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Aspartate transcarbamoylase (ATCase) catalyzes the first committed step in pyrimidine

biosynthesis. Bacterial ATCases are divided into three classes, A, B and C. Class A

ATCases are largest at 450-500, are. dodecamers and represented by Pseudomonas

ATCase. The overlapping pyrBC' genes encode the Pseudomonases ATCase, which is

active only as a 480 kDa dodecamer and requires an inactive pyrC'-encoded DHOase for

ATCase activity.

ATCase has been studied in two non-pathogenic members of Mycobacterium, M.

smegmatis and M. phlei. Their ATCases are dodecamers of molecular weight 480 kDa,

composed of six PyrB and six PyrC polypeptides. Unlike the Pseudomonas ATCase, the

PyrC polypeptide in these mycobacteria encodes an active DHOase. Moreover, the

ATCase: DHOase complex in M. smegmatis is active both as the native 480 kDa and as a

390 kDa complex. The latter lacks two PyrC polypeptides yet retains ATCase activity.

The ATCase from M. phlei is similar, except that it is active as the native 480 kDa form

but also as 450,410 and 380 kDa forms. These complexes lack one, two, and three PyrC

polypeptides, respectively. By contrast,.ATCases from pathogenic mycobacteria are

active only at 480 kDa. Mycobacterial ATCases contain active DHOases and accordingly.

are placed in class A1 . The class A 1 ATCases contain active DHOases while class A2

ATCases contain inactive DHOases.

ATCase has also been purified from Burkholderia cepacia and from an E. coli

strain in which the cloned pyrB of B. cepacia was expressed. The B. cepacia ATCase has



a molecular mass of 550 kDa, with two different polypeptides, PyrB (52 kDa) and PyrC

of (39 kDa). The enzyme is active both as the native enzyme at 550 kDa and as smaller

molecular forms including 240 kDa and 165 kDa. The ATCase synthesized by the cloned

pyrB gene has a molecular weight of 165 kDa composed of three identical PyrB and no

PyrC polypeptides. Nucleotide effectors ATP, CTP, and UTP inhibited all forms of

enzymes. Because of its size and its activity as a trimer and smaller than native forms, the

B. cepacia enzyme is placed in a new class.
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CHAPTER 1

INTRODUCTION

The pyrimidine biosynthesis pathway is universal with similar sequences being

found in almost all organisms (O'Donovan & Neuhard 1970; Neuhard & Kelln, 1996).

The synthesis of pyrimidine nucleotides in bacteria occurs via two pathways, the de novo

pathway and the salvage pathway. The de novo pathway synthesizes pyrimidines from

their basic building blocks, mainly NH4 , HCO3~ and ATP (Fig.1). Although the de novo

pathway is found in most organisms including plants, fungi, and bacteria, some bacteria

such as Haemophilus influenzae and H. parainfluenzae-used in this study-and some

protozoa such as Giardia lamblia appear to lack some or all enzymes of the pyrimidine

biosynthetic pathway.

The salvage pathway involves the reutilization of 5'-monophosphate products of

mRNA degradation (Beck, 1996) (Fig. 2 and 3), as well as the incorporation of

preformed pyrimidines. The salvage pathway provides NH3 as nitrogen source from

deaminations while pyrimidines can be used both as carbon and nitrogen sources.

Salvage of pyrimidines has also been found to be ubiquitous with some form of salvage

being found in every organism.
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Fig. 1. Pyrimidine biosynthetic pathway in Escherichia coli and Salmonella typhimurium.

Genes and the enzymes encoded are. as follows: pyrA (carAB) carbamoylphosphate

synthetase; pyrBl-aspartate transcarbamoylase; pyrC- dihydroorotase; pyrD-

dihydroorotate dehydrogenase; pyrE -orotate phosphoribosyltransferase; pyrF- OMP

decarboxylase; pyrG- CTP synthetase; pyrH- UMP kinase; ndk- nucleoside diphosphate

kinase. (Modified from Neuhard &Nygaard 1987)
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Fig .:2. Pyrimidine salvage pathway of Escherichia coli and S. typhimurium .

Pyrimidine salvage pathway in Escherichia coli and Salmonella typhimurium. Enzymes

are: 1. uracil phosphoribosyltransferase (upp), 2. uridine phosphorylase (udp), 3. uridine

hydrolase (udh), 4. cytosine deaminase (cod), 5. cytidine deaminase (cdd), 6. uridine

kinase (udk), 7. 5'-nucleotidase, 8 CMP glycosylase, 9. CMP kinase (cmk).(Adaptfrom

Beck 1996).
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Fig.3. Pyrimidine salvage pathway in Pseudomonas. Enzymes are:

1. uracil phosphoribosyltranceferase (upp), 2. uridine phsophorylase (udp), 3. uridine

hydrolase (udh), 4. cytosine deaminase (cod), 5. cytidine deaminase (cdd), 6. uridine

kinase (udk), 7. 5'-nucleotidase, 8. CMP glycosylase, 9. CMP kinase (cmk) (Adapted

from Beck 1996)
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1.1 General introduction for the pyrimidine pathway

Pyrimidines and purines are the basic building blocks of DNA and RNA. Some

researchers are investigating components of the pyrimidine pathway as possible

antimetabolite targets due to its importance in bacterial metabolism. Both biosynthetic

and salvage pathways have been studied with the view that they could be used as an

evolutionary marker. The pyrimidine biosynthetic pathway is regulated in all organisms,

with the greatest detail being known for E. coli (ODonovan & Neuhard, 1970; Neuhard

& Kelln, 1996; Patterson & Carnright, 1977; Doremus, 1986; Denis-Duphil, 1989;

Vickrey, 1993).

A great deal of research has been conducted on the pyrimidine pathway in E. coli.

This pathway consists of nine catalytic enzymes ultimately producing UTP and CTP.

The pathway also generates dCTP and dTTP, which are substrates required for DNA

synthesis. All nine enzymes for the synthesis of pyrimidine nucleoside triphosphates are

found in most organisms (O'Donovan & Neuhard, 1970). The pathway has been studied

in bacteria (O'Donovan & Gerhart 1972), fungi (Lacroute , 1968), plants (Yon, 1972),

and animals (Jones, 1971). Although the anabolic sequence of this pathway is generally

the same for most organisms, the regulation and gene organization are quite diverse.

The first enzyme in the pyrimidine pathway is carbamoylphosphate synthetase

(CPSase EC 6. 3. 5. 5, carAB, Anderson & Meister, 1965). This heterodimeric enzyme

of 160 kDa, provides carbamoylphosphate for both the pyrimidine and arginine

biosynthetic pathways (Pierard et al., 1965). This is the only branch point in the

pyrimidine pathway. Carbamoylphosphate is formed via a three-step process (Bethell et

al., 1968). In the first step, a glutamine residue donates its &-amino group in a reaction
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catalyzed by the glutamine amidotransferase domain, the 42 kDa subunit encoded by the

carA gene. The second step, catalyzed by the 142 kDa synthetase domain (carB),

involves the formation of carboxyphosphate, a reaction intermediate, which uses ATP to

phosphorylate a bicarbonate ion. In the presence of the ammonium ion just released from

the glutaminase reaction, the synthetase-bound carboxyphosphate residue is converted to

carbamate, which is still bound to the synthetase domain. The third step requires another

ATP in a kinase reaction to form carbamoylphosphate. Although ammonia can be used

instead of glutamine as the NH2 donor in the synthesis of carbamoylphosphate, the

affinity of the enzyme is much higher for glutamine. The synthesis performed by CPSase

takes place in the cytosol (ODonovan & Neuhard, 1970). The reaction is:

HCO3 + Glutamine + 2ATP + H20 -+ Carbamoylphosphate + Glutamate + 2ADP + Pi.

In E. coli the second enzyme is aspartate transcarbamoylase (ATCase, EC. 2. 1. 3.

2, and pyrBl), which catalyzes the formation of N-carbamoyl-L-aspartate from

carbamoylphosphate and aspartate, releasing a phosphate in the process. This regulatory

enzyme is allosterically controlled by CTP (feedback) and ATP (activator) (Gerhart.&

Pardee 1962 & 1964, Gerhart & Schachman, 1968). The third enzyme converts

carbamoylaspartate to dihydroorotate. Dihydroorotase (DHOase, EC 3. 5. 2. 3, pyrC)

catalyzes the formation of dihydroorotate by cyclizing carbamoylaspartate with the

simultaneous loss of a water molecule. DHOase is encoded by the pyrC gene,

(Baeckstrom, et al 19867). Two different forms of dihydroorotase, one an active pyrC

and the other an inactive pyrC', have been found in a number of bacteria including

Pseudomonas species. (ATCase and DHOase enzymes will be discussed in more detail

later).
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Dihydroorotate dehydrogenase (EC 1. 3. 3. 1, DHOase, pyrD) is the fourth

enzyme of the pyrimidine pathway catalyzing the oxidation of dihydroorotate to form

orotate. This reaction is catalyzed by a membrane bound flavoprotein and uses the

electron acceptor, ubiquinone, in aerobic cells and in fermenting bacteria such as

Lactococcus lactis as well as in anaerobic cells. Orotate phosphoribosyltransferase

(OPRTase, EC 2. 4. 2. 10, pyrE), the fifth enzyme in the pyrimidine pathway, catalyzes

the formation of the first pyrimidine nucleotide through the addition of a ribose-

5-phosphate from PRPP, to form orotidine-5'-monophosphate (OMP). This reaction

requires Mg++ (Poulsen, et al 1983). The sixth enzyme, orotidylate decarboxylase (OMP

decase; EC 4. 1. 1. 23, pyrF) catalyzes the formation of UMP, which irreversibly

removes carbon dioxide to form uridine-5'-monophosphate. This reaction helps to drive

all the other reactions forward to form UMP. OMP decarboxylase is unique in that the

decarboxylation of the OMP is carried out with any cofactors (Theisen, et al 1987).

UMP kinase (EC 2. 7. 4. 4, pyrH) catalyzes the formation of UDP with the use of an

ATP. The enzyme in E. coli is a homohexamer, is highly specific, and may be a

bifunctional enzyme.

The next step catalyzed by nucleoside diphosphokinase (NDK, EC 2. 7. 4. 6)

converts UDP to UTP via a kinase reaction involving another ATP. NDK is nonspecific

towards dinucleotides and therefore catalyzes the conversion any nucleoside diphosphate

to the corresponding triphosphate. Cytidine- 5'-triphosphate (CTP) is formed by the

amination of UTP. This reaction is catalyzed by CTP synthetase (pyrG, EC 6. 3. 4. 2).

Like CPSase, the glutamine amidotransferase subunit requires glutamine to donate the s-
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amino group to form CTP. This reaction also requires ATP to catalyze the reaction. CTP

is its product, which feedback inhibits the reaction (Neuhard & Keln, 1996).

1.2 Pyrimidine Biosynthesis in Mycobacteria

1.2.1 Mycobacterium smegmatis

Very little research has been reported on the pyrimidine pathway of

Mycobacterium, one of the main organisms in this study. Most of the studies have been

performed by Masood and Venkitasubramanian (1987, 1988), primarily on M. smegmatis

pyrimidine biosynthesis. The first two enzymes in the pyrimidine pathway are sensitive

to allosteric regulation. CPSase is inhibited by UTP, CTP and by purine nucleotides.

The enzyme is activated by PRPP, which when bound to the enzyme increases its affinity

for the substrate ATP. UTP inhibits the enzyme by diminishing its affinity for ATP.

ATCase is inhibited by CTP, an end product of pyrimidine synthesis.

An active DHOase could not be detected in the crude cell extracts from M.

smegmatis (Masood & Venkitasubramanian 1987). The specific activity of DHOase

increased with age until mid log phase corresponded to the higher metabolic state.

CPSase activity could not be detected in crude extracts, but the enzyme was detected

when the pellet was made after ultracentrifugation at 100,000 g, for one hour, indicated

that CPSase is a membrane bound enzyme (Masood & Venkitasubramanian, 1988).

Masood & Venkitasubramanian (1988) performed additional work on the ATCase

activity, growing the bacteria on the Lowenstein-Jensen medium and breaking the cells

by sonication. After purification, they determined that the molecular weight of the

enzyme was 246000. These authors used SDS-PAGE to determine the subunit structure,

where they observed two bands of molecular weight 138,000 and 108,000, respectively.
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The ATCase was activated by ornithine and this seems to be an important physiological

control mechanism of pyrimidine biosynthetic enzyme in M. smegmatis.

1.2.2 Pathogenic Mycobacteria

There have been several papers published on the pyrimidine enzyme purification

of the pathogenic Mycobacteria, and DNA sequences are known from genome

sequencing projects. The work on the pyrimidine scavenging of the M. leprae by

Wheeler (1989 b) showed that M. leprae incorporated exogenously supplied pyrimidines

as bases and nucleosides but not as a nucleotides, into its nucleic acids. Wheeler

(1989a,b) also showed that pyrimidine scavenging was not as important as purine

scavenging in M. leprae. Thus, M. leprae can satisfy its requirements for all pyrimidines

by taking up either cytosine or uracil. Also UMP can be generated endogenously in M.

leprae by the biosynthetic pathway, unlike purines, which cannot be synthesized de novo

(Wheeler 1989c). Therefore, pyrimidine scavenging appears to be a way for M. leprae to

utilize substrates, which become available in the intracellular environment from mRNA

degradation. Pyrimidines are also possible substrates for growth of interacellular

Mycobacteria. They are present inside host cells, as nucleotides; and the main source for

Mycobacteria would be uridine nucleotides (Lesse et al., 1984). Wheeler (1989 b)

compared pyrimidine biosynthesis in the intact M. leprae and suggested that the pathway

does not function in intact M. leprae due to feedback inhibition by CTP. In contrast to

M. leprae, pyrimidine biosynthesis could be detected in other Mycobacterium species

such as M. microti and M. avium grown in vivo. However, the rate of biosynthesis was

considerably lower in Mycobacteria grown in vivo. Wheeler (1990) noted that ATCase

was not repressed in Mycobacteria grown in the host, but it was repressed when
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Mycobacteria were grown axenically, by the source of pyrimidine. Wheeler (1990)

suggested that a pyrimidine compound such as UMP might be available in the culture

medium, but not always in the host cells. Work on the ornithine transcarbamylase

(OTCase) from M. smegmatis by Ahmad & Jones (1986) showed that the anabolic

OTCases isolated from various organisms were not affected by arginine (Ahmad et al

1986, 1987). However, the enzyme from M. smegmatis was found to be sensitive to

arginine. The transcriptional control of arginine biosynthesis is modest in M. smegmatis.

These observations suggested that arginine biosythesis is additionally regulated at the

OTCase level in M. smegmatis. Phosphate acted as a competitive inhibitor for OTCase

with carbamoylphosphate as the variable substrate and as a mixed type inhibitor with

ornithine as variable substrate. Ornithine at higher concentrations acted as an

uncompetitive inhibitor in the absence of phosphate and as a mixed type inhibitor in the

presence of phosphate with carbamylphosphate as variable substrate (Ahmad, et al 1986).

1.3 Pyrimidine metabolism in Burkholderia cepacia

Burkholderia cepacia is another main organism in this study. Even though B.

cepacia was is no longer designated, as a member of the Pseudomonas genus, its

pyrimidine synthesis is similar to that of Pseudomonas with slight differences (West &

Chu 1990).. Li and West (1995 b) have studied the regulation of pyrimidine synthesis in

the B. cepacia, which they considered to be a food spoilage organism. They found that

the six de novo pathway enzymes of pyrimidine biosynthesis are active. In vitro studies

in B. cepacia strain ATCC25416 reveals that PPi, ATP, GTP, CTP, and UTP inhibit

ATCase activity. De novo pyrimidine synthesis in B. cepacia strain 25416 was regulated

at the level of enzyme activity and its pyrimidine salvage enzymes differed from those of
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B. cepacia strain ATCC17759 in that no activation of B. cepacia strain ATCC25416

transcarbamoylase by UMP was seen. Li & West (1995 a), made an OMP decarboxylase

mutant (pyrF) strain of B. cepacia and discovered that dihydrouracil, cytidine, UMP or

CMP were unable to support the pyrimidine requirement for growth. West & Chu

(1990), discovered that activation of the B. cepacia enzyme by pyrimidine

ribonucleotides differs from the previously studied Pseudomonas ATCase. West

concluded that de novo pyrimidine biosynthesis in the B. cepacia does not appear to be

regulated at the level of enzyme synthesis or at the level of enzyme activity for ATCase.

Regulation of ATCase from B. cepacia strain ATCC 17759 appears more like that of the

P. putida enzyme, since the P. putida enzyme was also activated by UMP and inhibited

by PPi and ATP (Condon et al., 1976). Li and West (1995a) also investigated the

pyrimidine salvage pathway enzymes, and found that they were atypical of those found in

Pseudomonas. Because of the differences in pyrimidine metabolism between the

individual species of Burkholderia, Li and West (1990) believed that additional

taxonomic assignments within this new genus might be necessary. This has been carried

out by Yabuuchi et al., (1992).

Since ATCase and DHOase are the focus of this research, these enzymes are now

discussed in greater detail.

1.4 Aspartate transcarbamoylase

Bacterial ATCases exist in a number of forms and have been placed by Bethell

and Jones (1969) into three classes based on their molecular weight, regulation and

subunit composition. ATCase catalyzes the first committed step in pyrimidine

biosynthesis, which is the carbamoylation of aspartate to form carbamoylaspartate and
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inorganic phosphate. The core component of all bacterial ATCases is a catalytic

homotrimeric compound of 34 kDa polypeptides (Brabson & Switzer, 1975; Robey et al

1986). The varied molecular size and alternate subunit structures define the diversity of

bacterial ATCases. Although the structural organization of the ATCase in different

organisms varies, a common theme still appears to be with the catalytic activity, which is

associated with 34 kDa subunits forming trimers.

Class A ATCases with an average molecular mass of 480 kDa include numerous

Gram negative bacteria such as Pseudomonas (Schurr 1992, Vickrey, 1993), and some

Gram positive bacteria such as Mycobacterium (this study) and Streptomyces (Hughes et

al., 1999).

Class B enzymes, with an average molecular mass of 310 kDa, are found mostly

in enteric bacteria such as E. coli and S. typhimurium (O'Donovan et al 1972) and also in

certain members of Archaea (Kenny et al., 1996).

Class C has the fewest ATCases, with a holoenzyme size of approximately 100

kDa. Bacteria in this class include low G+C Gram positive organisms such as Bacillus,

Streptococcus, and Staphylococcus, but several Gram negative bacteria have this small

ATCase as well (table. 3). These three classes are now described in detail below.

1.4.1 Class A ATCases

Class A is the largest of the ATCases classes found in the genera Pseudomonas,

Acinetobacter, Azomonas and Brevundimonas. The enzyme has been purified from

several species including P. fluorescens (Bergh & Evans, 1993), P. syringae

(Shepherdson & McPhail, 1993), P. putida (Schurr et al., 995) and Azotobacter

vinelandii, (Kenny et al., 1996) (Table 1). Bergh and Evans (1993) showed that the P.
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fluorescens enzyme was approximately 480 kDa on a nondenaturing activity PAGE gel.

The enzyme displayed hyperbolic kinetics as opposed to the E. coli enzyme, but showed

sigmoid kinetics when inhibited by ATP. The enzyme was first thought to be a dimer

(Adair & Jones, 1.972) until the 1993 work of Bergh and Evans, who found the

holoenzyme size of 472 kDa having a subunit of 34 kDa (presumed to be "catalytic

chain") and a subunit of 45 kDa (presumed to be a "regulatory chain"). These subunits

form a dodecameric complex consisting of two catalytic (2A3) for ATCase inactive

trimers of approximately 102 kDa each, which associate with three approximately 90 kDa

dimers (3D2) for DHOase-like polypeptides. The total dodecameric holoenzyme size

would be 474 kDa, 2A3: 3D2 (Bergh & Evans, 1993; Schurr et al., 1995). Sequence

analysis of the ATCase genes in P. aeruginosa and P. putida showed that two open

reading frames expressed the enzyme. The first open reading frame is pyrB, which

encoded the catalytic subunit of ATCase and the second ORF encoded a DHOase-like

subunit, henceforth referred to as pyrC' (Schurr et al., 1995; Vickrey, 1993). The pyrC'

gene does not encode an active DHOase, but its product is required for assembly of

ATCase into an active form. The inactivity of this DHOase is due to the lack of five

essential histidines required for zinc binding. Only one of the five critical histidines is

present in the Pseudomonas DHOase. The DHOase-like subunit is essential for

holoenzyme activity in these organisms.

Another example of class A ATCase is seen in Thermus species, with 34 kDa

(ATCase) plus 45 kDa (DHOase-like) subunits. Thermus species ATCase has a

molecular mass of 480 kDa and is regulated by the loose association of another protein,

encoded by the gene bbc (Van de Casteele et al., 1997). Heat stability of the enzyme is
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dependent on the presence of the 45 kDa subunit in the complex. This subunit encodes a

catalytically active DHOase, copurified with the ATCase.

This scenario is also observed in some high G+C Gram positive bacteria such as

Streptomyces, where ATCase and DHOase actively copurify on protein column

separation (Hughes,Ph.D dissertation 1998). This is not seen for Pseudomonas species.

Dissociation of the enzyme into its separate subunits under conditions where it remains

active has not been achieved except in Thermus species (Van de Casteele et al., 1987;

Kunin, 1997). Campylobacter ATCase was shown to contain a 480 kDa enzyme in this

study. Thus, the large form of ATCase appears to be widespread and not restricted only

to members of the Pseudomonas. ATCases belonging to Pseudomonas species consist of

large molecular mass holoenzymes (typically 470-500 kDa). The genes for both enzymes

were first cloned and sequenced from Pseudomonas putida (Schurr et al., 1995) and P.

aeruginosa (Vickrey, 1993). These enzymes are active only as dodecamers, composed of

six pyrB encoded 37 kDa polypeptides associated with six pyrC' encoded 45 kDa

polypeptide.s with a total molecular mass of 482 kDa. This 482 kDa holoenzyme cannot

be dissociated into active subunits. The catalytic and regulatory functions reside on the

37 kDa polypeptides (Bergh and Evans 1993). The 45 kDa polypeptide, PyrC' appears to

be a non-functional homologue of the next enzyme in the pyrimidine pathway,

dihydroorotase (DHOase) encoded by pyrC'.

The 1993 study by Bergh and Evans on P.fluorescens revealed that the ATP-

binding site was located on the 34 kDa protein and not on the 45 kDa polypeptides.

Later, the 45 kDa chain was shown to have sequence homology with the next enzyme in
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the pathway, dihydroorotase (Schurr et al., 1995). ATP, UTP, and CTP all inhibit the

ATCase enzyme in the Pseudomonas species.

Other bacteria with ATCases larger than 480 kDa are known. One such ATCase

has been found in three species of Burkholderia-B. cepacia, B. pickettii, and B. gladiolii

(formerly classified as Pseudomonas). The larger form was also found in one species of

Agmonellum, A. quadruplicatum, an alga.

Table 1. Molecular mass of known bacterial ATCases from class A

References denoted as: 1) Barron, 1994; 2) Bergh & Evans, 1993; 3) Bethell & Jones,

1969; 4) Burns et al., 1997; 5) Hooshdaran, 1999; 6) Kenny et al., 1996; 7).Linscott,

1996; 8) Masood & Venkitasubramanian, 1988; 9) Mendz et al., 1994; 10) Schurr et al.,

1995; 12) Shepherdson & McPhail, 1993; 13) Shepherdson et al., 1997; 14) Van de

Casteele et al., 1994; 15) Van de Casteele et al., 1997; 16) Vickrey, 1993; and 17) West,

1994; 18) Huges, 1998.
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Organism kDa Ref.

Bacterial Class A ATCases

Agmonellum quadruplicatum 550 5*

Acinetobacter calcoaceticus 480 6

Azomonas agilis 450 6

Azotobacter vinelandii 450 3, 6

Brevundimonas diminuta 480 7

Burkholderia cepacia 550 5*, 7

Burkhorderia pickettii 500 7

Burkhorderia gladiolii 520 5*

Campylobacterjejuni 480 5*

Comamonas acidovorans 500 7

Comamonas testosteroni 500 7

Deinococcus radiophilus 500 6

Helicobacter pylori 4, 9

Leucothrix mucor 450 6

Micrococcus luteus 480 1

Mycobacterium smegmatis 480 5*

Mycobacterium phlei 480 5*

Paracoccus denitrificans 480 6

Pseudomonas aeuginosa 480 3, 13

P. aureofaciens 480 7

P. fluorescens 464 2,3

P. mendocina 480 7

P. pseudoalcaligenes 480 7

P. putida 482 11

P. syringae 490 12,7

P. stutzeri 480 7

Rhizobium meliloti 480 10

Synechocystis sp. 480 5*

Synechococcus sp. 480 5*

Streptomyces sp. 480 18

Thermus aquaticus 480 15

* ATCase from these bacteria, studied in this research.
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1.5 Class B ATCases

This class includes the ATCases of the enteric bacteria of which the ATCase of E.

coli is the most studied. Work by O'Donovan et al., (1972) and Gerhart and Holoubek

(1967) on the Salmonella typhimurium ATCase has shown that the Salmonella ATCase

also belongs to class B. Other class B enteric ATCases include enzymes from Shigella

flexneri, Yersinia enterocolitica, Citrobacterfreundii, Enterobacter aerogenes,

Aeromonas hydrophila, Erwinia herbicola, Proteus vulgaris, and Serratia marcescens

(Wild et al., 1976, 1980, 1981). Each of these enzymes contains six catalytic

polypeptides (c) with binding sites for aspartate and carbamoylphosphate, and has a

molecular mass of 34 kDa. The pyrB gene encodes the 34 kDa ATCase subunit, which is

active as a trimer (c3) and as part of the dodecamer holoenzyme. The regulatory

polypeptide (r) is encoded by pyrI and contains Zn++ and allosteric binding sites. It has

no ATCase activity and does not function, except in the dodecamer. There are six

regulatory polypeptides (r) that have molecular masses of 17 kDa and act as dimers (r2)

(Kantrowitz & Lipscomb, 1988). The molecular mass of the holoenzyme (c6r6) is

approximately 310 kDa. Dissociation of ATCase into active catalytic trimers (c3) and

regulatory dimers (r2) is possible (Gerhart & Holoubek, 1967). These may be

reconstituted into the native enzyme under gentle conditions.

The catalytic trimer (c3), free from the regulatory dimers, was found to be much

more active. It was unregulated and had a mass of 102 kDa. A third form of the enzyme,

found later by Sabramani & Schachman (1981) as c6r4, is less regulated than the

dodecamer, with an approximate size of 276kDa. It lacks one regulatory dimer (r2).
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The E. coli ATCase displays sigmoidal kinetics, with the [S]0.5 for aspartate being

5 mM and the [S]o.5 for carbamoylphosphate 1 mM. For the E. coli ATCase holoenzyme,

CTP acts as an inhibitor and ATP an activator on regulatory subunit (Yates & Pardee,

1956; Gerhart & Pardee, 1962). UTP in the presence of CTP was shown to have a

synergetic effect on inhibition, although UTP by itself has very little effect allosterically

(Wild et al., 1988).

In the presence of para-hydroxymercuribenzote (pHMB), the holoenzyme

dissociates to catalytic trimer (c3) and regulatory dimer (r2). Regulation by CTP and ATP

disappears, showing that the effector is bound to a site distinct from the active site.

Binding by ATP was shown to increase the enzyme affinity for its substrates. Analysis of

the catalytic chain revealed that the N-terminal region (polar domain) was the

carbamoylphosphate-binding domain and that the C-terminal region (equatorial domain)

was the region for aspartate binding. The regulatory subunit's N-terminal was shown to

be the site for CTP and ATP binding; the C-terminal of the regulatory chain with four

cysteine residues was shown to be the site for the zinc-binding.

Table 2. Molecular masses of known bacterial ATCases from class B

References denoted as: 1) Bethell & Jones, 1969; 2) Jyssum, 1992; 3) Kenny et al., 1996;

4) Purcarea et al., 1994; 5) Purcarea et al., 1997; and 6) Wild et al., 1980 ; 7) Hooshdaran
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Organism KDa Ref.
Bacterial Class B ATCase
Aeromonas hydrophila 258 6

Citrobacter diversus 280 6

Citrobacterfreundii 290 1, 6

Enterobacter aerogenes 295 6

Enterobacter liguefaciens 295 6

Erwinia carnegiana 275 6

E. herbicola 315 6
Escherichia coli 310 1, 6
Neisseria cans 2
N. caviae 2

N. elongata 2
N. gonorrhoeae 2
N. meningitidis Ml 295 2
Proteus vulgaris 310 1, 6

Pyrococcus abyssi 310 4, 5

Rhodopseudomonas spheroides 1
Salmonella typhimurium 300 6

Serratia marcescens 275 1, 6

Shigellaflexneri 285 6

Vibrio naterocolitica 315 3

Yersinia enterocolitica 315 6

Haemophilus ifluenzae NON 7*

Haemophilus parainfluenzae NON 7*

No ATCase activity recovered from these two bacteria in this study.

1.6 Class C ATCases

The size of ATCase found in class C organisms is ~100 kDa. A typical enzyme

from this group is the ATCase from Bacillus subtilis. This enzyme contains a catalytic

trimer of molecular mass 100 kDa (Brabson & Switzer, 1975). Most Gram positive

bacteria examined so far have an ATCase with molecular mass of approximately 100 kDa

(Switzer & Quinn, 1993). However, several Gram negative bacteria have also recently

been found to contain an ATCase with a molecular mass of 100 kDa. These include the

ATCases from Lysobacter enzymogenes, Xanthomonas campestris, Vibrio harveyi,
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Vibriofisheri, and Stenotrophomonas maltophilia (Kenny et al. 1996). The class C

enzymes show Michaelis-Menten kinetics and are not regulated by pyrimidine

nucleotides being devoid of any regulatory subunits. Accordingly, regulation of the

pyrimidine pathway in Bacillus subtilis occurs at the level of CPSase.

Table 3. Molecular masses of known bacterial ATCases from class C.

References denoted as: 1) Barron, 1994; 2) Bethell & Jones, 1996; 3)Brabson &
Switzer, 1975; 4) Chang & Jones, 1974; 5) Ghim et al., 1994; 6) Kenny et al., 1996;
7) Linscott, 1996; and 8) O'Donovan & Shanley, 1995. 9) Hooshdaran.

* ATCase from these bacteria, studied in this research.

Organism kDa Ref.
Bacterial Class C ATCas

Bacillus caldolyticus 5
Bacillus subtilis 102 2, 3
Clostridium sp 102 9*
Lactobacillus ermentum 10
Lysobacter enzymogenes 120 6
Shewanella putrefacients 100 7, 8
Sporosarcina ureae 100 1

Staphylococcus epidermidis 100 6
Stenotrophomonas maltophilia 112 6, 7, 8
Streptococcus faecalis 128 4
Vibrio fisheri 100 4
Vibrio harveyi 100 4

Xanthomonas campes 126 6
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Fig. 4. Classification of the bacterial aspartate transcarbamoylases. Holoenzyme

molecular mass and subunit molecular mass are as indicated.
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1.7 Bacterial evolution

Even though bacteria have been evolving for 3.5 to 4.0 billion years, until recently

there was no accurate technique to establish the relationship between different Gram

positive and Gram negative bacteria (Bengtson, 1994). The first classification system

was based on phenotype such as Gram stain and cell shape. Almost no information

regarding bacterial phylogenetic systems was available until 1965 when Zuckerkandl and

Pauling published a memorable paper suggesting that the evolution of organisms might

be recorded in the sequences of subunits of their macromolecules.

In the past, bacteriologists measured relationships between organisms by the mol

percent of G+C (guanine + cytosine). It was not always an accurate method because for

example the DNA of Streptococcus and humans are of the same mole percent G+C.

More advanced techniques are currently being employed today to classify the relationship

between bacterial species in order to establish the phylogenetic organization within

families of bacteria. Taxonomic classification should now be based on phylogenetic

relationships with molecular biology techniques being used to determine this relationship.

In the initial classification system, which was based on rRNA, the 16S rRNA

subunit proved to be a valuable tool for phylogenetic relationship (Winker & Woese,

1991). Because this subunit has changed very slowly over time among the ancestors of

present-day organisms, these molecules could be potentially useful to classify different

bacterial species.

The sequences of thousands of prokaryotic 16S rRNAs have been determined and

are available via the Ribosomal RNA Database Project (Larson et al., 1993). Thus, a

good method for the study of the evolution of organisms is to use the sequence of this
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subunit (16S rRNA or 18S rRNA or its complementary DNA, because all organisms

including bacteria, plants, and animals have ribosomal RNA. Woese first suggested this

method in 1970.

Similarly, some researchers have classified organisms based on the nature of

their common metabolic pathways. An early system devised by Jensen (1985)

considered the aromatic amino acid biosynthesis in different organisms (Byng et al.,

1980, 1983; Whitaker, 1981). Their results showed that some of the metabolic pathways

could be used to construct phylogenic trees among bacteria. Jensen hypothesized that

development of some metabolic pathways corresponded to the phylogenic position of

organisms. Weitzman (1981) studied the diversity of enzymes involved in the citric acid

cycle among different microorganisms. Similarly, microbiologists have used metabolic

pathways common to all organisms for phylogenetic analysis under the assumption that

the genes for these pathways might have arisen from an ancient common ancestor.

One such pathway is the pyrimidine biosynthetic pathway, which can be used to

examine phylogenic evolution among the bacteria and has been considered by some other

researchers (Wild et al. 1980; Foltermann et al., 1981; Kenny et al., 1996).. The

pyrimidine pathway is essential for the biosynthesis of DNA and RNA in all organisms.

(O'Donovan & Neuhard, 1970; Doremus, 1986). The first three enzymatic steps of

pyrimidine biosynthesis are identical among all species; however, their genetic and

biochemical organization varies (Davidson, 1996).
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1.8 Evolutionary consideration of ATCase

ATCase is known to be an important regulatory enzyme in pyrimidine

biosynthesis. Therefore it is a good marker for tracking evolution in prokaryotes. In the

study of sequence homology between ATCase and OTCase (the enzyme in arginine

pathway), both enzymes have been shown to come from a common ancestral

transcarbamoylase, possibly through a gene duplication in the same genome (Bencini et

al., 1983).

In the laboratory of G. A. O'Donovan at the University of North Texas, the amino

acid sequence of different bacterial ATCases have been used as a taxonomic marker in

order to compare the tree constructed from ATCase sequences with that from 16S rRNA

by Woese 1987. Sizes for several bacterial ATCases studied so far have been found to

not match with Woese's phylogenetic placement. There are two possible explanations

for this: either these bacterial ATCases do not fit any of the known classes of ATCase

(>500 kDa); or studies carried out on closely related organisms do not agree. In the latter

case, methodological problems may have occurred, making it difficult to determine the

actual size of bacterial ATCase. For example, Masood and Venkitasubramian (1987)

found that the mass of the Mycobacterium smegmatis holoenzyme to be 246 kDa with

two subunits of 138 kDa and 108 kDa. In the present study, the molecular mass was

found to be 480 kDa. This unexpected finding may be related to the methodology used in

the study.

The ATCase gene has already been sequenced for some 60 organisms.

Differences in the gene sequence and multiple alignment are noted by Bult, et al., (1996)

in the table for 16S rRNA. Although it might be expected that plant and Gram positive
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ATCases would have closely related sequence alignments, that has been found not to be

the case; instead, plant ATCases much more closely resemble the CAD-type ATCase.

Moreover, the ATCases of Pseudomonas and Gram positive bacteria resemble each other

more closely than the ATCases of Pseudomonas and enterobacteria (Davidson & Wales,

1996).

In addition, studies of organisms within at least one pathogenic bacterial species

reveal that they have different ATCase, probably two kinds, to enable them to adapt as

pathogens to the bodies of animals (Farinha, 1998, unpublished observation). Also, in a

comparison study of the ATCases of some Archaea bacteria such as Methanococcus

jannaschii, the gene has been found to have a high degree of amino acid identity to the

pyrl gene of E. coli, even though the gene is not contiguous with the pyrB gene.

1.9 ATCase and DHOase in eukaryotic organisms

The first three enzymes in the pyrimidine pathway constitute a multifunctionl enzyme in

most eukaryotic organisms. In mammals and in some molds, (Jones 1984), the enzyme

is designated CAD, for CPSase-ATCase-DHOase, and has four enzymatic domains, the

glutamine amidotransferase (GATase) domain, the CPSase domain, DHOase domain, and

the ATCase domain (Fig. 5). In mammals, CAD catalyses the first three steps of the

pyrimidine biosynthetic pathway. The same three enzymes in prokaryotes are associated

with separate proteins. In 1993 Davidson suggested that the CAD gene evolved through

a process of gene duplication and DNA rearrangement, leading to an in-frame gene

fusion encoding a single chimeric protein. Davidson suggested that differences in the
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Fig.5. Structural organization of glutamine amidotransferase (GATase), CPSase, ATCase

and DHOase genes in the pyrimidine pathway (Modified from Schurr et al 1995).

E. coil
S. typhimurium
S. marcescens
P. vulgaris

S. cerevisia.

D. discoideum
pyrl-3

D. melanogast.
rudimentaj

M. auratws
CAD

3. subtIlls
B. calde ticus

P. putida
P. aenagbosa.

carA carB pyrB pyrl

GATase CPSase ATCas. reg

ura2

GATase CPSase DBOasg ATCase
(taaativ.)

pyrC

DROas.

ura4

DROase

pyrl-3 / rudi / CAD

GATase CPSase DEOase :ATCase

pyrB pyrAA

pyrC pyrAB
ATCass A A Tans mII --m

DS~ass 
CPSass

carA carB pyrB pyrC

pyrCGATase CPSass OTCaNs Dass

DHOase
(inactive)

rr

ry



30

translational mechanisms of eukaryotes and prokaryotes may have dictated the different

strategies used by organisms to evolve coordinately regulated genes. The order of the

enzymes.in CAD was not known until the genomic and cDNA of the Drosophila CAD

gene were sequenced (Freund & Jarry, 1987). This order was subsequently confirmed

by sequencing the CAD genes of hamster (Simmer et al., 1990), human (Davidson et al.,

1991), Dictyostelium (Faure et al., 1989), and the CAD-like gene of the yeast

Saccharomyces cerevisiae (Souciet et al., 1989). However, the three-dimensional nature

of CAD was not understood until 1993, when Carrey 1993 described the CPSase domain

as not next to the ATCase domain but rather next to the DHOase in the middle.

Partial proteolytic cleavage of the enzyme has shown that each domain retains

enzymatic activity. Fusion of two other proteins in the pyrimidine pathway, OMP

decarboxylase and UMP kinase has also been reported. S. cerevisiae and

Schizosaccharomyces pombe also have a CAD-like multifunctional enzyme, the middle

region of which, codes for a nonfunctional dihydroorotase and hence these enzymes are

designated CA. Plant ATCases are shown to have a monofunctional enzyme with no

CPSase or DHOase activity (Khan et al., 1997). Full genomic sequences from Pisum

sativum have been reported to have three different ATCase sequences, designated pyrBi,

pyrB2, and pyrB3.

In addition, ATCase and OTCase (ornithine transcarbamoylase), the sixth enzyme

in arginine biosynthesis, most likely arose from a common ancestor. Sequence homology

between these two enzymes suggested that they arose by a gene duplication of an

ancestral gene (Benigni et al., 1975). Some bacteria have two OTCases, which suggests

a role of gene duplication in creating isofunctional enzymes; for example, E. coli K-12
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has two OTCases (arg F and argl), whereas other E. coli strains have just argI. The two

genes in E. coli K-12 are homologous and encode isoenzymes of OTCase. In

Pseudomonas two different OTCases are also found, where one is anabolic and the other

is catabolic. DHOase has been studied intensively from E. coli, mammals, and

Clostridium.

Dihydroorotase (DHOase, dihydroorotate amidohydrolase EC 3. 5. 2. 3) catalyzes

the synthesis of dihydroorotate from carbamylaspartate, the third step in pyrimidine

biosynthesis (Simmer et al., 1990). Shoaf and Jones (1973) discovered that the DHOase

from rat ascites cells copurified as a complex with the first two enzymes of the pathway

(CPSase and ATCase). Coleman et al. (1977) found that the three activities were

associated with a single 220 kDa polypeptide in Syrian hamster cells. This polypeptide

called CAD, or dihydroorotate synthase, is organized into discrete structural domains,

each having a distinct function (Adair & Jones, 1972). The enzyme has been shown to

require two zinc atoms per subunit, one located in the active site, and the other possibly

playing an integral role in structure. The isolated DHOase domain from eukaryotic cells

shows that it has one tightly bound zinc ion per monomer (Kelly et al., 1986),

presumably at the active site.

Even though DHOase was copurified with the CPSase and ATCase activities in

Drosophila (Jarry, 1976), a complex of two different polypeptides could not be ruled out.

This DHOase lacked the zinc signature sequence found in many zinc proteases. Common

catalytic zinc ligands include histidine, glutamate (or aspartate), and cysteine (Brown,

1983;). None of the cysteines in CAD DHOase was conserved, but five of the 18

histidines are found in all of the DHOase sequences (Simmer et al., 1990). In all known
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active DHOases, five histidine residues are found at the active sites and thought to be

involved in substrate binding.

In contrast, the bacterial DHOases are separate monofunctional proteins (Simmer

et al., 1990). The first DHOase was identified in Clostridium oroticum (Lieberman &

Kornberg 1954). The enzyme size is ~ 90 kDa, with subunits size of ~ 45 kDa. Faure et

al. (1989) noted that the DHOases fall into two distinct families. Phylogenetic analyses

clearly show that the monofunctional and fused DHOases have a different evolutionary

history. Freund and Jarry (1987) and Faure et al. (1989) suggested that the fused

DHOase may have evolved separately, perhaps as a descendant of the long spacer region

separating the CPSase and ATCase domains in a common ancestor (Simmer et al., 1990).

The two DHOase families, which share only 20 percent sequence identity, are certainly

different enough to suggest convergent evolution. In support of this suggestion, it was

noted that the sequence of the interdomain segment of yeast pyrimidine biosynthetic

complex, which has no activity, is homologous to the DHOase domain of CAD but lacks

the putative catalytic and zinc binding residues (Souciet et al., 1989).

In summary, in eukaryotic cells DHOase activity is associated with a large multi-

functional protein called CAD (Shoaf & Jones, 1973), whereas in bacteria (Sander &

Heeb, 1971) and yeast (Souciet, 1989) the enzyme is monofunctional. The sequence

homology between the inactive DHOase and other DHOases is significant and suggestive

of a common evolutionary origin for all bacterial DHOases. The main area of

conservation that is in DHOase is the area containing the histidine residue required in

zinc-binding. Like ATCase, a close homology exists between DHOase amino acids with
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allantoinase and D-hydantoinase, which is indicative of an ancestor common to some of

the modern amidohydrolases.

E. coli DHOase has a number of interesting and unusual properties. It is one of a

few enzymes used biosynthetically to synthesize an amide bond without a directly

coupled energy source such as ATP hydrolysis to drive the reaction. The E. coli DHOase

active site fits closely around the substrate, leaving little freedom for changing the

structure of the substrate without losing binding affinity (Freund et al., 1987). The E.

coli DHOase is a homodimer of subunit molecular weight 38,729 with a tightly bound

catalytic zinc ion at the active site (Washabaugh & Collins, 1986). It also has two weakly

bound structural zinc ions per subunit, which are not essential for activity (Washabaugh

& Collins, 1986). The enzyme is also notable for being sensitive to oxidative

modification, requiring the exclusion of oxygen and trace metal ions from the working

solution and for its tendency to become inactive at low concentrations. There is no

effective inhibitor for the E. coli enzyme, which differs in structure from the mammalian

enzyme (Shoaf & Jones, 1973; Coleman et al., 1977; Kelly et al., 1986; Simmer et al.,

1990).

DHOase has been purified and studied in E. coli (Beckstrom, 1986). The size of

the enzyme.is ~ 80 kDa dimer, having two subunits of 38 kDa.

1.10 Bacterial phylogeny

From the time that Yates and Pardee began their research on ATCase in 1956 until now,

ATCase was classified on the basis of the source from which is was isolated. That is,

members of the class C enzyme group were isolated only from the Gram positive
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organisms; class B enzymes were found in Enterobacteriaceae and related groups; and

class A enzymes were isolated only from members of the Pseudomonas group. More

recently, however, research findings published by Margaret Shepherdson in 1996, as well

as the ongoing research conducted at the University of Noith Texas in O'Donovan's

laboratory, suggest that a reconsideration of ATCase class distribution is needed.

At the time the classification system described above was devised, ATCase for

the majority of bacteria had not been studied. Now that more information is available

from 60 different organisms, classification systems for ATCase may be devised that are

based on more thorough phylogenetic considerations. Researchers should compare

studies of Archaea and Eubacteria, investigate the relationship between

Enterobacteriaceae and those organisms that came after them, and examine the degree of

relationship between Pseudomonadaceae and Enterobacteriaceae.

The research on pyrimidine pathways described earlier in this section led to the

choice of the 16S rRNA tree as a guide in determining which organisms would be

included for this study. The study examines three different classes of bacteria:

1. ATCases from different pathogenic and non-pathogenic bacteria were

examined. An attempt was made to choose bacteria from different groups:

those which produce spores;. those whose cell walls contain mycolic acid (the

main group used in this study for purification of its ATCase enzyme); and

finally, those bacteria which are very fastidious.

2. Classes of ATCase in some of the bacteria formerly unstudied by enzymatic

techniques were compared and contrasted-specifically, one group from

Archaea and three photosynthetic organisms.
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3. DHOase from Pseudomonasfluorescens mutant 1012 (pyrB~ and pyr C*) was.

purified and its properties compared to DHOase from wild type Pseudomonas

species.

1.11.1 Mycobacterium

Mycobacteria are ubiquitous inhabitants of soil and water throughout the world.

Most are harmless in terms of their relationships to human and animals. Many are

beneficial to other living creatures in the ecosystem because of their ability to fix nitrogen

and to degrade organic material to usable forms for metabolism by other organisms

(Clark-Curtiss, 1990). Mycobacteria are nonmotile bacteria that may show true

branching and typically bundle together to form cord-like groups. They are aerobic rods

that occur naturally as saprophytes in soils and do not produce spores. Mycobacteria are

strict aerobes; therefore molecular oxygen must be available as the final electron

acceptor. Almost all the respiratory components of these organisms are membrane

bound, and three distinct respiratory chains have been described (Perry & Staley, 1997).

Unlike other bacteria, the Mycobacteria produce a distinctive group of waxy

substances called mycolic acids that are covalently linked to the peptidoglycan. Because

the presence of mycolic acids makes the organisms difficult to stain using ordinary

simple staining procedures, they are termed acid-fast. This term refers to the ability of

these organisms, when stained with a solution of basic fuchsin in phenol, to withstand

decolorization with acidified ethanol during the Ziehl-Neelson staining procedure.

Mycolic acids are complex high molecular weight fatty acids produced by all

Mycobacteria. They were first isolated from a human strain of M. tuberculosis, but they

have since been found in a wide variety of pathogenic and nonpathogenic Mycobacteria
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(Gray et al., 1982). The acid-fast property is not found in other bacterial groups, which

makes it an excellent differential property for distinguishing the Mycobacteria from other

bacteria.. Certain bacteria such as Nocardia and Rhodococcus retain carbofuchsin only if

a less stringent decolorizing agent such as a low concentration inorganic acid-like 1%

H2 SO4 or 1% HCl-is used. Such organisms are referred to as being "partial acid-fast"

(Perry & Staley 1997). Thus, the term "acid-fast bacilli" (AFB) is synonymous with

Mycobacteria, although some other organisms such as Nocardia are variably acid fast

(Haas & DesPrez, 1995).

1.11.2 Classification of Mycobacteria

Two major pathogenic species of the genus Mycobacterium have been identified,

mainly M. leprae (Hansen, 1874) and M. tuberculosis (Koch, 1882). In the 1950s when

species of Mycobacterium other than M. tuberculosis were being encountered with

increased frequency in medical practices, Runyan (1959) proposed the grouping of these

"atypical" organisms based on growth rate and pigment production (Clark-Curtiss, 1990).

Woods & Washington (1987) have suggested a clinically oriented classification of

Mycobacteria.

1.11.3 Woods and Washington classification scheme.

The scheme proposed by Woods & Washington (1987) placed the Mycobacteria

into three groups, based on their degree of pathogenicity. Class one includes

Mycobacteria that are potentially pathogenic in humans: M. avium-intracellular, M.

kansasii, M. fortuitum-chelone complex, M. scrofulaceum, M. xenopi, M. szulgai, M.

malmoense, M. simia, M. genavense, M. marinum, M. ulcerans, M. haemophilum, and M.

celatum. Class two includes the non-pathogenic, saprophytic Mycobacteria: M.
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gordonae, M. asiaticum, M. shimoidei, M. terrae-triviale complex, M. gastri, M.

nonchromogenicum, and M. paratuberculosis. Members of class three have an

intermediate growth rate and rarely cause disease in humans: M. thermoresistible, M.

smegmatis, M. vaccae, M. parafortuitum complex, and M. phlei.

Another classification of Mycobacteria derives from their generation time,

dividing them into slow growers and fast growers. The observation that M. bovis BCG

(Bacillus Calmette-Guerin) contains only two ribosomal RNA operons may help account

for the ability of some Mycobacteria to maintain slow growth. This may be important if

the maintenance of slow growth were crucial for pathogenesis. Fast growing bacteria

usually have several rRNA operons and devote half of their RNA synthesis apparatus to

the synthesis of rRNA (Snapper et al., 1990).

Bercovier et al. (1986) used a copy of the E. coli rRNA operon as a probe in a

Southern hybridization experiment with chromosomal DNA from two fast-growing

Mycobacteria and four slow-growing Mycobacteria. They found out that the fast-

growing Mycobacteria had two copies of the rRNA genes per chromosome, whereas the

slow-growing Mycobacteria had only a single copy of the gene (Bercovier et al., 1986).

Other prokaryotes that are much faster growing than all the Mycobacteria had numerous

copies of the rRNA genes. E. coli has seven copies (Brosius et al.,1981). Bercovier et

al. (1989) hypothesized that the low number of copies of rRNA genes in Mycobacteria

might be one of the reasons that the bacilli grow so much more slowly than other

prokaryotes (Clark-Curtiss, 1990).

The work on certain regions of the M. leprae 16S rRNA sequences shows

significant structural variation from analogous regions in the other mycobacterial
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16SrRNA sequences (Estrada et al., 1988, Sela & Clark-Curtiss, 1990). This emphasizes

that although M. leprae is more like the slow-growing mycobacterial species than it is

like other bacteria, this organism is distinctly different from other Mycobacteria.

1.11.4 Slow growing or pathogenic groups

The term "tubercle bacillus" includes two species of the family

Mycobacteriaceae, order Actinomycetales: M. tuberculosis and M. bovis. Humans beings

are the only reservoir for M. tuberculosis, which is an aerobic, non-spore-forming,

nonmotile bacillus with a high cell wall content of high molecular-weight lipids. Growth

is slow, the generation time being 15 to 20 hours at 37C; and visible colonial growth

takes from three to six weeks on standard media. Runyon (1959) classified these

anonymous Mycobacteria, based on their colonial characteristics on solid media, into

four broad groups: photochromogens, scotochromogens, nonchromogens, and rapid

growers.

The Gram stain characteristics of M. tuberculosis may be described as weakly

Gram positive or Gram null (colorless rods or ghosts). M. tuberculosis grows without

pigment, produces niacin, reduces nitrates, and produces a heat sensitive catalase (Perry

& Staley, 1997).

There are several reasons for endemic pathogenicity of M. tuberculosis in the

general population. It is believed that economic and historical factors have been

responsible, including urban homelessness, intravenous drug abuse (Spence et al., 1993),

gross neglect of tuberculosis control programs, and-most notably-the AIDS epidemic

(Corpe & Stergus, 1963). According to Rook and Hernandez-Pando (1996), "One third

of the world's population is infected. Only about 5 percent of those infected develop



39

active disease during the first few years following exposure, but this represents eight

million new cases each year and three million deaths."

Mycobacterium leprae: More than many other diseases, Leprosy, or Hansen's disease,

has historically been feared and has resulted in great social stigma (Gelber, 1995). M.

leprae, an acid-fast bacillus (AFB), grows best in mice and humans at temperatures

below 37C and hence has a predilection for the cooler areas of the body. M. leprae has

several unique properties: loss of acid-fastness by pyridine extraction (Kubica & Wayne,

1984); presence of DOPA oxidase activity (Wolinsky 1982); and multiplication in the

mouse foot-pad with a doubling time of approximately 12 days (Davidson, 1981).

Recent molecular biological analysis of M. leprae suggests that its genome is only about

one-quarter the size of other bacteria (Corpe & Stergus, 1963), implying the absence of

critical enzymatic pathways that necessitate reliance on host parasitism. Humans and the

nine-banded armadillo, found to date in Texas, Louisiana, Florida and Mexico are the

only known hosts in nature (Meissner, 1981). M. leprae may remain viable outside the

body for several days.

1.11.5 Rapidly growing or nonpathogenic Mycobacteria

Rapidly growing Mycobacteria are acid-fast rods that resemble diphtheroids when

Gram stained. On primary isolation, they may require from two to 30 days for growth.

After primary isolation, they usually grow well in one to three days. M. smegmatis was

the first species to be recognized after the isolation of M. tuberculosis. Although

originally isolated by Bloom in 1884 from syphilitic chancres and gummae and from

normal human genital secretions by Alvarez a year later, no further isolations from this

source have since been reported. It is now recognized primarily as an environmental
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saprophyte. M. smegmatis has recently been shown to be an occasional cause of soft-

tissue and bone infections (Wallace et al., 1988; Newton et al., 1993). Unlike most other

bacteria, the growth curve of the Mycobacteria in liquid medium can be divided into six

phases: lag, acceleration, exponential, arithmetic linear, negative acceleration, and

stationary phases of growth (Youman & Youmans 1954).

Because the Mycobacteria tend to clump, Youmans and Youmans (1954)

proposed a method for determining growth rate whose design circumvents this

complication. The method consists of inoculating a series of tubes containing a liquid

medium with graded amounts of cells (wet weights). The cultures are then incubated and

the time it takes for growth to be visible is recorded. The slope obtained when the time is

plotted against the weight of the inoculant represents the growth rate constant. The

doubling time for Mycobacterium (determined by the mouse footpad method) ranges

from about 2 to 3 hours in M. phlei to several days in M. leprae (Jacobs et al.,1991).

Autolysis occurs during the stationary phase of growth, probably initiated by the

depletion of nutrients in the medium.

Although M. smegmatis can use glucose as a carbon and energy source, it is well

known that glycerol is the preferred oxidizable substrate for growing this organism. The

initial step of glycerol oxidation appears to proceed along two pathways. Either

phosphorylation or oxidation may occur first. It appears that the simultaneous existence

of the two pathways depends on the age of the cultures or the growth conditions (Masood

& Venkitasubramanian 1988).

Pyruvate is a common product in the dissimilation of glucose or glycerol. The

Mycobacteria are strictly aerobic organisms that meet their energy requirements by the
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complete oxidation of pyruvate to carbon dioxide and water. Thus, molecular oxygen

must be available as the final electron acceptor. Like pathogenic Mycobacteria, nearly all

the respiratory components of these organisms are membrane bound, and three distinct

respiratory chains have been described (Masood & Venkitasubramanian 1988).

M. smegmatis cells grown in shaker cultures were found to have higher

pyrimidine enzyme levels than cells grown in stationary culture. The activity was highest

at the-mid-log phase of growth during both surface and shaker cultures, suggesting that

the cells were metabolically most active at this stage of growth. Replacement of glycerol

by glucose or fructose slightly increased the activity of CPSase and ATCase (Masood &

Venkitasubramanian, 1988).

1.12 Burkholderia cepacia.

The genus Burkholderia was named after W. H. Burkholder the American bacteriologist

who first discovered the etiologic agent of rotten onions. Strain ATCC 17759 was first

isolated from soil and was initially classified as the type strain of Pseudomonas

multivorans. In 1894, Migula named Pseudomonas and described the species associated

with the genus in 1895. Gradually, Gram positive fermenters or peritrichous flagellates

were removed from the genus and subsequently reclassified as P. cepacia (Ballard et al.,

1970). More recently, Yabuuchi et al. (1992) classified these microorganisms as a new

genus Burkholderia, based on their 16S rRNA sequences and phenotypic characteristics

(Lessie et al., 1996). These microorganisms formerly were under the Pseudomonas genus

in the y-subclass of the Proteobacteria (Palleroni, 1992). But recently have been assigned

to the f$-subclass, based on the gene sequence analysis and currently, based on the 16S

rRNA sequences, DNA-DNA homology values, cellular lipid, fatty acid composition, and
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phenotypic characteristics. Burkholderia consists of seven species and is separate from

the Pseudomonas genus (Yabuuchi et al., 1992). The seven species in this group that

were transferred to the new genus include B. cepacia (Palloroni & Holmes, 1981), B.

mallei (Yabuuchi et al., 1992), B. pseudomallei (Yabuuchi et al., 1992).), B. caryophylli

(Burkholder, 1942), B. gladioli (Yabuuchi et al., 1992). B. pickettii (Ralston et al.,

1973), and B. solanacearum (Smith, 1896).

1.12.1 Phenotypic characteristics

B. cepacia, which is a common soil, water, and plant surface microorganism

(McArthur et al., 1988), has attracted attention for its extraordinary degradative abilities,

its potential as a pathogen for plants and for humans, and as a cause of food spoilage

(Burkholder, 1959). B. cepacia has been the focus of plant pathologists, who have shown

it to be an effective biocontrol agent against soilborne (McLaughlin, 1992; King, 1993)

and foliar diseases (Joy et al., 1994). Many strains of B. cepacia produce one or more

antibiotic active against a broad range of plant pathogenic fungi (Roitman, 1990; Rosales,

et al., 1995). Three B. cepacia types are registered by the U. S.EPA for use as pesticides

(biological control agents). Yet some scientists are concerned about the use of B. cepacia

for biocontrol because these organisms are opportunistic human pathogens. Nosocomial

infections such as septicemia, meningitis, endocarditis, pneumonia, and urinary tract

infections are caused by B. cepacia. The organism can survive in distilled water,

disinfectants, aerosol polymixin, detergent solution, humidifiers, urinary catheter kits,

baby lotion, and flower vases (Linscott 1997). B. cepacia is a significant pathogen in

cystic fibrosis (CF) disease, which can cause a fatal respiratory pneumonia that results in

a 50 percent patient death rate. It is difficult to isolate this organism in a common
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medium, because it is slow growing and is usually overgrown by other Pseudomonas

species. However, as Pseudomonas species are susceptible to polymyxin B but B.

cepacia is resistant, the latter can be isolated by adding polymixin B, supplemented with

other inhibitory substances, to the agar medium, thus inhibiting the growth of other

bacteria in a clinical sample. Currently, there is a specific medium in the market for B.

cepacia called PC medium (Gilligan & Schidlow 1984).

B. cepacia has also been identified as a cause in patients with chronic

granulatomous disease and in those requiring mechanical ventilation. Overuse of

antibiotic treatment has been compounded by B. cepacia's resistance to multiple

antibiotics (Govan et al., 1996).

Burkholderia species are Gram negative, non-fermentative, motile rods, except B.

mallei and B. solanacearum, which are non-motile. B. cepacia, B. pseudomallei, B.

caryophylli, and B. gladiolii are motile with polar tufts of flagella. B. pickettii is motile

with a polar monotrichous flagellum. Although no fluorescent pigment has been

observed, various yellow, brown, and red varieties have been seen. The fact that

Burkholderia can produce oxidative acidity from two to eight carbohydrates distinguishes

it from Pseudomonas. Production of an intense green metallic sheen on EMB glucose

indicator plates is related to the presence of high levels of a constitutively formed glucose

dehydrogenase. Unlike most Pseudomonas species, which are oxidase positive, P.

cepacia is oxidase variable. Several cell wall chemical differences can be seen in P.

cepacia as compared to the other Pseudomonas species. The major components of the P.

cepacia are myristric, 3-hydoxymyristic, and 3-hydroxypalmitic acid, which are not seen

with other Pseudomonas species. Also Ballard et al. (1970) showed that B. cepacia is
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able to use 147 substrates as carbon and energy source. The G+C percent content in B.

cepacia is 66. 6; in B. gladiolii, 67. 9 (Yabuuchi, 1992).

Palleroni and Holmes (1981) described B. cepacia as characterized by lysine

decarboxylase activity and oxidative acid production from several disaccharides and

polyalcohols. Although slow and weak, oxidase activity was positive. B. gladiolii,

which is difficult to obtain (Bergey's Manual, 1984), oxidizes dissacharides and

polyalcohols and assimilates many kinds of organic acids and amino acids.

Based on DNA and rRNA homology studies, P. cepacia was originally placed in

RNA homology group II by Palleroni. All members of this group are now under

Burkholderia (Yabuuchi et al., 1992). The ability to colonize both plant and animal

tissues makes B. cepacia an interesting subject for studies (Cheng & Lessie, 1994). DNA

studies of this organism show that the B. cepacia genome contains multiple

chromosomes. The genome of this bacterium contains a large number of insertion

sequences (Lessie & Gaffney, 1986; Lessie et al., 1990), which were identified on the

basis of their ability to promote genomic rearrangements (Barsomian & Lessie 1986;

Gaffney & Lessie 1987) and to activate the expression of neighboring genes that use

foreign genes for novel catabolic functions (Haughland et al., 1990; Scordilis et al., 1987;

Wood et al., 1990). Different isolated B. cepacia contain between two and four

chromosomes with overall genome sizes in the range of about 5 to 9 Mb. Most

Burkholderia-for example, strain ATCC 17616-contain three circular chromosomes

(3. 4, 2. 5, and 0. 9 Mb) and a 170 kb cryptic plasmid (Gaffney & Lessie, 1987). These

criteria have led to the investigation of the pyrimidine pathway in more detail for B.

cepacia and continuing Linscott's 1997 work.
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1.13 Cyanobacteria

The Cyanobacteria are one of the largest sub-groups of Gram negative

prokaryotes. The classification of these organisms was developed by physiologists.

Almost 150 genera and well over 1000 species have been described. In the recent

taxonomic review of two genera of unicellular Cyanobacteria, Synechococcus and

Synechocystis, KoMarek (1976) accepts as valid 39 species in the former genus and 17 in

the latter. The species are distinguished by the shape of the cell (rod-shaped in

Synechococcus, spherical in Synechocystis) and-because the dimensions vary with

culture conditions-sometimes supplemented by information about habitat. The major

factors that influence the growth of cyanobacteria are light, temperature, and the chemical

composition of the suspending medium. All strains grow under photoautotrophic

conditions in their specific media. All strains fix nitrogen aerobically, marine

cyanobacteria require Na+, Cl~, Mg2+ and Ca2+, and most need Mn2 + in their media (some

also need B12). Growth of cyanobacteria is limited by phosphate rather than by nitrate

concentration (Rosenberg, 1985). The phosphate/nitrate ratio is important only if

nutrients are scarce (NRA, 1990). Nearly all cyanobacteria grow better on solid media

where they are viable for longer periods. (All cyanobacteria except the strain of thermal

origin-37 C-are incubated at 25*C). Cultures of cyanobacteria should never be stored

in the refrigerator, because many of them die when placed at 0*C to 4C. The substrates

that they can grow on are glucose, fructose, sucrose, ribose, glycerol, acetate, and

glycollate; however, acetate and glycollate do not support photoheterophic growth of any

strain.
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Cyanobacteria are unicellular organisms that reproduce either by binary fission or

by budding. Cells are single or form colonial aggregates, held together by additional

outer cell wall layers (but never as a chain). Unicellular cyanobacteria with cylindrical to

ovoid cells that reproduce by binary transferse fiussion are placed in three genera:

Synechococcus, Gloeothece, and Gloeobacter.

1.13.1 Synechocystis

Unicellular cyanobacteria with spherical cells that divide successively in

more than one plane are placed in the genus Synechocystis. The genus Synechocystis is

distinguishable from the other spherically shaped organisms by the failure to produce

aggregates. The majority of Synechocystis strains were originally described by Stanier &

Cohen-Bazire (1971). Strains of Synechocystis are found in two sub-groups based on

their DNA composition at 35-37 and 42-48 mol percent G+C (Stanier & Cohen-Bazire

1971; Herdman et .al, 1979). Strains with low G+C content are obligate photoautotrophs,

whereas most strains with high G+C content are facultative photohetrotrophs.

Synechocystis species contains two genes encoding two different types of

glutamine synthetases (GS), glnA and glnN. Gln A encodes for a typical prokaryotic GS

type I while glnN encodes a GS type III different in amino acid sequence from

prokaryotic GSI and eukaryotic GSII.

The entire sequence of the Synechocystis genome is known and the genome has been

shown to contain pyrB, pyrC', and a separate pyrC gene. Analysis of the DNA sequence

of Synechocystis also revealed a smaller, E. coli-like DHOase.

Synechococcus has a wide range of 39-71 percent G+C (Stanier & Cohen-Bazire 1971;

Herdman et al., 1979), which may be divided into three compositional sub-groups with
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the following mole percent G+C spans of 39-43, 47-56 and 66-71. Yet the presence of an

open-reading frame coding for a protein with high homology with the inactive DHOase

from P. putida has piqued interest in these organisms, it was important to examine the'

ATCase in these two genera, and also in the alga Agmonellum especially due to their

relevance in bacterial evolution.
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CHAPTER 2

METHODS

2.1 Origin and storage of bacterial strains

The bacterial strains used in this study are listed in Table 5. Among them are

Mycobacterium smegmatis and M. phlei. The former was from the Department stock

culture collection, whereas the latter was from the American Type Culture Collection

(ATCC) of Manassas, Virginia. For long-term storage, the bacteria were maintained at

room temperature after growth on nutrient agar and NaCl (11lg nutrient agar, 5 g NaCl in

one liter ddH2O). When needed, plates were streaked and incubated at 37C for three

days. Bacteria needed for short-term usage were streaked on agar plates and kept at 4C.

Working strains prepared and stored in this manner remained viable for approximately

three to four weeks.

2.1.2. Media and growth conditions for Mycobacterium.

Both M. smegmatis and M. phlei were grown on tryptic soy broth (TSB) at 37C

for approximately two days.. Cultures were shaken vigorously on an orbital shaker at 200

rpm, in E. coli minimal medium (10.5 g K2HPO4 , 4.5 g KHPO4 , 1.0 g(NH 4 )2SO4, 0.5 g

NaCitrate, add 1 ml 1 M MgSO4 , 1 ml 1000 X B1 and 0.2% glycerol, made to one liter

with ddH2 O). Middlebrook medium was also used, modified to contain ammonium

sulfate instead of zinc, for evaluating the role of zinc in the enzyme.
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Table 5. List of bacteria used in this study and their growth conditions

Organism Media and Growth Strain # Source

Conditions

Agmonellum Artificial seawater, 26C UTEX # 2268 Culture

quadruplicatum collection of

algae UT-

Austin

Burkholderia cepacia Pseudomonas minimal ATCC# 25416

medium 37*C

Burkholderia gladiolii Pseudomonas minimal ATCC# 10248

medium 37C

Campylobacter jejuni Chocolate agar 37C Children's

Hospital, Dallas

Clostridium Thioglycollate medium ATCC# 3584

sporogenes 37*C

Clostridium sp. Thioglycollate medium UNT Stock

37*C culture

collection

Escherichia coli TB2 E. coli minimal medium W. D. Roof

with ampicillin

Escherichia coli 1104 E. coli minimum medium UNT stock

37C culture

Escherichia coli K12 E. coli minimum medium B.

37C BACHMANN

Escherichia coli Luria-Bertani medium

NM522 37C

Escherichia coli NP66 Luria-Bertani medium



37 C

Haemophilus Chocolate agar 37 C Children's Clinical

influenzae Hospital, Dallas isolate

Haemophilus Chocolate agar 37 C Children's Clinical

parainfluenzae Hospital, Dallas isolate

Pseudomonas B.W. Holloway Wild type

aeruginosa PAOI

Pseudomonas Pseudomonas minimal T. P West pyrB~, pyrC+

fluorescens 1012 medium 30 C

Pseudomonas Pseudomonas minimal T. P West PyrB+, pyrC

fluorescens 1013 medium 30 C

Mycobacterium Nutrient broth 37 C UNT stock

smegmatis culture

collection

Mycobacterium phlei Nutrient broth 37 C ATCC# 92-20

Synechococcus sp. ATCC medium #616 25 C ATCC# 27144

Synechocystis sp. ATCC medium #616 25*C ATCC# 27184

50

I
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2.1.3. Harvesting of Mycobacterial cultures

Both strains, M. smegmatis and M. phlei, were first inoculated into 50 ml of

tryptic soy broth and incubated with shaking at 37C. After two days, 5 to 10 ml of this

starter culture were added to 2 liters TSB. After 36 to 38 hours of growth, the cells were

harvested by centrifugation at 8000 xg for 30 minutes at 4C in a Sorvall RC5C

centrifuge with a SA600 rotor. The supernatant was decanted, and the pellet was washed

with HEPES Buffer (2.38 g HEPES, 500 ml ddH2O, pH 7.4) to remove the remaining

TSB and recentrifuged. Each pellet was weighed to determine wet cell yield. Pellets

were used immediately or stored in a 50 ml conical tube at -20*C until needed. Two liters

of 36 hours cultures typically gave around 17 to 20 g pellet.

2.2.1. Origin and storage of B. cepacia strains

B. cepacia strain 25416 was obtained from the American Type Culture Collection

(Manassas, VA). For long term storage, the bacteria either were maintained at room

temperature after growth on nutrient agar/NaCl, as for Mycobacterium, or the bacteria

were stored frozen at -85 C in Luria Bertani broth (LB) (Difco Laboratories)

supplemented with 8% DMSO (Sigma Chemicals).

When needed, plates were streaked and incubated at 37C. Cultures were grown

in LB broth with shaking at 200 rpm at 37C or in LB plates containing 1.5% agar

(Difco). Tryptic soy agar was sometimes used for plating the organisms. Transformants

were plated on minimal medium containing ampicillin (50 gg/ml). Working strains

prepared and stored in this manner remained viable for approximately three to four days.

E. coli NM522, E. coli NP66, and E. coli TB2 (arg, pyrB~, pyrE) were also used for

cloning the pyrB gene from B. cepacia.
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2.2.2 Media and growth conditions for B. cepacia.

B. cepacia was grown on tryptic soy broth and incubated at 370*C for

approximately 20 hours or until its optical density (OD) at 600 nm reached approximately

0.5. Cultures were shaken vigorously in an orbital shaker at 200 rpm in Pseudomonas

minimal medium, (50 ml of 0.5 M Na2HPO4 , 50 ml of 0.5 M KH2PO4, 20 ml of 10% 1 M

(NH4 )2SO4 , 20 ml concentrated base, and 20% dextrose, ddH2O added to one liter). One

liter of stock concentrated base used for Pseudomonas minimal medium was prepared by

dissolving 20 g nitrilotriacetic acid in 600 ml ddH2O and neutralizing it with 14.6 g

KOH. All components were completely dissolved before adding the next ingredient,

which must be added in the given order. 28.9 g MgSO4 anhydrous, 6.67 g CaCl2 .7H20,

and 100 ml Metals 44 (recipe below) were added to the nitriacetic acid solution, and the

pH was adjusted to 6.8 before bringing the solution up to a volume of one liter (the .

solution should be a light yellow color). The concentrated base can either be autoclaved

or overlaid with toluene for long-term storage at 4C. One liter of Metals 44 solution was

prepared by dissolving the following ingredients in the given order. To 800 ml ddH2O

add 2.5 g EDTA, 10.95 g Zn SO4 , 7H20, 5.0 gFe SO4 .7H2 0, 1.54 g Mn SO4 .H2 0, 392.0

mg CuSO4 5H20, Co (NL3)2.6 H20, and 177.0 mg Na2B4O 7.10H 20. The solution should

be brought to one liter volume with ddH2O and have a lime green appearance. A few

drops concentrated H2 SO4 is added to the solution to prevent precipitation. This medium

can be stored indefinitely at room temperature.

2.3. Media and growth conditions for other bacteria

Three different organisms from this group were studied: Synechococcus species,

Synechocystis species, and Agmonellum quadruplicatum. Growth conditions for the three
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organisms were almost the same: temperature 26C and fluorescent light at 2000 to 3000

Lux. But the media for growth were different. Each was initially inoculated into 5 to 10

ml of its specific medium, then this culture was added to 500 to 1000 ml of the

appropriate medium. For Synechococcus and Synechocystis, 30 liters of ATCC616

medium BG-11 for cyanobacteria was used. For Agmonellum, 30 liters of artificial sea

water, a modification of Brand's medium (Culture collection of alge UT Austin) 18 g

NaCl, 24.4 g MgSO4 -7H20, 6.0 g KC,10.0 g NaNO 3 , 3.0 g CaCl2 -2 H20, 0.5 g KH2 PO4 ,

10.0 g Tris buffer, 2.67 g NH4 Cl, 15.0 x 10.6 g Vitamin B12, 10 ml (PI) metal solution, 3

ml chelated iron solution, adjusted to pH 8.08 with 10% HCl, (PI metal solution: 3.426 g

H3BO 3, 1.1215 mg CoCl2 -6H20, 0.432 mg MnCl2 -4H20, 31.5 mg ZnCl2, 1.0 ml

concentrated H2SO4 , 31.19 mg (NH4 )6Mo7O 24 -4H20, added to 999 ml dd H20, and

chelated iron solution, (10 g Na2EDTA added to 500 ml hot water, dissolve 0.81g

FeCl3-6H2O in 500 ml of 0.1 N HCl, and slowly added to the hot EDTA solution, cooled

before use).

After one to two weeks of incubation, the cells were harvested by centrifugation

at 6000xg for 10 minutes and the pellets washed as described previously by HEPES

buffer to remove the medium. Cells were broken three times with a French press at 2000

pounds per square inch (psi), then a procedure identical to that will describe for other

bacteria was followed. From these photosyntethic organisms-namely, Synechococcus,

Synechocystis, and Agmonellum, Synechocystis species was chosen for partial purification

and study of its ATCase.

All bacteria were grown in appropriate liquid medium. The identity of each

species was confirmed by a combination of colony characteristics, cell morphology,
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Gram staining, and diagnostic biochemical tests. All bacteria were grown at appropriate

temperature and in the correct medium until the OD at 600 nm was approximately 0.6 to

0.7 -usually overnight, except for the photosynthetic bacteria, which typically took one

to two weeks. All cells were harvested by centrifugation at 6000 x g for 10 minutes, using

a GS3 rotor in a J2-22 centrifuge (Beckman Instruments, Palo Alto, California), and were

treated in the manner described for Mycobacterium smegmatis.

2.4. Preparation of cell extracts

At each step, pellets were resuspended in 3 ml of ATCase breaking buffer for

each gram of wet weight (50 mM Tris. 20 mM (3-mercaptoethanol and 20 mM ZnSO4

20% w/v glycerol; the glycerol was used to protect the enzyme during purification).

Subsequently, the cells were broken by passage through a French press at 2000 pounds

per square inch. The broken cell mixture was then centrifuged at 16000 x g for one hour

at 4C in a Sorvall RC5 Centrifuge with a SA600 rotor to remove unbroken cells and

cellular debris. Typically, the supernatant was then transferred to a 50 ml conical tube to

be used immediately or stored at 4C until needed.

2.5. Purification of the enzyme

Several steps were utilized for partial purification of the enzyme-all performed

at 4 C. First, a streptomycin sulfate solution was prepared by mixing 10% (w/v)

streptomycin sulfate in 1 M phosphate buffer (K2HPO 4, KH2 PO4 and pH 7.5), using the

procedure developed by Adair and Jones (1972). Two ml of 10% streptomycin sulfate

solution was added slowly to one ml of cell extract. Precipitate was removed after

stirring slowly for two to three hours, by centrifugation for 30 minutes at 16000 x g. A

0.5 ml sample of the supernatant was removed for later assays and protein analysis. The
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remaining supernatant was measured and used in the next purification step, ammonium

sulfate fractionation.

The first step performed in ammonium sulfate fractionation involved

determination of the correct percent saturation for precipitation of the desired protein. To

determine the correct percent saturation, a 20% final concentration was first used, being

stirred slowly for one hour. The cell extract, after the treatment by ammonium sulfate,

was centrifuged for 30 minutes at 16000 xg. A 0.5 ml portion of the sample was

removed for later ATCase and protein assays. The pellet that remained after the

supernatant was removed was then resuspended in 0.1 ml of ATCase breaking buffer.

This was also saved for ATCase assay.

The procedures described above were repeated for solutions saturated at 30%,

40%, 45%, 50%, 55%, 60%, and 65% levels. Each time, an ATCase assay was

performed on the supernatant and pellet samples to determine the fraction in which

ATCase was most active. The highest amount of ATCase activity was found in the pellet

from the 55% ammonium sulfate cut for Mycobactria and 45% for the rest of bacteria..

(At 20% the highest ATCase activity was found in the supernatant). Thus, the percentage

to be used with future batches of M. smegmatis was empirically determined. The

enzyme sample in the 55% concentration was stirred for four hours and centrifuged for

one hour at 16000 xg. The pellet was then suspended in at least 2 ml of ATCase breaking

buffer. The resuspended sample was stored at 4*C for later steps.

The next step in the purification process involved passage of the ammonium

sulfate treated cell extract over a Pharmacia XK26 (70 cm x 25 mm) column containing

Sephacryl 300 S (size exclusion matrix). The column buffer consisted of 10 mM Tris,
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pH 8.2, 1 mM EDTA, 20 mM zinc acetate, 0.5 mM p-mercaptoethanol, and 150 mM

potassium acetate. A tracking dye of 100 mg blue dextran in 2 ml ddH2O was loaded

onto the column, which was followed by loading a 3 ml sample onto the column, when

the blue dye reached almost to the end of the column. At this point, fractions (3 ml) were

collected at 60 drops each, using a Bromma 2212 Helirac fraction collector. Each

fraction was assayed for ATCase and DHOase activity. The tubes having the highest

ATCase and DHOase activity were then used for further purification. Pooled positive

assayed tubes for ATCase and DHOase were concentrated using a Centriprep-30

concentrator (Amicon, Inc., Beverly, MA) by centrifugation at 3000 xg for 15 minutes at

4 C. The filtrate was discarded and centrifugation repeated three times until

approximately 2 ml remained. This was saved for the next step of purification.

The next step in the purification process involved the use of DEAE (diethyl

aminoethyl) 2.5 cm x 25 cm ion exchange column chromatography. DEAE is a

macroporous bead-formed cellulose ion exchanger produced from high purity

microcrystalline cellulose. The column was developed using breaking buffer (Tris HCl

20 mM, pH 8.2, Zn* acetate 20 M) proteins were eluted using a linear gradient from 0

mM NaCl to 1000 mM NaCl with 2 ml fractions collected for 3 column volumes.

ATCase activity eluted between 250-300 mM NaCl. A tracking dye of 10 mg blue

dextran and 2 ml ddH2O was loaded into the column. This was followed by loading a 1

ml concentrated sample onto the DEAE column using a peristaltic pump and collecting 5

ml fractions, using a fraction collector. Each fraction was then assayed for ATCase and

DHOase activity. The tubes with highest activity were pooled and then used for further

purification. The positive fractions were concentrated as before and transferred onto a
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mono Q (hydroxypropyl diethyl aminoethyl [quaternary]) column-which is similar to

DEAE, but with a strong anion exchange group-using the same buffer and gradient as

used for DEAE. The ATCase positive fractions were concentrated and the sample was

then applied to an HIC (Hydrophobic Interaction Chromatography) column. HIC is a

prepacked 1 ml column. Separation of molecules by the HIC column is based on weak

interaction (hydrogen bonding and van der Waals forces). ATCase breaking buffer was

used as a base solution with a decreasing linear gradient from 1 M to 0 mM ammonium

sulfate. ATCase activity and total protein concentration by Lowry et al. (1951) from

each step of the purification were determined and used to calculate ATCase specific

activity, fold purification, and yield.

2.6. High performance liquid chromatography ion-exchange

The concentrated sample was loaded on a Waters Protein-pak Q 8HR AP Mini

(5mm X 50 mm) ion-exchange column. The initial buffer (Buffer A) was 20 mM Tris-

HCl, which had been filtered and degassed. The flow rate was 1 ml min. A linear

gradient was applied over 40.min to go from 100% Buffer A to a 25%:75% mixture with

Buffer B, which was 20 mM Tris-HCl , pH 8.2 and 1 M KCl. During the gradient

change, 0.5 ml fractions were collected. Samples were stored at 25C. Each fraction was

assayed for both ATCase and DHOase activity. The positive fractions were used for.

SDS-PAGE gel. This column was especially used for purifying the DHOase from

Pseudomonasfluorescens.

2. 7. Determination of optimum pH

The optimum pH for each ATCase was determined. Results for each pH assay are

presented as a percentage of the maximal absorbance at 466 nm. Based on this
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determination, pH 9.0 was chosen for ATCase assays for Mycobacterium and

Burkholderia species of bacteria. The optimum pH for ATCase in M. smegmatis was first

determined by assaying ATCase activity with pH varied from 6.5 to 10.0 ( 6.5, 7.0, 7.5,

8.0, 8.5, 9.0, 9.5, 10.0).

2. 8. ATCase assay

Cell extracts or fractions from each purification step were assayed for ATCase

activity by using the ATCase breaking buffer (described above). ATCase activity was

assayed according to the method of Gerhart and Pardee (1962) with modification using

the color development procedure of Prescott and Jones (1969). In this assay the amount

of carbamoyl aspartate (CAA) produced at 30C was measured. The optimum pH for

ATCase in M. smegmatis was 9.0. All subsequent assays were done at this optimum pH.

Assays were performed to determine the Km for aspartate (Kmasp) and for

carbamoylphosphate (Kmqp). For determination of Kmasp, the assay tubes contained the

following reagents in a final volume of 1 ml: 1 mM to 30 mM potassium aspartate at pH

9.0, 40 gi cell extract, 100 i dilithium carbamoylphosphate (8 mg ml 1), and 40 i Tri-

buffer (Ellis & Morrison, 1982). The stock solution contains 0.051 M diethanolamine,

0.051 M N-ethylmorphline, and 0.1 M MES 2-[N-Morphplino]ethanesulfonic acid,

adjusted to pH 9.0) and ddH2O added to make a volume of 1 ml. For determination of

Kmep, the same reagents were used, except that the potassium aspartate concentration was

20 mM for all tubes and the carbamoylphosphate was varied from 0.081 mM to 5.2 mM.

In both determinations, effector response was examined by the addition of ATP, CTP,

UTP, or UMP to the assay tubes at a final concentration of 1 mM. Final concentrations
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of each effector varying from 0.01 pM to 1 mM were added to the assay mixture and the

activity of ATCase measured.

ATCase assay.tubes were prepared in advance, without addition of

carbamoylphosphate, and preincubated at 30C for three to five minutes. The reaction

was initiated by addition of 100 l of carbamoylphosphate (8 mg mlV') for the aspartate

curve and, for the carbamoylphosphate curve, by adding 100 RI of carbamoylphosphate

of different concentrations (0.081 mM to 5.2 mM). After 20 minutes, 1 ml of the color

mix was pipetted into the reaction tubes. The color mix contained two parts of 5 mg ml~1

antipyrine in 50% (v/v) sulfuric acid and 1 part of 8 mg ml~1 2,3-butanedione monoxime

in 5% (v/v) acetic acid.

Color was developed by incubating the tubes in a 65 C water bath with the tubes

exposed to the light of the room and capped by marbles to limit evaporation. After two

hours of incubation, the absorbance was read in a Beckman DU-40 spectrophotometer at

a wavelength of 466 nm. As M. smegmatis extract has some residual color, the

background reading was determined in tubes containing all reagents except the substrate,

carbamoylphosphate. The blank reading was determined by using all reagents except the

cell extract.

The nm CAA was determined using a CAA standard curve. The standard curve

was prepared using known concentrations of CAA ranging from 50 to 500 nm in the

standard assay reaction mix and under the same color development conditions (Fig. 6).

The kinetic curves were generated by plotting the velocity of the enzyme (nm CAA min

1) versus the concentration of aspartate or carbamoylphosphate. By using Lineweaver-
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Burk plots (1/velocity versus 1/substrate), the Kmasp and the Kmcp were determined from

the intercepts of the X-axis.

When checking the fraction sample for the ATCase assay, the volume of the

sample used was typically 50 to 100 i, adjusted with the water to achieve a final reaction

volume of 1 ml. The aspartate concentration was 10 mM for all such samples, and the

reaction time was 20 minutes. Tubes in which the reaction was stopped were with mixed

acid and typically incubated for two hours at 65 C.

Fig.6 Carbamoyl aspartate (CAA) Standard curve
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2.9. Dihydroorotase assay.

DHOase activity can be assay in either direction. DHOase was assayed in the

degradative direction. The DHOase assay tubes contained in1 ml volume, 1 mM EDTA,

50 jl fraction sample, 100 mM Tris, pH8.6, and ddH2O, to which 100 jl of 20 mM

dihydroorotate (DHO) in 0.1 M phosphate buffer, pH 7.5 (as described by Prescott and

Jones, 1969) were added to start the reaction after incubating the tubes at the 30C for 10

minutes. A blank containing all reactants but no enzyme was prepared for each assay.

After incubation at 30C for 20 minutes, 1 ml of color mix (the same as used for ATCase

assay) was added directly to the assay tubes. These tubes were incubated at 65*C for two

hours and then the absorbance was read at 466 nm.

2.10. Protein concentration determination

The protein concentration was estimated using the method of Lowry et al. (1951).

A standard curve was produced by using bovine serum albumin (BSA) at a concentration

of 0 to 100 jg, which was divided into 11 tubes at 10 gig increments, so that the 0 jg tube

had only 200 l ddH2 O, whereas the 10 jg tube contained 190 l ddH2O and 10 l 0.1%

BSA (100 l of 1% desiccated BSA in water diluted in 900 l ddH2O yields a 1-g ml'

solution of BSA).

The rest of the tubes used in the standard curve were set up in the same manner.

Three different volumes (5 jl, 10 jl, and 20 l) of the unknown sample were added and

brought up to 200 jl total volume with ddH2O. Also added 800 jl alkaline copper

reagent (0.5 ml 2% sodium-potassium tartrate and 0.5 ml 1% copper sulfate mixed

together before adding 49 ml of 2% sodium carbonate in 0.1 N sodium hydroxide). The

tubes were allowed to stand at room temperature for 10 minutes. Folin reagent (100 jl, 2
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N commercial preparation diluted 1:1 with ddH2O) was added to all tubes while they

were mixed in a vortex mixer. After incubating at room temperature for 30 minutes, the

absorbance was read at 660 nm. The concentration of BSA was plotted against the

absorbancy to determine a standard curve.

A standard curve was made to determine the amount of protein formed during

different stage of purifiction for aspartate transcarbamoylase (ATCase) and

dihydroorotase (DHOase) activities (Fig. 7). Each point in the standard curve represents

the average of at least three readings. The line was drawn using the least squares fit, and

the line equation was used to determine mg protein from absorbance at 660 nm reading.
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2.11 Nondenaturing polyacrylamide activity gels.

The sonicate or French press cell extract or "fractionate" from each column was

prepared as described for the ATCase activity assay. Samples of 20 1 of enzyme were

mixed with 5 pl of 5X loading buffer (312.5 mM Tris, 50% v/v glycerol, and 0.05% w/v

bromophenol blue in ddH2O). A nondenaturing polyacrylamide gel with a 5% stacking

gel and an 8% separating gel were prepared, and a 25- 1 sample was loaded onto the

prepared gel. The gel was electrophoresed in a Bio-Rad Mini-Protean I I cell at 150 V

for one hour at 4C. The gel was prepared by first pouring the separation gel, which

contained 2.67 ml of the stock solution of acrylamide (30% w/v acrylamide and 1% w/v

bis-acrylamide in ddH2 O), 2.5 ml of Buffer B (1.5 M Tris-HCl, pH 8 8), and 4.83 ml of

ddH2O. Ammonium persulfate (0.02 g) was added to the mixture to remove dissolved

oxygen. Just prior to pouring the gel, 5 1 of N, N, N',N'-tetramethylenediamine

(TEMED) was added and mixed in by gentle inversion. When pouring to the gel

apparatus, 2 cm were left on the top, covered with a layer of N-butanol to prevent drying.

The gel was allowed to polymerize at room temperature for approximately one hour.

After the gel polymerized, butanol was poured off and washed two times. Then

the stacking solution, containing 0.67 ml of 30% acrylamide, 1 ml of buffer C (0.5 M

Tris, pH 6.8) and 2.3 ml ddH2O, ammonium persulfate (0.01g) and TEMED (5 pl) were

added. A comb was inserted to the stacking part to form a well, and the gel was allowed

to polymerize for 30 minutes. The running buffer contained 25 mM Tris and 192 mM

glycine in ddH2O. To determine the molecular mass of the sample, a 4 to 20% Bio-Rad

polyacrylamide precast gradient gel was used. This gel was run at 4"C for three hours at

150 V with the same running buffer. The molecular mass standards for this gel were E.
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coli K12 holoenzyme at 300 kDa and catalytic trimer at 100 kDa, and P. aeruginosa

ATCase at 480 kDa.

The gels were stained specifically for ATCase activity by the procedure of

Bothwell (1975) as modified by Kedzie (1987) who used histidine instead of imidazole in

the buffer. After electrophoresis was completed the plates were separated and the gel

was placed in 250 ml 50 mM histidine, pH 7.0, at room temperature for approximately

five minutes on a shaker. Then 5 ml of 1 M aspartate and 10 ml of 0.1 M

carbamoylphosphate were added and allowed to gently shake for 20 minutes. The gel

was rinsed three times with ice-cold water to remove the reactants. By addition of 3 mM

lead nitrate in ice-cold 50 mM histidine, pH 7.0, trapped orthophosphate was released

enzymatically. After 10 minutes, the lead nitrate was removed by washing three times

with ice-cold water. Visible white bands showed the ATCase activity at the site of lead

phosphate precipitation. Cooling overnight at 4C increased the visibility of the band.

For better visibility, the gel was stained with 1% sodium sulfate for three to five minutes;

the band then appeared brown in color. The gel was then washed with ddH2O to remove

the background.

To retain the gel in a permanent form, they were preserved by drying between two

sheets of Promega gel drying film while suspended in a Promega gel drying frame. After

placing in the apparatus, they were allowed to dry at room temperature overnight. The

dried gel was removed from the frame and excess drying film removed from the edges

with scissors. Thus treated, the dried gel could be stored indefinitely.
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2.12. Electroelution of ATCase band

A large 6% nondenaturing polyacrylamide running gel was prepared (leaving 2

cm), either.by using an inverted comb or by again pouring butanol to create a single long

well. One ml of sample was mixed with 250 l 5X nondenaturing loading dye and

loaded into the large well. The gel then was electrophoresed at 4C for nine hours at 150

V. The gel was stained for ATCase activity as described before. The visualized bands

were cut out with a razor blade, chopped into small pieces, and placed into a small piece

of dialysis tubing tied into a bag (MWCO 10,000 Da). One ml of running buffer was

added to the dialysis bag, which was then electroeluted at 200 V for two hours. The

running buffer was changed and electroelution was continued for eight more hours at 100

V. A plastic pipette was used to remove the electroeluted ATCase from the dialysis bag.

The sample then was concentrated, using the Microcon-10 microconcentrators. A

maximum volume of 0.5 ml was pipetted into the sample reservoir. The sample was

centrifuged at 4C for 15 minutes at 14000 xg. The sample reservoir was removed and

inverted onto another microcentrifuge vial, then centrifuged again for 10 minutes at 1000

xg. This procedure was repeated for each band separately. The concentrated elute was

then used for further study.

2.13 Sodium dodecyl sulfate denaturing polyacrylamide gel electrophoresis

A 12% denaturing SDS polyacrylamide gel with a 5% stacking gel was

electrophoresed to determine ATCase polypeptide molecular weights. A 12% SDS was

prepared by mixing 4 ml acrylamide stock solution (30% acrylamide and 1% w/v bis-

acrylamide in ddH2O), 2.5 ml denaturing buffer B (1.5 M Tris-HCl, pH 8.8, 0.4% w/v

SDS in ddH2 o), and 3.5 ml of ddH2O. 0.02 g of ammonium persulfate was then added to
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the mixture. Just prior to pouring, 5 i TEMED was added and mixed into the solution.

The gel was poured into a mold, leaving 2 cm at the top for the stacking gel. N-butanol

was added to prevent drying, and the gel was allowed to polymerize at room temperature

for one hour. After polymerization, the butanol was decanted and the top of the gel

washed twice. The stacking gel was then added, which contained 0.67 ml of the 30%

acrylamide, 1 ml of Buffer C (0.5 M Tris, pH6.8), and 2.3 ml ddH2O. Ammonium

persulfate (0.01 g) and TEMED (5 1) were added. A comb was inserted to the stacking

gel to form wells, and the gel was allowed to polymerize for 30 min. The gel was

electrophoresed in a Bio-Rad Mini-Protean I I at 200 V for one hour at 4C. The SDS

running buffer contained 25 mM Tris and 192 mM glycine and 0.1% w/v SDS in ddH2O.

20 pl of the sample with the 4 1 of 5X loading dye (60 mM Tris-HCl, 25% v/v glycerol,

2% w/v SDS, 14.4 mM f-mercaptoethanol, and 0.1% w/v bromophenol blue) was

prepared in a sterile microcentrifuge tube. The protein standard used was the Promega

mid-range protein markers, pre-mixed in loading dye (5 l). The samples, including the

standard, were then placed in a boiling water bath for five minutes. After cooling,

samples were loaded onto the gel.

After running, the gel was stained with Coomassie Blue staining solution (45%

v/v methanol, 10% v/v glacial acetic, 0.1% w/v Coomassie Brilliant Blue R-250 in

ddH2 O) for 10 minutes while gently rocking. The gel was destained with 10% v/v

methanol and 10% v/v acetic acid in ddH2O until the gel background cleared, a proc ess

taking more than four hours. The gel was then.stored in ddH2O.
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Molecular masses of samples were determined by comparing sample bands with a

standard curve generated by the markers with these molecular masses: 97.4 kDa, 66.2

kDa, 55.0 kDa, 42.7 kDa, 40.0 kDa, 31.0 kDa, 21.5 kDa, and 14.4 kDa (Fig. 2).

2.14 Western blot

To perform a Western Blot, the gel separated proteins were transferred onto Bio-

Rad trans-blot pure nitrocellulose membrane (0.45 p.) by sandwiching the gel with the

membrane and Whatman 3 mm filter paper, with a Fiber pad sponge placed on each side.

The membrane, filter paper, and sponge were presoaked in cold transfer buffer (23.2 g

Tris, 116 g glycine, 4 g SDS, and 800 ml methanol, with ddH2O added to bring the

volume to 4 liters (Fig. 8)

The set was then placed in a Bio-Rad Mini-Protean II Cell and electrophoresed overnight

at 45 V. After the protein was transferred to the membrane, the membrane was placed in

a container with 100 ml of blocking buffer (BSA 3% w/v and Tween 20 to 0.1% v/v in

TBS buffer, pH 7.5 [10 mM Tris-HCl and 150 mM NaCl in ddH2O]). After two hours,

the blocking buffer was removed and replaced with blocking buffer containing the

primary antibody (100 l of antibody to 10 ml of blocking buffer preabsorbed with 100

pl of E. coli TB2 extract to reduce non-specific binding). The antibody used was rabbit

polyclonal against E. coli ATCase catalytic polypeptide (pyrB) which was kindly

supplied by Dr. J. R. Wild, Texas A&M University, College Station, TX. The

incubation was performed at room temperature in sealed plastic hybridization bags. The

buffer with the primary antibody was poured off after one hour.
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Fig 8. Set up gel for Western blot

White plastic

W XXYXYXXXXX=XXXXXSponge
3 M filter paperw

PVD membraiiLe
___>____^______xx____YX XXXX> SDS gel

M filter papei

Sponge

lack Plastic



70

The membrane was washed four times with 100 ml TNT buffer (0.1% w/v BSA and

0.1% v/v Tween 20 in TSB buffer, pH 7.5). The membrane was then incubated for one

hour with 10 ml blocking buffer containing the secondary antibody (sheep anti-rabbit IgG

alkaline phosphate conjugate). The secondary antibody was diluted 1/5000 with blocking

buffer. The membrane was again washed four times with TNT buffer, after the

incubation time.

Detection was performed by adding 10 ml of detection reagent, which consists of

66 pl Promega NBT (nitro blue tetrazolium, 50 mg ml"in 70% dimethylformamide) and

33 l BCIP (5-bromo-4-chloro-3-indolyl-phosphate, 50 mg ml in 100%

dimethylformamide) in alkaline phosphatase buffer (0.1 M NaCl, 5 mM MgCl2 , and 0.1

M Tris, pH 9.5). After 10 minutes, the development was stopped by addition of 200 ml

stop buffer (20 mM EDTA in TBS buffer). The membrane was sealed in a plastic bag for

storage.

2.15 N-terminal sequencing of the recombinant ATCase enzyme

20 l of purified ATCase from B. cepacia was electrophoresed on an SDS-PAGE

gel (as described previously) and subsequently electrotransferred onto PVDF membrane.

The PVDF membrane was stained with Coomassie Brilliant Blue, destained and dried,

and sent to the Protein Structure Laboratory at the University of California at Davis for

protein N-terminal amino-acid sequence determination by automated Edman degradation.

For transferring the sample to the PVDF membrane to send for the N-terminal

sequence, the procedure was mostly the same as Western Blot, but with a slight

difference. The SDS-PAGE was prepared as described previously, and the 20 ml

ATCase from B. cepacia sample was loaded and run at 25 mA (constant current) for
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about one hour or until the dye marker was near the bottom of the gel. The gel was then

transferred into blotting buffer (100 ml lOx Transfer buffer: 25 mM Tris-Cl, 192 mM

glycine, 100 ml methanol, 800 ml H2O) for five minutes. Afterwards, the precut

membrane was moistened with 100% methanol for a few seconds, then transferred into

blotting buffer. Also the sponge and precut filter paper pieces were dipped in blotting

buffer in a separate tray. A blotting sandwich was then assembled in the following order:

sponge/filter paper/gel/problott/filter paper/sponge (Fig. 8). A Pasteur pipette was used

to ensure that no air remained trapped between layers. The sandwich was assembled in a

holder and the blotting apparatus was filled with blotting buffer. A constant voltage (70

V) is applied for 30 to 40 min-the amount of time depended on the size of the protein; if

the protein were small, the time was shorter. The membrane is then removed and briefly

rinsed with ddH2O, soaked in 100% methanol for a few seconds, and stained with a

Coomassie solution. The solution was prepared by dissolving 1.0 g of Coomassie blue in

400 ml of methanol and stirring for one hour, adding 10 ml acetic acid and 590 ml

ddH2O, stirring for 30 minutes and filtering through a 0.45 m filter. To stain with

Coomassie solution, the membrane was shaken in the solution for no more than 60

seconds and immediately destained by shaking constantly in 50% methanol, changing the

solution every couple of minutes until the solution remained colorless. Finally, the

membrane was rinsed with ddH2O and dried. The membrane was sent to the Protein

Structure Laboratory at UC-Davis for protein N-terminal amino-acid sequence

determination by automated Edman degradation.
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RESULTS

Kenny et al., (1996) showed that the prototype class A ATCase, defined by its

DNA sequence in Pseudomonas (Schurr et al., 1995) with a molecular mass of 480 kDa,

was not restricted to the pseudomonads. They identified several new organisms from the

S-proteobacteria containing this sized enzyme, and from some more diverse groups

including the a and $-Proteobacteria and even some Gram positive organisms. Kenny et

al., 1996 hypothesized that, whereas the 480 kDa class A ATCase was more widespread

than anticipated, class B ATCases were restricted to the enteric bacteria with molecular

masses of 310 kDa.

Linscott (1997), in our laboratory at UNT, had expanded the number of ATCases

in both class A and class C, where her findings agreed with those of Kenny et al., (1996).

When it was next reported that an Archaea, Pyrococcus purpurea contained an E. coli

class B ATCase, it seemed appropriate to try to expand all three classes. Thus, the

purpose of this research was to purify the ATCase from as diverse a variety of

microorganisms as possible to validate the current three class taxonomic groupings. To

help in our selection, we used phylogenetic trees of Woese (1987) to provide clues as to

which organisms might yield unusual ATCases. Because of my interest in pathogenicity,

I chose the genus Mycobacterium. The DNA sequence was available for all pyrimidine

genes both from M. tuberculosis and M. leprae. Moreover, a cosmid vector with the

pyrimidine operon was on hand from the Pasteur Institute and sent to Chris Fields. The

pyrB and pyrC genes of M. tuberculosis were transferred into E. coli TB2 and expressed

therein. Two non-pathogenic strains were used for comparison. Thus, the ATCase was
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purified from two non-pathogenic bacteria, M. smegmatis and M. phlei, and from the

pathogen, M. tuberculosis expressed in an E. coli background with no ATCase activity.

Linscott (1997) had described several unusual properties for the ATCase of

Burkholderia cepacia and Farinha et al., (1999) had cloned and sequenced the pyrB gene

from this organism. After expressing the pyrB gene in E. coli TB2, I purified the ATCase

from the transformed E. coli and from wild type B. cepacia as well. The ATCase from

another species of Burkholderia, B.gladiolii, was also purified for comparison. To round

off the three classes (shown in the Introduction chapter as Table 1-3), ATCase was

purified from a number of diverse organisms. The purification schemes for many of

these bacteria had already been published (Bethell & Jones, 1969; Adair & Jones, 1972;

Shepherdson & McPhail, 1993; Kenny, McPhail et al., 1996;and Linscott, 1997). In

several cases modifications were added when necessary. These purification schemes are

now described first for Mycobacterium, and then Burkholderia.

In addition to the purification of their ATCases from two species of

Mycobacterium and two species of Burkholderia, the enzyme was also studied in three

photosynthetic bacteria of which two were cyanobacteria namely, Synechocystis and

Synechococcus-plus a green alga, Agmonellum quadruplicatum. ATCase was sought in

Haemophilus influenzae and H. parainfluenzae, but not found. Finally the enzyme was

purified from two Clostridium species and from Campylobacterjejuni.
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3.1. The purification schemes for Mycobacterium:

A previous study of ATCase in Mycobacterium smegmatis was carried out by

Masood.and Venkitasubramanian in 1988. The results from the present study did not

match those reported by Masood and Venkitasubramanian in 1987 and 1988.

Flow sheets for the purification of the ATCase from Mycobacterium smegmatis and M.

phlei are given in (Figs 9 and 10). Cell extracts from these two organisms were obtained

from cell disruption in a French pressure cell. Cells were treated with 10% streptomycin

and ultimately with 55% ammonium sulfate. The 55% ammonium sulfate pellet fraction

was used for all further purification.

3.1.2. Optimum pH for M.smegmatis and M. phlei ATCase.

The optimum pH was determined to be pH 9.0 for the ATCase for both

M. smegmatis and M. phlei (Figs 11 and 12). The stability of the ATCase enzyme from

M. smegmatis and M. phlei was studied. The instability of ATCase, both at room

temperature and at a temperature of 4C, made it necessary to complete work on this

enzyme as rapidly as possible. Because of this instability, repeated attempts were made

to purify the enzyme through an HIC column however, after each pass over the column,

the enzyme lost its activity. Heating the enzyme to 65C for four minutes resulted in a

loss of approximately 80 percent of the enzyme's activity. Based on the ATCase and

DHOase activity results, 4C was chosen for most experiments. If not used within two

weeks each batch was frozen until used. (Fig. 13) shows an activity gel for stability.

ATCase was purified from two species of Mycobacterium-M. smegmatis and M. phlei.

In each purification scheme used, the peak ATCase and DHOase activities of M.

smegmatis and M. phlei were found to be one tube apart( co-purified). This was first
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noted when using Sephacryl S-300 fractionation of cell extract (Fig. 14 and 15). In

subsequent experiments where the extract was purified through different columns such as

DEAE, Mono Q, or Superdex, the peak for each activity was found in adjacent tubes. It

can be seen that both enzymes continue to be co-purified. The DHOase activity in M.

phlei was less than the DHOase activity for M. smegmatis (Fig 19- 24 and 28). Cell

extracts or concentrated fractions were passed over different columns. Resultant tubes

with maximal activity were combined and concentrated for subsequent steps. The

products of each purification step were analyzed by non-denaturing gel (Figs.16 and 17).

Cell extraction of M. smegmatis at first produced an activity-stained band of a size near

that of E. coli at 300 kDa on native nondenaturing gel (Fig. 16), whereas for M. phlei, it

produced an activity-stained band around the size for that of Pseudomonas at 480 kDa

(Fig 17). A number of Sonicates not analyzed by column chromatography were included

in this experiment as controls (E. coli and P. aeruginosa). When a gradient gel was used,

however, it revealed two bands corresponding to molecular masses of ~ 480 kDa and ~

390 kDa for M. smegmatis, and four bands with molecular masses of ~ 480 kDa, 450

kDa, 410 kDa, and 390 kDa for M. phlei (Fig. 18).
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Fig. 9. Effect of purification fraction treatment on Mycobacterium smegmatis ATCase

activity.

Treatment symbols are: CFX, untreated cell free extract; Streptomycin, CFX after 10%

streptomycin added; S 35, supernatant fraction after 35% ammonium sulfate

precipitation; P 35, Pellet fraction after 35% ammonium sulfate precipitation; S 45,

supernatant fraction after 45% ammonium sulfate precipitation; P 45, Pellet fraction after

45% ammonium sulfate precipitation; S 55 supernatant fraction after 55% ammonium

sulfate precipitation; P 55, supernatant fraction at 55% ammonium sulfate precipitation.
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Fig. 10. Effect of purification fraction treatment on Mycobacterium phlei ATCase

activity.

Treatment symbols are: CFX, untreated cell free extract; Streptonycin, CFX after 10%

streptomycin added; S 35, supernatant fraction after 35% ammonium sulfate

precipitation; P 35, Pellet fraction after 35% ammonium sulfate precipitation; S 45,

supernatant fraction after 45% ammonium sulfate precipitation; P 45, Pellet fraction after

45% ammonium sulfate precipitation; S 55 supernatant fraction after 55% ammonium

sulfate precipitation; P 55, supernatant fraction at 55% ammonium sulfate precipitation.
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Fig. 11. Effect of pH on ATCase activity of Mycobacterium smegmatis
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Fig. 12. Effect of pH on ATCase activity of Mycobacterium phlei
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Fig. 13. Stability of M. smegmatis ATCase activity.

The molecular mass of the ATCase is compared to those of E.coli ATCase ( lane 1), and

Pseudomonas ATCase (lane 2). Lane 3 contain M. smegmatis CFX; lane4, M. smegmatis

ATCase partially purified after going through different column; lane 5, M. smegmatis

ATCase partially purified after going through different column after one weak in 4 C.

Lane 6, M.smegmatis ATCase partially purified after going through different column

after two weak in 4*C
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Although the amino acid sequence of the M. smegmatis is not known, one assumption is

that the number of prolines is greater than normal, causing this difference in native and

gradient nondenaturing gels. Because PyrB polypeptides of the M. tuberculosis and M.

leprae enzyme are high in prolines (each has 23), it is reasonable to expect that the non-

pathogenic enzymes are also high in prolins. The final step, passage of the ATCase

enzyme over HIC column, which caused the loss of activity for both ATCase and

DHOase. This column was not subsequently used for the mycobacterium enzymes. The

superdex column thus became the final step in the purification scheme. Non denaturing

activity gels were performed on all positive column samples (Fig 16 and 17). The two

individual bands in M.smegmatis were electroeluted as describe in Methods. (Fig 25-27)

and used for kinetics and molecular weight determination.

3.1.3. Determination of molecular size of the holoenzyme.

Two different gels, native nondenaturing gels and gradient gel were used for

determination of molecular size. The class, with molecular masses of ~ 480 kDa-

Pseudomonas size-is no longer limited to the Pseudomonas genus. Some Gram

positive bacteria such as Mycobacterium and Streptomyces, as well as some.

photosynthetic bacteria can now be found in this class (Fig. 38). The holoenzyme from

the M. smegmatis determined by the native gradient gel showed that there were two

active forms with molecular masses of ~ 480 kDa and 390kDa, and for M. phlei four

different structures with the molecular masses ~ 480 kDa , 450 kDa , 410 kDa, and 390

kDa.(Fig 18).
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Fig. 14. Purification fractions of M. smegmatis ATCase and DHOase after passage over a

Sephacryl S-300 column
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Fig.15. Purification fraction of M. phlei ATCase and DHOase after passage over a

Sephacryl S-300 column
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Fig. 16. Non-denaturing PAGE gel of positive fractions of M. smegmatis ATCase after

passage over a Mono-Q anion affinity column. E, coli and Pseudomonas ATCase are

molecular weight markers.
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Fig. 17. Non-denaturing PAGE gel of positive fractions of M. phlei ATCase after

passage over a Mono-Q anion affinity column. E, coli and Pseudomonas ATCase are

molecular weight markers.
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Fig.18. ATCase activity on 4-20% PAGE gradient gel for M.srnegmatis and M. phlei. E.

coli and Pseudomonas ATCases are molecular weight markers.
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Fig 19. Purification fractions of M. smegmatis ATCase and DHOase after passage over

a DEAE column.
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Fig 20. Purification fractions of M. phlei ATCase and DHOase after passage over a

DEAE column
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Fig.21 . Purified fractions of M. smegmatis ATCase and DHOase after passage over a

Superdex column
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Fig.22. Purified fractions of M. phlei ATCase and DHOase after passage over a

Superdex column
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Fig.23. 12% SDS-PAGE gel of M.smegmatis ATCase fractions (positive tubes) from

Sephacryl S-300. Promega mid-range protein markers on the right.
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Fig.24. 12% SDS-PAGE gel of M.phlei ATCase fractions (positive tubes) from

Sephacryl S-300. Promega mid-range protein markers on the right.
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Fig.25. 12 % SDS-PAGE gel, compare M. smegmatis and M. phlei ATCase before

electroelution
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Fig.26. 12 % SDS-PAGE gel of the two separate bands of M.smegmatis ATCase after

electroelution.
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Fig.27. 12 % SDS-PAGE gel of the two separate bands of M.phlei ATCase after

electroelution.
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Fig. 28. Effect of the purification treatment on M.phlei and M.smegmatis ATCase

activity.

Treatments symbols are; CFX, cell free extract, Streptomycin; CFX after 10%

streptomycin added; P 55, pellet after 55% ammonium sulfate precipitation; after

dialysis, P 55 pellet after 55% ammonium sulfate precipitation after dialysis.

S300; P 55 pellet after 55% ammonium sulfate precipitation and passing over Sephacryl

S-300 column. DEAE, P 55 pellet after 55% ammonium sulfate precipitation and

passing over DEAE column; Mono Q, P 55 pellet after 55% ammonium sulfate

precipitation and passing over Mono Q column; Superdex, P 55 pellet after 55%

ammonium sulfate precipitation and passing over Superdex column.
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3.1.4. Western blot.

An aim of this project was to determine the subunit composition and molecular weights

of bacterial ATCases. To accomplish this, it was necessary to go through different

columns to remove unwanted proteins. After-each column, a SDS-PAGE was run to look

for the purity of the enzymes. The Western blotting experiment was found to be useful in

determining the size of the subunit of the Mycobacterium in purified samples. Western

blot with antiserum against the PyrB polypeptide gave a major band corresponding to 45

kDa, both for M. smegmatis and M. phlei. The identity of this band as the 36 kDa

polypeptide of ATCase was confirmed by comparison with a sample of purified ATCase

(Fig.29 and 30 ). Western blot with antiserum against the PyrI polypeptide showed no

clear bands for any of the mycobacteria. From stoichiometry calculations the

Mycobacterium ATCase is composed of six copies of 36 kDa and six copies of 45 kDa

polypeptide. This suggests that the enzyme is composed of two trimers of 36 kDa

catalytic (A for ATCase) chains and three dimers of 45 kDa chains (D for DHOase) to

give a dodecameric structure .(2A 3 : 3D2 ) with an arrangement of subunits analogous to

other class A ATCase molecules, which is a 1 : 1 stoichiometric complex of 36 and 45

kDa polypeptides. The M. smegmatis ATCase is also composed of two trimers of 36 kDa

catalytic A chains and two dimers of 45 kDa chains to give a decameric structure (2A 3:

2D2 ) with an arrangement of subunits analogous to certain class B ATCase molecules

Subramani and Schachman (1981).
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These results was differed from those of Masood & Venkitasubramanian 1988. Fig 37

shows the M. smegmatis at 480 and 390 , which is approximately the Pseudomonas

ATCase size. Both French press and sonication were used to check the M. smegmatis

enzyme size since -Masood and Venkitasubramanian used sonication in their research.

3.1.5.Effector response of Mycobacterium smegmatis ATCase:

The activity was measured in the presence and absence of nucleotides , ATP,CTP, UTP,

and UMP at 1.0 mM final concentration. Inhibition was greatest at low (0.5-1.0mM)

aspartate and less at high aspartate (7mM) concentration. (Fig.31 - 36)

One interesting result during this study was that UMP acted as a weak activator, 125% at

2mM aspartate. A similar result was found for M. leprae where ATP, CTP, UTP and

UMP each inhibit to about 75% (leaving 25% activity). Once again UMP acted as a

weak activator at 2mM aspartate but gave very little inhibition at 0.5 mM and 1mM

aspartate, where greatest inhibition would be expected.

ATP, CTP and UTP gave near identical results suggesting that it was the phosphate

portion of ATP, CTP or UTP rather than the base or nucleoside that was doing the

inhibition. To test this, UMP was used as a nucleotide effector at the same concentration

and under the same conditions as the other effectors. It should be noted that little or no

inhibition was seen with UMP except that UMP activated the enzyme slightly. This

suggestes that three phosphates are required for inhibition.
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Fig. 29. Western blot of 12 % SDS-PAGE of partially purified M. smegmatis ATCase

using antibody to E.coli PyrB. Lane 1 contains Promega mid-range protein markers. Lane

2 contain partially -purified M. smegmatis ATCase.
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Fig.30. Western blot of 12 % SDS-PAGE of partially purified M. smegmatis ATCase

using antibody to E.coli PyrI. Lane 1 contains Promega mid-range protein markers. Lane

2 contain partially -purified M. smegmatis ATCase.
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Fig. 31. Response of M.smegrnatis ATCase partially purified by ammonium sulfate, to

nucleotide effectors ,ATP, CTP, UTP, and UMP at 0.5 mM, 1.0 mM and 2 mM of

aspartate concentrations. The inhibitor concentration was held at 1.0 mM throughout.
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Fig.32. Response of M.phlei ATCase partially purified by ammonium sulfate, to

nucleotide effectors, ATP, CTP, UTP, and UMP at 0.5 mM, 1.0 mM and 2.0 mM of

aspartate concentrations. The inhibitor concentration was held at 1.0 mM throughout.
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Fig.33 Effector respond with high (5.2mM) and low (0.33 mM) concentration of

carbamoylphosphate for M. smegmatis ATCase enzyme.
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Fig. 34. Effector respond with high (5.2mM) and low (0.33 mM) concentration

of carbamoylphosphate for M. phlei ATCase enzyme.
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Fig.35. Velocity versus substrate plot for M. smegmatis ATCase with varying aspartate

concentration in the presence and absence of effector molecules. The Km was

determined to be 5mM aspartate
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Fig.36. Velocity vesus substrate plot for M. phlei ATCase with varing aspartate

concentration in the presence and absence of effector molecules. The Km was determined

to be 3mM aspartat.
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Fig.37. Comparison of ATCase activity in M.smegmatis and M. phlei obtained from cells

broken by French press versus those broken by Sonnication. The Pseudomonas and E.

coli ATCase are molecular weight markers.
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Fig.38. Non-denaturing gradient gel for various bacteria.
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3.2.1 Purification of ATCase from Burkholderia cepacia.

Aspartate transcarbamoylase was characterized from two strains of Burkholderia cepacia

(ATCC 25416 and 10248). Linscott (1997) first discovered that the ATCase of this

organism had a molecular mass of about 600 kDa, which became the largest bacterial

ATCase, isolated to date.. Linscott's results also showed that ATCase from B. cepacia

was active at 600 kDa and 240 kDa. Similar results were obtained for both B. cepacia

strains. This unusual structure served as the guide for continuing Linscott's work.

Accordingly, in 1998 Farinha made a clone using a phagemid library from the type strain

ATCC 25416 in XEXCell. Transfer of the plasmid library into E. coli TB2, followed by

selection on minimal medium for complementation of ATCase activity, gave rise to four

colonies. By restriction enzyme analysis, Farinha discovered a 3.5 kb DNA insert in the

recombinant clones. Further analysis on an ATCase activity gel showed a 160 kDa

complex, which gave a 52 kDa band on an SDS-PAGE gel. A 2.5 kb BamHI portion of

the insert DNA, subcloned into plasmid pK184, continued to produce ATCase activity.

This -plasmid insert was sequenced and subsequent analyses by Farinha and Houghton

(1998) indicated a potential open reading frame, which encoded a 47 kDa ATCas.

(Farinha et al., 1999 Microbiology, in press).
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3.2.2 Purification of ATCase from cloned pyrB

After the clone was identified, it was amplified and the ATCase was purified. This

purification process is detailed below and illustrated in (Fig 39). The DHOase assay for

this clone was negative. The purification involved the use of four columns. The SDS-

PAGE gel from the last column, an HIC column, showed that this ATCase was still not

completely purified. In this instance, after concentrating the positive tubes for ATCase, a

gel was run and the positive band was electroeluted. An SDS-PAGE gel after

electruelotion revealed only one band at 52 kDa. This protein was transferred to the

PVDF as described in Methods, and sent to the University of California at Davis for N-

terminal amino acid sequencing, This amino acid sequence obtained was

MTVPQQAFLR, which matched the predicted sequence from the DNA analysis.

It was important to purify the ATCase from wild type B. cepacia 25416. This

followed a procedure similar to that already described. This procedure was slightly

different from that used by Linscott (1997). This difference was in the method used for

breaking the cells of B. cepacia. In the present study, the cells were broken with the

French press, whereas in Linscott's case, sonication was used.

When non-denaturing activity gels were performed on cell extracts of B. cepacia,

ATCase activity at ~ 550 kDa and 165 kDa from a gradient gel was consistently

demonstrated. Purification of the native enzyme by column chromatography yielded 18

positive tubes. The nondenaturing gels from these tubes showed three sets of active
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Fig. 39 Specific activity of ATCase fractions from Mono Q column for B.cepacia pyrB

clone.
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bands. One set gave ATCase activity at 550 kDa; the second gave activity at 550 kDa and

at 165 kDa, while the third set gave activity only at 165 kDa(Fig. 42).

All three sets were separately concentrated and sent through the next column. An activity

gel was run for positive tubes from each purification step to check for purity (Fig.43-47).

After the last column (HIC), because the SDS-PAGE showed that the ATCase was not

completely pure the proteins were electroeluted. This time, SDS-PAGE showed that the

large enzyme fraction consisted of two polypeptides migrating at 52kDa and 39 kDa,

whereas the small enzyme fraction contained only the 52 kDa polypeptide. DHOase

assay for the 550 kDa fraction was positive (Fig.49). A Western Blot for the B. cepacia

wild type ATCase and the clone blot for pyrB ATCase showed that it was positive in the

52 kDa (Fig 50).

Cell extracts from wild type B. cepacia strain 25416 were divided into two parts.

One part was broken by French press and the second part was sonicated. The results are

shown in (Fig. 51). It can be seen from (Fig51) that both treatments yielded ATCases of

size 550 kDa of near equal intensities. The extract treated by French press had a strong

band at 160 kDa and a weaker band at approximately 240 kDa. The sonicated sample

had a strong staining band at 240 kDa.

3.2.3 Saturation curve for B. cepacia ATCase holoenzyme.

Unlike the P. aeruginosa ATCase holoenzyme, there was no substrate inhibition by

aspartate at pH 9.0, (Vickrey 1993), the optimum pH determined for the B. cepacia

holoenzyme. Accordingly, all assays were run at pH 9.0 with varying
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Fig. 40. Specific activity of ATCase and DHOase fractios from a Mono Q column for

B. cepacia holoenzyme
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Fig .41. Non-denaturing PAGE gel from the positive fractions of the B. cepacia pyrB

clone after passage over a DEAE column. E. coli ATCase at 310 molecular mass is a

standard marker.
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Fig.42. Nondenafuring activity gel of the18 tubes of B. cepacia ATCase after passage

over S-300 column, E. coli ATCase at 310 molecular mass is a standard marker.
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Fig.43. Non denaturing PAGE gel for ATCase positive tubes for B. cepacia after passage

over MonoQ column. The activity of two different polypeptides of B. cepacia is shown to

be separate. E. coli and Pseudomonas ATCase molecular masses are used as a markers.
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Fig. 44. 12 % SDS-PAGE gel for ATCase positive tubes for B. cepacia 550 kDa

holoenzyme after passage over DEAE column.
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Fig. 45. 12 % SDS-PAGE for ATCase from the 165 kDa pyrB cloned gene of B.cepacia.
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Fig. 46. Specific activity of ATCase of B. cepacia wild type fractions after passage over a

DEAE column. The two different sizes of B. cepacia ATCase are shown.
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Fig. 47. Specific activity of ATCase fractions of B.cepacia wild type after passage over a

Superdex column. The two different sizes of B. cepacia are shown.
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Fig. 48. Specific activity of ATCase Fractions of B.cepacia wild type after passage over

a HIC column. The activity of holoenzyme of B. cepacia is shown.

-+-ATCase
12

* 10-0
C.
C>
E 8-

E
C 4

2

0

(. 15 20 25 30
CL

-2

Fraction #



126

Fig. 49. 12 % SDS-PAGE for 550kDa holoenzyme and 165 kDa trimer of B. cepacia

after passage over HIC column. Promega mid-rang protein marker on right. Silver stained

used ( silver stain was described in Methods).
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Fig 50. Western Blot for B. cepacia ATCase against E. coli pyrB antibody. A positive

band at 52 kDa is shown. Promega mid-rang protein marker used.
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Fig.5 1. Comparison of ATCase activity of B. cepacia on a non-denaturing PAGE gel

after cell breakage with French press versus sonication.
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concentration of aspartate (1-30 mM), carbamoylphosphate was kept constant at 8 mg

ml1. In all assays with varying carbamoylphospate (0.5-5 mM), the aspartate

concentration was held at 20 mM. Partially purified ATCase from the HIC column was

used for all assays. This gave both the holoenzyme (550 kDa) and'the 165 kDa smaller

form. The aspartate saturation curve is shown in (Fig.54). An average of three assays was

used to measure the Km for aspartate which was calculated to be 0.25 mM. The

carbamoylphosphate saturation curve is shown in (Fig 56). An average of reading three

gave the Km for carbamoylphosphate as 3.5.

3.2.3. Effector response of B. cepacia holoenzyme.

Nucleoside triphosphates ATP, UTP and CTP were added to the assay mix at 1.0

mM final concentration.. The holoenzyme was inhibited by all three nucleotides at low

aspartate concentration (0.5 mM), while at high aspartate (7 mM), these was considerably

less inhibition (]Fig.52).

3.2.4. Effector response of B. cepacia 165 kDa

Inhibition was seen at 1.0 mM ATP and CTP, when the aspartate concentration

was low (0.5 mM-1.0 mM). The results for the cloned pyrB gene expressed in E. coli

were similar to those found for the 165 kDa complex (Fig.52).



130

3.2.5 Saturation curves for B. cepacia ATCase, from cloned pyrB gene.

Partially purified ATCase from the HIC column was used for all assays. ATCase

was purified from an E. coli TB2 background used for expression of the pyrB gene froni

B. cepacia. In all assays with varying concentrations of aspartate (0.1-30mM) the

carbamoylphosphate was held constant at 8 mg ml1. Similarly in all assays with varying

concentration of carbamoylphosphate (0.1-6mM).

The Km for aspartate, obtained as the average of three readings was 3.5 mM (Fig

54) and Km for carbamoylphosphate was 0.2mM(Fig.56). The saturation curve for the

small 165 kDa fragment purified from the HIC column gave the same results as the

purified enzyme from clone pyrB. These are shown in (Fig 55 and 57).
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Fig 52. Response of ATCase 165 kDa B. cepacia to nucleotide effectors ,ATP, CTP and

UTP, each at 7 mM,1.0 mM and 0.5 mM concentration.
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Fig53. Response of ATCase 550 kDa holoenzyme from B. cepacia to nucleotide

effectors ,ATP, CTP and UTP, each at 7 mM, 1.0 mM and 0.5 mM concentration.
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Fig 54. Velocity versus substrate plot for B. cepacia ATCase with varying aspartate

concentration in the presence and absence of effector molecules.
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Fig 55.Velocity versus substrate plot for B. cepacia ATCase from the pyrB gene with

varying aspartate concentration in the presence and absence of effector molecules.
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Fig 56.Velocity versus substrate plot for B. cepacia ATCase with varying

carbamoylphosphate concentration in the presence and absence of effector molecules.

.L 80

40
70-

60

. 50 -
E
-340-

S30- ATCase

20

U 10

0

0 1 2 3

Carbamoylphosphate( mM)



136

Fig.57. Velocity versus substrate plot for purified B. cepacia from cloned pyr B

(165 kDa) ATCase after passage over HIC column with varing

carbamoylphosphate concentration in the presence and absence of effector

molecules.
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Fig.58. Non-denaturing PAGE gel for comparison of the sizes of the ATCase used in this

study.
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3.3.1 Purification of ATCase and DHOase from other organisms.

Cell extracts of Campylobacter, Synechococcus, and Synechocystis produced

activity stains of a size similar to that of Pseudomonas(Fig 59-61), whereas neither

Haemophilus influenzae nor H. parainfluenzae had ATCase or DHOase activity. The

activity stain for Agmonellum quadruplicatum ATCase was like that of B. cepacia at

about 550 kDa. The ATCase of Clostridium sp. was similar to that of Bacillus,

presumably a trimer at 100 kDa.

Because DHOase is usually required for ATCase activity in enzymes of 480 kDa,

it was purified from Pseudomonasfluorescens strain 1012 pyrB~ and pyrC and from E.

coli 1104 (pyrBT). The molecular mass of the Pseudomonas DHOase was found to be 80

kDa and was active only as a dimer. The DHOase of E. coli was also 80 kDa as

previously shown by Washabaugh and Collins (1986).

At an early stage of this work it was important to know whether the ATCase activity

coincided with DHOase activity in Pseudomonas species. We took advantage of the only

pyrC mutant available from Professor Tom West to test this hypothesis. Accordingly, we

used P. fluorescens strains 1013 (pyrB+, pyrC) and 1012 (pyrif, pyrC+). The ATCase of

strain 1013 was active without an active pyrC, whereas the DHOase of strain 1012 was

active even though there was no ATCase activity. Moreover, the purified DHOase from

strain 1012 was similar to that from other wild type Pseudomonas. This experiment was

important in establishing the roles of PyrB, PyrC, and PyrC' polypeptides. It was found

that pyrB, inactive alone as a trimer, absolutely required pyrC' for its activity as a

dodecamer. PyrC could not substitue for PyrC' in the holoenzyme but was active alone as
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a DHOase dimer. Of course, the pyrB~, pyrC' 1012 strain had no ATCase activity, nor

did the pyrB+, pyrC~ 1013 P. fluorescens have any DHOase activity.

3.3.2. Purification of DHOase from Pseudomonasfluorescens and E. coli.

A similar purification scheme to that which was.used for ATCase was successful for .

DHOase from P. fluorescens. The same series of steps were used also for the

Mycobacterium and Burkholderia enzymes The 45% ammonium sulfate saturated pellet

gave the greatest activity and was used for all subsequent purifications. An SDS-PAGE

gel was run on a partially purified sample from an HPLC column. Results are seen in

(Figs 62-64) where the Pseudomonas DHOase polypeptide was found to be 40 kDa. The

E.coli DHOase is placed alongside the P. fluorescens DHOase, which is also a 40 kDa

polypeptide. E. coli was used as the positive control.
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Fig. 59. Effect of purification fraction treatment on Synechocysstis ATCase activity.

Treatment symbols are: CFX, untreated cell free extract; Streptomycin, CFX after 10%

streptomycin added; S 35, supernatant fraction after 35% ammonium sulfate

precipitation; P 35, Pellet fraction after 35% ammonium sulfate precipitation; S 45,

supernatant fraction after 45% ammonium sulfate precipitation; P 45, Pellet fraction after

45% ammonium sulfate precipitation; S 55 supernatant fraction after 55% ammonium

sulfate precipitation; P 55, supernatant fraction at 55% ammonium sulfate precipitation.
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Fig.60. Purification steps for Synechocystis ATCase extract after fractionation on a

Sephacryl S-300.column
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Fig. 61. Non-denaturing PAGE gel for Synechocystis and Synechococcus ATCases.

Pseudomonas and E. coli ATCases are used as molecular weight markers.
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Fig. 62. Purification fractions of DHOase in Pseudomonas. fluorescens (pyrB~, pyrC+)

after passage over Sephacryl S-300 column.
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Fig. 63. Purifications fraction of DHOase in E. coli 1104 (pyrBi, pyrC+) after passage

over Sephacryl S-300 column.
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Fig.64. 12 % SDS-PAGE for P. fluorescens and E. coli 1104 DHOase fractions after

passage over an HPLC column.

I

mm

1 -E.coli

3-Bovin erythr

1 2 2 2 3 4 5

4 r- -_

2- Pseudomonas flourescens

rocyte 4- Chicken egg

5- Albumin(monomer and dimer)



CHAPTER 4

DISCUSSION

Three distinct classes of bacterial aspartate transcarbamoylase (ATCase) were

identified by Bethell and Jones in 1969. Membership in each class was based on

molecular weight, subunit composition, and regulatory properties. Since their inception

in 1969, the classes have remained largely unchanged. Recently, however, considerable

differences have been found for class A ATCases by Schurr (1992), Vickrey (1993),

Shepherdson and McPhail (1993), Bergh and Evans (1993), Kenny .et al (1996), and

Linscott (1997). Further major changes in class A and to a lesser extent, to class B and

class C, are contributed by this dissertation. Before discussing these changes, a brief

review of the salient features of bacterial ATCases is presented.

Class C contains ATCases with molecular masses of around 100 kDa comprised

of three identical polypeptides that assemble as trimers. Such trimeric ATCases are'

unregulated by feedback inhibition. In its original form this class was represented by the

ATCase from Bacillus subtilis. Other early members included the ATCase from

Staphylococcus, Streptococcus, and Clostridium. All ATCases in this class were from

Gram positive bacteria.

Class B contains ATCases with molecular masses of around 300 kDa that are mostly

from members of the enteric bacteria. As in class C, the basic building block is an active

trimer, but here it was combined with a regulatory subunit. In other words, ATCase is

composed of two different polypeptides. All ATCases in this class are dodecamers with
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six catalytic polypeptides (c) in the form of two trimers (2c3 ) combined with six

regulatory polypeptides (r) in the form of three regulatory dimers (3r2).

The prototype dodecameric structure, 2c3 : 3r2, was reported for Escherichia coli

(Gerhart & Schachman, 1968) and for Salmonella typhimurium (O'Donovan et al., 1972).

All enteric bacteria were found by Wild et al., (1980) to contain similar regulated

structures. In every case the catalytic chains were active both as trimers of 100 kDa and as

300 kDa entities in the dodecamer. Moreover, the catalytic trimers and regulatory dimers

could be readily dissociated from the holoenzyme by treating it with mercurials. In turn,

these separated catalytic and regulatory subunits could be reconstituted into the native

dodecameric holoenzyme by incubation in an appropriate buffer, with no loss of catalytic

activity or regulatory propertiesGerhart & Schechhhman, 1965; O'Donvoan et al 1972.

Thus, the active trimer and the dissociable dodecameric holoenzyme were prime features

of this class.

Class A contained ATCases with molecular masses in excess of 300 kDa, around

360-38OkDa. These holoenzymes could not be dissociated into catalytic and regulatory

subunits without concomitant loss of both catalytic activity and regulatory properties.

The first ATCase so described was that of Pseudomonasfluorescens with a molecular

mass of about 360kDa. It was believed to be a dimer of 180kDa subunits (Bethell &

Jones, 1969). Such a structure deviated considerably from the active trimer of class B

and class C, as well as from the dissociable dodecamer of class B. Other Pseudomonas

species were believed to have similar structures.
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It was decided that O'Donovan's group should clone and sequence the ATCase

from Pseudomonas. At that meeting Bergh & Evans [FASEB Abstract] presented

evidence that the ATCase of P. fluorescens was much larger than the reported value by

Bethell & Jones (1969). Bergh and Evans (1993) showed that the ATCase was composed

of two different polypeptides; one functions as the catalytic polypeptide, but no function

could be ascribed to the second polypeptide. The ATCase was reported to be 470 kDa in

size. In 1993 this work was described in detail for the P. fluorescens ATCase from the

same strain that was initially used by Bethell and Jones (1969). In this publication the

ATCase was found to be a dodecaier of approximately 470 kDa with a 34kDa catalytic

polypeptide and a 45 kDa protein of unknown function.

Meanwhile, Schurr (1992) and Vickrey (1993).cloned and sequenced the pyrB

genes in Pseudomonas (Schurr's work was with P. putida; Vickrey's, with P.

aeruginosa). Schurr discovered that the ATCase was encoded in an operon of at least two

overlapping genes and that the downstream gene encoded a pyrC-like sequence that had

significant sequence homology to known DHOases. The pyrC-like gene encoded an

inactive DHOase that was absolutely required for ATCase activity. The trimer had no

activity on its own, the DHOase-like polypeptide being necessary for dodecameric

activity. This enzyme was active only as a dodecamer (Schurr etal.,1995). An identical

result was obtained by Vickrey for the P. aeruginosa enzyme (Vickrey 1993). Here too

the inactive catalytic trimer could never be separated from its holoenzyme (Vickrey,

1993).
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Soon this form of ATCase was found to be widely scattered not only among the

pseudomonads but throughout other diverse bacterial families and genera. Kenny et al.,

(1996) found this Pseudomonas-like ATCase in members of the a, , and y-

Proteobacteria including Acinetobacter, Leucothrix, Brevundimonas, Micrococcus,

Paracoccus as well as in their initial P. syringae. Linscott (1997) found similar results

with many of the same organisms, as did Shepherdson's group (1996), but she also found

some from other organisms as well. These included the ATCase from two species of

Comamonas (formerly Pseudomonas) and several species of Pseudomonas. Linscott

(1997) also purified the ATCase of Burkholderia cepacia, which proved to be larger at

around 600 kDa than any bacterial ATCase purified so far Linscott et al., (1997). She

showed that the holoenzyme contained two polypeptides of 52 kDa and 39 KDa and

could be dissociated into active smaller forms notably around 240kDa. Moreover, she

showed that these smaller forms could be reconstituted to form the active holoenzyme

after electroelution from native non-denaturing gels. This was a significant result in that

it showed that the active 240 kDa form must have contained both the pyrB encoded

ATCase polypeptide (52 kDa) and a pyrC- encoded DHOase polypeptide (39 kDa) that

may or may not be active.

Next, Farinha (Farinha et al.,1999 Microbiology in press) cloned and sequenced

the pyrB gene from Burkholderia cepacia and expressed it in E. coli. A major part of this

dissertation research was the purification and enzymatic analysis of the B. cepacia

ATCase isolated from the E. coli TB2 background. The active ATCase was found to be a
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trimer of molecular mass around 165 kDa composed of three polypeptides each of 47 kDa

calculated from sequence data. This represents the first active class A trimer seen

outside class B and C members..The deduced molecular weight according to sequence is

lower than that obtained by non-denaturing and SDS-PAGE studies. This is probably

due to the presence of 23 proline residues , which would alter the protein mobility in a

PAGE gel

It was important to learn whether the 240kDa form of ATCase isolated by

Linscott (1997) was different from the 165 kDa form isolated from the pyrB cloned by

Farinha (1999). To that end, ATCase holoenzyme was purified from B. cepacia and

treated in two ways. Half of the cell extract was broken by French pressure cell and the

other by sonication. It is known that breakage in a French pressure cell disrupts

quaternary protein structure to a greater extent than does sonication (J.E. Houghton,

personal communication). This suggested that the smallest active structural form of the

enzyme would be seen in those cells broken in the French pressure cell. This is precisely

what was observed. The half of the extract broken by the French press, when

electrophoresed on a native PAGE gel and stained for ATCase activity produced two

bands, a holoenzyme of ~ 550kDa, together with the predominant smaller form at 165

kDa, just as seen for the cloned pyrB when expressed in E. coli; a faint band at about 240

kDa also appeared (Fig. 51). The portion of the extract treated by sonication also gave a

holoenzyme of 550 kDa and a form that was active as a 240 kDa as seen by

Linscott(1997). Other forms, if present, were in concentrations too low to be resolved.
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The ATCase from B. cepacia is therefore the largest bacterial ATCase purified to date.

The holoenzyme can be dissociated into smaller forms, but until the pyrC gene is cloned

it is difficult to speculate on the true composition of the native holoenzyme. Work on

pyrC cloning and sequence is currently being carried out in Farinha's laboratory at UNT.

The ATCase from two species of Mycobacterium, namely M. smegmatis and M.

phlei, were studied for the purpose of comparing ATCase enzymes from non-pathogenic

mycobacteria with those from pathogenic strains such as M. tuberculosis and M. leprae.

We were kindly supplied with clones of the previously sequenced pyrimidine operons of

both M. leprae and M. tuberculosis by the Pasteur Institute. This allowed us to make

comparisons of the ATCases from the pathogenic M. tuberculosis and M. leprae and the

non-pathogenic M. phlei and M. smegmatis.

The ATCase from M. smegmatis had been reported by Masoud and

Venkitasubramanian (1988) to have a molecular mass of about 247 kDa with subunits of

108 kDa and 138 kDa. Results of the present study do not agree with those of Masoud

and Venkitasubramanian (1988). In this study for M. smegmatis the ATCase was found

to have a molecular mass of 480kDa with considerable activity seen also at 390kDa. The

480 kDa holoenzyme is composed of 12 polypeptides, including six pyrB-encoded

(35kDa) chains and six pyrC-encoded (45kDa) chains. The holoenzyme species seen at

390kDa represents an ATCase that has lost two pyrC-encoded DHOases, reminiscent of

Schachman's C6R4 of E. coli ATCase (Subramani & Schachman,1981). A similar result

was seen for the ATCase of M. phlei. However, in this study, there were four easily
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distinguishable active forms of the enzyme seen at 480kDa, 450 kDa, 410 kDa, and 380

kDa (Fig. 17). These represent active species composed of six pyrB-encoded chains

coupled withsix pyrC-encoded chains, but also with four, three, and two such chains

labled in (Fig 16 and 17), respectively. When the ATCase was being purified, it was

found that the pyrC-encoded chains produced an active rather than an inactive DHOase in

contrast to what was seen for the Pseudomonas enzyme. A similar result was obtained by

Hughes (Hughes et al., in press) for the ATCase from Streptomyces.

In the study by Hughes et al. (1999), the ATCase holoenzyme contained an active

DHOase. This finding of an active DHOase associated in a dodecameric structure, where

only inactive DHOases were previously seen for the Pseudomonas complex prompted

Hughes et al. (1999) to propose the designation of class A 1, for those ATCases with an

active DHOase and class A2 for those ATCase that contain an inactive DHOase. A

similar result was obtained by when he expressed the cloned pyrBC genes from both M.

tuberculosis and M. leprae in E. coli (C.J. Fields personal communication).

When class A 1, ATCase, with active DHOases in their holoenzymes, were

purified, activity was found in two different ATCase architectures, one that broke down

to active smaller forms and one that did not. The latter contained six PyrB polypeptides

and six PyrC polypeptides, designated B6 C6 , while the former contained six PyrB

polypeptides and six or less than six PyrC polypeptides. For M. smegmatis there are six

PyrB and six PyrC (B6 C6 ), but the ATCase is also active with six PyrB and four PyrC

(B6 C4) chains (Fig. 16). In the case of M. phlei, the four clear bands seen in (Fig. 17)
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represent ATCases with B6C6 (480 kDa), B6C5 (430 kDa), and B6C4(410), B6C2 (380

kDa), respectively. In each case the trimer, B3, is not active as the 100 kDa size is never

seen on an activity gel. Thus, the PyrC chain is required for ATCase activity as for the

Pseudomonas enzyme (Schurr et al., 1995). The ATCase of the pathogenic mycobacteria

from preliminary evidence seems to be active only in the B6C6 form.

A similar result was found by Shepherdson (1996) for the Deinococcus ATCase.

There, two configurations appear, the conventional B6C6 and B6C4. To evaluate the

meaning of these numerous forms of ATCase it will be necessary to purify each and

calculate the specific activity. This is particularly relevant for cases where two active C

chains are missing from the holoenzyme B6C4 (M.smegmatis, M. phlei and Deinococcus)

because the activity of the discarded C2 dimer may be altered on release. such forms

occur only when the DHOase is active in the holoenzyme complex in Class A 1 members.

Up to now, the ATCases that were purified in our laboratory were mostly from

members of the gamma-Proteobacteria. It was therefore important to examine ATCases

from other subgroups of the Proteobacteria and from non-Proteobacteria. Accordingly,

the ATCase from Campylobacter (e-Proteobacteria) Synechocystis and Synechococcus

(non-Proteobacteria) and Agmonellum, (a green alga) were studied. The ATCase from

Campylobacter, Synechocystis and Synechococcus had molecular masses of 480 kDa

exactly like that of Pseudomonas a member of b-Proteobacteria. Moreover, the DHOase-

subunit associated with the holoenzyme complex in these strains was inactive as in

Pseudomonas. The ATCase of Agmonellum was like that of Burkholderia cepacia with a
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molecular mass of 550 kDa. These finding are important because if one were to know

nothing of Woese's (1987) scheme using 16 S rRNA comparisons, one might place

Campylobacter Synechocystis and Synechococcus in the same grouping as that of

Pseudomonas, based on their ATCase properties. The same principle would hold for

Agmonellum and B. cepacia. In this instance, such an assumption would be incorrect ,

even though Wild et al., 1980 used ATCase regulatory properties to separate the tribes

Eof the Enterobacteriaceae and Foltermann et al., 1981 helped corroborate the speciation

of 20 different members of Yersinia enterocolitica and Y. enterocolitica-like strains

using ATCase characteristices. Whereas ATCase is useful as an evolutionary probe

within families(such as the Enterobacteriaceae) and among species (such as Yersinia

enterocolitica) it is not sufficient as a taxonomic tool across greater evolutionary

distances.
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