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The biosynthesis of pyrimidines in Pseudomonas putida was

investigated. In this study, pyrimidine requiring mutants were

isolated by conventional mutagenesis and enrichment. The strains

required exogenously supplied pyrimidines for growth and were found

by enzyme assays to be deficient for the product of the pyrB gene

encoding the enzyme aspartate transcarbamoylase. None of the

intermediates of the pathway could supply the auxotrophic

requirement of the strain; only preformed pyrimidines, metabolized

via salvage pathways could suffice. Pyrimidine limitation in the mutant

caused a slight but significant fifty per cent increase in expression of

all the de novo biosynthetic enzymes. Pyrimidine starvation's effect on

nucleotide pool levels was examined in the mutant and caused a

marked swelling of the purine nucleotide pools.
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CHAPTER I

INTRODUCTION

The biosynthesis of pyrimidine nucleotides provides a system in

which the biochemistry and genetics of metabolic pathways can be

investigated to provide insight into a variety of metabolic processes.

The pyrimidine biosynthetic pathway provides precursors for the

formation of RNA and DNA as well as other important biological

molecules (O'Donovan & Neuhard, 1970; Neuhard, 1985; Neuhard &

Nygaard, 1987). Most of the interest in pyrimidine metabolism has

focused on the central pathway of de novo pyrimidine biosynthesis

(Figure 1). The de novo pyrimidine biosynthetic pathway leading to

the formation of the ribonucleotides UTP and CTP and of the

deoxyribonucleotides dCTP and TTP appears universally in living

organisms. Most of the research performed to date has been with the

pathway in Escherichia coli.

The de novo biosynthetic pathway of pyrimidine biosynthesis in

E. coli is a set of enzymatic reactions that function to provide the

ribonucleotide and deoxyribonucleotide substrates for RNA and DNA

biosynthesis, and thus must be subject to strict regulation. The most

striking feature of pyrimidine biosynthesis is that the pathway is under

strict regulation by various cellular control mechanisms. Regulation of

1
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Figure 1. The de novo pyrimidine biosynthetic pathway in bacteria.

The abbreviations of compounds are: OMP, orotidine-5'-

monophosphate; UMP, uridine-5'-monophosphate; UDP, uridine-5'-

diphosphate; UTP, uridine-5'-triphosphate; CTP, cytidine-5'-

triphosphate. The gene designations are as follows: pxrA,

carbamoylphosphate synthetase (CPSase, EC6.3.5.5); DyrB, aspartate

transcarbamoylase (ATCase, EC2.1.3.2); pyrC, dihydroorotatase

(DHOase, EC3 .5.2.3); pyrD, dihydroorotate dehydrogenase

(DHOdehase, EC1.3.3.1); pyrE, OMP phosphoribosyltransferase

(OPRTase, EC2.4.2. 10); pyrF, OMP decarboxylase (OMPdecase,

EC4.1.1.23); DxrH, UMP kinase (EC2.7.4.4); ndk, nucleoside

diphosphokinase (EC2.7.4.6); and pyrG, CTP synthetase (EC6.3.4.2).
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the pathway provides for the economical and efficient use of

precursors, intermediates and products. The pyrimidine biosynthetic

pathway must share metabolites (substrate precursors and

intermediates) with various other pathways, notably the arginine

biosynthetic pathway. And, the pathway must be regulated to rapidly

adjust to changes in the metabolic state of the cell. For example, E.

coli must still produce carbamoylphosphate for arginine biosynthesis,

even when pyrimidine end products are available exogenously. And

since certain bacteria, such as the pseudomonads, possess the

arginine deiminase pathway of arginine utilization, they must channel

their endogenous pools of carbamoylphosphate efficiently between

pyrimidine biosynthesis (via aspartate) and adenine nucleotide

maintenance (via carbamate kinase) (Stalon et al., 1987). And, since

the pyrimidine nucleotides are required for RNA and DNA synthesis in

fixed molar ratios, the proper balance of pyrimidine end products

must be maintained differently in divergent microorganisms. Two

major regulatory mechanisms include the control of enzyme activities

by allosteric control and regulatory control over the expression of the

various pyrimidine genes. Both mechanisms respond to the levels of

metabolites and intermediates in the pathway. Most of what we

understand comes from E. .cli, though considerable insight has been

gained from investigations of other bacteria such as Bacillus subtilis

(Paulus et al., 1982; Lerner & Switzer, 1986) and Salmonella

typhimurium (Kelln et al., 1975) in comparative studies of these other

microorganisms. Available evidence indicates that the methods
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employed and mechanisms used for regulation are quite different

amongst the pseudomonads (Isaac & Holloway, 1968; Chu & West,

1990) and in Pseudomonas putida in particular (Condon et al., 1976).

The biosynthesis of pyrimidines (Figure 1) is commenced by the

formation of carbamoylphosphate from bicarbonate, the amide group of

glutamine, and ATP in a reaction catalyzed by carbamoylphosphate

synthetase (CPSase, product of the carAB genes). Carbamoylphosphate

is also an intermediate in arginine biosynthesis and so the enzyme

CPSase actually participates in two biosynthetic pathways. The next

reaction within the pyrimidine biosynthetic pathway is catalyzed by

aspartate carbamoyltransferase (ATCase encoded by oyrBI) that

condenses carbamoylphosphate with the amino group of aspartate and

forms carbamoyl aspartate and inorganic phosphate. Since the

following steps and the intermediates are unique to pyrimidine

biosynthesis, ATCase may also be considered the first step in the

pathway. As such it is subject to regulation at the level of enzyme

activity (Yates & Pardee, 1956) and enzyme synthesis (Beckwith et al.,

1962). At the next step in the pyrimidine pathway, dihydroorotate is

formed by cyclization and removal of water. This reaction is catalyzed

by dihydroorotase (DHOase, product of the pyrC gene). Dihydroorotate

is converted to orotate by dihydroorotate dehydrogenase (DHOdehase,

pyrD) in the succeeding step. The next step involves the condensation

of orotate with phosphoribosyl pyrophosphate (PRPP) to yield the first

pyrimidine ribonucleotide, orotidine-5'-monophosphate (OMP), with

the elimination of pyrophosphate. This reaction is catalyzed by orotate
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phosphoribosyl transferase (OPRTase, product of pyrEl. The

orotidine-5'-monophosphate is then decarboxylated by orotidine-5'-

monophosphate decarboxylase (OMPdecase, pyrE) to generate uridine-

5'-monophosphate (UMP). The last steps in the generation of UTP

involve the phosphorylation of UMP to UDP by UMP kinase (encoded

by pydHi, followed by the phosphorylation of UDP to UTP by a reaction

catalyzed by nucleoside diphosphokinase (ndk). Finally, UTP is

aminated to CTP by CTP synthetase (product of pyrG). The reactions

are universal.

The de novo pyrimidine ribonucleotide biosynthetic pathway of

E. coli is perhaps the metabolic pathway that has been most

extensively analyzed with respect to its regulation. Allosteric control

of enzymatic activity of various steps in the pathway has been observed,

and the enzymes carbamoylphosphate synthetase (EC 2.7.2.5) (Abdelal

& Ingraham, 1969), aspartate transcarbamoylase (EC 2.1.3.2) (Yates &

Pardee, 1956), and CTP synthetase (EC 6.3.4.2) (Long & Pardee,

1967) are subject to strict regulatory control. For example, E. coli

aspartate transcarbamoylase (ATCase) is inhibited by CTP, the ultimate

ribonucleotide end product of the pathway, and is activated by ATP,

purportedly to balance pyrimidine biosynthesis with purine

biosynthesis.- Additionally, ATCase exhibits enzymatic control by

responding to either substrate, aspartate or carbamoylphosphate, with

positive homotropic activation. That is to say ATCase exhibits

sigmoidal kinetics with response to substrate. This cooperativity

allows the enzyme to be regulated to a high degree over a relatively
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small range of substrate concentrations (See Kantrowitz & Lipscomb,

1988; Kantrowitz et al., 1980a; Kantrowitz et al., 1980b for reviews)

Thus ATCase, the enzyme catalyzing the first unique step in

pyrimidine biosynthesis, is able to alter its catalytic efficiency in

response to very subtle changes in the level of a variety of changing

metabolites in the cell.

Additional regulation on the pathway is imposed at the level of

enzyme activity at two other steps in the pathway. CPSase from

enteric bacteria is subject to feedback inhibition and activation by

pyrimidine and purine nucleotides (Abdelal & Ingraham, 1969;

Abdelal & Ingraham, 1975). The enzyme is inhibited by UMP and

activated by purine nucleotides (IMP, GMP, AMP). Additionally

ornithine is an allosteric activator of CPSase such that when arginine is

limiting, ornithine concentrations rise alleviate any UMP inhibition

and activate CPSase to provide carbamoylphosphate for arginine

biosynthesis. Further mechanisms to regulate the pathway operate at

the level of CTP synthase. The activity of the enzyme requires the

activator GTP; and CTP inhibits CTP synthetase when CTP levels are

high, but CTP actually activates the enzymes at low concentrations

(Long & Pardee, 1967).

In addition to exhibiting overall pathway control at the level of

the enzyme activities of the various steps of the pathway, E. coli

regulates the level of expression of all the genes in the de novo

pyrimidine biosynthetic pathway. While none of the genes for the

enzymes of pyrimidine biosynthesis are tightly linked, all are



8

repressed during growth in media containing either exogenously

supplied cytosine or uracil compounds. Thus the concentration of the

enzymes in E. coli may fluctuate dramatically under conditions of

repression/derepression in order to effect stable, balanced nucleotide

pools. Again, using E. coli ATCase as an example, it has been shown

that the pyrBI genes (encoding ATCase) can be controlled over a very

wide range. ATCase can be derepressed 100- to 400-fold (Beckwith,

et al., 1962). Indeed, using recombinant DNA technology, E. coli cells

can be genetically manipulated to produce more than sixty percent of

their total cellular protein as ATCase (Nowlan & Kantrowitz, 1985).

The regulatory region of the pyrBI operon from E. coli has been

sequenced and exhibits a rho-independent terminator (attenuator)

region, as well as a region of dyad symmetry corresponding to the

repressor binding site (Roof et al., 1982; Turnbough et al., 1983).

Regulation is achieved by premature termination of the transcript in

response to high intracellular levels of UTP. For two other genes in

the pathway, pyE and pyrF, which have also been examined (Poulsen

et al., 1983; Poulsen et al., 1984; Jensen et al., 1986) similar control

regions are observed. The promoter upstream region for pyrC and

pyrD have also been sequenced (Larsen & Jensen, 1985; Neuhard et

al., 1986), but do not contain -an attenuator like pyrB. Instead, they

seem to be controlled by the intracellular levels of CTP, perhaps by a

common regulatory protein that binds a cytidine nucleotide. The

carAB gene (pyA gene) is regulated in a manner that allows it to be

used for two separate pathways. The gene is subject to cumulative
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repression in E. coli. The argR repressor bound to arginine represses

the gene by binding to an operator (arg box) next to the promoter

(Gigot et al., 1980; Pierard et al., 1976). A second promoter 70 bases

upstream is regulated by pyrimidines (Piette et al., 1984). Thus

pyrimidine biosynthesis in enteric bacteria is subject to genetic

regulation as well as enzyme regulation.

In addition to obtaining pyrimidines from the de novo

biosynthetic pathway, E. coli has the capacity to utilize pyrimidine

compounds scavenged from the environment and reutilized from

cellular metabolism and the breakdown of messenger RNA (Neuhard,

1983; Neuhard and Nygaard, 1987). The salvage pathways for the

reutilization of pyrimidine compounds is shown in Figure 2. These

pathways allow cells to utilize pyrimidines themselves, nucleosides

and mononucleotides. All the pyrimidine bases (C and U) and

pyrimidine nucleosides (UR and CR) are channeled into UMP before

conversion to cytidine nucleotides. Basically, cytosine is deaminated

to uracil which is then converted to UMP (Figure 2). Cytidine is

deaminated to uridine which may be phosphoryllated to UMP or more

likely broken down to uracil before conversion to UMP. Likewise

exogenously obtained uridine may be converted directly to UMP, but is

mostly (75 per cent) taken through the two step conversion to UMP

(Neuhard, 1983).

Pyrimidine biosynthesis in three Pseudomonas species has been

examined and exhibits considerable variation with respect to that seen

in B. coli. Repression by uracil or related compounds of four of the



10

Figure 2. The salvage pyrimidine pathway in bacteria. The

abbreviations of compounds are: C, cytosine; CR, cytidine; U, uracil;

UR, uridine; UMP, uridine-5'-monophosphate; UDP, uridine-5'-

diphosphate; UTP, uridine-5'-triphosphate; CMP, cytidine-5'-

monophosphate; CDP, cytidine-5'-diphosphate; CTP, cytidine-5'-

triphosphate. The gene designations are as follows: codA, cytosine

deaminase; codB, cytosine permease; Ad., cytidine deaminase; dp,

uridine phosphorylase; .up., uracil phosphoribosyl transferase; udk,

uridine (cytidine) kinase; ndk, nucleoside diphosphate kinase; uraA,

uracil permease; nup nucleoside (CR, UR) permease; cmk, CMP

kinase; pyrH:, UMP kinase; pyrG, CTP synthetase. The enzymatic

conversion of cytidine to cytosine does not occur in E. coli, and is

catalyzed by a nucleoside hydrolase in P. putida. The enzyme also

hydolyzes uridine to uracil in P. putida. No cytidine deaminase has

been demonstrated in P. putida.
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enzymes in the pyrimidine biosynthetic pathway could not be

demonstrated in P. aeruginosa (Isaac & Holloway, 1968). In a

separate study, no repression of five enzymes of the pathway could be

detected on addition of uracil to growing cultures of the related

organism P. putida (Condon, et al., 1976). And a similar lack of control

was more recently documented in P. fluorescens (Chu & West, 1990).

Slight derepression of the enzymes (1.5- to 2-fold) was found following

starvation of pyrimidine auxotrophic mutants of P. putida. No

derepression of pyrimidine auxotrophs of P. aeruginosa could be

observed. In P. fluorescens only modest changes in the levels of the

enzymes of the pathway were observed, and no correlation between

feeding and the levels of pathway intermediates was made. Thus the

control of pyrimidine biosynthesis in those pseudomonads examined is

quite different from the archetype E.coli, at both the protein and gene

level.

Little biochemical characterization of the pathway has been

performed in the pseudomonads. ATCases from P. putida (Condon, et

al., 1976), P. aeruginosa (Bethell & Jones, 1969), and P. fluorescens

(Adair & Jones, 1972) have been somewhat characterized with respect

to response to allosteric effectors, and physical properties.

Interestingly, the ATCase from three different Pseudomonas species

exhibits similar inhibition by CTP, but is also inhibited by ATP. This is

in contrast to the E. coli enzyme where ATP is a heterotropic activator

of enzymatic activity. Another anomalous (non-E. coli-like) feature of

the Pseudomonas enzyme is the lack of homotropic response to
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substrates except in the presence of allosteric inhibitors. The

available evidence indicates that the enzyme from the pseudomonads

is a dimer with a molecular weight of 380,000 Daltons, though this has

been demonstrated only for the ATCase from P. fluorescens (Adair &

Jones, 1972), the only enzyme that has been purified from

Pseudomonas. More recent genetic evidence for the enzymes from P.

putida and P. aeruginosa suggest that the enzyme is actually a

dodecamer like the E. coli enzyme only with a larger molecular weight

regulatory subunit to account for the twenty per cent larger size

(O'Donovan, Schurr, & Vickery, personal communication).

The salvage pathways for the pseudomonads are essentially the

same as in E. coli (West & Chu, 1986; West, 1988). The major

difference seems to be that the pseudomonads examined thus far do

not have the enzyme cytidine deaminase. This supposition is based on

the fact that the pseudomonads are resistant to the toxic analog

flurocytidine. The pseudomonads do have a cytosine deaminase as

evidenced by a sensitivity to flurocytosine (West & Chu, 1986). The

major difference between the pseudomonads and the typical situation

in the enterics is the presence of the enzyme nucleoside hydrolase

(Terada et al., 1967; Sakaii et al., 1976). This activity is in contrast to

the enzyme nucleoside phosphorylase in E. coli (Figure 2). Thus for P.

putida, cytidine is probably metabolized first by hydrolysis to cytosine

and ribose by the action of the hydrolase and thence to uracil by

cytosine deaminase. Uracil is then brought to the nucelotide level by

uracil phosphoribosyl transferase.
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Because they exhibit incredible metabolic diversity,

Pseudomonas species have become increasingly important as

molecular biologists move to use the advances in molecular biology and

recombinant DNA technology for practical applications. The

pseudomonads can carry out a wide variety of chemical conversions

that provide the potential for detoxification of the environment and

the biological production of economically important chemicals. A

research program investigating the regulation of gene expression and

metabolism in the aerobic pseudomonads will contribute to

understanding the biochemical basis of pathway control in non-enteric

microorganisms. Such an understanding of the regulatory

mechanisms governing control of biochemical pathways will prove

important as non-enteric microorganisms are manipulated for

processes where they are the organisms of choice. There is a paucity

of information regarding the regulation and control of pyrimidine

biosynthesis in the pseudomonads and this is the gap in knowledge

that the research described here seeks to fill.



CHAPTER II

MATERIAL AND METHODS

Bacterial Strains

Pseudomonas putida strain PRS 2000 was used in this study and

originally obtained from L. Nicholas Ornston, Department of Biology,

Yale University, New Haven, Connecticut.

Chemicals and Reagents

Penicillin-G, D-cycloserine, L-aspartic acid, dilithium carbamoyl

phosphate, carbamoyl aspartate, L-dihydroorotic acid, orotic acid, 5'-

phosphoribosyl- 1 -pyrophosphate, orotidine-5'-monophosphate,

antipyrine, nucleotides, trichloroacetic acid, and tri-n-octylamine

were purchased from Sigma Chemical Company (St. Louis, Missouri).

Diacetyl monoxime was from Fisher Scientific Company (Fair Lawn,

New Jersey), monobasic ammonium phosphate, and 1, 1,2-trichloro-

1,2,2-trifluoroethane were from Mallinckrodt Inc. (Paris, Kentucky).

Agar was purchased from Difco (Detroit, Michigan). All other

compounds used were of highest purity available. Double distilled

deionized water was used in all experiments except for HPLC

procedures where Milli-Q water (Millipore Corporation, Bedford,

Massachusetts) was used.

15
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Growth Media and Conditions

All strains were grown in Basal Minimal Medium, prepared as

described previously (Stanier et aL., 1966), and supplemented with

Hunter's 'Metals 44' (Cohen-Baziere et al., 1957). Succinate (20 mM)

was utilized as the carbon and energy source. For Pyr- mutants, 50 tg

per ml of uracil was provided, other supplements were added at the

concentrations described. To prepared solid medium, 2 per cent agar

(W/V) was added. All cultures were incubated at 30*C, and liquid

cultures were provided with shaking at 200 rpm.

Isolation of Mutant Strains

Pseudomonas putida strain PRS 2000 was utilized as the wild type

strain in this research (Stanier, et al., 1966). For isolation of uracil

auxotrophic strains in P. putida, spontaneous mutagenesis and

Penicillin-G/D-cycloserine counter-selection were used (Figure 3)

(Ornston et al., 1969). Several independent liquid cultures of P. putida

PRS 2000 were grown in 5 ml of minimal medium containing 0.2 mM

succinate and 20 gg per ml uracil and shaken at 200 rpm and at 301C

overnight. In the morning, succinate was added to a final

concentration of 5 mM and the cultures were shaken for an additional

30 minutes. The cells were twice harvested, washed and resuspended

in minimal medium contain 5 mM succinate. The cells were

incubated with shaking for one hour at 30'C. D-cycloserine and

penicillin-G were added to a final- concentration of 0.05 mg per ml and
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Figure 3. Schematic diagram representing the procedure of isolation

of mutants from P. putida PRS 2000 strain.
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5 x 103 units per ml respectively to lyse the growing cells. After an

additional 4 hours shaking, cells were twice harvested, washed, and

resuspended with sterilized water. A 100 ml portion of the culture

was transferred to fresh minimal medium with 0.2 mM succinate and

20 gg per ml uracil and grown overnight. Cells were subjected to a

new cycle everyday for several days. After several days with the

previously described treatment (at least four days and up to ten days),

washed cells were diluted 106, 10-, and 108 from the distilled water

suspensions. Aliquots of 100 R1 of the diluted cells were spread onto

minimal medium agar plates that contained 10 mM succinate and 20

gg per ml uracil, and incubated at 300 C overnight. The resulting

colonies were screened on solid medium for uracil auxotrophy.

Preparation of Cell-Free Extracts

To determine the enzyme activity level of the de novo pyrimidine

biosynthetic pathway in _. putida, one liter of cell culture was grown

up and prepared for the enzyme assays. Cell cultures were grown up

to a cell density of 100 Klett Units as measured in a Klett-Summerson

colorimeter equipped with No. 54 filter. Cell cultures were divided

evenly into two parts (500 ml each under sterile conditions), collected

by centrifugation separately, and the cell pellets were twice washed

and resuspended with minimal medium to remove any remaining

traces of uracil. For the pyrimidine starvation experiments (see

Results), one of the cell pellets was transferred to a 1 liter

Eyrlenmeyer flask containing 500 ml of fresh minimal medium that
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contained succinate only. The cells were collected, washed, and

resuspended after 1.5 hours starvation. The cell pellets were

resuspended with 20 mM Tris-HCl buffer, pH 8.6, containing 1 mM 3-

mercaptoethanol (Condon, et al., 1976), and 0.02 mM zinc acetate.

The cell extracts were kept on ice or chilled to 0-41C. The

suspension was passed through a French Press (SLM Aminco Corp.,

Illinois) to disrupt the cells by explosive decompression. The

resulting cell free extract was centrifuged at 10,000 xg for 5 minutes

at 41C and 0.4 ml of the supernatant was withdrawn immediately for

the assay of dihydroorotate dehydrogenase (Kelln, et al., 1975). The

remaining extract was centrifuged at 27,000 xg for 25 minutes at 4C.

The supernatants were removed and assayed immediately or were

stored frozen at -20*C until further treatment.

Enzyme Assays

All enzyme assays were performed at 30*C. This temperature was

chosen for two reasons. First, some of the substrates, especially

carbamoylphosphate, are unstable at higher temperatures. Secondly,

P. putida does not grow at 37C, having an optimum growth

temperature of 30*C. Specific activity of the enzymes were

determined by detecting the changes in absorbance which were

caused by product formation (or substrate utilization) only when that

change was proportional to the reaction time and the amount of cell

extract employed in reactions. Protein concentration was determined

by the Lowry method with bovine serum albumin as a standard (Lowry
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et al., 1951.). The specific activity is expressed as nmol min (mg

protein)'.

Aspartate transcarbamoylase (ATCase, EC2.1.3.2) was assayed as

follows. The reaction mixture contained 100 mM Tris-HCl buffer, pH

8.6; 10 mM aspartate; cell-free extract; water, and 5 mM dilithium

carbamoylphosphate to a total volume of 2 ml (Adair & Jones, 1972).

The mixture, without carbamoylphosphate, was pre-incubated at 301C

for 3 minutes, and the reaction was started by the addition of

carbamoylphosphate that was made fresh and kept on ice before use.

At 10, 20, and 30 minute intervals, 0.5 ml of sample was withdrawn

and added to a tube that contained 0.5 ml water. One ml of the color

mix (Prescott & Jones, 1969) was added to stop the reaction. After

vigorous mix, the tubes were capped with marbles and placed in 601C

waterbath under room light for 110 minutes. The absorbance of each

assay tube at 466 nm was recorded and the enzyme activity was

obtained by using an experimental absorption coefficient which was

calculated from the slope of a standard curve using carbamoylaspartic

acid as a standard.

Dihydroorotate (DHOase, EC3.5.2.3) was assayed in a total volume of

2 ml mixture that contained 100 mM Tris-HCl, pH 8.6; 1 mM EDTA;

water; cell-free extract, and 2 mM L-dihydroorotate (Beckwith et al.,

1962). The L-dihydroorotate was made in 100 mM monobasic

potassium phosphate (KH 2 PO4 ), and stored frozen. The dihydroorotate

was found to be unstable if prepared in an alkaline buffer employed in

the assay. The mixture was pre-incubated at 301C for 3 minutes and
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started by addition of dihydroorotate. At 4, 8, and 12 minute intervals,

0.5 ml of sample was withdrawn and added to a tube that contained

0.5 ml water. One ml of color mix (Prescott & Jones, 1969) was added

to the assay tubes which were then processed as described for the

aspartate transcarbamoylase assay.

Dihydroorotate dehydrogenase (DHOdehase, EC 1.3.3.1) was assayed

according to established procedures. The dihydroorotate

dehydrogenase was assayed as described below, the mixture contained

the following in 1 ml: 100 mM Tris-HCl, pH 8.6; water; cell-free

extract, and 2 mM dihydroorotate (O'Donovan & Gerhart, 1972). The

reaction was initiated by addition of dihydroorotate and followed by

observing the increase in absorbance at 290 nm. Absorbance was

determined against a blank containing no substrate. A molar

absorption coefficient of 6.0 x 103 M cm was used (Kelln et al.,

1975).

Orotate phosphoribosyltransferase (OPRTase, EC2.4.2. 10) was

assayed as follows. The assay mixture in 1 ml contained 100 mM

Tris-HCI buffer, pH 8.6; 6 mM MgCI2 ; cell-free extract; water; 0.25

mM orotate, and 0.6 mM PRPP (5-phosphoribosyl-1-pyrophosphate)

(Beckwith et al., 1962; Schwartz & Neuhard, 1975). The reaction was

started by addition of PRPP, and the reaction was measured by

following the formation of OMP which results in a decrease in

absorbance at 295 nm as orotate is combined with PRPP to make the

nucleotide. The reaction was measured against a reaction blank
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containing all the mixture less the substrate, orotate. A molar

absorption coefficient of 3.95 x 103 M'cm_1 was used (Fyfe et al., 1973).

The final de novo pyrimidine pathway enzyme assay was orotidine-

5'-monophosphate (OMP) decarboxylase (OMPdecase, EC4.1.1.23).

The assay mixture in 1 ml contained 100 mM Tris-HCI buffer, pH 8.6;

20 mM MgCl2 ; cell-free extract; water, and 0.2 mM OMP (Beckwith et

al., 1962). The reaction was started by addition of OMP. Conversion of

OMP to UMP is accompanied by a decrease in absorbance at 285 nm as

the substrate is decarboxylated. The reaction blank was treated

identically except for the omission of the substrate, OMP. A molar

absorption coefficient 1.65 x 103 M1 cm1 was used.

Extraction of Nucleotides

The preparation of cell extracts for the quantitation of endogenous

nucleotides pool is shown in Figure 4. Volumes of 50 ml of bacterial

culture were grown up to 100 KU in 200 ml flasks. The cells were

centrifuged at 12,000 xg at 4*C for 5 minutes. Discarding the

supernatant, one ml of ice-cold 6% (w/v) trichloroacetic acid (TCA)

was added, and vigorously mixed on a vortex mixer for 2 minutes. The

mixture was allowed to stand at 4'C for 30 minutes before

centrifugation at 12,000 xg for 15 minutes at 4*C. The supernatant

was then neutralized with ice-cold Freon-amine (Dutta & O'Donovan,

1987) solution (1.06 ml of 0.7 M tri-n-octylamine in 5 ml Freon 113).

The sample was then mixed by the vortex mixer for 2 minutes and

allowed stand on ice for 15 minutes. The top layer which contained
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Figure 4. Schematic diagram representing the extraction procedure

for ribonucleotides from P. putida cultures.
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Bacterial Culture (50 ml /100 K.U.)

Centrifuge at 12000 x g
for 3 min at 40 C

Supernatant

(discarded)

Cell pellet

Add I ml ice-cold TCA (6% w/v)

Vortex for 2 min.
Stand on ice for 30 min.
Centrifuge at 12000 x g

for 10 min at 40C
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(disacrded)

Bottom Layer
(disacrded)

SuDernatant

Add 1 ml Freon-Amine
Vortex for 2 min.
Stand on ice for 15 min.
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Filter (0.45 jm )
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the nucleotide extract, was removed and filtered. The extract was

frozen at -20*C until further analysis.

Chromatographic Apparatus and Conditions

The HPLC equipment is composed of two Model 510 pumps, a

Model 680 automated gradient controller, a U6K injector, a Model

740 data module (Waters Associate, Milford, MA), and a

SpectroMonitor Model 5000 photodiode array detector (LDC

Analytical, Riviera Beach, FL), a Dionex AS4A column (Dionex Corp.,

Sunnydale, CA). The entire chromatographic system except the

column was stored in HPLC grade methanol when not in use, and the

AS4A column was stored separately in 0.1 M NaOH. After priming the

pumps, the system was flushed with distilled water at the flow rate of

4 ml per min for 15 minutes. The AS4A column was then connected

to the system. The flow rate was decreased to 1.5 ml per min and

kept flushing the entire system for 30 minutes. Pump A was then

flushed with buffer A, filtered 5 mM monobasic ammonium phosphate

(NH4 H2 PO4 ), pH 3.5; Pump B was flushed separately with buffer B,

filtered 500 mM monobasic ammonium phosphate with 500 mM

potassium chloride (KCI), pH 4.0. Nucleotides were detected by

monitoring the AS4A ion-exchange column effluent at 254 nm with a

sensitivity fixed at 0.05 absorbance unit full scale (A.U.F.S.).
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Identification and Quantitation of Nucleotides

Nucleotide samples from 50 ml of culture that were prepared as

described above were injected into the AS4A column. Nucleotides

were eluted according to the gradient program. The flow rate was

maintained at 1.5 ml per min. Analysis was performed at ambient

temperature. Peaks were recorded on the Model 740 data module.

The column was regenerated by washing with buffer A for 15 min.

The sample peaks were identified by comparing their retention time

with those of appropriate standards and by injecting known internal

standards.

Calculations

The concentration of all nucleotides in samples were calculated by

the following formula and expressed as gmol (gram dry weight)

Se V 1
X C X-X

St xC xDW

Where Sa is the peak height of sample, St is the peak height of

standard, C is the weight of compound in the standard divided by

molecular weight of compound, V is the total volume of extract, Vi is

the volume of extract injected, and Dw is the dry weight of the cells

(Dutta and O'Donovan, 1987). Dry weight determinations were

performed by filtering 50 ml of culture through a 0.2 mm filter that

had been previously tared, drying the cells on the filter by vacuum
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desiccation, and weighing the filter to determine the weight of the

cells extracted.



CHAPTER III

RESULTS

Mutant Isolation and Characterization

Since there is a lack of data concerning the regulation of

pyrimidine metabolism in P. putida, the isolation of pyrimidine

requiring mutants was pursued. Such mutants are necessary in order

to confirm the enzyme activities involved, to study the effects of

pyrimidine limitation, and to study the properties of the genes for the

pyrimidine pathway enzymes. Mutants were sought as spontaneous

mutants after repeated rounds of enrichment and counter-selection in

the procedure described in the Materials and Methods in Chapter II.

Six independent isolates that required uracil were identified after

screening. Each mutant strain was selected for its requirement for

exogenously fed uracil for growth, by picking cells plated out after six

or more rounds of enrichment onto minimal succinate and minimal

succinate plus uracil plates. Each mutant strain, named PRS9001

through PRS9006 came from separate tubes in the isolation

procedure, sometimes from experiments performed months apart.

And so the mutants are independent isolates, and though possibly

some of the six are identical, they are surely not siblings.

29
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The mutants were checked for their ability to grow on a variety

of substrates. This was done for two reasons. First, it was desired to

feed a variety of preformed pyrimidine bases and pyrimidine

nucleotides in order to see what compounds could supplement the

nutritional auxotrophy. In addition to directing the choice of

supplements for growth and feeding experiments, the ability to use a

variety of pyrimidine compounds provides some insight into the

salvage pathways operating in P. putida. Second, by feeding various

intermediates in the pathway it was hoped that the specific step(s) in

the pyrimidine biosynthetic pathway that was blocked could be

identified.

All six mutant strains exhibited identical requirements for

growth on the various supplemented media. Figure 5 shows a

diagrammatic depiction of the results. None of the mutant strains

grew on the pathway intermediates carbamoyl aspartate,

dihydroorotate or orotate. Other intermediates in the pathway, such

as carbamoylphosphate or OMP are either labile or precious chemicals

obviating their use for feeding experiments. Concentrations up to 50

gg per ml were used to determine the auxotrophic requirement. In

addition to providing the pathway intermediates on minimal succinate

agar plates, they were also made up in minimal glucose medium plates.

Again none of the pathway intermediates fed the mutants strains for

their pyrimidine requirement. The results indicated that the

mutation in all the strains was beyond the intermediate orotate (Figure

1). That is to say, the results indicated that the step affected was at



31

Figure 5. Feeding and nutritional supplementation of Pyr-

mutants. Results of the plating are depicted

diagrammatically. Cells were spread onto minimal succinate

plates supplemented with 50 gg per ml of the compounds

indicated. The pyrimidine pathway intermediates did not

allow growth of the mutants (top row). Addition of

pyrimidine compounds gave colonies after 12 hours

incubation at 30*C (bottom row).
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orotate phosphoribosyl transferase (OPRTase, the product of the pyrD

gene) or beyond. Thus the mutants appeared to be pyrD, yrE or pyrF

mutants. The possibility of a LyrG mutation was not considered since

the mutants were selected for their inability to grow on uracil (as

opposed to cytosine) and were supplemented for the pyrimidine

requirement with uracil (Figure 1).

The mutants' requirement for uracil could be supplemented by a

variety of pyrimidines and pyrimidine compounds. The bases cytosine

and uracil were equally effective at supplying the auxotrophic

requirement for uracil, indicating that a functional deaminase activity,

at what ever level, was operational (Figure 2). And the P. putida

mutant strains could utilize the corresponding uracil and cytosine

nucleoside derivatives, uridine and cytidine respectively. The results

indicate that the mutants had the salvage pathway activities necessary

to take up and incorporate exogenously added pyrimidines.

Enzyme Assays

Initially the levels of the de novo pyrimidine biosynthetic

pathway enzymes were determined in the wild type strain of P. putida.

The levels of the enzymes in wild type strain are shown in Table I. All

of the data presented represents enzyme levels found in cells after

growth under the conditions described. In every case, the assays were

verified to be within the linear range of protein and time. That is to

say, only assay data was used that gave doubling increases in activity in

response to doubling concentrations of cell free extract. And reaction
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Table I. Activities of the five de novo pyrimidine pathway enzymes in

the wild type strain.

Enzyme Specific Activity

Aspartate transcarbamoylase 26

Dihydroorotase 20

Dihydroorotate dehydrogenase 10

Orotate phosphoribosyltransferase 59

OMP decarboxylase 30

Growth conditions and enzyme assays were performed as described in

Materials and Methods. The specific activity for each enzyme is given

in terms of nmol min-1 (mg protein)- 1 .
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rates were determined for each enzyme only when the increase in

product (or decrease in substrate) was linear with respect to time.

Considerable variability was observed for the activities of the enzymes

when careful attention was not paid to amount of extract assayed and

the time of incubation. Dihydroorotase (DHOase) could only be assayed

in fresh cell extracts, immediately after breakage and clearing.

Freezing of the cells or the cell free extracts yielded little activity for

DHOase, or anomalous (non-linear) behavior with respect to amount of

enzyme assayed and length of assay.

Originally enzyme assays were performed in order to determine

the specific step in the pathway that was blocked in each of the six

mutant strains. In each case, the mutants were shown to be lacking

significant levels of the enzyme aspartate transcarbamoylase (ATCase),

the enzyme catalyzing the first unique step in the pyrimidine

biosynthetic pathway (Figure 1). Table II shows the results of ATCase

assays on the 6 mutants described above. Each has less than five per

cent of the wild type activity. Indeed, the readings are so low as to be

unpredictable and subject to considerable variation even within

identical samples. The remaining activity is suspect since the samples

had very high background absorbances due to the large amount of

protein employed in each assay.

The levels of all the remaining four enzymes of de novo

pyrimidine biosynthesis in all the mutants approximated wild type

levels. It has been reported that addition of pyrimidines to culture

media for P. putida does not repress the enzymes of pyrimidine
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Table II. Activity of ATCase in the six pyrimidine auxotrophic strains.

Strain Specific Activity

Wild type strain PRS2000

Mutant strain PRS9001

Mutant strain PRS9002

Mutant strain PRS9003

Mutant strain PRS9004

Mutant strain PRS9005

Mutant strain PRS9006

26.00

0.47

0.12

0.17

0.13

0.24

1.30

Growth conditions and enzyme assays were performed as described in

Materials and Methods. The specific activity for aspartate

transcarbamoylase is given in terms of nmol min-1 (mg protein)-'.
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biosynthesis as might expected. In E. coli for example all of the

enzymes of pyrimidine metabolism are repressed by exogenously

added uracil. Similarly, P. aeruginosa and P. fluorescens do not exhibit

repression of their pyrimidine biosynthetic enzymes by exogenously

added uracil or other pyrimidines. To determine if the pathway for

pyrimidine biosynthesis in P. putida was subject to regulation, apart

from the unapparent lack of repression, it was necessary to do

pyrimidine starvation experiments. Each enzyme in the pathway

showed some derepression in response to pyrimidine starvation,

indicating some regulation of enzyme synthesis for the pyrimidine

genes. The enzyme dihydroorotase was present at near wild type

levels in each mutant. And when the mutants were starved for

pyrimidines for one and a half hours, the enzyme level increased

approximately fifty per cent over non-starved or wild type levels (Table

III). This enzyme proved to be very unstable in P. putida.

Reproducible results were difficult to obtain. Only values which

exhibited linearity with time and with enzyme concentration are

reported. Such consistent values could only be obtained with freshly

prepared extracts. And the cells could not be stored frozen before

assay. In addition, reproducible results are only obtained when the

substrate is scrupulously prepared according to the procedure in the

Materials and Methods to avoid base catalyzed hydrolysis of the

dihydroorotate.

Dihydroorotate dehydrogenase (Table IV), orotate

phosphoribosyl transferase (Table V) and OMP decarboxylase gave
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Table III. Activity of DHOase in the six pyrimidine auxotrophic strains.

Strain

Wild type strain PRS2000

Mutant strain PRS9001

Mutant strain PRS9002

Mutant strain PRS9003

Mutant strain PRS9004

Mutant strain PRS9005

Mutant strain PRS9006

Specific Activity

Unstarved Starved

20

19 28

16 27

15 24

18 27

18 29

17 30

Growth conditions and enzyme assays were performed as described in

Materials and Methods. Basically, mutant strains were grown with 20

gg per ml uracil, collected by centrifugation, washed and resuspended

in fresh medium without uracil and incubated for a further one and a

half hours. The specific activity for dihydroortase is given in terms of

nmol min-1 (mg protein)- 1 .
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Table IV. Activity of DHOdehase in the six pyrimidine auxotrophic

strains.

Strain

Wild type strain PRS2000

Mutant strain PRS9001

Mutant strain PRS9002

Mutant strain PRS9003

Mutant strain PRS9004

Mutant strain PRS9005

Mutant strain PRS9006

Specific Activity

Unstarved Starved

10

10 13

11 14

8 15

8 15

9 16

11 15

Growth conditions and enzyme assays were performed as described in

Materials and Methods. Mutant strains were grown with 20 gg per ml

uracil, collected by centrifugation, washed and resuspended in fresh

medium without uracil and incubated for a further one and a half hours

with shaking at 30*C. The specific activity for dihydroorotate

dehydrogenase is given in terms of nmol min-1 (mg protein)-1.
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Table V. Activity of OPRTase in the six pyrimidine auxotrophic strains.

Strain

Wild type strain PRS2000

Mutant strain PRS9001

Mutant strain PRS9002

Mutant strain PRS9003

Mutant strain PRS9004

Mutant strain PRS9005

Mutant strain PRS9006

Specific Activity

Unstarved Starved

59

62 96

78 114

77 130

69

83

66

129

145

101

Growth conditions and enzyme assays were performed as described in

Materials and Methods. Mutant strains were grown with 20 gg per ml

uracil, collected by centrifugation, washed and resuspended in fresh

medium without uracil and incubated for a further one and a half hours

with shaking at 30*C. The specific activity for orotate

phosphoribosyltransferase is given in terms of nmol min-1 (mg

protein) -1.
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results similar to those with dihydroorotase (Table VI). Near wild type

levels of all three remaining enzymes in the pathway are observed in

the mutant strains when grown to mid log phase in medium

supplemented with uracil. When the cells were starved for uracil by

resuspending the growing cultures in minimal medium without uracil,

each enzyme's activity increased. In general the activity of each

enzyme increases from one-and-a-half-fold to two-fold over the

unstarved levels (Tables IV-VI).

Nucleotide Pool Levels

Since enzyme activity is known to change in response to

changing nucleotide pools in other bacteria such as E. coli and S.

typhimurium, this research sought to correlate changes in the

nucleotide pool levels with the level of enzyme activity and hence the

level of enzyme synthesis. It has been reported for three different

pseudomonads, that addition of uracil to the medium does not repress

the synthesis of the enzymes of pyrimidine biosynthesis. This is in

stark contrast to the situation in enteric microorganisms where

repression of the pyrimidine biosynthetic pathway is well

characterized. It is known for E. coli that changes in the level of

pyrimidine nucleoside triphosphate pools directly influence the level

of gene expression of the enzymes of the pathway. If addition of uracil

to growing cells does not alter the level of synthesis of the enzymes, it

follows that it may not influence the pools. A swelling of the

pyrimidine nucleotide pools is expected upon addition of exogenous
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Table VI. Activity of OMPdecase in the six pyrimidine auxotrophic

strains.

Strain

Wild type strain PRS2000

Mutant strain PRS9001

Mutant strain PRS9002

Mutant strain PRS9003

Mutant strain PRS9004

Mutant strain PRS9005

Mutant strain PRS9006

Specific Activity

Unstarved Starved

30

27 43

34 57

21 45

69 129

25 51

26 44

Growth conditions and enzyme assays were performed as described in

Materials and Methods. Mutant strains were grown with 20 gg per ml

uracil, collected by centrifugation, washed and resuspended in fresh

medium without uracil and incubated for a further one and a half hours

with shaking at 30*C. The specific activity for OMP decarboxylase is

given in terms of nmol min-1 (mg protein)-l.
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pyrimidines to the cell, but this is not necessarily so. The compounds

may be slowly transported, slowly metabolized to the nucleotide level

or rapidly consumed so that the pool levels overall do not change.

A hypothesis was developed that stated that the pseudomonads

do not alter their level of gene expression and enzyme synthesis upon

addition of uracil because the addition of uracil does not alter

pyrimidine nucleotide pool levels. To test the hypothesis, wild type P.

putida was grown in succinate minimal medium without uracil and, in

identical fashion, with uracil. The pools were extracted according to

the procedures outlined in Chapter II and analyzed by HPLC. A one to

one comparison of the results from the two culture conditions is

shown in Table VII.

The results of Table VII show the effect that uracil addition to

the medium has on the pyrimidine nucleotide level in growing cells.

Addition of uracil to the medium resulted in almost a four-fold

increase in the UTP pool in wild type strains grown on succinate

minimal medium. And there was greater than a ten-fold increase in

the levels of CTP accompanying the swelling of the UTP pool. Most

interesting was a dramatic change in the levels of the purine

nucleoside triphosphates ATP and GTP. The levels of ATP and GTP

increased approximately twenty-fold. Addition of uracil to the medium

had little effect on the generation time of the wild type strain

(approximately 55 minutes in either case; data not shown). These

data show that despite the lack of alteration in the level of expression

for the genes of the pyrimidine de novo pathway enzymes; uracil can
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Table VII. Levels of nucleoside triphosphates in wild type P. putida.

Nucleoside Triphosphate

ATP

GTP

CTP

UTP

No Additions

0.167

0.031

0.004

0.507

Plus Uracil

2.599

0.876

0.075

1.896

Growth conditions, nucleotide extraction and chromatographic

analyses were performed as described in Materials and Methods. The

intracellular concentrations of the nucleotide triphosphates are given

in terms of gmol (g dry weight)- 1 .
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enter the cell, enter intermediary metabolism, and effect changes in

metabolic pools.

That uracil could enter into cells was never an issue. The

pyrimidine mutants all required uracil and could be supplemented by

addition of uracil, as well as the pyrimidine compounds uridine,

cytosine and cytidine (Figure 5), indicating effective transport of the

compounds into the cell. The results in Table VII confirm that uracil

added to the growth medium can effectively enter into and increase

the levels of the nucleoside triphosphate pools. Next, the ability to

shrink the levels of nucleotide pools by withholding uracil from a

pyrimidine mutant was investigated. In the previous section it was

shown that starvation of Pyr- mutant strains resulted in a fifty per cent

increase in the remaining enzymes of the pyrimidine de novo

biosynthetic pathway. Analogous changes in the level of enzyme

expression in E. coli occur in response to pyrimidine limitation

(though at significantly higher levels). Starvation of Pyr- strains of E.

coli or S. typhimurium cause significant derepression of the enzymes

of the pathway. Since there is some effect of pyrimidine limitation of

the level of enzyme expression in our Pyr- mutants in P. putida, the

possibility of a corresponding alteration of pyrimidine nucleotide pools

was explored.

All six mutant strains PRS9001 through PRS9006 were grown

up in minimal medium supplemented with uracil. To test the effect of

pyrimidine limitation, cells were collected by centrifugation and

resuspended in fresh sterile medium that was not supplemented with
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an exogenous pyrimidine source. The cells were grown for a further

one and half hours before the nucleotide pool levels were quantified as

described in the Materials and Methods in Chapter II. The results of

the experiments are summarized in Table VIII. Table VIII shows the

levels of nucleotide pools in the six mutant strains of P. putida

immediately preceding and one and a half hours after pyrimidine

limitation. The values of the UTP pool in the unstarved cells for all the

mutants was of the same relative magnitude (1-2 gmol per gram dry

weight). And in every case for the unstarved cells, CTP levels were

less that one tenth that of the UTP pools (from 0.09 to 1.6 gmol per

gram dry weight). Removal of the exogenous uracil had variable results

that at first appear conflicting. In some cases the levels of one or the

other of the pyrimidine nucleoside triphosphates UTP and CTP

increase. The levels of CTP, or of UTP, or of both CTP and UTP were

affected in each strain. However in general, the levels of UTP and/or

CTP fall, sometimes to undetectable levels.

In the experiment outlined in Table VII the levels of the purine

nucleotides were determined concomitantly. The levels in unstarved

cells, that is to say in uracil fed cells, were essentially similar to the

levels found in the wild type strain when fed exogenous uracil (Table

VII, second column). Pyrimidine limitation in these Pyr- strains

invariably caused an increase or swelling of the purine nucleotide

pools. The possible reasons for this are discussed in the following

section.
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CHAPTER IV

DISCUSSION

This research was performed because the pyrimidine pathway of

P. putida is so different from other well characterized systems and

poorly characterized itself It is hoped that comparative studies will

provide insight into the mechanism of enzyme and gene regulation in

the aerobic pseudomonads. A great deal of research has been

performed on the pseudomonads mainly as regards their enormous

metabolic capability. The members of the genus Pseudomonas have

the capacity to degrade a wide variety of compounds. This capacity

presents man with enormous potential for practical applications in the

emerging biotechnology industry. Pseudomonads are studied

predominantly for their use in biodegradation, bioremediation and

biocatalysis. That is to say they may provide the means to degrade

toxic environmental pollutants and provide the capability to make a

variety of commercially important compounds. But while much

attention has been paid to the degradative pathways in the

pseudomonads, their central metabolic pathways have been left

uncharacterized. They pyrimidine biosynthetic pathway in P. putida is

distinct from that in other well characterized organisms such as E.

coli and S. typhimurium. For example it has been reported for P.

48
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putida (Condon et al., 1976), P. aeruginosa (Isaac & Holloway, 1968)

and P. fluorescens (Chu & West, 1990) that the de novo pyrimidine

biosynthetic pathway is not subject to regulation by exogenously fed

uracil. The pathway apparently does not show the classical repression

observed in the enterics.

According to the "typical regulatory scheme in the enteric

bacteria, addition of exogenous pyrimidines to the medium of growing

cells represses enzyme synthesis. The compounds are taken up by the

cell and raised to the nucleoside triphosphate level by the pyrimidine

salvage pathways. Then the elevated pyrimidine nucleoside

triphosphate pools of UTP and CTP repress enzyme synthesis through

several mechanisms. First the high levels of UTP alone cause

premature termination (attenuation) of the transcripts for the pyrB

pyrE and pyr_ genes. The genes encoded by py A, pyrC and pIr are

also repressed by an increase in the pyrimidine nucleoside

triphosphate pools, but probably in response to the CTP pool

specifically. In the case of 9yrA, C and pyriD there is presumably a

classical repressor protein regulating gene expression, though the

actual repressor protein or its gene has been identified. The PyrB

pyrE and pyrF genes are controlled by rho independent termination

regulated by a classical attenuator. In either case, changing levels of

the nucleoside triphosphates regulate the expression of the genes

involved. Increased levels of UTP and CTP, due to feeding of

pyrimidine compounds, slow or repress synthesis of the de novo

pathway enzymes. And low levels of UTP and CTP, induced upon
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starvation (and manipulated in appropriate mutant strains), cause an

increase or derepression of synthesis of the pyrimidine biosynthetic

enzymes. Since repression due to feeding has not been observed in P.

putida, it seemed possible that the addition of uracil to the medium

did not cause a corresponding increase in the intracellular level of

pyrimidine nucleoside triphosphate pools. We sought to test this

possibility by analyzing the patterns of enzyme synthesis in mutant

strains and measuring the levels of UTP and CTP after feeding and

starving for pyrimidines.

Mutants in pyrimidine biosynthesis have been isolated in P.

putida, E. aeruginosa and P. fluorescens. Holloway and coworkers

isolated mutants in pyrimidine biosynthesis by N-methyl-nitro-N-

nitrosoguanidine (NTG) mutagenesis in P. aeruginosa for every step

except pyrC (Isaac & Holloway, 1968). Previously, O'Donovan isolated

pyr mutants in P. putida in pyrA, pyrB and pyr_ (Condon, et al., 1976).

However that study was performed in 1976 and the strains have since

been lost. The only mutant strain in _. putida available has not been

previously characterized, and it is of dubious origin and parentage

(Holloway, personal communication). Recently, West and coworkers

isolated pyrimidine mutants in pyrB, _ and pyrE in P. fluorescens

by transposon and ethylmethane sulphonate (EMS) mutagenesis (Chu

& West, 1990). Since no strains were available in _. putida for an

investigation of the type proposed, mutant strains were isolated.

The parent strain used in this study was P. putida PRS2000, also

known as PRS1, PPN and strain A90. This strain was selected as the
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parent strain because it is one of the best characterized strains for P.

putida available and because the genetic map for _. putida is based

upon this strain. The mutagenesis procedure employed to obtain Pyr-

strains of _. putida does not require the use of any mutagens to

increase the frequency of mutation. While this might seem

disadvantageous because of the increased requirement for successive

rounds of counter selection, enrichment and screening, it presents

two principal advantages. First the mutations arising from

spontaneous mutagenesis procedures tend to be deletion mutants.

Deletion mutants were sought since they are more stable. Secondly it

was hoped that selecting spontaneous mutants for pyrimidine

biosynthesis would eliminate the presence of any secondary mutations

that might cause unpredictable changes in cellular metabolism and

make otherwise isogenic comparisons between strains invalid.

All the pyrimidine mutants isolated were found by enzyme assay

to reside in the pyrB gene since all the cells lacked any activity for the

product of the pyrB gene, aspartate transcarbamoylase. None of the

mutant strains are siblings since they were all independently isolated.

When the cells were plated out, the frequency of uracil requiring

strains in the enrichment tubes was very high. Approximately thirty

per cent of the cells plated onto minimal medium plus uracil were

uracil auxotrophs. Of course only one colony from any given plate was

used, the others assumed to be siblings at this point.

A question is immediately raised by isolating six Pyr- mutants in

which six out of six are pyrB mutants. It is known that the pyrB gene
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from P. putida must be very large. The enzyme encoded by the gene

has a large molecular weight of 380,000 Daltons (Adair & Jones,

1972). If it has a dodecameric structure like the classical E. coli

enzyme the gene must code for approximately 63,000 Daltons of

protein or approximately 2 kbp, assuming the average molecular

weight of an amino acid is 110. If the enzyme is actually a dimer as

proposed, then the gene must be greater than 6 kbp in length.

Though recent data from the laboratory of O'Donovan suggests that the

former is the case, in either case, the pyrB gene encoding ATCase is a

big gene and therefore a bigger target more likely to receive a

mutation. Still, the preponderance of pyr mutant strains might

suggest that there is something unique about this gene in _P. putida.

Perhaps it is a hot spot for mutation because it contains extensive

secondary structure or shares homology with other genes and thus is a

frequent site for recombinational events. Or perhaps it is a preferred

site for transpositional events, sharing local homology with an

endogenous transposon or insertion sequence. Other researchers

have had anomalous results in the selection of mutant strains in the

various species of Pseudomonas. Half of all the mutants in P.

fluorescens isolated by West were pyrB mutants. And only iyrll

mutants for all the pyr genes exist in the P. putida genetic stock

culture center (Holloway, personal communication). It has also not yet

been possible to isolate a vxrA in P. aeruginosa, despite considerable

effort (Holloway, personal communication). The fact that the pyrB

mutant strains PRS9001 through PRS9006 did not affect the
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expression of any of the other enzymes of the pathway suggests that

the genes are not arranged in an operon in P. putida. In E. coli and in

P. aeruginosa the genes have been mapped and are known to unlinked.

However the genes have not been mapped in P. putida, except for

pyrB, and none of the six mutants exhibited any polar effect or

pleiotropic effects on the expression of any of the other enzymes in

the pathway.

The growth characteristics of the pyrB mutant strains described

in this research were also unexpected. None of the intermediates of

the pathway could supplement the auxotrophic requirement of the

strains. This phenomenon has been reported previously. West's

mutants in P. fluorescens (West & Chu, 1990) were not able to grow

on carbamoyl aspartate or dihydroorotate as predicted. In contrast to

the results presented here, two pyrB mutants could grow on medium

supplemented with orotate, and yet a iynC strain could not. The

mutant strains PRS9001 through PRS9006 may have been unable to

take up the pathway intermediates for several reasons. The

compounds may not be transported into the cell. This may occur

because of several reasons. It is possible that P. putida does not have a

transport system for these compounds. If that is the case little

diffusion into the cell would be expected since carbamoyl aspartate,

dihydroorotate and orotate are all acids and are negatively charged at

physiological pH. Their charged nature would preclude diffusion

through the hydrophobic membrane. The feeding experiments were

performed on minimal succinate plates. It is possible that, since
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succinate is known to catabolite repress a variety of genes in the

pseudomonads, that the transporters were not expressed. Or it is

possible that the mutation affecting pyrBalso resulted in a mutation

that prevented transport, perhaps by inactivating the transporter

itself. Switching the carbon source in the medium from succinate to

uracil still resulted in no growth on any of the pyrimidine pathway

intermediates. And feeding experiments at higher concentrations, up

to 75 gg per ml, still yielded no growth. In a similar vein, mutants of

P. aeruginosa were unable to be fed by intermediates of the pathway

(Isaac & Holloway, 1968).

The mutants could all be fed by exogenous pyrimidines cytosine,

uracil and pyrimidine nucleosides cytidine and uridine. Growth on

cytidine was not so strong as with the other compounds and requires

one additional day of incubation. This is all consistent with other

observations and what is known of pyrimidine salvage in P. putida.

When West tested a series of uracil requiring strains in P. fluorescens,

cytosine, uracil, uridine, but not cytidine could feed the mutants.

Growth on uracil likely occurs via the action of uracil phosphoribosyl

transferase which converts uracil and PRPP to UMP (Figure 2). For

growth on uridine, a uridine kinase may convert uridine to UMP but

the pseudomonads are known to have a nucleoside hydrolase that can

convert uridine to uracil and ribose. The uracil so formed then is

combined with PRPP to form UMP by the action of uracil

phosphoribosyl transferase. E. coli and the enteric bacteria perform

essentially the same conversions except that uridine is
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Table IX. Comparison of the activities of the five de novo pyrimidine

pathway enzymes in three pseudomonass.

Enzyme Specific Activity

P. aeruginosa P. putida P. fluorescens

Aspartate transcarbamoylase 75 26 14

Dihydroorotase 17 20 13

Dihydroorotate dehydrogenase 4 10 9

Orotate phosphoribosyltransferase 10 59 51

OMP decarboxylase nd 30 44

The data for P. putida is from this study. The data for P. aeruginosa is

from Isaac and Holloway (1968). The data for P. fluorescens is from

Chu and West (1990). The specific activity for each enzyme is given in

terms of nmol min-1 (mg protein)-1. OMP decarboxylase was not

determined in P. aeruginosa due to commercial unavailabilty of the

substrate OMP in 1968.
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principle experimental species of Pseudomonas have similar metabolic

levels of the enzymes of pyrimidine biosynthesis. One to one

comparisons with the levels of the enzymes in P. putida from previous

studies can not be made since the activities were reported as relative

values only for the purpose of studying repression of enzyme synthesis.

Previous work has shown that addition of uracil to the medium

does not result in repression of any of the enzymes of pyrimidine

biosynthesis in P. putida, P. aeruginosa, and P. fluorescens. However

starving cells might result in a derepression of enzyme synthesis in

response to dramatically lowered nucleotide pool levels. After

starvation for one and a half hours, the levels of all of the enzymes of

the de novo pathway increased from one and a half to two-fold (Table

III-VI). The results indicated that limited derepression of enzyme

synthesis was possible in P. putida, even though the lack of classical

repression by exogenously fed pyrimidines has been demonstrated.

The mechanism of this increase in gene expression in response to

changing nucleotide pools requires further study. Cloned genes with

their attendant promoters would prove useful in expression studies

and for sequence analysis to determine the molecular basis behind the

total lack of repression in the presence of limited derepression in P.

putida

One reason that repression might not be observed in P. putida

(and the other pseudomonads) is that addition of pyrimidine

compounds to the medium may not necessarily result in an increase in

the intracellular concentration of pyrimidine nucleotides. The
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compounds may enter the cell only slowly, or they may only be

converted to the nucleotide level slowly so that no effective change in

the pool levels result. The data presented here clearly refute this

hypothesis. Addition of uracil to the medium of growing wild-type P.

putida resulted in an increase in all of the nucleoside triphosphate

pools (Table VII). Even the purine nucleotide pools increased in the

wild type strain upon exogenous addition of uracil to the medium.

This may result from a decrease in the cell's requirements for energy

in the form of ATP for the synthesis of pyrimidines. For example the

precursor metabolite carbamoylphosphate requires two ATP in its

synthesis alone. Addition of uracil will relieve the use of ATP in the

cell and this will be reflected with a corresponding increase in the

levels of GTP.

Starvation of the pyrB mutants of P. putida caused dramatic

changes in the levels of the nucleotide pools. Initially, nucleotide pool

levels in the mutants are similar to those in wild type cells fed

exogenous uracil (compare Tables VII and VIII). After starvation for

one and a half hours, in every case the levels of the purine nucleotide

pools rose two to four fold. And the levels of UTP, or CTP, or both

decreased. There was not a consistent decrease in the pyrimidine

nucleotide pool levels except for the fact that some decrease was

always observed. Sometimes UTP fell to undetectable levels,

sometime CTP fell to almost zero. In either case the cells would be

expected to experience a significant decrease in the pyrimidine

nucleoside triphosphates upon withdrawal of uracil from the medium.
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That there were still detectable levels (of UTP or CTP or both) may

indicate a very efficient salvage reutilization of pyrimidines from the

breakdown of mRNA, and perhaps even other sources such as rRNA

and nucleotide sugars. Still, ultimately the mutant strains will starve

for pyrimidines. The disparate changes in the UTP and CTP pools may

result from competition between the pools as the cell tries to

compensate for a low level of one or the other and subsequently

depletes one pool trying to restore the other. Without a ready supply

of pyrimidines from either de novo synthesis of salvage, depletion or a

nucleotide pool (either UTP or CTP) can not be corrected. When

pyrimidine metabolism is essentially halted, except for residual

interconversions and limited salvage reutilization, the purine

nucleotide pools swell since the need for ATP by nucleoside kinases,

nucleoside monophosphate kinases and nucleoside diphosphate

kinases is lowered.

As a group the pseudomonads are efficient scavengers and many

of the observations in this work may be explained in light of that

characteristic. Efficient salvage reutilization of pyrimidine nucleotides

from intracellular breakdown as well as from exogenously fed

compounds may work to preserve nucleotide pools. With little

fluctuation in the pools there would be seldom use for a repression

mechanism. Unlike E. .cli, the pseudomonads are probably seldom

presented with an abundance of pyrimidines so they never have any

need to repress the synthesis of their biosynthetic enzymes. Indeed,

in nature it is possible that the pseudomonads are "always starving"
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and so need not ever shut off enzyme synthesis. The savings realized

for more efficient regulation of gene expression may not be worth the

metabolic load to these microorganisms well suited and highly evolved

for growth in nutrient limited environments. Thus more important

than studying the regulation of gene expression in the pyrimidine de

novo biosynthetic pathway would be a through study of the salvage

reutlization pathways that operate in P. putida and the other

pseudomonads.
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