial ThyX or cellular extracts were loaded onto a l0o/o SDS Tris-

glycine polyacrylamide gel (Biorad) and electrophoresed at 150 V. The proteins were

transferred to a nitrocellulose membrane using a BioRad electroblotter transfer unit at

100 V for 3 hrs in transfer buffer (50 mM Tris, 39 mM glycine and20o/o methanol). The

nitrocellulose membrane was blocked ovemight in a l0%o skim milkÆBS solution at

room temperature. The membrane was then washed 3 x 10 min in PBS/0.1% Tween-20.

The primary antibody (mouse anti-chlamydial ThyX or mouse anti-6x Histidine) was

diluted 1:1000 in l0% skim milkÆBS/O.l% Tween-20 and incubated at room

temperature for t hr. The membrane was then washed 3 x i0 min in PBS/0.1% Tween-

20. The secondary antibody (horseradish peroxidase-linked goat anti-mouse) (ECL) was

diluted 1:5000 in l0%o skim milkÆBs/O.1% Tween and incubated at room temperature
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for t hr. The membrane was then washed 3 x 10 min with PBS/0.1% Tween. The

membrane was developed using the ECL kit following the manufacturer's protocol.

Preparation of crude cell extracts for enzyme assays

M'H2tzo competent cells transformed with pQE8OL (no insert, vector control),

pQE80L-CTTThyX, pQE8OL-CTThyXRl24A, pQE8OL-CTThyXR397A, pQE8OL-

CTThyXSl33A, pQE8OL-CTThyXR135A, pQE8OL-CTThyXR24OA, pQE80L-

CTThyXT4O7R, pQE8OL-CTThyXR 77 A by electroporation were grown ovemight at

37oC in 50 ml of LB broth containing 100 ¡rg/ml ampicillin and 40 pglml thymidine. The

overnight culture was then used to inoculate 500 ml of LB broth containing ampicillin

and thymidine as described above and incubated at 37oC until the O.D reached 0.6-0.8 at

595 nm. Protein expression was induced by the addition of IPTG at a final concentration

of 1 mM, and the cells were incubated at 37oC for an additional 3 hrs. The cells were

then chilled on ice for 10 min prior to centrifugation (Beckman J2-21 centrifuge with JA-

10 rotor) at 7,000 rpm for 10 min at 4oC. The pellet was resuspended in 20 ml of 50 mM

Tris-HCl pH 7.0 and centrifuged (Beckman J2-2I centrifuge with JA-20 rotor) at 7,000

rpm for 10 min at 4oC. The cell pellets were then resuspended in enzyme assay buffer

(50 mM Tris-HCl pH 7.0) at a concentration of 1.2 g of cell pellet per 1 ml buffer. Egg

white lysoz¡rme (Sigma) (at a final concentration of 350 pglml) was added to the cell

suspension and stored at -80oC. Cell pellets were thawed on ice, and sonicated 5 times

for i0 sec on ice. The suspension was ultracentrifuged at 45,000 rpm in a Beckman Ti70
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rotor at 4oC for 2lrs. The supematant containing the expressed proteins was collected

and stored at -20oC.

20. Enzyme assays

^. Detection of dTMP formation

This method was modified from that described by Myllykallio et al' (2002)' 5,

lg-CHzH¿folate was prepared as described above. The final ThyX dTMP formation

assay reaction mixture contained, in a total volume of 100 pl, 50 mM Tris-HCl pH 1.2,I

mM 5, l0-CHzH¿folate, 2 mM NADPH, 200 ¡rM [6-3H1 dUMP (2L9 pCilml), 5o/o

glycerol. The same reaction mixture was used for the E. coli ThyA except that NADPH

was left out of the reaction. The reaction was initiated by the addition of 30 pg of

enzqe (purified chlamydial ThyX or E. coli ThyA bacterial lysate) and was allowed to

proceed at 37oC for t hr. The reaction was terminated by the addition of 20 ¡rl of 4 N

perchloric acid, and then placed on ice for 30 min. Precipitated proteins were removed

by centrifugation (Eppendorf centrifuge 5417C) at 14,000 rpm for 10 min. Supernatant

was neutralized by extraction with 1.1 volumes of freon-tri-n-octylamine (Khym 1975)-

The samples were then centrifuged as above at 4oC to separate phases, and the aqueous

phase was removed. Nucleotides in the aqueous phase were separated by high

performance liquid chromatography (HPLC) using a 12.5 cm Crs reverse phase column

under isocratic conditions with a flow rate of 1 ml/min, the mobile phase consisted of 5

mM potassium phosphate buffer, pH 7.0, 5 mM tetra-butyl-ammonium dihydrogen
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phosphate arñ 5o/o (v/v) acetonitrile (Carreras, Climie et al. 1992). Radioactive peaks

were detected by monitoring in-line radioactive flow (l7l detector; Beckman

lnstruments). The identities of the radioactive peaks were confirmed by simultaneously

monitoring the Azoo (1066 tIV detector; Beckman lnstruments) of dTMP and dllMP

standards.

b. Tritiated water formation assay

Thymidylate synthesizing activity was determined by monitoring the amount of

tritium transferred to water using [5-3H] dUMP as substrate similar to that described for

assaying thymidylate synthase activity and H. pylori ThyX activity (Bisson and Thorner

1981; Leduc, Graziani et al. 2004). All reactions were performed at 37oC. The

optimized standard reaction mixture contained, in a total volume of 100 pl, 50 mM Tris-

HCI pH 7.2,200 pM 5, l0-CHzH¿folate,2 mM NADPH,2OO pM lS-3U1 dllMP (15

¡rCiiml), 5o/o glycercl. Purified 5, l0-CHzH¿folate was used in these assays. The reaction

was initiated by the addition of 2.5 ¡rg of purified CTThyX and terminated with 300 pl of

a 100 mg/ml activated charcoal suspension containing 2% TCA, to remove all

nucleotides from solution. The samples were mixed at room temperature for t hr and

then centrifuged at 14,000 rpm (Eppendorf centrifuge 5417C) for 5 min to pellet the

charcoal. Radioactive HzO was quantitated in a Beckman LS 5000 liquid scintillation

counter after the addition of 5 ml of scintillation fluid (Universol, ICN Biomedical). One

unit of enzyme activity corresponds to the production of I lmol of dTMP synthesized per

min under optimum assay conditions as described above.
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c. Analysis of 5, 10- CHzH¿folate conversion

The composition of the reaction mixture is the same as that described above

except that no radiolabelled nucleotides were present and purified 5, 1O-CH2Hafolate was

used. The reaction was initiated by the addition of purified enzpe and allowed to

proceed at37oC for 5 min, undernitrogen gas in the dark (Huang, Zhang et aI.2001).

The reactions were terminated by heating the samples at 95oC for 1 min and precipitated

proteins were removed by centrifugation at 14000 rpm for 1 min . Folates were separated

using a25 cmCls column under isocratic conditions with a mobile phase consisting of 10

mM ammonium phosphate, pH 7.0, 5 mM tetrabutyl ammonium phosphate, 5%

acetonitrile, 20o/o methanol and a flow rate of 1 mVmin. Peaks were detected by

monitoring the Azqs (1066 UV detector; Beckman lnstruments). The identities of the

individual peaks were determined by comparison with known Hzfolate, Hafolate and

CHzH¿folate standards'

21. FdUMP inhibition of C. trøchomatis ThyX

purified recombinant CTThyX at a concentration of 25 pglml was pre-incubated

with various fixed concentrations of FdI-IMP in an assay mix consisting of 50mM Tris-

HCl, pH 7.2,2 mM NADPH, 10 % Glycerol, 200 pM CHzH¿folate for 5 min at 37oC'

Following the 5 min incubation, 200 ¡rM [5-3H] dUMP (15 pCiiml) (final concentration)

was added to the reaction mixture and the reaction was incubated for 2 more min at 37oC.
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formation assay.
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as described above for the tritium water

22. Iodoacetimide inhibition of C. trachomøÛ's ThyX

Purified recombinant CTThyX was mixed in a reaction mixture consisting of 50

mM Tris-HCl, pH 7.2, l0 o/o glycerol, 2 trlNf NADPH and 1 mM iodoacetimide and

incubated for 20 min on ice. Following incubation on ice a final concentration of 200 pM

CHzH¿folare and 100 ¡rM [5-'H] dUMP (15 pCi/ml), were added to the reaction mix and

incubated at37oC for 2 min. The activity of CTThyX was determined as described above

for the tritium water formation assay'

23. Kinetic analysis of C. tuachomatis ThyX

Substrate saturation kinetics were determined for dtJMP, CHzH¿folate and

NADPH. The kinetic reaction for each substrate was carried out at fixed saturating

concentrations of the other two substrates. In all cases, at least 11 different

concentrations of the variable substrate were used in each set of experimental assays.

Multiple substrate kinetics were determined by varying the concentration of

dUMp (0,2.5,I0,20,40 and 75 pM) in the presence of various fixed concentrations of

CHzH¿folate (10, 25,50,100 and 200 pM)'

product inhibition kinetics for dI-lMP were determined by varying the

concentration of dUMP (0,2.5, 10,20,40 and 75 pM) in the presence of varying fixed
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concentrations of either dTMP (0, 10, 25,50 and 100 ¡rM) or H¿folate (0, 10, 25,50 and

100 pM). CHzH¿folate (200 ¡rM) and NADPH (2 mM) were present at saturating

concentrations.

product inhibition kinetics for CHzH¿folate were determined by varying the

concentration of CHzH¿folate (0, 10, 20,50,100 and 200 ¡rM) in the presence of varying

fixed concentrations of dTMP (0,25,50, 100 and 200 pM) or H¿folate (0,25,50, 100

and 200 pM). dUMP (200 pM) and NADPH (2 mM) were present at saturating

concentrations.

All the measurements were made in triplicate, and the mean and standard error of

the mean (SEM) were determined using GraphPad PRISM 3.0 software. The Michaelis-

Menton equation was used when hyperbolic kinetics were obtained; Km : the substrate

concentration giving one-half the maximal velocity (V..*) (Eisenthal and Danson 1992)'

Lineweaver-Burk transformations were used for the determination of the inhibition

mechanism. These calculations v/ere fitted using a non-linear least-squares regression

and linear least-squares regression computer kinetics program supplied by GraphPad

PRISM 3.0 software.
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RESULTS

THYMIDINE BIOSYNTHESIS IN C. TRACHOMATIS L2

l' Identification, cloning and characterization of a C. trachomatisthymidylate-
synthesizing enzyme

a) Identification of C. tracltomatis ThyX

Functional complementation was employed to clone a C. tracltomatis gene, which

rescues the thymidine auxotrophy of an E. coli thyA mutant, MH272s (Fan 1994). Figure

3A demonstrates that an open reading frame from C. trachomatis can rescue a thyA-

strain of E' coli. The control strain, containing plasmid without insert was unable to grow

on medium lacking thymidine. Subsequent sequencing and in silico analysis indicated

that the encoded open reading frame corresponds to C. trachomatis CT63z a highly

conserved 60'9 kDa chlamydial protein. The amino acid identity betwee n CT632

homologues identified from all sequenced chlamydial genomes is between 7I% and 9I%

(Stephens, Kalman et al. 1998; Read, Brunham et al. 2000; Shirai, Hirakawa et aI.2000;

Read, Myers et al. 2003). Figure 4 shows the complete nucleotide and amino acid

sequences of CTThyX. As shown in Figure 5 CT632 shows very low sequence similarity

with the newly identified ThyX family of thymidylate synthase complementing proteins

(Myllykallio, Lipowski et al. 2002; Leduc, Graziani et al. 2004). However, CTThyX

does contain several ofthe highly conserved residues that are thought to be essential for

the ThyX activity (Kuhn, Lesley et aL.2})2;Myllykallio, Lipowski et al.2002;Mathews,

Deacon et al. 2003; Leduc, Graziani et al. 2004). There is a common motif termed the
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ChTamydia
trachomatis

vect,or
control

Figure 3. Complementation analysis of C. trachomatis thyXin athyA- strain of E. coli. A

thyA- strain of E. coli was complemented with C. trachomatis LZ thyX or a vector control

(insert absent), and streaked onto plates A) lacking thymidine or B) containing thymidine.

C) Location of the transformed' E. coli. C. trqchomatis and vector control, represent the

source of the gene that has been transformed into the thyA- strain of E. coli.
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Figure 4. Nucleotide and amino acid sequence of C. trachomatis L2 thymidylate-

synthesizing protein. A) Nucleotide and B) amino acid sequence of CTThyX. The start

(atglmethionine [M]) and stop codons (taa, tga, tag) in the nucleotide sequence is

highlighted. The residues representing the ThyX motif are indicated in bold, and an

asterisk indicates those residues studied in this thesis.



47

1 aÈgttgagca aagagggtgg tttttctgag gagcaaagag cgcggtttat.c gcattttgt
61- acgaatttag actcacctat att.tgctttg aaaaaccttc cagaagtggt taaaggcgct

121- t.tatttLcaa aatattccag atcgactctg gggttgcgag cgcttctttt gaaagaattt

181 ttagatggsg aaggcggtaa t.ttccttgat gatgaccaac aagattgtga gttggggatc

24r caaaaagctg cggactt.ct.a Lcatcgcgtt. ttagacaact ttggtgatga ttctgttgga
301 gagttgggag gagcgcatct tgctctggaa caagtatcca tgctcgcagc aaaaatttta
361- gaagatgctc ggattggagg gtccccccta gaaaaatcgE ct.agatacgt ttatttcgat
42L caaaaagtta acggggagta tttatattac cgagacccta tttt.gatgac ctcggccttt
481- aaagacgtct ttttggatac ttgtgat.ttc ct.atLcaaca catactccga tcttatcccL
541- caggttcgtt cccatttcga gaaactatac cctaaagatc cagaagtttc tcaatcagca

601 tatacagttt ctttacgagc taaagtatta gactgtt.tac gaggtttgct acctgcagcg

661 acactcacaa att.taggttt tttt.ggtaat. ggccagtLtt ggcagaactt gctacaccgt

72r LLgcaagaca atagtttggt. tgaggtacgc aat.attggag agcagt.cctt aacagaatta

781 atgaaaataa ttccctcttt. tgtaagccgc gcagagtct.c atcatt.atca t.caccaagct

841 atggtggatt accatcaggc tttaaaagaa caat.taaaaa gttt.tgcaca t.cgttacagg

901- gaagagagag aaatttcgaa agaggctggt gtaaaattag tatacagaga tccagacagg

961 ttatacaaaa ttgctgcagc ctacatgttc ccctactcgg aacacactta tgcagagctg

1-02r- ttagatatt.t gtcgcaatat. Ècct.aatgaa gatctcatgc gtatcttaga gtcgggagcc

1081- Lctttccgag agaatcggcg gcacaaatcc cctcacggat tggaatgtgc tgagttt.gct
l-L41 tttgatatta cagcggat.tt tggagcctat cgggatttac aaagacatcg tatcctaact
1-201 caagaaagac agcttttgac gacaaaattg ggtt.acacga tgccttcaca attgat.cgac

1261 actccLatgg aagctccctt cagagaagct atggaaaaag ctgatcaagc gtatcgtcta
L321 aEagcagaag agtt.cccaga agaagcacaa tat.gtggttc ctttagctta caatattcga
1-381- tggcttttcc atatcaacgc t.agaggtttg cagtggcttt gtgagttacg cLctcaacca

144]- caagggcatg aaagctatcg taaaatt.gct atagatatgg ctagagaggt tattcagttt
150r- catccagctt acgagctgtt ctEgaagttt gtcgactact. cagagactga cctaggaaga

1-561- t.tacaacaag aatcgcgtaa aaagt.cttaa

Fig.4A
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FÍgure 5. Sequence alignment of a diverse set of ThyX homologs from several

medically relevant pathogens. The alignment was obtained with the use of a ClustalW

program. Since the CTThyX protein is duplicated it was split in to two regions, to

demonstrate the replication of the ThyX motif. The conserved residues making up the

ThyX motif are in bold.
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C. trachomatisN
C. trachomatisC
B.burgdorferi
c. j ejuni
H. pylori266 95
M. tuberculosis
P. a-byssi
R. prowazekii
T. pallidum

C. trachomatisN
C. trachomaE.isC
B. burgdorferi
c. j ejuni
H. pyl-ori266 95
M. tuberculosis
P. abyssi
R. prowazekiÍ
T.pallidum
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29 AHCWEAAEDILDRRFSVIJDKGFVRLIDYIJGGDAR'----_ -----IVQ 66
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C.T AChOMAEiSC 4OO TQERQIJIJTTKIJ --.------GYTMPSQIJIDTPME--'_--APFREAME 432
B.burgdorferi L02 PLEEDLKCQTS---- -----SN----SSE-KEFKSIJEKLSDKIKHHQK 135
C.JCJuni 9? EFKIG--- ---DFENASRYIJVTJCGNEEVDNASIKAIJE 12?
H.pylori26695 120 SFLPLNE-T--------- ----NLERAKEFTVFVDNEKVNAIVISVT,AIrE 153
M.TubeTculosis ].18 VPPGMEDDADL -__-----.RHIIJTEAÀDÄ.ê,RÀTYSEI,I,AK],EAKFAD 156
P.abyssi 102 E-ET--- -------_FVIPESIKKDREIJYEKWKKAMA 125
R.prowazeKii 11.9 PDPANIASQSV --*__----VNKQCRAGDSVPKKVSEKVI,AII,EEDAR 157T.pallidum 142 PQETsvAVesr-------- -RNKecRÄsEcrspEeeeEVRÀAFEAeeK LB0

c.trachomatisN 192 KDPEV------ --SQSAYTVSITRAK_-----_______vLDCLRcLrJp 218
C.trachomatisC 433 KAD---- ---------QAYRIJIAE--E------------FpEEAe]r\¡Vp 454B.burgdorferi l-36 HSy---- ---------EITYQDMINANI--__----____pKEIJsRrvLp 159
C.jejuni L28 N------ ----------r,RTrrJeKsr------------_sLDrAKyCLp 147H.pylori26595 l-54 N------ ----------LRITLSEHNI------------KNÐI¡AKyÄ.ltp L74M.tuberculosis 15? ------QPNAILRRKQ- ARQAARAVIJP 176P.abyssi I27 E"II---- ---------KLYKESLKRGÌ-- ___HQEDARFILP l_50
R.pTowazekii 158 RCY-------- ----RHYKEI,MNADEDGNIIJDENVSGTARELARINTJT 193T.pallidum 181 AÃC---- ---------ÃÀYDAIJIQIG¡I----------__ARELARINVP 204

c'trachomatisN 2l-9 AÀTTJTNLGFFGNGRFV{QN-----------LT,HRIJQDNSLVEVR--------NrcEesLTE 259
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B.burgdorferi L60 TTSLYTEWYwQTDITNNLFHF----------rKIJRI¡ALDSpKETKENSpKEMREYAKALTsT 209
c.jejuni l-48 ËSYKTELTTTTTNARSLQNF----------rsIJRSsKSAIrwErR--------NITANALFEA 189
H.py1ori26695 l-75 ESYKTHIJAYSTNARSITQNF----------LTLRSSNKALKEMQ--------DIAKALFDA 2L6
M.tu-bercuLosis L7? NATETRTW'TGNYRAWRHF----------rAtqRÀsEHADvETR--------RLATEcLRe 2l_B
P.abyssi 151 QAVRSKTwTMNT,RELKHF----------FGTJRIJcERÃQwErR--------EVAwKMLEE 192
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C. t.rachomatisN
C. trachomatisC
B.burgdorferi
c. j ejuni
H. py1ori26695
M.tuberculosis 243 TSPITATEA--- ----- 25O
P.abyssi 2l_8 CPERELMP--PGCFKRTRERWMKLIJEK 242
R.prowazekií 260 KGITEVIKRMIKGEKVTHETSGMNKREW 286
T.pallidum 271 REFAÀTJKALITAGEGLSLEGKERÀRFEE 292

3 ]-1 VKLV-YGDPDG-IJYKIAA.ê,YMFPYSEH 33 5
527 KKS---- --------_ 529
234 EEIIAIINAIJDIJNKIJSMDAEKLNIJIJKD 260
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ThyX motif (T/RFIRXT-3S) which has been identified and shown to be present among all

the members of the ThyX family of proteins (Murzin 2002; Myllykallio, Lipowski et al.

2002; Mathews, Deacon et al. 2003; Leduc, Graziari et al. 2004; Liu and Yang 2004).

However, ThyX from C. tracltomatis does not contain a fully conserved ThyX motif, as

indicated in the amino acid sequence alignment. There are two regions, one in the N-

terminal region and one in the C-terminal region that have a partial ThyX motif, which

may complement each other in the tertiary structure to form the complete motif. The N-

terminal region contains DARXsS, while the C-terminal region contains RHRX?L. The

CTThyX is also approximately twice the molecular weight of other ThyX proteins. It has

been suggested that the CTThyX is a fusion of two subunits (Leduc, Graziani et al.2004).

In keeping with the phenotype displayed by recombinant E. coli expressing 1L pylori

ThyX (Myllykallio, Lipowski et al. 2002), we found that CTThyX can confer

trimethoprim resistance to an E. coli thyA mutant strain (Fig. 6). Figure 6A demonstrates

that E. coli expressing E coli thyA is susceptible to all three drugs used (trimethoprim,

sulphonamide and sulphamethoxazol-trimethoprim), while the E. coli expressing

recombinant CTThyX was resistant to trimethoprim (Fig. 6B). The recombinant E. coli

expressing CTThyX was still susceptible to sulphonamide and sulphamethoxazol-

trimethoprim. This is in keeping with there being a dihydropterate synthase homolog, the

target for sulphonamides in C. trachomatis (Stephens, Kalman et al. 1998). The affect of

5-fluorodeoxyuridine on CTThyX and ECThyA was also tested and compared. As

represented in Figure 7, it can be easily seen that both CTThyX and ECThyA were

susceptible to 5-fluorodeoxyuridine, a characteristic typical of classical thymidylate

synthases encoded by thyA (Carreras and Santi t995).
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sulphonamide trimethoprim

sulphamethoxazol-
trimethoprim

Figure 6. Sensitivity of E. coli thyA- transformed with C. trachomatis thyX to

trimethoprim and sulphonamide drugs. thyA- E. coli was transformed with It) E. coli

thyA or B) C. trachomatis thyX and their growth was tested against trimethoprim and

sulphonamide drugs. C) Location of antibiotic disks on plate. Discs contain l)

sulphonamide 300 ¡rg 2) sulphamethoxazol-trimethoprim 25 pg and 3) trimethoprim 5 pg.
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Figure 7. Sensitivity of E. coli thyA- îansformed with C. trachomatis thyX to 5-

flourodeoxyuridine. E. coli thyA- was transformed with A) E coli thyA or B) C.

trachomatis thyX and their growth in the presence of varying concentrations of 5-

flourodeoxyuridine was observed. Concentrations of 5-flourodeoxyuridine; (o) 0 pM,

(v) 0.62 pM, (r) 1.25 ¡t"M, (0)2.5 pM, (A) 5 pM and (o) 10 pM.
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The crystallographic structure of a th¡rmidylate synthase complementing protein

from Thermotoga maritima has been determined in complex with substrate, analogs and

cofactor and has identified some key amino acid residues (Kuhn, Lesley et al. 2002;

Mathews, Deacon et al. 2003). These crystallographic studies have revealed that the

FAD molecule present within the enzyme is tightly bound by 42 interactions. Key

residues identified in FAD binding within T. maritima include R80, E58 and I81, which

are present within the C. trachomatis ThyX in both the N-terminal and C-terminal ThyX

motif regions as highlighted in Figure 4. R80 from T. maritima corresponds to the N-

terminal arginine in the ThyX motif (R124 and R397 in C. trachomatis numbering) and is

conserved in both C. trachomatis ThyX motifs. The glutamic acid (E58) is present

within both the N-terminal and C- terminal motif represented by (El01 and E375). The

isoleucine is conserved within both regions of CTThyX (1125 and 1398). These residues

make up a novel FAD binding domain, and show no similarity to any of the four known

FAD binding motifs, which include the glutathione reductase family, the ferrodoxin

reductase family, the p-cresol methylhydroxylase family and the pyruvate oxidase family

(Dym and Eisenberg200l; Mathews, Deacon et al. 2003). Residues that are involved in

dUMP binding in T. maritima are also highly conserved and consist of residues within

the ThyX motif such as R78, R80, S88, R90 and F.147, which correspond toD122,RI24,

S133, Rl35 and R240 of the N-terminal half of CTThyX and R395, R397, 1A05, T4O7

and R477 within the C-terminal half of CTThyX. C. trachomatis does contain a full

subset of all the residues, however, the entire subset of these residues could only be

achieved if the two regions complement each other in the tertiary structure of CTThyX.

Although the C. trachomatis ThyX enzpe is distinctly different than all others within
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the ThyX family of proteins, it does contain many of the residues that have been

previously identified as key residues in FAD and dUMP binding (Mathews, Deacon et al.

2003).
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b) Expression of thyX during the C. trachomatis L2 developmental cycle

RT-PCR was used to determine whether C. trachomatis L2 thyX is differentially

expressed throughout the chlamydial developmental cycle, as done previously (Iliffe-Lee

2001). Total RNA from C. trachomatis L2 infected HeLa cells was isolated at 2, 6, 16,

24, 36 and 48 h p.i. The RNA was synthesized into oDNA using reverse transcriptase

and random hexamer primers. The oDNA was stored as template for PCR reactions.

Primers were specific for the coding region of each gene indicated.

Primers specific to chlamydial 23S rRNA were used to detect the presence of

RNA at all time points and ensure that the amount of cDNA was constant (Fig. 8).

Samples were ensured to be free of contaminating DNA by subjecting each time point to

PCR minus the reverse transcription step (data not shown). Transcripts of MOMP

(ompA) were demonstrated to be present very early and to continue throughout the

developmental cycle of the organism, showing that it is constitutively expressed as

expected (Fig. 8). Results from Figure 8 also demonstrate that thyX is constitutively

expressed throughout the developmental cycle of C. trachomatis L2, which is expected

from a DNA synthesizing enzpe, since it is required very early on for the cells to be

able to multiply.
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23sRNA

Figure 8. RT-PCR analysis of total RNA extracted from chlamydiae infected cells at

different time points in the chlamydial developmental cycle. Each lane contains RNA

samples subjected to RT-PCR analysis. Time points indicate the number of hours post-

infection at which the RNA sample was isolated.
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2. Characterization of purified recombinant C. trøchomatis L2 ThyX

a) Expression and purification of CTThyX

ln order to get a better understanding of the enzymatic activity of CTThyX and

determine its kinetic properties, CTThyX was expressed and purified ftom E. coli.

Recombinant C. trachomatis ThyX was over expressed in E. coli }r/.Ij.ztzo (thyA'), using

the pQE8OL expression system. Subsequent purification by nikel affinity chromatography

tlpically yielded 5 to 10 mg/liter of purified CTThyX protein. On SDS-polyacrylamide

gel electrophoresis recombinant CTThyX showed one predominant band with an

apparent molecular mass of = 61 kDa (Fig. 9, Lane 2). The purif,red protein was bright

yellow in color, suggesting the presence of an enzpe bound flavin molecule, similar to

that reported for I/. pylori ThyX (Myllykallio, Lipowski et al. 2002). 'Western 
blotting of

purified chlamydial EBs and RBs demonstrates that the purified CTThyX protein is

present within the chlamydial cell during both phases of the chlamydial developmental

cycle (Fig. 9,Lane3 and 4).
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kDa I

190.0 ,,,,,t;:,;ç,
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a

120.0 :r,.,;.r.
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Figure 9. SDS-Polyacrylamide gel electrophoresis of purified recombinant C.

trachomatis L2 ThyX protein. A purif,red sample of 5 pg C. trachomar¿s recombinant

ThyX protein was nln on a |0o/o SDS-Polyacrylamide gel along with the molecular

weight markers. Coomassie brilliant blue stained gel. Lane 1 molecular weight markers

and lane 2, purified recombinant CTThyX. Lane 3 and Lane 4 show an immunoblot from

purfied chlamydial EBs and RBs respectively using mouse antibody raised against

purified CTThyX.

4
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b) Spectroscopic and HPLC characterization of CTThyXboundflavin

During purification of recombinant CTThyX it was noticed that the purified

enzyme was bright yellow in color suggesting that it is a flavin-containing enzqe. To

determine the presence of an enzpe bound flavin, purified CTThyX was heat denatured

and the denatured protein subsequently removed. The isolated flavin was then subject to

spectroscopic and HPLC analysis to deduce the presence and type of flavin associated

with CTThyX.

Spectroscopic studies on the flavin extracted from the enzyme indicated that it

was in fact an oxidized flavin, with the characteristic flavin peak at 260 nm, and peaks at

375 and 450 nm indicating that it is in the oxidized form (Fig. 10). These results are

analogous to those obtained for the H. pylori ThyX where an oxidized flavin is bound to

the ThyX protein (Myllykallio, Lipowski et al. 2002). Further HPLC analysis comparing

the isolated flavin to FAD and FMN standards demonstrated that the enzyme bound

flavin is in fact FAD (Fig. 11).
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Figure 10. Spectroscopic analysis of flavin isolated from CTThyX. A) Standard FAD

and B) Flavin isolated from CTThyX. Flavin was isolated from CTThyX by heat

denaturation of purified recombinant protein. The characteristic peaks at 260 r1m, 375

qm and 450 qm are indicative of oxidized FAD.
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Figure 11. Ultraviolet absorption (Azs¿) profile of flavin separated by HPLC. Flavin

was isolated from CTThyX by heat denaturation and separated by HPLC using a 12.5 cm

C¡s reverse phase column under isocratic conditions with a flow rate of 1 mVmin. A)

Flavin standards, FAD represented by solid line and FMN is represented by dotted line.

B) Flavin isolated from purified recombinant C. trachomatis L2 ThyX.
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c) Native polyacrylamide gel electrophoresis of purified recombinant CTThyX

The active form of ThyA proteins has been reported to be in the form of a

homodimer (Carreras and Santi 1995), while the H. pylori ThyX protein was

demonstrated to be a homotetramer (Leduc, Graziani et al. 2004). V/e wanted to

determine the size of the native form of the CTThyX enzpe. To do this we separated

purified recombinant CTThyX on a non-denaturing polyacrylamide gel (Fig. l2).

CTThyX has a native molecular mass of = 250 kDa, with the monomer being 61 kDa in

size; the result indicates that CTThyX forms a tetramer, where four individual monomers

make up the quatemary structure.
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<-

Figure 12. Native polyacrylamide gel electrophoresis of purified recombinant CTThyX.

An 8% polyacrylamide gel was loaded with 10 pg of purified recombinant CTThyX

along with molecular weight markers. Lane 1 is native molecular weight standards and

lane2 is purified recombinant CTThyX.

66
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3. Characterization of C. trøchomøtis ThyX enzymatic acitivity

a) íTMPformation activity of C. trachomatis ThyX

To demonstrate that CTThyX, which has been demonstrated to complement

thyA- strains of E coli, is in fact an active thymidylate-synthesizing enzyme radiolabelled

dTMP formation from [6-3H] dUMP was detected by HPLC using purified CTThyX as

the source of enzyrne. The dTMP formation assay was carried out following standard

saturation conditions as described in "Materials and Methods" with the inclusion of 4

mM NADH, 1 mM FAD and 0.5 mM FMN. Under our assay conditions it can be seen

that the isolated ORF from C. trachomatis is active and does posses dTMP formation

activity (Fig. 134). The formation of dTMP however was dependent on the presence of

either NADPH or NADH, but not on the presence of FAD or FMN (Fig 134). A

comparison of the CTThyX reaction to the well charactenzed E. coli ThyA (ECThyA),

reaction is shown in Figure 138. The ECThyA and CTThyX do posses the same dTMP

formation activity, except that the formation of dTMP by CTThyX requires the presence

of an external reducing agent in the form of a reduced pyridine nucleotide.
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Figure 13. dTMP-formation activity of C. trachomatis ThyX protein. Formation of

dTMP by A) CTThyX and B) ECThyA. Positions of radioactive peaks were determined

by comparison with standard TMP (9.9min) and dLMP (13.8 min) nucleotides.

Nucleotides were separated by HPLC using a 12.5 cm Crs reverse phase column under

isocratic conditions with a flow rate of 1 ml/min. The solid line indicates the reaction

with enzyme, the dotted line represents the reaction minus enzpe and the dashed line

indicates reaction in the absence of NADPH for CTThyX. DPM : Disintegrations per

minute.
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b) CH2H4folate conversion by CTThyX

Thymidylate synthase (ThyA) carries out the reductive methylation of dUMP to

dTMP using CHzH¿folate as a one-carbon donor and the subsequently produced H¿folate

as the reductant generating Hzfolate as the product (Carreras and Santi 1995). It has

been proposed that like FADH2-dependent ribothymidyl synthase (Delk, Nagle et al.

1980), ThyX uses CH2Hafolate solely as a one-carbon donor with enzym.e bound flavin

serving as the source of reducing equivalents (Kuhn, Lesley et al. 2002; Myllykallio,

Lipowski et al. 2002; Mathews, Deacon et al. 2003; Myllykallio, Leduc et al. 2003;

Leduc, Graziani et aL.2004; Leduc, Graziani et aL.2004). We tested this hypothesis using

purified recombinant CTThyX, and analyzed the folate products produced in the reaction

by HPLC. We compared the activity of ThyX with that of ThyA, to demonstrate the

difference between the two families of proteins. From Figure l4A it can be seen that

there is no Hzfolate formed in the CTThyX reaction. This is in contrast to the reaction of

ECThyA, which is shown to produce Hzfolate as the product in the thymidylate synthase

reaction as demonstrated in the HPLC chromatogram in Figure 148. These results

conclusively demonstrate the difference befween the two families of proteins in their

reactions.
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Figure 14. Conversion of CHzl{¿folate by C. trachomats ThyX protein during dTMP

formation. A) CTThyX and B) ECThyA. Positions of peaks were determined by

comparison with standard CH2H4folate, (I7.5 min) H2folate (14.2 min) and Hafolate (8.2

min). Folates were separated by }IPLC using a25 cm C13 reverse phase column under

isocratic conditions with a flow rate of 1 mVmin. The solid line indicates the reaction

with enzyme and the dotted line represents the assay mix minus the addition of enzyme.
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c) FíUMP inhibition of CTThyX

FdUMP is known to be a potent inhibitor of ThyA enzymes and has been

extensively used to determine the catalytic mechanism of the enzymatic reaction (Santi,

McHenry et aI. 1974; Carreras and Santi 1995). FdUMP is a dUMP analogue that

behaves like a "quasisubstrate", which undergoes the normal conversion and stimulation

of dIJMP up to the stage of one-carbon transfer from CHzll+folate (Santi, McHenry et al.

1974). At this stage a covalent tertiary structure between FdUMP, CHzH¿folate and

enzpe can be detected when using radiolabelled FdUMP. However, no temary complex

has been detected when using radiolabelled FdUMP in analyzing ThyX in vitro reactions

for C. trachomatis and H. pylori (Fan 1994; Leduc, Graziani et aL.2004). Although no

complex between FdUMP, CHzH+folate and enzpe has been detected, it has been

shown that cells expressing wild type CTThyX are sensitive to FdUMP. We wanted to

determine if the inhibition of CTThyX with FdLIMP was reversible, which would be

expected if no ternary complex is formed. To do this we incubated CTThyX in the

presence of FdUMP, NADPH and CHzH¿folate prior to the addition of saturating

conditions of dUMP into the reaction mixture. Assuming the inhibition is reversible,

upon the addition of dUMP, FdUMP will dissociate from the active site and the normal

ThyX enzymatic reaction will occur, producing dTMP. Table 3 represents the activity of

CTThyX after preincubation with various fixed concentrations of FdLIMP. It can be seen

that even at very low concentrations of FdUMP, it still acts as a potent inhibitor of ThyX,

resembling the in vivo results demonstrated in Figure 7.
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Table 3. In vitro FdUMP inhibition of CTThyX.
Activity" Relative Activity

fdUMP Concentration (qmoles dTMP (%)
formedTmin/mg)

opM

1pM

2.5 ¡tl|u4

5pM

10 pM

32.39 + 11.87

17.26 + t.l

17.22L3.25

9.12 + 6.t

5.69 L2.12

100

53.3

53.16

28.12

17.58

' Results are means * standard deviations of two determinations. Purified CTThyX was
preincubated with the indicated fdUMP concentration and the activity was assayed as

described in "Materials and Methods".
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d) Effect of iodoacetimide on CTThyX activity

The ECThyA reaction requires the activity of a conserved cysteine within the

active site of the enzyme. Upon binding of dIIMP, the cystinyl-SH group interacts with

C6 of the pyrimidine ring. Upon binding of CHzH¿folate a covalent interaction takes

place between the -SH group from the conserved cysteine and C6 of dUMP. To

determine if there is a similar cysteine required for the CTThyX reaction we treated the

purified CTThyX with iodoacetimide to reduce all the free cysteins within the enzyme. If

a catalytic cysteine does covalently interact with C6 of dUMP, activity should be

abolished since the catalytic cysteine will be reduced from the treatment of iodoacetimide

and unable to covalently interact with C6 of dUMP. Purified CTThyX was pretreated

with iodoacetimide prior to the addition of substrates in the reaction. As represented in

Table 4, it shows that iodoacetimide had no effect on the activity of CTThyX at a

concentration of 1 mM, with the enzpe retaining fuIl activity after treatment with

iodoacetimide.
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Table 4. Effect of iodoacetimide on the in vitro acti ofCTTh
Iodoacetimide'

(1 mM)
Activit

(r1moles dTMP

r70.92 L 16.64

168.15 t3.12

Relative Activity
(%)

100

98.4

" Represents the treatment or no treatment of CTThyX with 1 mM of iodoacetimide for

20 min prior to the addition of substrates in the reaction'
b. Results are means + standard deviations for two determinations. Enzyme assays were

conducted at3ToC,under standard saturating conditions as described in "Materials and

Methods".
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4. Kinetic Analysis ol C. trachomatis ThyX

a) Activity as afunction of enzyme concentration

In order to optimize the amount of CTThyX protein to use for the kinetic

assays, the effect of increasing the concentration of CTThyX protein on its activity was

evaluated. The results presented in Figure 15 demonstrate that there is a linear

relationship between the amount of enzyme and cTThyX activity.

b) Activity as afunction of reaction time

The effect of incubation time on CTThyX enzyme activity was carried out in

order to optimize the length of incubation time for the kinetic assay. The results

presented in Figure 16 indicate that the activity is linear with respect to incubation time

up to 5 min. In order to ensure that the assay was in the linear range, an incubation time

of less than 5 min was used for all subsequent kinetic assays.

") 
pH optima

ThyA enzymes have been reported to have an optimal activity at pH ranges

from 6.5 to g.0. ln order to achieve accurate kinetic results the optimal pH for CTThyX

was determined. The activity of purified CTThyX was measured over a pH range of 6'5

to 9.0 under standard saturating conditions as described in "Materials and Methods" and
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the results shown in Figure 17. Under these conditions, cTThyx showed a pH optimum

at 7.2. This result is similar to many ThyA enzymes including those from .8. coli and L'

casei (Honnishi and Greenberg 1972;Dunlap 1978; Haertle,'Wohlrab et al' 1979). All

subsequent ThyX assays were performed at p}J7 '2'
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Figure 15. Optimization of in vitro ThyX assay using increasing concentrations of

purified recombinant CTThyX. The pre-reaction mixture contained: 50 mM Tris-HCl pH

7.0, 10 mM MgClz,5oÁglycerol, 2 mM NADPH, 1 mM CHzH+folate, and 200 ¡rM [5-3H]

dUMP (15 pCi/ml) in a final volume of 100 ¡rl. The reaction was initiated by the addition

of the indicated amount of purified CTThyX and incubated at 37oC for 3 min. Each

assay was run in duplicate with results varying less than 10%.
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Figure 16. Optimization of in vitro ThyX assay with increasing incubation times using

purified recombinant cTThyX. The pre-reaction mixture contained: 50 mM Tris-HCl pH

7.0, 10 mM MgCl ,,S%glycerol, 2'MNADPH' 1 mM CHzHqfolate and 200 pM [5-3H]

duMp (15 pCi/ml) in a finar vorume of 100 pr. The reaction was initiated by the addition

of 5 ¡rg of purified cTThyX and incubated at 37oC for the indicated length of time' Each

assay was run in triplicate and the results shown are the mean +s'E'M'
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Figure 17. pH profile of purified recombinant CTThyX. The pre-reaction mixture

contained: 10 mM MgCl2, 5o/o glycerol,2 mM NADPH, I mM CHzH¿folate,200 pM [5-

'H1 aUVtl (15 ¡rCi/mt) and 50 mM Tris-HCl with the indicated pH in a final volume of

100 pl. The reaction was initiated with the addition of 5 pg of purified CTThyX. Each

assay was run in duplicate with results varying less than 10%.
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d) Cofoctor requirements

Enzymatic reactions involving the highty charactenzed ThyA enzymes use

CHzH+folate as both a one-carbon donor and as the source of reducing power, which

makes ThyA enzymes unique (Carreras and Santi 1995). ThyA is the only known

enzùñine that uses reduced folates in this manner. Reactions involving H. pylori and.

Thermotoga maritima ThyX have also been shown to require NADH or NADPH, with no

enzymatic activity taking place in the absence of a reduced pyridine nucleotide

(Myllykallio, Lipowski et al. 2002; Agrawal, Lesley et al. 2004; Leduc, Graziani et al.

2004). We wanted to determine whether CTThyX requires an external source of

reducing power for enzyrnatic activity to occur. CTThyX was assayed using various

cofactors. CTThyX was assayed under standard conditions in the presence of 2 mM

NADPH, NADH, FAD and FMN. The results in Table 5 indicate that there is no enzyme

activity in the absence of any extemal reducing agent, including that of the oxidized

forms of FAD and FMN. CTThyX activity is restored upon the addition of NADH,

although the maximal velocity (V,.* : 88.57 + 1.58) obtained with NADH is less than

half of the maximal velocity (V,,* : 192.84 + 17.63) when using NADPH. These results

indicate that CTThyX does require an external source for reducing power. Although

NADH can satisfy this requirement, NADPH is the preferred substrate and was used in

all CTThyX assays.
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Table 5. Use of alternative cofactors by CTThyX
Cofactor

None

NADPH

NADH

FAD

192.84 t t7.63

88.57 + 1.58

< 0.01

FMN < 0.01

" Results are means t standard deviations for two determinations.
Enzyme assays were conducted at 37oC, with 200 ¡rM
CHzH¿folate and 200 pM dIIMP under standard assay
conditions as described in "Materials and Methods".

Activity"
(4moles dTMP
formed/mi
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e) Nucleotide specificity

Thymidylate synthase specifically uses dIIMP for the formation of dTMP,

however it has been observed under certain circumstances that ThyA is able to methylate

altemative nucleotides such as dCMP (Liu and Santi 1992; Liu and Santi 1993). To

determine if CTThyX could potentially use other nucleotides, various nucleotides were

added into the assay to compete with the natural nucleotide dUMP. We used a

competition assay to determine the ability of various nucleotides to enter the active site of

CTThyX. The results shown in Table 5 demonstrate the comparison between the

nucleotide specificities of CTThyX and ECThyA carried out by adding 500 ¡rM of the

selected competing nucleotides and 100 ¡rM dtIMP following standard assay conditions.

As expected, dTMP showed inhibition in both CTThyX and ECThyA, since it can freely

enter the active site of the enzyme whereby directly competing with dUMP. Previous

kinetic work on ThyA determined that dTMP is a competitive inhibitor with respect to

dUMP (Daron and Aull 1978). To determine the preferred form of the ribose sugar that

CTThyX requires, substrate competition with the addition of UMP was carried out. UMp

does not significantly inhibit the enzymes in both cases, indicating that both thymidylate

synthesizing enzymes are specific for the deoxy- form of the ribose sugars. To

demonstrate pyrimidine base specificity dCMP was added to the assay to compete with

dUMP. Surprisingly for CTThyX, dCMP strongly competed with dUMP for the enzqe

active site inhibiting the activity of CTThyX. It is possible that CTThyX could have

dCMP methylating activity. To determine if there was dCMP methylation activity taking

place, CTThyX activity was analyzed using HPLC with dCMP being used as the



87

nucleotide in place of dUMP, and following standard assay conditions. There was no

methylation of dCMP by CTThyX as determined by HPLC (data not shown). FdUMP is

a standard inhibitor of ThyA enzymes and its mechanism of action has been well

charactenzed (Carreras and Santi 1995). FduMP, was an effective inhibitor of both

ECThyA and CTThyX. These results indicate that CTThyX specifically uses dUMP as

substrate.
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Table 6. Enzyme activity of CTThyX and ECThyA with the addition of alternative
nucleotides in the reaction.

Activit Relative Activity
Nucleotides" (nmoles dTMp produced/min/mg) (%)

't'L.,v!ThyX" ThyA ThyX ThyA

dUMP

dUMP + TMP

106.1 + 14.50 4T5.06 + 10.58

58.21 + 0.05 256.00 + 3.81

dLIMP+UMp 100.31 x7.35 368.11 t34.20

duMP + dcMp 2t.71+ t.24 420.85 r 56.48

100

54.86

94.54

20.46

2.39

100

62.70

88.69

101.4

0.8sduMP + FdUMP 2.53 X3.28 3.51 r 0.78

'Concentration of dUMP was 100 pM and 500 ptvt for att otffia.
b Results are the mean + standard deviations of two determinations.
" Enzytne assay conditions were conducted at 37oC at standard saturating conditions as
described in "Materials and Methods".
d Enzyme assay conditions were conducted at 37"C with 2.5 Vg of crude enzqe
preparation under standard saturating conditions as described in "Materials and
Methods".
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fl Folate specificity

There are various folates that can act as one-carbon carriers and could be

potentially used in the formation of dTMP. We wanted to determine if CTThyX uses

CHzH¿folate specifically or is able to use other reduced folates, such as CHOH¿folate and

CH¡H¿folate as methyl donors. The results presented in Table 7 indicate that

CHzH¿folate was absolutely required for CTThyX activity to occur. Substitution of

CgzH¿folate with the folate analogues did not replenish the activity of CTThyX,

indicating that CTThyX is specific for CHzH¿folate as a one-carbon donor. Similar

results were seen with ECThyA, showing that again CH2H+folate is absolutely required

for the activity of ThyA and the activity cannot be recovered with the addition of other

reduced folates.
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Table 7. Use of alternatiu" fol

Cofactoru

Relative ActivitY

(nmoles dTMP pro¿.t"¿l-iø-g) - == 
(%)

ThYA

CHzH¿folate

CHOH¿folate

CH¡H¿folate

None

t26.35 r 9.68

4.37 + t.75

1.69 r 0.93

< 0.01

440.21+ tt.22

8.30 r 0.14

2.20!0.28

1.90 t 0.13

100

3.46

7.34

<1

100

1.88

<1

<1

lates, and the cofactor was replaced with

HzO for the reaction containing none.
b Results are the mean + standard deviations of two determinations'

" Enzvrrre assay conditions were conducted at 37oC with 100 pM dtlMP and 1 mM

NADPH under standard buffer conditions as described in "Materials and Methods"'
ã i;*" assay conditions were conducted at 37oC with 100 pM dUMP and 2.5 pg of

crude enzyme preparation under standard buffer conditions as described in "Materials

and Methods".
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g) Substrate saturation kinetics

In the above experiments we have shown a difference in the mechanism of

catalysis between CTThyX and ECThyA, demonstrating that H¿folate is being produced

for the ThyX family as opposed to Hzfolate for the ThyA family. ln order to decipher the

difference between the two families of thymidylate synthesizing enzymes at the kinetic

level, the kinetics of CTThyX were determined.

A summary of the CTThyX kinetic parameters with respect to the three substrates

dUMP, CHzFl+folate and NADPH are presented in Table 8. CTThyX displayed standard

Michaelis-Menton kinetics with respect to all three of the substrates. Figures 184, 194

and 204 indicate that CTThyX showed hyperbolic kinetics with respect to varying

concentrations of dtIMP, CHzH+folate or NADPH respectively under saturating

conditions of all other substrates. The CTThyX K- for dUMP was 5.99 pM + 0.54,

which is comparable to other ThyA enzymes such as E. coli and L. casei (Daron and Aull

1978;Haertle, Wohlrab et al. 1979). The CTThyX K- value for CHzH¿folate was 22.66

pM + 2.02, again similar to reported values for E. coli (Haertle, Wohlrab et al. 1979) md

L casei (Daron and Aull 1978). The apparent K- value for NADPH was 60.80 pM +

4.86. The V."* (167.27 + 8.02 rlmol dTMP produced/min/mg) is significantly less in C.

trachomatis than other ThyA sources (Daron and Aull 1978; Haertle, Wohlrab et al.

1g7g). The þ,, was 39.98 min-l + 1.77, which is significantly less than that determined

for ThyA enzymes (Carreras and Santi 1995). The KutÆ(- values were 6.77 min-r'p14-t

for dUMP as the substrate, 1.78 min-r'pM-l for CHzH¿folate and 0.64 min-l'¡rM-r for

NADPH.
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Table 8. Kinetic parameters of cTThyx Thyx with duMP, CH2I{4folate and NADPH'a

variable mM)- vr"* IÇu,o K"Æ('
Substrate (qmole dTMP 1-i"-t¡ (minlpM-')

Produceümirl/mÐ

rrLr Lr r^rara )) Á,6 + ) o) 176 4 +.4.06 40.37 t 0.21 1.78CHzH¿folate22'66+2.02176'4+4'0640'37t0'211'78
NADPH60.80+4.86164'0013'3739'05+0.560.ç4

r three determinations. Kinetic parameters were

obtained by fitting into Michaelis-Menton equation. Enzyme assay carried out under

standard uttuy 
"onãitiottt 

as described in "Materials and Methods"
b IÇrt calculated assuming CTThyX is active as a tetramer'



93

Figure 18. Saturation kinetics of CTThyX with respect to dUMP. Enzyme activity was

determined at various concentrations of dLMP and saturating conditions of NADPH and

CHzH¿folate as described in "Materials and Methods". A) Michaelis-Menton saturation

curve and B) Lineweaver-Burk plot of ThyX activity. The assay was run in triplicate and

the mean + S.E.M are shown.
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Figure 19. Saturation kinetics of CTThyX with respect to CHzH¿folate. Enzyme activity

was determined at various concentrations of CHzH+folate and saturating conditions of

NADPH and dUMp as described in "Materials and Methods". A) Michaelis-Menton

saturation curve and B) Lineweaver-Burk plot of ThyX activity. The assay was run in

triplicate and the mean + S.E'M are shown'
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Figure 20. saturation kinetics of cTThyX with respect to NADPH' Enzyme activity

was determined at various concentrations of NADPH and saturating conditions of dUMP

and cHzH¿folate as described in "Materials and Methods". A) Michaelis-Menton

saturation curve and B) Lineweaver-Burk plot of ThyX activity' The assay was run in

triplicate and the mean * S'E.M are shown'
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h) Two-substrate kinetics

The ThyA catalyzed reaction follows an ordered sequential mechanism (Daron

and Aull 197g; Carreras and Santi 1995). To determine the kinetic mechanism of

CTThyX, dTMP synthesis activity was measured at several fixed concentrations of

CHzH¿folate while varying the concentration of dUMP. This assay allows for

determination of the order of the substrate binding and the product exit from the enzyme

active site. Figure 21 displays the activity of CTThyX over several fixed concentrations

of CHzH¿folate and {UMP. The pattern presented in the double reciprocal plot in Figure

218 is that of several parallel lines. This kinetic pattem demonstrates how the substrates

interact with each other, and these parallel lines indicate that the enzyne follows that of a

ping-pong kinetic mechanism (Eisenthal and Danson 1992). Figure 234 shows the

postulated Cleland plot: substrate A (CHzH¿folate) enters the active site of the enzyme,

after which a reaction occurs, converting substrate A (CHzH¿folate) into product P

(Hafolate), which exits the active site of the enzyme. After the exit of product P

(Hafolate), substrate B (dUMP) enters the active site of the enzyme, after which a final

reaction takes place to produce product Q (dTMP), which ultimately exits the active site'

The novel feature of a ping-pong mechanism following the reaction sequence as indicated

above is that the enzyme becomes modified by the first substrate in some manner. This

type of mechanism is very different to that from all previously charactenzed ThyA

enzymes. For comparison the two-substrate kinetics of E. coli ThyA was carried out at

several fixed concentrations of CHztl¿folate while varying dUMP concentrations' The

results presented in Figure 228 show lines intersecting to the left of the Y-axis, indicating
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a sequential mechanism (Eisenthal and Danson Lggz). Figure 238 shows the cleland plot

for ThyA: where substrate A (dtlMP) and substrate B (CHzHafolate) enter the active site

in an ordered manner, followed by the release of product P (Hafolate) and product Q

(dTMP) in an ordered manner (Daron and Aull 1978)'
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Figure 21. Two-substrate kinetics of cTThyX with respect to cHzH¿folate and duMP'

Enzymeactivity was determined with various concentrations of CHzH¿folate and dUMP'

with saturating conditions of NADPH as described in "Materials and Methods"' A)

Michaelis-Menton and B) Lineweaver-Burk plot of CTThyX activity' CHzH+folate

concentrarions are (v) 10 pM, (v) 25 p.M, (o) 50 pM, (^) 100 pM and (o; 200 pM'

The assay was run in triplicate and the mean È s.E.M are shown.
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Figure 22. Two-sgbstrate kinetics of ECThyA with respect to CHzH¿folate and dUMP.

Eruyme activity was determined with various concentrations of CHzlI¿folate and dUMP

as described in,'Materials and Methods". A) Michaelis-Menton and B) Lineweaver-Burk

plot of ECThyA activity. CHzH¿folate concentrations are (v) 5 pM, (V) 10 pM' (O) 20

pM, (A) 50 ¡rM and (o; 100 pM. The assay was nrn in triplicate and the mean t S.E.M

are shown.



104

È=

=Ë'
!tc
¡n'ê,

Ër*E=
Lt-le

B

50 75

lduMPI (FM)

-0.3 -0.2 -0.1 -0.0 0.1 0.2 0.3 0.4 0.5

fL-
==F(Jt
E¡€
rt, co'=F
EE
=9..?ts
tb
-rÈ

1/[dUMP] (pM'1)





106

i) Product inhibition kinetics

To deduce the order of substrate binding and product exit from the active site,

enzqekinetics were carried out in the presence of varying concentrations of dTMP and

H¿folate. with dI-IMP as the variable substrate, hyperbolic saturation curves were

obtained when CTThyX was assayed in the presence of various fixed concentrations of

dTMP (Fig. 2aA). Increasing the concentration of dTMP increased the K* for duMP

and decreased the V."*. Double reciprical plots of the saturation data for the different

dTMp concentrations gave a series of straight lines, which intersect at a point to the left

of the y-axis indicating that dTMp is a mixed non-competitive inhibitor with respect to

duMP (Fig. 2aB) (Eisenthal and Danson 1992). Dixon plot analysis determined the

inhibition constant (Ki) of dTMP in regards to dLIMP to be 10 ¡rM (Fig' 2aC)'

Hyperbolic saturation curves were also obtained for cTThyX when dIIMP was the

variable substrate in the presence of several fixed concentrations of H+folate having a K¡

of 170 pM (Fig. 254 and C). Increasing the concentration of H¿folate increased the Krn

of cTThyx for dtiMP but had no effect on the v*,*. The double reciprocal plots of the

saturation data for the different concentrations of H¿folate gave a series of straight lines,

which intersect at a point on the y-axis (Fig. 258) indicating competitive inhibition

between H¿folate and duMP (Eisenthal and Danson 1992). A summary of the kinetic

constants for the product inhibition data with respect to dUMP is represented in Table 9'
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Figure 24. dTMP product inhibition kinetics of cTThyX with respect to duMP'

Eruymeactivity was determined with various concentrations of duMP and product TMP'

CHzH¿folate and NADPH where held at saturating conditions as described in "Materials

and Methods,,. A) Michaelis-Menton and B) Lineweaver-Burk plot of cTThyX activity'

drMp concentrations afe (v) 0 pM, (v) 10 ¡rM, (o) 25 pM, (^) 50 pM and (o¡ 100 pM.

The assay was run in triplicate and the mean t S.E.M are shown' C) Dixon plot of l/v as

a tunction of [dTMP] at 2.5 pM duMP (r) and at 10 pM duMP (r1' Results are the

mean + S.E.M of three separate experiments'
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Figure 25. H¿folate product inhibition kinetics of CTThyX with respect to dUMP.

Enzyme activity was determined with various concentrations of dUMP and the product

H¿folate. CHzlI+folate and NADPH where held at saturating conditions as described in

"Materials and Methods". A) Michaelis-Menton and B) Lineweaver-Burk plots of

CTThyX activity. H+folate concentrations are (v) 0 pM, (o) 10 ¡rM, (o) 25 pM, (r) 50

pM and (o) 100 pM. The assay was run in triplicate and the mean t S.E.M are shown.

C) Dixon plot of l/v as a tunction of fHafolate] at 2.5 pM dUMP (r) and at 10 pM

dUMP 1r). Results are the mean t S.E.M of three separate experiments.
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Table 9. Effect of pfoduct inlìibition on thef<inetics of cTThyx with respect to duMP'a

dI-IMP

-v
Þ-roduct mhibitor V*u* r\m

10 pM dTMP 160'9 r 6'12 12'59 + r's4

25'¡tMdTMP 142'4+1'83 19'73 L2'94

so rrrvr dTMP Il7 .0 + 8'64 28'54 ! 4'96

100 ¡rM dTMP 74'4 r 5'75 22'25 + 4'45

None 176'3 + 4'64 5'05 + 0'60

10 ¡rM H+folate 112'0 + 4J3 5'26 + 0'65

25'p"MH¿folate 177 '3 + 4'03 6'59 + 0'62

50 pMH¿folate 169'514'18 6'49L0'66

100 uM H¿folate 8.34 r 1.00
IUU II.IVI n4rulatE

u Results *" *"urrr inations. Values for V.r* and K.
were obtained by fitting data into Michaelis-Menton equation' Enzyme assays were

conducted under standarã saturating conditions as described in "Materials and Methods"'

169.5 r 4.18

177 .8 + 5.64
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With CHzÍI+folate as the variable substrate, hyperbolic saturation curves were

obtained when crrhyX was assayed in the presence of fixed drMp or Hafolate (Fig.

26A,and27A). Increasing the concentration of dTMP increased the K- of cTThyX for

cHzH¿folate and had no effect on the v'"* of the enzyme. A double reciprocal plot of

the saturation data for the different concentrations of dTMP display a series of straight

lines intersecting at the y-axis (Fig. 268). These results signify that dTMP is a

competitive inhibitor with respect to cHzH¿folate (Eisenthal and Danson 1992)' The

Dixon plot represented in Figure 26C índicates that dTMP has a Ki of 290 pM in regards

to cHzlI¿folate. However, increasing concentrations of ll¿folate increased the K- for

cHzH+folate but decreased the v-u* of cTThyX. The double reciprocal plot again

produced a series of straight lines but the lines intersect the x-axis to the left of the y-axis

(Fíg. Z7FJ) demonstrating that H¿folate follows classical non-competitive inhibition with

respect to cHzH+folate (Eisenthal and Danson lgg2). Hafolate had a Ki of 115 pM with

respect to cHzH+folate as determined by the Dixon plot in Figute 27C' A summary of

the kinetic constants for the product inhibition data with respect to CHzH¿folate is

represented in Table 10. The pattern of product inhibition for cTThyX is again

consistent with a ping-pong kinetic mechanism. Table 11 is a sunmary of the inhibition

constants and the type of inhibition that was observed for all the product inhibition

studies from Figures 24-27 .
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Figure 26. dTMP product inhibition kinetics of CTThyX with respect to CHzHafolate.

Enzyme activity was determined with various concentrations of CHzH¿folate and the

product dTMP. dUMP and NADPH where held at saturating conditions as described in

"Materials and Methods". A) Michaelis-Menton and B) Lineweaver-Burk plots of

CTThyX activity. dTMP concentrations are (v) 0 pM, (v) 25 ¡tl|v4', (o) 50 pM, (r) 100

¡rM and (o) 200 pM. The assay was nrn in triplicate and the mean + S.E.M are shown.

C) Dixon plot of llv as a function of [dTMP] at 10 pM CHzH¿folate (r) and at 50 pM

CHzH¿folate (r). Results a¡e the mean t S.E.M of three separate experiments.
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Figure 27, Hqfolate product inhibition kinetics of CTThyX with respect to CHzHqfolate.

Enzyme activity was determined with various fixed concentrations of CHzH¿folate and

various concentrations of the product H¿folate. dUMP and NADPH where held at

saturating amounts as described in "Materials and Methods". A) Michaelis-Menton and

B) Lineweaver-Burk plots of CTThyX activity. H+folate concentrations are (v) 0 pM,

(v) 25 pM, (O) 50 ¡rM, (r) 100 prM and (o) 200 pM. The assay was run in triplicate and

the mean + S.E.M are shown. C) Dixon plot of l/v as a function of fH4folate] at 50 pM

CHzH¿folate (r) and at 100 pM CHzH¿folate 1r). Results are the mean t S'E.M of three

separate experiments.
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Table 10. Effect of product inhibition on the kinetics of CTThyX with respect to

CHzH¿folate.'

Inhibitor

None
25 pM dTMP 205.2t 5'10 42'29 + 3'00

50 pM dTMP 209.8 + 8'40 49'83 * 5'39

100 pM dTMP 210.0 + 11.68 52'97 +7 '79

200 pM dTMP 218.6 + 13 '26 62'09 r 9 '44

None 208'6+7.34 30'17 +3'40

25 p"MH¿folate 186.9 +7 '96 3l'49 + 4'22

50 ¡rM H¿folate 152.8 r 4'54 3I'51+2'94
100 pM H¿folate 123.3 L3.18 27 '10 +2'31100 pM H¿folate 123.3 L3.18 27 '10 +2'31

200 rrM H¿folate 115.7 L 5'76 35'13 + 5'31

ffi *e -.*r * rt"r¿*¿ 
"*orr 

for three determinations. Values for V,nu* and K.
were obtained by fitting data into Michaelis-Menton equation. Enzyme assays were

conducted under stand;d saturating conditions as described in "Materials and Methods"
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Table 11. Summary of CTThyX product inhibition kinetics.

dTMP

dTMP

Hafolate

H¿folate

dUMP

CHzI{¿folate

dUMP

CHzH¿folate

10 pM

2901tll4

170 pM

115 pM

Non-competitive

Competitive

Competitive

Non-Competitive

u'Product 
as determined from the CTThyX enzymatic reaction.

b'Apparent K¡ value as determined from the Dixon plots in figures 25-28C.
'' Typ. of inhibition as determined from the inhibition kinetics and double reciprocal
plots in figures 26-29
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j) Thymidylate-synthesizing protein half reaction

A characteristic feature of ping-pong kinetic mechanisms is that a secondary

product is released from the enzpe, prior to the final substrate entering the active site.

In the case of the C. trachomatis L2 ThyX enzpe, Hafolate would be generated and

released from the enzpe active site, prior to dUMP entering the active site. To

demonstrate that CTThyX does follow a ping-pong mechanism as demonstrated by the

enzpe kinetics, a standard ThyX enzpe assay was carried out in the absence of a

methyl acceptor (dUMP). The production of H¿folate was followed by HPLC. As

demonstrated in Figure 28, Hafolate is produced in the absence of dUMP, which agrees

with the kinetic data.
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Figure 28. C. trachomatis ThyX protein half reaction. The reaction was carried out with

saturating conditions of NADPH and CHzH+folate in the absence of dtiMP and incubated

at 37oC for 2 min. Identities of peaks were determined by comparison with standard

CHzH+folate (12.5 min) and H¿folate (6.5min). Folates were separated by HPLC using a

25 cm C1s reverse phase column as described in "Materials and Methods". The dotted

line indicates the reaction with enzyme and the solid line represents the assay mix minus

the addition of enzyme. The inset is an amplification of the time points between 12.0 min

and 14.0 min showing the CH2Hafolate peak'



t2l

k) Site directed mutagenesis of CTIhyX

A common motif termed the ThyX motif (T/RHRX7-gS) had been identified

previously and seems to be highly conserved among all the members of the ThyX family

ofproteins (Murzin 2}}2;Myllykallio, Lipowski etal.2002; Leduc, Grazianietal.2004;

Liu and Yang 2004). However, ThyX from C. trachomatis does not contain a full ThyX

motif, as indicated in the amino acid sequence alignment shown in Figure 5. There are

two regions, one in the N-terminal region and one in the C-terminal region that appear to

have components of the motif and may complement each other in the tertiary structure.

The N-terminal region contains DARX3S, while the C-terminal region contains RFIRXzL'

To determine the functional role of these two regions in ThyX catalysis, we employed a

site-directed mutagenesis approach and made several site-specific mutations. R124 and

S133 of the N-terminal region (R80 and S88 in using T. maritima numbering) as well as

R397 (not present in T. maritima) were all mutated to an alanine.

By using an IPTG inducible promoter system, the ability of the indicated mutants

to be able to functionally complement MHzzzo E. coli (thyA-) was done using media

lacking thymidine. The results presented in Figure 298 indicate that all of the mutant

ThyX proteins lost their ability to complement the thymidine auxotrophy of ai|l4.}Jztzo E.

coli. To explore the loss of activity in more detail, we over expressed and purified the

CTThyX mutant proteins. Two of the mutant proteins, (R1244 and R3974) lacked the

yellow color characteristic of flavin containing enzyrnes. Absorption spectroscopy

confirmed that mutation of these conserved arginine residues resulted in a loss of enzyme

bound flavin (Fig. 30). In vitro dTMP synthesizing activity was assessed and shown in



122

Table 12. Mutant CTThyX proteins (R1244, R3974) were inactive, confirming the

essential role for FAD for CTThyX activity. The 51334 mutant protein retained its

ability to bind flavin, however, the protein was inactive in vitro. This is in contrast to I/'

pylori ThyA where mutation of the conserved S led to loss of complementation to

thymidine prototrophy (Myllykallio, Lipowski et al. 2002) even though the mutated

protein retained some enzymatic activity (Leduc, Gtaziani et al.2004).

From the kinetic analysis of CTThyX we demonstrated a ping-pong kinetic

mechanism, which implies that there is a methyl-enzyne intermediate occurring during

the reaction. We decided to employ site-directed mutagenesis on various residues

thought to be potential methyl group acceptors by their location within the active site, as

deduced from the T. maritima crystal structure (Mathews, Deacon et al. 2003). Within

the N-rerminal region R135 and R240 (R90 and R174 of T. maritima) and in the C-

terminal region T407 and Fi477 (Not present in Z. maritima) were all mutated to an

alanine as above except T407 which was changed to an arginine.

Functional complementation of the CTThyX mutants generated to elucidate the

methyl harboring amino acid revealed that the R2404 and T407R mutants retained their

ability to complement MH272s E. coli (thyA) on minimal media (Fig. 298). However, the

in vitro activity of the two mutants demonstrated that although they did retain dTMP

formation activity their activity was significantly diminished with R2404 possessing

about 40% of wild type activity and T407R retaining approximately 25% of the wild type

activity (Table 13). The remaining two mutants, R1354 and R477A, were both unable to

complement lylpztzo E. coli (thyA') on minimal media (Fig. 298). The in vitro activity

confirmed that R135A andR477A had no dTMP formation activity (Table 12) and
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subsequent purification, and absorption spectroscopy revealed that both mutants retained

the ability to bind FAD (Fig. 30). The location of R1354 and R4774 within the active

site as determined by the T. maritima crystal structure (Mathews, Deacon et al. 2003) and

the results indicated above demonstrate that these two residues are potential methyl

accepting residues during the CTThyX enzymatic reaction.
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Figure 29. Complementation of site-directed mutants of CTThyX in E. coli MHztzo.

Site-directed mutants of CTThyX were transformed into MH27zo E. coli. Cells were

streaked onto minimal media plates in the A) presence or B) absence of thl,rnidine. C)

Layout of site-directed mutants on the corresponding plates represented in A and B.
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Figure 30. Absorption spectroscopy of purified recombinant mutant CTThyX proteins'

Flavins were isolated from the purified recombinant mutant enzymes by heat

denaturation, and subjected to spectroscopic analysis using wavelenglhs from 250 nm to

500 nm to determine the presence of efTzivrrle bound FAD. (r) R1244, (O) 51334, (A)

R1354, (v) R3974 and (0) Ft4171^.
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Table L2. Functional complementation and in vitro activity of CTThyX mutant proteins
+ S.D.

thyX allele Complement E FAD binding TS activity" Relative
colilYfþIztzo ActivitY

V/ild Type

Rl244

S1334

Rl354

R24OA

R3974

T4O7R

R4771.

pQE-80L

+

+

N/A

N/A

+

29.85 *2.42

< 0.01

< 0.01

< 0.01

11.69 + 0.88

0.34 + 0.29

7.33 +3.24

< 0.01

100

<0.01

< 0.01

< 0.01

39.16

t.r4

24.55

< 0.01

< 0.01N/A < 0.01

'Results are means + standard deviations for two determinations. Enzyme assays \Mere

conducted at37oC, with 200 pM CHzH¿folate and 200 ¡rM dUMP under standard buffer
conditions as described in "Experimental Procedures". Activity expressed in rlmoles

dTMP produced/mínlmg of protein.
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DISCUSSION

1. Characterization of C, trøchomatis L2 Thymidylate Synthesizing Protein

Previous experiments performed in our laboratory, had identified a thymidylate

synthase complementing protein by functional complementation using a thyA- strain of ,8.

coli (Fan 1994). Furthermore the thymidylate-synthesizing enzyme from C. trachomatis

was also demonstrated to confer trimethoprim resistance to the E. coli strain expressing

it. This observation was similar to the newly discovered ThyX family of thymidylate

synthesizing enzymes isolated from .Ë1. pylori (Myllykallio, Lipowski et al. 2002;' Leduc,

Graziani et al.2004). However, CTThyX was also demonstrated to be sensitive to 5-

flourodeoxyuridine, which is a characteristic typical of classical thymidylate synthases

encoded by thyA (Carreras and Santi 1995).

The goal of this thesis was to supply in vitro biochemical evidence that C.

tracltomatis does contain a thymidylate-synthesizing enzyme. By charactenzing purified

recombinant enzyme, we have demonstrated that this chlamydial dTMP-producing

enzpe is part of a much larger family of novel thymidylate synthesizing enzymes

termed ThyX. For the first time, we have produced biochemical and enzyme kinetic data

to show that this novel family of enzymes produces dTMP using CHzH¿folate solely as a

one-carbon carrier, and an intemally bound FADH2 molecule as a source of reducing

potential.

CTThyX is a highly conserved protein (88.9% similarity) in all five chlamydial

genomes (C. trachomatis serovar D, C. muridarium, C.caviae, C. abortus, C.
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pneumoniae), sequenced to date (Stephens, Kalman et al. 1998; Read, Brunham et al.

2000; Read, Myers et al. 2003), including the more distantly related parachlamydia, a

chlamydia-like symbiont of free living amoeba (Horn, Collingro et al. 2004). Recent in

silico analyses indicate that this thymidylate synthase complementing protein is distantly

related to the ThyX family of proteins (Myllykallio, Lipowski et al. 2002). We have

determined through absorption spectroscopy and HPLC analysis using purified enzqe

that CTThyX is a flavoprotein containing an enzqe bound FAD molecule. This is in

agreement for what has been demonstrated for the H. pylori and Thermotoga maritima

ThyX (Myllykallio, Lipowski et al. 2002; Agrawal, Lesley et aL.2004;Leduc, Grazianj et

at.2004). Using a non-denaturing polyacrylamide gel it was demonstrated that the native

CTThyX protein is approximately 250 kDa in size, indicating that the quaternary

structure is in the form of a tetramer. This is similar to the H. pytori ThyX protein which

was also demonstrated to exist as a tetramer, and is in contrast to ThyA proteins which

exist as dimers (Ivanetich and Santi I99O; Caneras and Santi 1995; Myllykallio,

Lipowski et al.2002; Mathews, Deacon et aL.2003).

hr this study, we have determined the catalytic mechanism of dTMP synthesis

carried out by CTThyX. In vitro assays confirmed that CTThyX possesses th¡rmidylate-

synthesizing activity. Using CTThyX as a model for the ThyX family of enzymes we

demonstrated for the first time, that the ThyX family of proteins uses CH2H¿folate strictly

as a one-carbon donor, and employs an enzqrrrre bound FAD molecule as source of

reducing equivalents. It has recently been demonstrated in Thermotoga maritima ThyX

that the enzyme bound oxidized flavin is reduced by NADPH (Agrawal, Lesley et al.

2004)' This catalytic mechanism is similar to that of folate dependent ribothymidyl
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synthase from Streptococcus (Enterococcus) faecalzs (Delk, Nagle et al. 1980), although

in this case it is not known if the flavin is enz5rme bound. Results from our in vitro

mutagenesis studies clearly indicate that the highly conserved arginines (Rl24 and R397)

are essential for flavin binding and CTThyX activity. Similar mutagenesis studies with IL

pylori ThyX have shown that the R74 (the counter part of CTThyX Dl22 or R395) is also

important in FAD and dtlMP binding and catalysis (Leduc, Graziani et aL.2004).

In using CHzH¿folate solely as a one-carbon donor, Hafolate is produced and the

need for reduced folate recycling by DHFR is eliminated. This would account for the

absence of foA in many of the thyX containing genomes (Myllykallio, Lipowski et al.

2002) and the trimethoprim resistant phenotype displayed by thyA- mutant E.coli strains

expressing recombinant H. pylori ThyX and CTThyX (Fig. 31). Interestingly, C.

trachomatis does posses a functional DHFR (Stephens, Kalman et al. 1998; Myllykallio,

Lipowski et al. 2002). This is not surprising as C. trachomatis can also carry out de novo

folate synthesis with DHFR being an essential enzyme in this pathway. Presumably

many of the other organisms that contain a ThyX homologue, but lack DHFR are

auxotrophic for reduced folates.

2. Kinetics of c. trachomøtìs L2 Thymidylate synthesizing protein

The structure and kinetics are much different between the classical ThyA

enzymes and that of the newly discovered ThyX famity of thymidylate synthesizing

enzymes as demonstrated above. With the identification of a new bacterial family of

thymidylate synthesizing enzymes the knowledge of the kinetics is integral in the
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development of inhibitors to specifically target the enzyme. To determine the kinetic

properties of the thymidylate-synthesizing enzyme from chlamydiae, C. trachomøtis L2

ThyX was expressed and purif,red from E. coli. A summary of the kinetic properties

found in ThyA and ThyX enzymes from eukaryotes and prokaryotes, including CTThyX

are demonstrated in Table 13.

One of the major novel features of the ThyX family is the requirement for an

external reducing agent to go along with the internally bound FAD molecule that is

present. H. pylori and Thermotoga maritima ThyX, require NADPH or NADH for

activity (Myllykallio, Lipowski et al. 2002; Agrawal, Lesley et al.2004; Leduc, Graziani

et al. 2004). It is common for either reduced pyridine nucleotide to act as a co-factor

with FAD containing proteins (Dym and Eisenberg 2001). In this study we demonstrated

that CTThyX also requires pyridine nucleotides. CTThyX shows a preference for

NADPH with a V*u* of 192.84 L 17.63 as opposed to a V.u* of 88.57 + 1.58 for NADH.

ThyA proteins do not require an extemal reducing agent such as NADPH.

Thymidylate synthases are typically dUMP specific methylating erz)¡mes,

however several have been shown to contain dCMP methylation activity under certain

circumstances. In particular with E. coli and L. casei a mutation of a conserved

asparagine G\f229) gives rise to a ThyA with dCMP methylation activity (Liu and Santi

1992;Liu and Santi 1993). This asparagine prevents dCMP from entering the active site

by steric hindrance (Santi 1993; Costi, Liu et al. 1996; Finer-Moore, Liu et al. 1996).

Using an inhibition assay, we determined that CTThyX is a specific dUMP methylating

enzyme however; dCMP was a potent competitor of dUMP. Analyzing the activity of

CTThyX using dCMP as a substrateby HPLC suggested that CTThyX does not possess



Table 13. Com
Enzyme Source

H. pylori

son of idylate-

D. pneumoniae

1450.0

S. aureofaciens

CHzH¿folate
K- (pM)

4390.0

s from a vari
Catalytic

Mechanism

of sources.
Reduced
pyridine

nucleotide

Sequential

Ordered
Sequential

(Leduc,
Graziani et al.

(Haertle,
Wohl¡ab et al.

(Dunlap 1978)

(McCuen and
Si¡otnak

(Bisson and
Thorner 1981)

(Galova,
Koptidesova
et al. 1992

UJ
UJ



134

¿CMP methylating activity. Genome sequence analysis indicates that C. trachomatis

contains a dCMP deaminase; therefore it is likely that the dCMP pool is kept low and is

not an inhibitor invivo.

We fuither tested the folate specificity of CTThyX. To date, all thymidylate

synthesizing enzymes specifically use CHzH¿folate as the methyl donating cofactor in the

formation of dTMP (Ivanetich and Santi 1989; Maley and Maley 1990). Our results

demonstrate that CTThyX uses CHzH¿folate as the methyl donating cofactor.

Substrate saturation kinetics demonstrated that CTThyX follows standard

Michaelis-Menton kinetics with respect to dIJMP, CHzH¿folate and NADPH. The

apparent K* values of CTThyX for dUMP was determined to be 5.99 + 0.54 ¡rM, which

is comparable to .F/. pylori ThyX (Kn., : 7.2 ¡t"M) (Leduc, Graziani et al.2004) as well as

to ThyA enzymes of E. coli (K- : 10 ¡rM) (Haertle, Wohlrab et al. 1979), L. casei (K'' :

0.7 ¡rM) (Daron and Aull 1978), Saccharomyces cerevisiae (K^: 6 pM) (Bisson and

Thorner 1981), S. aureofaciens (K^:3.78 ¡rM) (Galova, Koptidesova et al. 1992) and

from calf thymus (K* = 9 pM) (Horinishi and Greenberg 1972), but much lower than that

from Diplococcus pneumoniae (K'n = 30. I pM) (McCuen and Sirotnak 1975). The

CTThyX K- value for CHzH+folate was determined to be 22.66 + 2.02 pM, which has

not been determined in any ThyX enzqe and is similar to reported values for ThyA in

E. coli (K' : la pM) (Wohlrab, Haertle et aI. 1978), L casei (K' : la pM) (Daron and

Aull i978) and ,S. aureofaciens (K* : 2l.l ¡rM), but lower than that reported for S.

cerevisiae (K-: 70 pM) (Bisson and Thorner 1981) and D. pneumoniae (K*: 260 ¡rM)

(McCuen and Sirotnak 1975). The K,o value determined for NADPH was 60.80 + 4.86

pM. The saturation kinetics with respect to NADPH for ThyX enzymes has not been
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determined previously however, the K- for NADPH for an NADPH requiring ThyA

enzqein S. aereofaciens was reported to be 38.9 pM (Galova, Koptidesova et al.1992).

The CTThyX V',u*was estimated tobe 167 r1mol dTMP producedlmin/mg, which

is significantly less than in other organisms, with that of E colibeing 1.45 pmole dTMP

produced/min/mg and that of L. casei being 4.39 pmole dTMP produced/minlmg (Daron

and Aull 1978; Haertle, Wohlrab et al.1979). The Kut of CTThyX was determined from

the saturation kinetics to be approximately 39.98 + L77 min-t 10.67 s-r¡ whereas; the Kut

for ThyA has been reported to be approximately 300 min-r (5 r-t). For comparison, with

another slow growing organism, the K., for the H. pylori ThyX has been reported to be

0.46 min-l (Leduc, Graziani et al. 2004). The difference in the specific activity may be

attributed to the growth rate of the individual organisms. Faster growth rates such as that

for E. coli with a doubling time of 20 min would require more eff,icient thymidylate

synthesis to prevent a shortage of dTTP during DNA replication. However, C.

trachomatis has a much slower growth rate with a doubling time of approximately 2

hours. The slower growth rate could account for the reduced need for rapid dTMP

synthesis and conversely a much lower specific activity of the CTThyX enz)¡me.

The catalytic mechanism for ThyA has been determined and characterized

extensively (Lorenson, Maley et al. 1967; Danenberg and Danenberg 1978; Da¡on and

Aull 1978; Carreras and Santi 1995). One distinguishing characteristic of ThyA is its

ability to form a stable ternary complex between the enzyrne, CHzH¿folate and 5-

FdtIMP, a mechanism based inhibitor that prevents catalysis (Matthews, Appelt et al.

1990; Matthews, Villafranca et al. 1990). The complex can be visualized by

autoradiography if radioactive 5-FdLIMP is used and the complex separated by SDS-
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polyacrylamide gel electrophoresis (Honess, Bodemer et al. 1986; Thompson, Honess et

al. 1987). This observation is consistent with the ordered sequential catalfiic mechanism

demonstrated by ThyA (Daron and Aull 1978; Bisson and Thorner 1981; Carreras and

Santi 1995; Montfort and V/eichsel 1997). A Cleland plot depicting the ordered reaction

sequence for ThyA is shown in Figure 328 (Daron and Aull 1978; Bisson and Thorner

1981). In contrast, our kinetic analyses demonstrate that the dTMP synthesis reaction

catalyzed by CTThyX follows a ping-pong (double displacement) mechanism, which

differs markedly from that of ThyA. The order of substrate entrance and product exit

from the active site, as determined from the inhibitor kinetics, is shown in the Cleland

plot presented in Figure 324. The ping-pong mechanism of catalysis predicts that the

methylated substrates (dTMP and CHzH+folate) compete directly with each other and the

non-methylated substrates (dUMP and Hafolate) also compete directly with each other

and thus competing for the methylated form of the enzyme (Daron and Aull 1978). The

first substrate to enter the enzpe active site is CHzH+folate, at which point the methyl

group is likely transferred from the folate to an amino acid residue located within the

active site of the enzyme, producing Hafolate and a methyl enzyme intermediate.

Following the transfer of the methyl group from CHzH¿folate, H+folate exits the active

site, allowing dUMP to enter with subsequent transfer of the methyl group to the C-5

position of dUMP producing dTMP. dTMP then exits the active site. The ping-pong

mechanism is consistent with previous experiments performed in our lab that were unable

to detect a ternary complex when purified recombinant CTThyX was incubated with

CHzH+folate and 5FdI-IMP (Fan 1994), since both substrates are never in the active site at
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the same time during catalysis. The ping-pong mechanism has also been confirmed by

carrying out the enzqe assay in the absence of dIIMP (half reaction) and following the

formation of H¿folate.

The presence of a ping-pong kinetic mechanism presents itself a unique situation

for CTThyX. The ping-pong mechanism produces a methylated enzyme intermediate'

We decided to employ a site directed mutagenesis approach to try and elucidate the

specific amino acid residue that harbors the methyl group during the CTThyX enzymatic

reaction. We mutated several conserved arginines (R134, R240 andR277) to alanines

that seem to be in close proximity to CHzH¿folate as determined by a comparison of the

CTThyX amino acid sequence with the I" maritima crystal structure. A fourth threonine

(T407), which is present in the C-terminal half of CTThyX, was also mutated but mutated

into an arginine. From these mutations the most likely candidates seem to be Rl35 and

R417, as both of these mutants lost the ability to complement, and showed no sign of in

vitro activity but retained the ability to bind FAD. Future experiments using mass

spectrometry will be needed to determine if these residues are in fact involved in binding

the methyl group during the reaction.

It has recently been demonstrated that the ribonucleotide reductase from

chlamydiae, which is essential for the biosynthesis of all dNTPs, contains a novel

mechanism of catalysis as well. Some 200 versions of ribonucleotide reductase have

been shown to contain a conserved radical bearing tyrosine that is essential for activity

(Hogbom, Stenmark et al. 2004). Studies with -8. coli nbonucleotide reductase

demonstrated that mutating this conserved tyrosine to a phenylalanine inactivates the

enzqe (Larsson and Sjoberg 1986; Potsch, Lendzian et al. 1999; Hogbom, Stenmark et
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al. Z0O4). The chlamydial ribonucleotide reductase lack this conserved tyrosine

replacing it with a phenylalanine, however, the eîzpe is active(Roshick, Iliffe-Lee et al.

2000).

3. Summary

In summary, the results presented indicate that C. trachomatis contains an active

thymidylate synthesizing enzyme that has been grouped into a novel family of proteins

termed ThyX (Kuhn, Lesley et al. 2002; Myllykallio, Lipowski et al. 2002; Mathews,

Deacon et al.2003; Myllykallio, Leduc et aL.2003; Leduc, Grazianí et al.2004; Leduc,

Graziani et al. 2004). We demonstrated for the first time that the ThyX family of

enzymes employ CHzH¿folate solely as a one-carbon donor, and use an enzyme bound

FAD molecule and an extemal NADPH as the reducing agents required to reduce the

methyl moiety needed for dTMP biosynthesis. CTThyX catalytic reaction follows a

ping-pong mechanism involving a methyl enzyme intermediate.

This data emphasizes the importance of combining information from the fields of

bioinformatics, structural and functional genomics for uncovering unique targets for

rational drug design. This is especially true considering a large number of important

pathogenic bacteria posses the thyX gene, including Il. pylori, Campylobacter jejuni,

Rickettsia prowazekü and Mycobacterium turberculosis (Myllykallio, Lipowski et al.

2002).
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APPENDIX

Abbreviations

EB elementarY bodY

RB reticulate bodY

MOMP major outer membrane Protein

bp base Pairs

NTP ribonucleoside triPhosPhate

dNTP deoxyribonucleoside triphosphate

TS thymidYlate sYnthase

TK thYmidine kinase

DHFR dihYdrofolate reductase

CHzH+folate methylene tetrahydrofolate

Hzfolate dihYdrofolate

H¿folate tetrahYdrofolate

CHOH+folate formyl tetrahydrofolate

CH:H+folate mythyl tetrahydrofolate

NAD(pf nicotinamideadeninedinucleotide(phosphate)[oxidizedform]

NAD(P)H nicotinamideadeninedinucleotide(phosphate) freducedform]

FAD flavin adenine dinucleotide foxidized form]

FADHz flavin adenine dinucleotide freduced form]

FMN flavin mononucleotide
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R

Kn,'

IÇu,

V-u*

K;

CTThyX

ECThyA

E

I

D

S

L

T

H

HPLC

arginine

Michaelis-Menton constant

catalytic constant (turnover number)

maximal velocitY

inhibition constant

C. trachomatis TbYX

E. coli ThYA

glutamic acid

isoleucine

aspartic acid

serine

leucine

threonine

histidine

high pressure liquid chromatography


