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No apparent repression of pyr gene expression in Pseudomonas 

aeruginosa is observed upon addition of exogenous pyrimidines to the 

growth medium. Upon introduction of the subcloned Escherichia coli 

pyrBI genes for aspartate transcarbamoylase (ATCase) into a P. 

aeruginosa pyrB mutant strain, repression was observed in response to 

exogenously fed pyrimidine compounds. The results proved that it is 

possible to bring about changes in pyrimidine nucleotide pool levels and 

changes in transcriptional regulation of gene expression as a result. 

Thus, the lack of regulatory control in P. aeruginosa pyr gene expression 

is not due to an inability to take up and incorporate pyrimidine 

compounds into metabolic pools, or to an inability of the RNA polymerase 

to respond to regulatory sequences in the DNA but is probably due to a 

lack of specific regulatory signals in the promoter of the genes 

themselves. 
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CHAPTER 1 

INTRODUCTION 

The pyrimidine biosynthetlc pathway leads to the production of 

the ribonucleotide compounds UTP and CTP and to the 

deoxyribonucleotide compounds dCTP and dTTP. These pyrimidine 

ribonucleoside triphosphates and deoxyribonucleoside triphosphates 

are ultimately used for the formation of RNA and DNA, as well as for 

the other important biological molecules. The extensive studies of the 

de novo pyrimidine pathway have shown that although the pathway 

appears universally in living organisms, and the same sequence is 

followed (Figure 1), the regulation differs in different organisms. To 

take a relevant example, while aspartate carbamoyltransferase 

(ATCase, EC 2.1.3.2) is the major control point in pyrimidine pathway 

in bacteria, eukaryotes regulate at the proceeding step, namely the 

synthesis of carbampylphosphate by the enzyme carbamoylphosphate 

synthethase. To date, most of the key work leading to elucidation of 

pyrimidine pathway was provided by microorganisms and Escherichia 

coli, and this work in microbial systems has captured the spotlight of 

our understanding. The pathway, in general, is under strict control at 

the level of enzyme activity by feedback inhibition and activation, and 

the level of enzyme synthesis by repression and attenuation. 



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

The abbreviations for the compounds are: OMP, orotidine-5'-

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

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

triphosphate. The gene designations are as follows: pyrA, 

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

transcarbamoylase (ATCase, EC2.1.3.2); pyrC, dihydroorotase (DHOase, 

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

EC 1.3.3.1); pyrE, OMP phosphoribosyltransferase (OPRTase, 

EC2.4.2.10); pyrF, OMP decarboxylase (OMPdecase, EC4.1.1.23); pyrH, 

UMP kinase (EC2.7.4.4); ndk, nucleoside diphosphate kinase 

(EC2.7.4.6); and pyrG, CTP synthase (EC6.3.4.2). 
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The de novo pyrimidine pathway of E. coU 

In Escherichia colt K-12 and closely related bacteria, de novo 

synthesis of UMP is catalyzed by six enzymes encoded by six unlinked 

pyrimidine genes and gene operons (OT>onovan & Neuhard, 1970; 

Turnbough, 1983) designated as carAB, pyrBI, pyrC, pyrD, pyrE and 

pyrF (Figure 1). 

The first step of the pathway is the formation of 

carbamoylphosphate from bicarbonate, the amide group of glutamine, 

and ATP in a reaction catalyzed by carbamoylphosphate 

synthetase(CPSase). This anabolic CPSase is the product of the gene 

designated pyrA in most organisms, including Pseudamonas. CPSase 

with its glutamine amide-transferase (GAT) subunit in E. coU is the 

product of the carAB genes. The product of the reaction, 

carbamoylphosphate is also an intermediate in arginine biosynthesis 

and so the enzyme CPSase actually participates in two biosynthetic 

pathways (Abdelal & Ingraham, 1975). Synthesis of this enzyme is 

controlled by cumulative repression by both arginine and a cytidine 

nucleotide, both of which are end products of their respective 

pathways (Lu, et aL, 1989; Pierard et oL, 1976). 

The next reaction unique to pyrimidine biosynthesis is catalyzed 

by aspartate carbamoyitransferase (ATCase, encoded by pyrBI). The 

enzyme condenses carbamoylphosphate with the amino group of 

aspartate and forms N-carbamoyl-L-aspartate and inorganic phosphate. 

It is subject to regulation at the level of enzyme activity by CTP and 



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

1962). The synthesis of ATCase is controlled by attenuation, and 

possibly repression, while its activity is controlled by allosteric 

inhibition and activation. Because ATCase is the focus of this paper, 

these two mechanisms are covered later in greater detail. 

The enzyme dihydroorotase (DHOase, encoded by pyrC) catalyzes 

the conversion of carbamoyl aspartate to form dihydroorotate by 

cyclization with the elimination of water. The product of this reaction 

is then oxidized to orotate, with oxygen serving as the external 

oxidant. This reaction is catalyzed by dihydroorotate dehydrogenase 

(DHOdehase, encoded by pyrD). The next step involves the 

condensation of orotate with 5'-phosphoribosyl-1-pyrophosphate 

(PRPP) to yield the first pyrimidine ribonucleotide, orotidine-5'-

monophosphate (OMP), with the elimination of pyrophosphate. This 

reaction is catalyzed by orotate phosphoribosyl transferase (OPRTase, 

product of pyr£). The OMP is then decarboxylated by OMP 

decarboxylase (OMPdecase, pyrF) to generate uridine-5'-

monophosphate (UMP). 

A highly specific UMP kinase (encoded by pyrH) catalyzes the 

phosphorylation of UMP to UDP, using ATP as the source of phosphate. 

UDP is further phosphorylated to UTP by the enzyme nucleoside 

diphosphokinase (encoded by the gene ndk). The reaction catalyzed 

by this kinase is non-specific, and all nucleoside monophosphates are 

phosphorylated to the diphosphate level by this enzyme. The final 

step of the pyrimidine pathway, the production of CTP from UTP, is 



catalyzed by the enzyme CTP synthetase ipyrG). Expression of the 

pyrBI operon, together with the pyrE and pyrF genes is controlled by 

repression in response to uridine nucleotide levels; whereas, the 

expression of carAB, pyrC and pyrD is regulated by a cytidine 

nucleotide. 

E. coHATCase 

Bacterial ATCases have been classified as class A, class B and 

class C enzymes on the basis of size, architecture and regulation of 

enzymatic activity (Bethell & Jones, 1969). 

Class A ATCases, represented by the Pseudomonas Jluorescens 

ATCase were previously reported to be dimers with total size greater 

than 360,000 Da (Neumann & Jones, 1964; Adair & Jones, 1972) and 

Michaelis-Menten kinetics (Adair & Jones, 1972; Bethell & Jones, 

1969). Catalytic and regulatory functions appeared to reside in the 

same polypeptide. Recent results showed that the enzyme from P. 

jluorescens actually exists as a 34 kDa trimer in a dodecameric 

association with a 45 kDa chain of unknown origin and function (Bergh 

& Evans, 1993). Similar results were obtained for the purified enzyme 

from Pseudomonas syrtngae (Sheperdson & McPhail, 1993). 

Class C ATCases are represented by the ATCase of B. subfflis. 

They are trimers of 100,000 Da (Brabson & Switzer, 1975). Another 

class C enzyme may perhaps belong to Streptococcus Jaecalis, which 

has been proposed, though not proven, to be tetramers of 120,000 Da. 



These smaller molecular weight ATCases are proposed to be simple 

trimers, devoid of both heterotopic and homotropic allosteric 

regulatory interactions. Thus they have no response to nucleotide 

effectors, nor do they have allosteric, sigmoidal kinetics in response to 

increasing concentrations of the substrates. 

Class B ATCases, represented by ATCase of E. colt, which is 

extensively characterized, are dodecamers of 300,000 Da with 

separable catalytic and regulatory subunits. E. coli ATCase is 

composed of 12 polypeptide chains. Each of six larger or catalytic 

chains (CI to C6) has a molecular weight of 33,000 Da. The six 

catalytic polypeptide chains in the E. coli ATCase holoenzyme are 

grouped together in two trimers (Figure 2). Each of the smaller or 

regulatory, chains (R1 to R6), has a molecular weight of 17,000 Da., 

and they are organized in three dimers (Kantrowitz et aL, 1980; 

Kantrowitz & Lipscomb, 1988). The oligomer, 2(C3)-3(R2), is 

arranged so that each catalytic monomer is in contact with three other 

catalytic chains and two regulatory chains, while each regulatory 

monomer interfaces with one other regulatory chain and two catalytic 

chains (Honzatko, et aL, 1982; Figure 2). The substrate binding sites 

are on the catalytic subunits. The actual active site is formed with 

groups from two different catalytic polypeptide chains, and each 

trimer has three active sites as might be expected. Each regulatory 

subunit has a site that can bind either CTP or ATP. These two 

molecules thus compete for the same sites on the regulatory dimers. 

When enzyme velocity is plotted as a function of substrate 
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Figure 2. Quaternary structure of the E. coli ATCase. This schematic 

representation of quaternary structure of aspartate transcarbamyolase 

is viewed along the three-fold axis. The six catalytic (C) chains C1-C2-

C3 and C4-C5-C6 correspond to the two catalytic subunits; whereas 

the regulatory (R) chains R1-R6, R2-R4, and R3-R5 correspond to the 

three regulatory subunits. The catalytic chain is composed of the 

aspartate (Asp) and the carbamoylphosphate (Cp) binding domains. 

The regulatory chain is composed of the allosteric (A) and (Zn) 

domains. The arrows indicate the molecular twofold axes. Adapted 

from Kantrowitz et at, 1988. 
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concentration (Gerhart & Pardee, 1962; Bethell et al, 1968) 

hyperbolic kinetics are observed. The enzyme's Km for aspartate is 5.5 

mM, whereas the Km for carbamoylphosphate is 0.2 mM. Both 

aspartate and carbamoylphosphate alter the subunit interactions of 

native ATCase, creating cooperative binding of substrates and yielding 

sigmoid saturation kinetics on velocity substrate plots (O'Donovan & 

Neuhard, 1970). The kinetics of E. coii ATCase appear as shown in 

Figure 3. The addition of OTP, the feedback inhibitor, enhances the 

sigmoidicity for both carbamoylphosphate and aspartate. At high 

carbamoylphosphate concentrations, CTP decrease the affinity of 

ATCase for aspartate; at high aspartate concentrations, CTP decreases 

the affinity of ATCase for carbamoylphosphate. When both substrates 

are saturating, very little inhibition can be seen (Bethell et al, 1968; 

Gerhart & Pardee, 1962). CTP, and all the heterotropic inhibitors, 

bind at a site on the regulatory subunit dimmers. Therefore, CTP acts 

as a non-competitive inhibitor for ATCase (in the sense that the 

inhibition is caused by binding to a site other than the active site and 

there is no direct competition for the substrates at the active site). 

The degree of the inhibition by CTP is determined jointly by the 

concentration of both allosteric substrates: carbamoylphosphate and 

aspartate, and the inhibition by CTP is saturable. Thus, CTP, one of 

the ultimate products of pyrlmidine ribonucleotide biosynthesis, is an 

allosteric inhibitor. In contrast, ATP is a heterotrophic activator 

(Figure 3). The appropriate enzymatic responses to the nucleotide 

effectors occur as changes in the quaternary structure of ATCase 
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Figure 3. Heteroallosteric control of aspartate carbamoyltransferase. 

In the absence of activation or Inhibitors, the V versus S curve has the 

sigmoidal shape shown in the middle. Activators shift the system 

toward the R state; inhibitors stabilize the T state. 
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molecules. The enzyme's conformations in the relaxed (R or 

activated) and tight, tense, or taut CT or inhibited) states have been 

determined by X-ray diffraction. A major rearrangement of subunit 

positions occurs in T to R transition. The relaxed or R state refers to 

the conformational state of enzyme that has a high activity and a high 

affinity for the substrate aspartate. The tense or T state shows low 

activity and low affinity for aspartate. So, the activity of ATCase is 

regulated by the opposite effects of ATP and CTP binding and 

therefore to the ratio of the concentrations of metabolic levels of ATP 

to CTP in the cell. 

Regulation of the E. coli pyrimidine pathway 

Regulation of pyrimidine biosynthetic pathway is known to occur 

by three general mechanisms: allosteric, metabolic and genetic. 

Allosteric control of enzymatic activity of various steps in the de 

novo pyrimidine pathway has been observed. The enzymes 

carbamoylphosphate synthetase (Abdelal & Ingraham, 1969), aspartate 

transcarbamoylase (Yates & Pardee, 1956), and CTP synthetase (Long 

& Pardee. 1969) are subject to strict regulatory control. For example, 

as mentioned above, ATCase, catalyzing the committed step of pathway 

in E. coli, shows homotropic cooperativity for both substrates, as well 

as enzymatic inhibition by CTP, and enzymatic activation by ATP 

(Kantrowitz et aL, 1980). Hie activation of ATCase by ATP occurs 

purportedly to balance pyrimidine biosynthesis with purine 
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biosynthesis. Recently, UTP has been shown to work in synergy with 

CTP (Corder et aL, 1989). The incomplete CTP-induced inhibition 

(approximately 60%) is enhanced by UTP, even though UTP has no 

independent effect on catalytic efficiency at pH 7.0 (Wild et aL. 1989). 

Genetic control of pyrimidine de novo biosynthesis is achieved 

by both repression and attenuation mechanisms. There are primarily 

two different pyrimidine nucleotides involved in control by repression, 

namely, a uracil-related compound (UDP or UTP) being the repressing 

metabolite for aspartate transcarbamoylase [pyrBI), orotate 

phosphoribosyl transferase (pyrE) and orotidine monophosphate 

decarboxylase [pyrF). A cytosine-related compound (CDP or CTP) has 

been identified as the repressing metabolite for dihydroorotase ipyrC) 

and dihydroorotate dehydrogenase {pyrEty (Schwartz and Neuhard, 

1975; Kelln et aL, 1975). 

Previous studies indicate that pyrBI expression is negatively 

regulated over a several hundred fold range by intracellular levels of 

UTP (Pierard et aL, 1976; Schwartz & Neuhard, 1975; Turnbough, 

1983). ATCase can be depressed 100-to 400-fold (Beckwith et 

aL,1962) in specially constructed mutant strains. This regulation is at 

the transcriptional level (Navre & Schachman, 1983). Studies using 

an in vitro coupled transcription-translation system identified UTP as 

the principal pyrimidine regulatory effector of the E. coli pyrBI operon 

(Turnbough. 1983). 

Model of attenuation of E. coti ATCase 
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To elucidate the regulatory mechanism in which UTP functions, 

the pyrBI gene sequence and the upstream transcriptional initiation 

and regulation region has been determined (Navie & Schachman, 

1983; Roof et al, 1982; Turnbough et al, 1983). DNA fragments 

containing this region have been transcribed in vitro (Turnbough, 

1983). These experiments reveals that an extensive leader sequence 

separated the promoter and the first structural gene, pyrB in this 

operon (Figure 4). This leader of approximately 150 base pairs 

contains a rho-independent terminator (attenuator) which is only 23 

base pairs (bp) before the pyrB structural gene. Hie translation^ open 

reading frame of the leader polypeptide codes for the production of a 

leader polypeptide of 43 amino acids. Transcription initiated at either 

of the pyrBI promoter(s) (there appear to be two, with the proximal 

promoter much stronger) is efficiently terminated (~98%) at this site. 

Without transcriptional continuation at the attenuator, the leader 

transcript(s) would terminate preceding the translational start of the 

ATCase coding sequence. Hie leader polypeptide has no known 

function and has not been identified in vivo. Also identified was a 

strong transcriptional pause site located approximately 20 bp before 

the attenuator. RNA polymerase pauses at this site, which is at the 

beginning of a region that encodes a uridine-rich sequence in the 

transcript. Only when levels of UTP are low does the polymerase 

pause and limit the rate of transcription. 
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Figure 4. The nucleotide sequence of the pyrBI initiation region. The 

presumptive location of the transcriptional initiation is indicated by 

T and orients the sequence from +1. Hie Pribnow Box, Rc. is shown 

enclosed in a box at -10; R« Is bracketed at -35. Two possible Shine-

Dalgarno sequences for ribosomal association are indicated as SDi at 

+10 and SD2 at +145. A possible leader polypeptide initiation site 

(ATG) is indicated at +20 and the translatlonal initiation site for the 

catalytic polypeptide of ATCase is shown at +155. The possible leader 

polypeptide is indicated with the italicized amino add sequence 

deduced from the DNA sequence beginning with ATG encoding Met at 

+20 and continuing until the chain terminating codon at +147. The 

amino-terminus of the pyrB catalytic polypeptide begins in the same 

•asn-thr at 157. A strong rho-independent 

+105 to +135. An additional region of 

inverted symmetry is indicated from +58 to +86. An inverted 

palindromic repeat covering 16 base pairs overlaps the site of 

transcriptionsl initiation (+1) and is centered around +2, 

+3. (Adapted from Roof et aL, 1982). 

reading frame with (met)-ala 

attenuator is indicated from 
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TCA AAT AAA AAT OCA AAT ACC TTG ACT TTT AAT TCA AAT AAA CCG TTT GCG CTG ACA 

-100 -90 -SO -70 -60 

Sigma Recognition I 

AAT ATT OCA TCA AAT CTT GCG CCG CTT CTG ACG ATG ACfr ATA AT(]}CCGGAC AAT TTO'CCG 

-50 -40 -30 -20 -10 +1 

Leader polypeptide 
SD-1 ^ 

GCAOGA TGT ATG GTT CAG TGT GIT CGA TAT TTT GTC TTA CCG CGT CTG AAA AAA GAC GCT 
met val gin cys val org tyr phe val leu pro org leu lys lys asp ala. 

+10 +20 +30 +40 +50 +60 

Attenuator 

GGC CTG CCG TTT TTC TTC CCG TTG ATC ACC CAT TCC CAG CCC CTC AAT CGA OGG GCT TTT 
gly leu pro phe phe phe pro leu He thr his ser gin pro leu asn arg gly ala phe 

+70 +80 +90 +100 +110 +120 

Catalytic polypeptide 
SD-2 ^ 

TTTTAC CTA GGt AOG AGA'TAA AAG ATG OCT AAT CCG CTA TAT CAG AAA CAT ATC ATT TTC 
phe tyr leu gly arg arg (met) ala asn thr leu tyr gin lys his ile ile ser 

+130 +140 +150 +160 +170 +180 
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Based on the presence of these genetic elements, a model for 

UTP-sensitive attenuation control of pyrBI operon expression was 

proposed (Roland et aL, 1985; Turnbough et aL, 1983) (Figure 5). 

Transcription is initiated at the pyrBI promoters). When the 

intracellular level of UTP is low as a consequence of pyrimidine 

limitation, RNA polymerase stalls at the UTP-sensitive pause site 

preceding the attenuator. This pause permits a ribosome to initiate 

translation of the 44-amino acid leader polypeptide and translate up to 

the stalled RNA polymerase. When the polymerase eventually passes 

these pause sites and transcribes the attenuator, the formation of the 

attenuation hairpin encoded in the mRNA (Figure 6) necessary for 

termination is precluded or immediately disrupted by the adjacent 

translating ribosome. The disruption of termination of the leader 

transcript occurs when low intracellular pool of UTP are present in 

the cell. The RNA polymerase, presented with high levels of UTP 

does not pause at the UTP rich region, and allows RNA polymerase to 

continue transcription into the structural genes of the pyrBI operon. 

Translation of the leader polypeptide is terminated within the 

ribosome binding site preceding the ATCase catalytic subunit cistron. 

When the intracellular level of UTP is high, RNA polymerase does not 

pause during the transcription of the leader region. This rapid 

transcription does not allow a ribosome to bind to the transcript and 

catch up to the RNA polymerase before the formation of the attenuator 

of the hairpin encoded in the mRNA. The result is termination of 

transcription before the structural genes. 
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Figure 5. Model of the regulation of pyrBI operon. The model shows 

the relative positions of RNA polymerase and the translating ribosome 

when UTP levels are either low or high. (Adapt from Roland et al., 

1985.) 
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Figure 6. The presumptive secondary structure of the 5'-leader of 

pyrBI mRNA. The leader region of pyrBI contains an apparent strong 

rho-independent termination sequence prior to the structural gene 

sequence of the catalytic polypeptide. Two major helices can be 

constructed from the primary sequence presented in Figure 5. The 

free energies at 25*C are indicated for each loop according to the 

calculations of Salser (1977). (Adapted from Roof et aL, 1982.) 
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Pyrimidine salvage pathway in E. coli 

The salvage pathways in E. coU function to maintain intracellular 

levels of pyrimidine nucleoside triphosphates. E. coli has the capacity 

to both utilize pyrimidine compounds scavenged from the 

environment as well as those reutilized from cellular metabolism and 

the breakdown of messenger RNA (Neuhard, 1983; Neuhard & 

Nygaard, 1987). The salvage pathways for reutilization of pyrimidine 

compounds is shown in Figure 7. Salvage reutilization of pyrimidine 

compounds is accomplished by the presence of two types of salvage 

enzymes: 1) the anabolic enzymes, comprising uracil phosphoribosyl 

transferase, nucleoside kinases, nucleotide kinases, cytosine 

deaminase and 2) the calabolic enzymes which Include cytidine 

deaminase, nucleoside phosphorylases, nucleoside hydrolases, 

nucleotidase, and ribosylnucleotide glycosyiase. The anabolic function 

of the first set of enzymes is emphasized by the way they are regulated. 

Thus, the synthesis of uracil phosphoribosyltransferase, cytosine 

deaminase, and uridine kinase are depressed during pyrimidine 

starvation, and synthesis of trans-N-deoxyribosylase is derepressed by 

deoxyribonucleoside starvation. Uridine kinase, thymidine kinase, and 

deoxycytidine kinase are feedback inhibited by the end products of the 

pathways. These enzymes function to recycle pyrimidine compounds 

from intermediary metabolism and mRNA breakdown. 

In contrast, the synthesis of many of the catabolic enzymes is 

inducible (Neuhard, 1983). These pathways allow cells to utilize 
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Figure 7. The salvage pyrimidine pathway in E. coH The 

abbreviation of compounds are: U, uracil; UR, uridine; UMP, uridine-

5'-monophosphate; dUMP, deoxyuridine-5'-monophosphate; UDP, 

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

cytodine-5'-monophosphate; C, cytosine; CR, cytidine; CdR, 

deoxycytidine; CDP, cytidine-5*-diphosphate; CTP, cytidine-5'-

triphosphate; T, thymine; TdR, thymidine; dTMP, thymidine-5'-

monophosphate. The gene/enzyme designations are as follows: codA, 

cytosine deaminase; codB, cytosine permease; cdd, 

cytidine/deoxycytidine deaminase; udp, uridine phosphorylase; upp, 

uracil phosphoribosyltransferase; udk, uridine (cytidine) kinase; ndk, 

nucleoside diphosphate kinase; uraA, uracil permease; nup, nucleoside 

(CR, UR) permease; cmk, CMP/dCMP kinase; pyrH, UMP kinase; 

pyrG, CTP synthase; deoA, thymidine phosphoiylase; tdk, thymidine 

kinase; (1), ribonucleotide gtycosylase. 
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pyrimidines themselves, including pyrimidine nucleosides and 

mononucleotides. When the cell is presented with exogenously 

supplied pyrimidine compounds, this set of enzymes functions to 

produce UMP, and de novo biosynthesis enzymes, such as ATCase, are 

repressed. All the pyrimidine bases (and the nucleosides uridine and 

cytidine) are channeled into UMP before conversion to cytidine 

nucleotides. Cytosine is deaminated to uracil which is then converted 

to UMP. Cytidine is deaminated to uridine which may be 

phosphorylated to UMP or more likely, broken down to uracil and 

rbose-l-P before conversion to UMP. Likewise exogenously obtained 

uracil may be converted directly to UMP, but is mostly (75%) taken 

through the two step conversion to UMP (Neuhard, 1983). Cytosine 

containing nucleotides thus enter macromolecular synthesis only 

through the production of CTP by CTP synthase, encoded by pyrG. 

Pyrimidine biosynthesis in Pseudomonas 

Hie sequence of the de novo pyrimidine biosynthetic pathway in 

the aerobic pseudomonads is the same as it is in E. coll However, 

studies in P. puiida and P. aeruginosa show that the first gene in the 

sequence [pyrB] solely encodes ATCase, with shared catalytic and 

regulatory activities, there is no regulatory subunit gene per say. The 

second gene [pyrC, rather than pyrl, as in E. colQ encodes a protein 

homologous to the enzyme dihydroorotase (M.J. Schurr, Ph.D. 

Dissertation, UNT, 1992). There is another pyrC gene that encodes a 
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functional dihydroorotase that is catalytical active and exists separate 

from the ATCase enzyme. Presumably, the pyrC' encoded protein 

functions to maintain the holoenzyme in a dodecamer for activity. No 

activity for the Pseudomonas enzyme is observed, except for the 

dodecameric holoenzyme. Pyrimidine biosynthesis in three 

Pseudomonas species has been examined and exhibits significant 

differences with respect to that of E. colt Repression by uracil alone 

or related compounds could not be demonstrated for any enzyme of 

this pathway and only a low level of feedback inhibition of ATCase was 

found to occur in P. aeruginosa (Isaac & Holloway, 1968). In P. 

putida, no repression of five enzymes of the pathway could be detected 

on addition of pyrimidine to growing cultures, but a 1.5- to 2- fold 

degree of depression was found following starvation of pyrimidine 

auxotrophs of P. putida (Condon, et aL, 1976). ATCase in P. putida 

was shown to be inhibited by pyrophosphate, CTP, UTP, and ATP 

(Condon, et aL, 1976). And a similar lack of regulatory control was 

more recently documented in P. Jluorescens (Chu & West, 1990). In 

P. jluorescens only modest changes in the levels of the eiuymes 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. 

ATCase from P. puttda (Condon, et aL, 1976), P. aeruginosa 

(Bethell & Jones, 1969), P. syringae (Shepherdson & McPhail, 1993) 
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and P. Jluorescens (Adair & Jones, 1972; Bergh & Evans, 1994) have 

been somewhat characterized to varying degree with respect to 

kinetics, response to allosteric effectors, and physical properties. 

The ATCase from the different Pseudomonas species exhibits 

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

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

enzymatic activity. Another non-E. cott-like feature of the 

Pseudomonas enzyme is the lack of homotropic response to substrate 

except in the presence of allosteric inhibitors. The enzyme from the 

pseudomonads is a large enzyme with a molecular weight of 380,000 

Daltons, though this has been demonstrated only for the ATCase from 

P. Jluorescens (Adair & Jones, 1972; Bergh & Evans, 1994), the only 

enzyme that has been purified from Pseudomonas. In the early study 

the enzyme was proposed to be a dimer, based on the inability to 

separate the subunits, without loss of activity. More recent studies 

(Shepherdson & McPhail, 1993; Bergh & Evans, 1994), as well as 

genetic evidence for the enzymes from P. putida and P. aeruginosa 

suggest that the enzyme is truly a dodecamer like the E. coli enzyme 

only with a larger molecular weight regulatory subunit (the pyrC' 

inactive dihydroorotase replacing the pyrl polypeptide in the E. coli 

enzyme). This accounts for the twenty percent larger size 

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

Jluorescens enzyme has been purified (Berg & Evans, 1994) and 

results confirm the genetic results for P. putida and P. aeruginosa. 

The Pseudomonas ATCases do have in common their large molecular 
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weight, their dodecameric structure, and the inability to separate the 

catalytic from the regulatory nucleotide binding site. Not only are the 

ATCases of E. coli and pseudomonads different in their enzyme 

kinetics, molecular size, and genetic structure, but the E. coli enzyme 

is repressed by exogenously fed pyrimidine compounds. The ATCase 

of E. coli is regulated by an attenuation mechanism, not observed for 

the pseudomonads. 

Compared to E. coli the salvage pathway in the pseudomonads is 

fundamentally different, though still essential and functioning. The 

major difference between the pseudomonads and the typical situation 

in the enterics is the presence of the enzyme nucleoside hydrolase 

CTerada et aL, 1967; Sakaii et aL, 1976). This enzymatic activity is in 

contrast to the enzyme nucleoside phosphorylase in E. colL In most of 

pseudomonads, including P. putida, P. aeruginosa, and P. Jluorescens, 

cytidine is metabolized first by hydrolysis to cytosine and ribose by the 

action of nucleoside hydrolase. The cytosine produced is then 

deaminated to uracil by cytosine deaminase. Uracil is then brought to 

the nucleotide level by uracil phosphoribosyltransferase. Thus, the 

pseudomonads have only cytosine deaminase and not cytidine 

deaminase. This supposition also was confirmed by the fact that 

pseudomonads are resistant to the toxic analog 5-fluorocytosine and 

sensitive to 5-fluorouracil (West & Chu, 1986). 

There exists important differences in pyrimidine metabolism 

between E. coli and the pseudomonads. The specific topic of this 

research is the apparent lack of repression by exogenously fed 
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pyrimidines of the enzymes of the pathway. It is possible that the 

exogenous^ fed pyrimidines do not enter the cell, or that if they do 

they do not affect intracellular levels of regulatory metabolites. It may 

be possible that the pyr genes lack upstream regulatory sequences. If 

they have attenuator-leader sequences, it may be possible that the 

pseudomonads do not have an RNA polymerase capable of recognizing 

and responding to attenuator sequences. Hie aim of this research is 

to test if attenuation of pyrB expression still exists when the E. cott 

ATCase pyrBI genes are introduced into P. aeruginosa, and if 

pyrimidine bases or pyrimidine nucleotides can be fed through salvage 

pathways to affect pyrBI gene expression. Since the pyrBI genes are 

regulated through an attenuation mechanism, and not by classical 

repression, no trans-acting factors need to be invoked. The 

experiments performed address questions about the nature of 

Pseudomonas pyr gene regulation, the properties of the Pseudomonas 

RNA polymerase, and the physiology and environmental responses of 

the nucleotide pools in the pseudomonads. 



CHAPTER II 

MATERIALS AND METHODS 

Chemicals and enzymes. Kanamycin sulfate, bovine serum 

albumin (Fraction V), chloramphenicol, ethidium bromide, uracil, 

dithiothreitol, disodium salts of ATP, lysozyme, 2,3-butanedlone (diacetyl 

monoxime), antipyrine, polyethylene glycol, L-aspartic acid, succinic acid 

and rilltthlnrn carbamoylphosphate, nucleotides, trichloroacetic acid, 

and tri-n-octylamine were supplied by the Sigma Chemical Co. (St. Louis, 

Missouri). Folin phenol reagent, phenol, Spectrapore membrane tubing, 

and all inorganic salts were from Fisher Scientific Co. (Fair Lawn, New 

Jersey). The compoud 1,1,2-trichloro-1,2,2-trifluoroethane was from 

Mallinckrodt Inc. (Paris, Kentucky). Cesium chloride was molecular 

biology grade reagent supplied by EBI (International Biotechnologies, 

Inc.). Bacto-yeast exact, Bacto tiyptone and Bacto agar were purchased 

from Difco. Isopropyl-j3-thlo-galactopyranoside (IPTG), 5-Bromo-4-

chloro-3-indolyl- (J-D-galactopyanoside (X-gal) and agarose were from BRL 

(Bethesda Research Laboratories). Ethanol (200 proof), used for DNA 

precipitations, was obtained from Midwest Solvent Company of Illinois. 

Double distilled deionized water was used in all experiments except for 

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

Massachusetts) was used. 

Restriction enzymes and buffers were obtained from all of the 
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following sources: BRL, USB, New England BioLabs and Promega. The 

enzyme SI nuclease was obtained from BRL. All enzymes were used and 

all reactions were carried out according to manufacturer's directions and 

in reaction buffers supplied with each enzyme. 

Bacterial strains and plasmids. The bacterial strains and 

plasmids used in this research are listed in Table 1. 

Table 1. Strains and plasmids used in this study 

Strain or 
plasmid 

Genotype or description Source or 
Reference 

Strains 

E. coli 

DH5a F- f80d lacZ DM 15 DQacZYA-argF) BRL 

U169 endAI hsdRl 7 (rk* mk+) recAl 

supE44 1-thi-l gyrA relAl 

TB-2 ApyrBIargF Roof, 1982 

EL coli K pyrBI wild type CGSC1 

E. cottl9 E. coli pyrBI in pSLAl in DHa This study 

E. coli 191 E. coli pyrBI in pSLAl in TB-2 This study 

E. ooti230 E. coli pyrBI in pSLA2 in TB-2 This study 

P. aeruginosa 

PAO 

PAOH6 

pyrB wild type 

ApyrB 

Holloway2 

Holloway2 



33 

Table 1 continued 

Strain or Genotype or description Source or 
plasmid 

Genotype or description 
Reference 

PA0681 ApyrB Holloway^ 

PA02301 E. colipyrBI in pSLA2 in PAOl 16 This study 

PA02302 E. coli pyrBI in pSLA2 in PA0681 This study 

Plasmids 

pUC19 Apr lacZDM15 Yanisch, 1985 

pEK-2 E. coli pyrBI in pUC7 Nowlan, 1985 

pKT 230 Kmr Smr Bagdasarian, 1981 

pSLAl E. coii pyriBI in pUC19 This study 

pSLA2 E. coii pyrBI in pKT230 This study 

1CGSC is the E. coli Genetic Stock Center, Yale university. New Haven, 

Connecticut. 2Holloway refers to Professor Bruce Holloway, Monash 

University, Clayton, Victoria, Australia. Pseudomonas strains are now 

provided from the Pseudomonas Culture Collection at East Carolina 

University, Greenville, North Carolina. 

Media and growth condition. E. coli and P. aeruginosa were 

grown in Luria-Bertani (LB) broth at 37°C with aeration (Miller, 1972). 

Appropriate antibiotics were added to the medium as followed: cells 

containing the pUC series plasmids: ampidllin (100 tig per ml); E. coli 

containing pSLA2 or pKT230: kanamycin (50 }ig per ml) and 
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streptomycin (50 tig per ml); P. aeruginosa containing pKT230 kanamycin 

(500 |ig per ml) or kanamycin (500 |ig per ml) plus streptomycin (500 |ig 

per ml). IPTG and X-gal were prepared as concentrated stock solutions 

and spread on plates to a final concentration of 0.1 mM and 0.004% 

respectively. The IPTG and X-gal were used in media for cells with pUC 

derived plasmids when insertional inactivation of the lacZ gene for p-

galactosidase was being screened. 

The E. coil minimal medium contained: 10.5 g K2HPO4, 4.5 g 

KH2PO4, 1.0 g (NHihSO^ and 0.5 g sodium citrate in one liter ddH20. 

After the solution was autoclaved, these components were supplemented 

with sterile 0.2 per cent glucose, 10 |ig per ml thiamine, and 1 mM 

MgS04 (Miller, 1972). 

Hunter's "Metal 44" (Cohen-Baziere et aL, 1957) is used for the 

preparation of Pseudomonas minimal medium. The following ingredients 

were dissolved, in sequence, in a total of 800 ml ddHkO in 

the making of "Metal 44": 2.5 g EDTA (free acid), 10.95 g ZnSC>4*7H20, 

1.54 g MnS04-H20, 392.0 mg CuS04*5H20, 251.0 mg CUSO4 

(anhydrous), 250.0 mg Co(N03)2*6H20 or 177.0 mg Na2B407*10H20. In 

order to retard precipitation, a few drops of H2SO4 were added to the 

above solution, which was then brought up to a liter with ddH20. The 

final solution of "Metal 44" appears lime-green in color and can be stored 

at room temperature for an indefinite period of time. Again, this solution 

was incorporated into the preparation of the concentrated base used in 

the Pseudomonas minimal medium. This solution was prepared in the 

following manner: nitiilotriacetic acid (20.0 g) was dissolved separately 
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in 600 ml of water and neutralized with approximately 14.6 g of KOH. 

Hie other components were dissolved in the following order: 28.9 g 

MgSC>4 (anhydrous), 6.67 g CaCl2*7Hj20, 18.5 mg (NH4)6Mo7024*7H20, 

198 mg FeS04*7H20 and 100 ml "Metal 44". The pH was adjusted to 

6.8, and the volume was then brought up to 1 liter. When adjusting the 

pH of this solution, a precipitate was momentarily formed, but with 

constant stirring, this problem was overcome. The color of the solution 

also changed from a deep yellow to a nice straw color when a pH of 6.8 

was approached. The final solution can be stored for at least one year 

over toluene or in the cold. One liter of Pseudomonas minimal medium 

contained: 25 ml of 0.5 NaHF04, 25 ml of 0.5 M KH2PO4. 10 ml of 10 

percent (NILitaSQ*, 10 ml concentrated base and 930 ml of ddHfeO. The 

basal medium was supplied with lOmM succinate, or 5mM POB, or 10ml 

20 per cent glucose per liter as carbon source (Ornston & Stanier, 1966). 

For enzyme assays, uracil, uridine, cytosine, or cytidine was added at 20 

jig per ml for cells without plasmids, and 50 jig per ml for cells with 

plasmids. 

To prepare solid medium, 2 per cent agar (w/v) was added. All 

liquid cultures were provided with shaking at 200 rpm. 

Plasmid preparation. Rapid plasmid DNA isolation was 

performed according to Davis' method. Cells were cultivated in LB broth 

with selective antibiotic present. A volume of 1.4 ml of cell culture was 

transferred to a sterile microcentrifuge tube and sedimented by 

centrifugation in a refrigerated microcentrifuge. Hie cell pellet was 
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resuspended in 1.4 ml 10 mM Trls (pH 8.5) and 1 mM Na2EDTA. The 

washed cells were again centrifuged 30 seconds to sediment. The 

washed cell pellet was resuspend in 0.4 ml 15 per cent sucrose, 50 mM 

Tris-HCl, and 50 mM Na2EDTA (pH 8.5). After thorough mixing, the 

preparation was allowed to cool on ice and 0.1 ml freshly made 5 mg per 

ml lysozyme solution In the above buffer at 0'C was added. The tubes 

were kept on ice and were inverted gently and occasionally for 10 

minutes. After incubation with lysozyme to digest the cell peptidoglycan, 

0.3 ml 0.1 per cent Triton X-100 in 50 mM Tris-HCl, and 50 mM 

Na2EDTA (pH 8.5) was added to the solution in the microcentrifuge tube. 

The digested cell suspension with Triton X-100 was incubated at 0*C for 

an additional 10 minutes occasionally and gently inverting the tube. The 

tubes were then centrifuged for 2 minutes in a refrigerated 

microcentrifuge. The supernatant was decanted into a new sterile 1.4 ml 

microcentrifuge tube. To inactivate nucleases, 2 id of 

diethyloxydiformate (diethyi-pyrocarbonate) was added and the contents 

were agitated briefly. The preparation was then heated to 70'C for 15 

minutes in a temperature block, allowed to cool forl5 minutes on ice, 

and centrifuged 2 minutes in a microcentrifuge tube. The tube was filled 

with ethanol at room temperature, mixed by inverting the tube, and then 

centrifuged for 5 minutes. The supernatant was discarded and the 

resulting pellets were dried in vacua The precipitated DNA was then 

dissolved in 50 ^1 of 10 mM Tris-Cl (pH 7.5), ImM Na2EDTA, 10 Mg per 

ml RNAase A. The DNA then could be cleaved with most restriction 

enzymes and used directly for transformation. 
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Large scale plasmid extraction was by the triton X method 

(Maniatis, 1982). When cells were grown up to early-logarithmic phase 

(A660 of 0.6-0.8), chloramphenicol (0.2 g) was added into culture to halt 

replication and cell division, and to amplify the plasmids. Cells were 

harvested and re-suspended in 12.5 ml sucrose mix (25 per cent sucrose 

in 0.05 M Tris-Cl, pH 8.0) and mixed by vortexing. A 5 ml volume of 

freshly made lysozyme solution (10 mg per ml in 0.05 M Tris-Cl, pH 8.0) 

was added, mixed and allowed to stand 5 minutes on ice. To this cell 

suspension was added 5 ml 0.25 M EDTA, pH 8.0, and it was allowed to 

stand a further 5 minutes. After standing, 20 ml Ttiton X mixture (0.5 

ml Triton X-100, 5.0 ml 1 M Tris pH 8.0, 25 ml 0.25 M EDTA pH 8.0, 

69.5mlH20) was added with vigorous stirring. Hie resulting cell lysate 

was added to sterile 50 ml polycarbonate Oakridge centrifuge tubes, 

never adding more than a maximum of 25 ml of lysate per tube. The 

tubes were centrifuged in an SS-34 rotor at 17,000 rpm for 30 minutes 

at 4°C. The supernatants were decanted and the resulting volume was 

measured. If necessary, the volume was adjusted to 40 ml, with sucrose 

solution. To each 40 ml of lysate, 37.5g CsCl and 2.5 ml 1 mg per ml 

ethidium bromide were added. The mixture was loaded into an 

ultracentrifuge tube and spun 40 hours in a type 70. m angled rotor at 

48,000 rpm. The bottom band was extracted from the gradient by 

piercing the tube with a large gauge needle (20 g to 18 g) and 

withdrawing the CsCl solution into a syringe. The gradient solution 

containing the plasmid was extracted three times with isopropanol 

saturated by TE buffer (10 mM Tris, pH 8.0, 1 mM EDTA) in order to 
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remove the ethidlum bromide. The CsCl salt was removed by dialysis 

against two 1 TE buffer at 4°C. The dialysis buffer was changed three 

times over a 12-16 hour period. The first change was made within 1 

hour, and the last change overnight. 

Genetic manipulations. Restriction digests were performed 

according to the manufacturer's (BRL, USB, New England BioLabs, 

Promega) specifications in the buffer supplied. Completion in the cutting 

of the DNA was verified by electrophoresis of 10 ng of a DNA sample or 

digest through a 0.7 per cent agarose gel followed by staining with 

ethidium bromide and subsequent visualization by transillumination 

with UV light. 

Restriction enzymes were removed from DNA digests by phenol 

extraction and followed by an ethanol precipitation. Ligations were 

performed with T4 DNA ligase and set up according to conditions 

described by Maniatis (1982). EooRl linkers were used to produced 

EcoRI sites at both ends of the fragment carrying the pyrBI genes in order 

to facilitate the subcloning of the fragment into the vectors used for this 

research. 

The linker oligonucleotides were made in the laboratoiy on a 

Pharmacia Gene Machine oligonucleotide synthesizer using JJ-cyanoethyl 

phosphoramidites. The linker was a decamer with the palindromic 

sequence 5'CCGAATTCGG3\ The final trityl group was removed after 

synthesis and the oligonucleotide was washed with acetonitrile. After 

drying the linker oligonucleotide was stored in the freezer at -20°C 
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attached to the column. To recover the linker DNA from the column, the 

column was placed into a thick glass screw-capped reaction vial. To this 

vial was added 1.5 ml of the concentrated ammonium hydroxide. The 

reaction vial was sealed securely to avoid loss of ammonia and placed in 

a 55*C water bath for 24 hours. This incubation in base cleaves the 

oligonucleotide from the column, removes the j5-cyanoethyl protecting 

group from the phosphate O group of the phosphodiester bonds, and 

removes the blocking groups attached to the free amino groups of the 

nucleotide bases (adenine, cytosine and guanine). The vial was cooled to 

room temperature before removal of the cap. Hie liquid ammonium 

hydroxide containing the DNA was removed, and the column was spun 1 

minute to recover liquid remaining in the cassette. Hie solution was 

allowed to evaporate in a fume hood at room temperature. To the 

remaining DNA precipitate, 1.5 ml water was added and then the 

suspension was extracted withl.5 ml of diethyl ether to remove the 

isobutyryi and benzoyl blocking groups. The mixture was extracted by 

mixing on a vortex mixer, the organic layer was removed with a pipette 

and discarded. The extraction was repeated for a total of three times. 

The aqueous layer was reduced to a volume of 0.5 ml with vacuum. The 

solution was sterilized by filtration through a 0.22 micron filter. This 

filtration also served to remove any undissolved material that was 

present. The EocRl linker automatically assumes a double stranded 

form, once released from the column and dissolved in solution, due to its 

palindromic, complementary sequence. 

Transformation was performed by the method of Dagert et aL 
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(1979). Cells were inoculated from an overnight culture (LB) into 50 ml 

LB and incubated until the cell density reached 22 Klett Units (KU) as 

measured on a Klett-Summerson colorimeter (#54 filter). The culture 

was chilled on ice for 10 minutes, and the cells were harvested at 8,000 

rpm for 5 minutes in a Sorval ss-34 rotor. Hie pellet was re-suspended 

in 20 ml cold (0-4'C) 0.1 M CaCfe. The resuspended culture was 

incubated at O'C for 25 minutes, and sedimented by centrifugation. The 

resulting cell pellet was carefully resuspended in 0.5 ml 0.1 M CaCl2. 

One ng of transforming DNA was added to 0.1 ml cell suspension. The 

mixture was incubated on ice for 10 minutes, and then incubated at 

37'C for 5 minutes, The cells were then allowed to outgrow by adding 2 

ml LB and shaking or rolling the tube for 1 hour at 37*C. This step 

allowed for growth in the absence of selection to allow expression of 

plasmid encoded resistance to the selected antibiotics. After outgrowth, 

10 jil, 50 JAI and 100 pi portions were plated onto selective medium. The 

transformants were selected after 24 hours growth at suitable 

temperature for the organism employed. For transformations in P. 

aeruginosa, the cells were washed with 20 ml cold 0.85 per cent NaCl 

before the pellets were resuspended in 0.1 M Ca&2. 

Agarose mini gel electrophoresis Agarose mini-gel 

electrophoresis was used to check the completion of restriction digests, 

as well as the presence of plasmids in transformants in the cloning 

experiments. The ends of an acrylic gel tray were closed by masking tape 

as a barrier. A comb was placed at one end of the tray to form a well. 
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Molten 0.7 per cent agarose in 1XTBE (0.089 M Tris-borate, 0.089 M 

boric acid, 0.002 M EDTA) was poured into tray until it covered 

approximately 75 per cent of the depth of the tray. After cooling and 

solidification, the comb was removed and the tray with agarose was 

placed in the electrophoresis chamber and filled with sufficient IX TBE 

to cover the top of agarose gel. The DNA was mixed with 5X agarose gel 

electrophoresis loading buffer (25.0 per cent glycerol, 0.5 per cent SDS, 

0.1 per cent bromophenol blue, 0.1 per cent xylene cyanol and 50.0 mM 

EDTA) and then was loaded into well. A molecular weight marker of 

Htadlll cut lambda DNA was usually loaded into the first lane. 

Electrophoresis was typically performed at constant voltage at 75 volts 

for about 1-2 hours. The gel was then stained in ethidium bromide at 

0.5 ng/ml and then de-stained by submerging in water for 10 minutes to 

remove the residual (unbound) ethidium bromide from the gel. The gel 

was examined under a UV lamp. If needed, gels were photographed using 

a Polaroid MP-4 camera, with the f-stop set on 4.5 and a 3 seconds 

exposure. Polaroid type 57 film was used. 

Recovery of DNA from agarose gels by electroelution. In order 

to isolate a specific restriction fragment from other DNA fragments in 

solution, the digested plasmids were run on suitable concentration 

agarose gels for separation of the restriction fragments. For pEK-2 cut 

by Pst I and BamHI and pSLAl cut by EcdRI, the digested DMAs were 

run on a 1.3 per cent gel for 16 hours at 75 volts. These specific 

conditions were determined empirically and were employed since the 
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pyrBI insert is very close in size to the parent plasmid. Both the insert 

and the vector are approximate^ 2.7 kbp. Hie gel was stained, and the 

slightly larger pyrBI fragment (2.8 kbp) was cut out of gel. Using a 

narrow spatula, the agarose containing the desired DNA was pushed into 

a piece of 10 mm dialysis tubing. One end of tubing was sealed with a 

dialysis bag clip, and 0.5 ml 0.25X TBE buffer was added. A second clip 

was placed onto the other end. Hie dialysis tubing was placed into a gel 

electrophoresis chamber which filled with 0.25XTBE buffer. 

Electroelution was carried out 2 hours at 100 volts. Upon completion of 

electroelution, the current was reversed for 15 seconds by switching the 

leads and changing current direction. Using a siliconized Pasteur 

pipette, the buffer containing DNA was removed from the tubing, being 

careful not to remove any of the agarose. The gel slice was rinsed with 

100 |jl 0.25X TBE. The DNA and the wash were combined and extracted 

with an equal volume of phenol. The two phases were mixed well and the 

tube was centrifuged at 10,000 rpm 5 minutes. The lower organic phase 

was removed with a drawn out pipette. An equal volume of water 

saturated ether was added and the contents of the microcentrifuge tube 

were mixed on a vortex mixer to remove residual phenol. The tube was 

centrifuged 2 minutes at 10,000 rpm in a microcentrifuge to separate the 

phase. The upper layer was removed. The aqueous phase was then 

centrifuged at 10,000 rpm for 10 minutes to pellet any contaminating 

agarose particles in suspension. The supernatant was transferred to 

another microfuge tube and the volume of aqueous solution was reduced 

to 200 nl by vacuum. The DNA was then ethanol precipitated by addition 
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of 0.1 volume of 3 M sodium acetate and 3 volumes of 95 per cent cold 

ethanol. The contents of the tube were mixed and placed in a diy ice 

ethanol bath for 10 minutes. After chilling, the tube was centrifuged at 

10,000 xg 15 minutes at 4*C. 

Hie supernatant was removed and 75 per cent cold ethanol was 

added to wash the pellet and remove residual sodium acetate and the 

DNA was repelleted for 5 minutes in the refrigerated microcentrifuge. 

The pellet was dried in a speed vacuum for 5 minutes. The final DNA 

pellet was dissolved in 50 TE buffer. To verify DNA purity and yield, 5 

}il of the DNA solution was run on agarose gel as described above with 10 

ng Lambda DNA cut by Hindlll as a molecular weight standard. 

Subcloning and screening. In order to subclone the 2.8 kbp 

pyrBI gene fragment the purified plasmid pEK-2 (pUC8 plus pyrBI, 5.6 

kbp)(Nowlan and Kantrowitz, 1985) was cut by Pst I and BarriH. I. This 

digestion released the fragment containing pyrBI from the parent plasmid 

(Figure 8). This produces a fragment with a 5* BamHl overhang on one 

end and a 3' Psfl overhang on the other. After running through a 1.3 per 

cent agarose gel forl6 hours, the insert DNA was recovered as described 

above. The purified pyrBI fragment with sticky ends was cut by SI 

nuclease to remove the single stranded DNA overhangs and to produce 

blunt ends. Hie blunt ended fragment was then ligated with EcoRI 

linkers at 4*C 24 hours (according to the BRL procedure for nucleic acid 

cloning using linker DNAs). After that, the pyrBI fragment with linkers 

was cut by JEeaRI to remove concatenated linker sequences and to 
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Figure 8. Schematic diagram of subcloning pyrBI into pKT230. 
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produce EcoRI sticky ends at both ends. The EcoRI ended pyrBI DNA 

fragment was then ligated with pUC19 cut by EcoRI. The ligation was 

performed at room temperature for 24 hours. The ligation mixture was 

diluted with equal volume of TE buffer. Then 20 ill of the ligation 

mixture was transformed into DH5a. Colonies of transformants carrying 

plasmid with insert DNA were selected and screened as white colonies on 

LB plates with ampicillin, IPTG and X-gal. Selected strains were picked 

and purified by streaking. Hie structure of the recombinant plasmid 

pSLAl was verified by restriction analysis of plasmid rapid preparations. 

The restriction enzyme EcoRI was used to digest pSLAl, and the 

predicted fragments were visible after agarose gel electrophoresis. Hie 

rapid preparation plasmids were transformed into TB-2 to double check 

the ability of the plasmid to complement pyrB mutations. Cultures of 

TB-2 with pSLAl were grown on E. cott minimal medium without added 

uracil. Purified pSLAl was obtained by large scale plasmid preparation. 

The purified recombinant plasmid pSLAl was then cut by EcoR I 

and the digested fragments were ligated with pKT230 cut by EcoRI. 

Diluted ligation mixture was transformed into TB-2 and selection was 

made directly for uracil prototrophy. Cells carrying pSLA2 

(pKT230+pyrBI) were grown on minimal medium. But, the rapid 

preparation of the pKT230 derived plasmid did not yield sufficient 

quantity and quality of plasmid restriction analysis of rapid plasmid 

mini-preps. The plasmid so obtained could not be digested by EcoR I 

successfully. So, plasmid DNA from rapid plasmid mini-preps was 

transformed directly into P. aeruginosa strain PAOl 16 to double check 
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that the recombinant plasmid carried a functional pyrBI gene fragment. 

Cells were transformed to the ability to grow on unsupplemented 

Pseudomonas minimal medium at high efficiency. Rapid plasmid 

preparations from E. eoti that were confirmed in this way, then were 

further used to isolate purified plasmid by large bulk plasmid 

preparation. The purified pSLA2 was then again transformed to PAO68I. 

The procedure of subcloning of pyrBI genes and generation of plasmid 

pSLA2 is shown above in Figure 8. 

Determination of cell growth rate. Cells were grown on minimal 

medium with or without uracil in 250 ml Klett flasks. The absorbance in 

KU was measured every 30 to 60 minutes for E. coli and 60 to 120 

minutes for P. aeruginosa* Growth curves (cell density as reflected in the 

absorbance versus time) were plotted on computer using the program 

Cricket Graph and doubling times were calculated from the resulting 

curves. 

Preparation of cell-free extracts. To determine the specific 

activity of ATCase and measure the level of the expression in bacterial 

culture, 100 ml culture of cells were grown up in the appropriate 

medium to mid logarithmic phase. Cultures were harvested by 

centrifugation, resuspended in one twentieth the volume of the breaking 

buffer (40 mM potassium phosphate buffer, pH 7.0 with ImM J3-

mercaptoethanol and 0.02 mM zinc acetate). Cells were broken by 

sonication in buffer and the unbroken cells and cellular debris was 
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removed by centrifugation at 12,000 rpm (ss-34 rotor in a Sorvall RC2B 

centrifuge) for 1 hour at 4°C. The cells were assayed immediately or 

within two days. Hie activity of ATCase is stable and exhibits no loss of 

activity in crude cell extracts when stored frozen for periods of over one 

month. Supernatants were stored at -20°C until used, and allowed to 

thaw slowly on ice. 

Enzyme assay. Hie enzyme assay for ATCase was performed at 

30*C according to the method of Prescott and Jones (1969). Protein 

concentration was determined by the Lowry method (1951) with bovine 

serum albumin as a standard. The specific activity is expressed as nmol 

•min'^mg protein1. 

The ATCase assay was performed as follows: The reaction mixture 

contained a total volume of 2 ml with the following components at the 

final concentration denoted: 10 mM potassium aspartate, 0.04 M 

K2HPO4, sufficient cell free extract to give a linear response (determined 

empirically for each preparation), 0.8 mg per ml carbamoylphosphate. 

The amount of extract used varied according to the level of enzyme 

present. The specific activity was empirically determined for each sample 

and a range of volumes of the cell extract, from 1 id to 200 }d, was 

employed. Tubes containing the assay mixture, without 

carbamoylphosphate, were pre-incubated in a water bath at 30*C for 3 

minutes, and the reaction was started by the addition of 

carbamoylphosphate. The carbamoylphosphate was made fresh daily 

and kept on ice during use. At 10, 20, and 30 minute intervals, 0.5 ml of 
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sample was withdrawn and added to a tube, incubated on ice, that 

contained 0.5 ml water. To the stop tube, 1 ml of color mix was added to 

terminate the reaction. The stop mix also contains the reactants to 

develop the yellow color that forms by the reaction of the product 

carbamoyl-L-aspartate, and other ureido compounds. After vigorous 

mixing on a vortex mixer, the tubes were capped with marbles and 

placed 60'C water bath to develop the color. Hie tubes were incubated 

under room light for 110 minutes and then cooled to room temperature 

before reading. Positive and negative controls were performed to 

determine the contribution to background color that was made by the 

buffer, substrates, and cell extracts. Hie absorbance of each assay tube 

at 466 nm was recorded. The concentration of the product 

carbamoylaspartate in each reaction tube was obtained by using an 

experimental absorption coefficient which was calculated from the slope 

of a standard curve using N-carbamoyl-L-aspartic acid as a standard. 



CHAPTER III 

RESULTS 

Generation of plasmids pSLAl and pSLA2 

The 2.7 kbp plasmid pUC19 is a multicopy colEl vector with a 

multiple cloning site, and it is preferred for cloning in E. coli according to 

standard techniques (Janisch-Perron, etaL, 1985). The 11.8 kbp 

plasmid pKT230 is a multicopy RSFlOlO-derived cloning vector that can 

shuttle between E. coli and Pseudomonas species, specifically P. 

aeruginosa (Bagdasarlan et al, 1982). The 5.6 kbp plasmid pEK2 carries 

a 2.8 kbp Psfl-Sail pyrBI gene fragment of the chromosome of E. coli K-12 

(Kantrowitz, et aL, 1984) Inserted into the multiple cloning site of pUC8. 

All three plasmids were transformed into competent cells of the strain E. 

coli DH5a in order to maintain them in the laboratory and to prepare 

bulk quantities of each plasmid so their identities and properties could 

be confirmed. Cells of DH5a transformed with pUC 19 were ampicillin 

resistant and were phenotypically J$-galactosidase-positive. Strains of E. 

coli DH5a carrying pEK2 grew on LB plates containing ampicillin. and 

they grew as J5-galactosidase-negative cells, since in the plasmid pEK2 

the pyrBI gene fragment Interrupts the facZ open reading frame. DH5o 

with pKT230 grew on LB plates containing kanamycin and streptomycin. 

Restriction analysis of plasmid mini-preps showed that the 

RA 



51 

transformants contained the appropriate size plasmids with the 

correspondingly appropriate restriction pattern. Large scale preparations 

of the plasmids were purified from amplified one liter cultures. 

One goal of the research was to introduce the E. colipyrBI genes, 

carried on plasmid pEK2, into P. aeruginosa. Since pEK2 could not be 

transferred to, or replicate in, P. aeruginosa, it was necessary to 

construct a plasmid carrying the E. coli pyrBI genes that was capable of 

being stably maintained in Pseudomonas strains. All initial constructs 

and genetic manipulations were performed in E. coli since the techniques 

are well standardized and the likelihood for success is greater. 

The plasmid pEK2 was cut by Psfl and BamHl to excise the pyrBI 

gene for subcloning (Figure 8). This digest cut just exterior to the Safl 

site and produced a gene fragment carrying plasmid derived DNA that 

was 6 base pairs longer than the original 2.8 kbp fragment (Figure 9). 

Fragments of pyrBI were purified by preparative agarose gel 

electrophoresis, and treated with SI nuclease in order to remove the 

single stranded overhang on each terminus of the fragment. Treatment 

of the fragment with SI nuclease removed a four base 5' overhang from 

the BamEU digested end, and a four base 3* overhang from the Psfl 

digested end (Figure 9) 

The pyrBI fragment, now with blunt ends, was ligated with EeoRI 

linker DNA. In order to remove the concatenated linkers, the pyrBI 

fragment with EcoRI linkers was next cut by EcoRI to get a sized down 

pyrBI DNA fragment with EcoRI sites at both ends to facilitate further 

subcloning. Excess linkers were removed by further purification of the 
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Figure 0. Procedure for addition of EcciRl sites on both sides of the 
pyrBI genes. 
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BairiHI Sail PstI 
AAT TCC CGG OGA TCC OTC OAC *** CTO CAO CCA AGC TTG GAC CTG 
TTA AGG GCC CCT AGO CAF CTO *** QAC OTC GGT TCG AAC CTG GAC 

J3anfflil Digest • 

BanBI Sail PstI 
-TCC CGG G OA TCC OTC QAC *** CTO CAO CCA AGC TTG GAC -
-AGG GCC CCT AG O CAO CTO *** QAC OTC GGA TCG AAC CTG -

PstI Digest • 

BamHI Sail PstI 
OA TCC OTC QAC *** CTO CA O CCA AGC TTG GAC CTG -

O CAO CTO *** O AC OTC GGT TCG AAC CTG GAC -

Purified Pstl-BairHI Fragment • 

BamHI Sail PstI 
OA TCC OTC OAC *** CTO CA 

O CAO CTO *** 0 

SI Nuclease Treatment • 

BawHl Sail PstI 
C OTC OAC *** C 
0 CAO CTG *** G 

Addition of EcoRI Linkers • 

EcoRI EcoRI Sail EcoRI EcoRI 
- CCGAATTCGG CCGAATTCGG C OTC OAC *** C CCGAATCGG CCGAATTCGG 
- GGCTTAAGCC GGCTTAAGCC O CAO CTO *** G GGCTTAAGC GGCTTAAGCC 

Digestion of EcoRI Linkers • 

EcoRI Sail EcoRI 
AATTCGG C GTC GAC *** C CCG 

GCC G CAO CTO *** G GGCTTAA 
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fragment by preparative agarose gel electrophoresis. In order to 

construct a plasmid for use in E.coU and facilitate future manipulations 

with the pyrBI gene, the fragment was inserted into the multiple cloning 

site of pUC19 (Figure 8). Hie plasmid was cut by EooRI and then ligated 

with the pyrBI fragment with BcoRT sticky ends. 

The HgaHn" miy was diluted and transformed into competent 

DH5a. Transformants were selected that were ampicillin resistant and £>-

galactosidase negative. Hie E. coli strain DH5a contains the lacZdMIS 

mutation «*»»» can be complemented by the N-terminal sequence of the j$-

galactosidase. The plasmid vector pUC19 contains this complementing 

a-peptide DNA sequence of the lacZ gene and an ampicillin resistance 

gene. The a-peptide expressed from pUC19 is capable of complementing 

a lacZ a-deletion in the host E. coti DH5a to give a functional 3-

galactosidase. Hie a-peptide DNA sequence has been modified further by 

insertion of a multiple cloning site that does not disrupt the translational 

reading frame of peptide. Cloning a gene fragment in the multiple 

cloning site disrupts the a-peptide sequence, usually resulting in the $ -

galactosidase-negative phenotype. This is observed experimentally as 

white colonies of transformants and a loss of ̂ -galactosidase activity. 

This color results from an inability to metabolize the chromogenic 

substrate X-gal and form the typical blue colonies on ampicillin LB plates 

with X-gal and IPTG. The colonies of DH5a carrying the new plasmid 

pSLAl were not white as expected, but were a light blue color. Still all 

controls worked and no white colonies were observed, despite the 

relatively high transformation rate (to ampicillin resistance) observed. 
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Since uncut plasmid controls gave typical blue colonies and all the 

transformants had the light blue phenotype, the light blue colonies were 

investigated further. 

Thus, 50 light blue colonies were picked, purified by streaking and 

grown up for plasmid analysis. Hie plasmid DNA in each colony was 

obtained by rapid plasmid preps. The rapid prep DNAs were analyzed by 

restriction endonudease digestion with EcoRI and subsequent separation 

by agarose gel electrophoresis on 1.6 per cent agarose gels. This high gel 

concentration and a long running time (16 hours) was chosen to ensure 

that the two similarly sized fragments would be separated as distinct 

bands. The insert DNA was 2.8 kbp, while the parent plasmid pUC19 

was 2.7 kbp. Unless the high gel concentration and long running time 

were employed, the two fragments ran as a single band. Of the 

transformants tested, four of the clones clearly had two bands after 

digestion of the rapid plasmid preps. Presumably these bands were the 

2.8 kbp pyrBI gene and the 2.7 kbp linearized plasmid pUC19. 

The four clones had the predicted phenotype in DH5a. Specifically, 

they were ampicillin resistance and had an insert in the plasmid as 

exemplified by the presence of an additional band of appropriate relative 

molecular weight after digestion and electrophoresis. The color on 

indicator plates was not completely lost as expected, but the other 

properties were as expected. These four clones were tested further to 

confirm that they carried a fragment of pEK2 that indeed carries the 

pyrBI genes. Plasmids from each of the four clones were prepared and 

were then transformed into the uracil auxotrophic E. coli strain TB-2 
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(ApyrBI, argF). Strain TB-2 alone could not grow on E. call minimal 

medium without uracil, since it lacks a functional ATCase. But E. coli 

strainTB-2 carrying pSLAl could grow on minimal medium without 

uracil since the presence of the pyrBI genes on the plasmids converted 

the strain to prototrophy. The plasmids transformed TB-2 to 

prototrophic growth at very high efficiency, further confirming that the 

plasmids were the expected pUC19 subclone carrying pyrBI on an EcoRI 

fragment. One of the colonies of the transformed, ampicillin resistant, 

prototrophic TB-2 was picked for all further studies. The plasmid from 

this strain was designated pSLAl. A bulk preparation of the plasmid 

pSLAl was performed and this preparation was used for the following 

experiments. 

A fraction of the purified plasmid preparation of pSLAl was then 

cut by EcoRI and Seal. The EcoRI cut the plasmid separate from the 

pyrBI genes. The restriction endonuclease Seal was used to further 

digest the parent plasmid pUC19. The pyrBI gene fragment does not 

have any recognition sites for Seal. The pUC19 portion of the plasmid 

pSLAl is cleaved approximately in half. This facilitates the separation of 

the two fragments by gel electrophoresis and ensures that the band 

obtained fay excision from preparative agarose gels is indeed the 2.8 kbp 

pyrBI gene fragment with EcoRI ends. 

The pyrBI DNA fragment was ligated with plasmid pKT230 cut by 

EcoRI. The diluted ligation mixture was then transformed into the uracil 

auxotrophic E. coll strain TB-2. Selection was made for the growth of the 

strain on minimal medium plates unsupplemented with uracil. The 
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plates did have 50 p.g arginine per ml since the strain TB-2 is also argl 

and curgF (Table I) and lacks a functional OTCase gene. As described 

above, cells carrying recombinant plasmid grew on kanamycin and 

streptomycin E. coti minimal medium plates with the predicted 

resistances for the parent plasmid pKT230. An average of 10 colonies 

was obtained for each 50 |xl inoculated onto plates. Rapid prep plasmids 

from the transformants were digested by EooRI, but the digestions were 

not uniformly successful. The plasmids with the pKT230 parent plasmid 

for the vehicle, were not multicopy number plasmids and thus not 

obtainable in sufficient quantity and purify to ensure reliable and 

sufficient amounts for digestion. Also, the techniques for the preparation 

of plasmids from small cultures of transformants work best in E. coli 

where they were originally designed and the procedures suffer from their 

adaptation to transformants in P. aeruginosa. To confirm the presence of 

the pyrBI genes in the recombinant pKT230 based plasmids, the rapid 

prep plasmids were transformed back into TB-2 again. If the pyrBI genes 

were present on the plasmids in the rapid preps, then high level 

transformation would be expected. In the case of the clones selected, 

approximately 100 colonies were obtained for each 20 id inoculated onto 

minimal medium plates where selection was made for uracil prototrophy 

in the pyrB strain. High transformation frequency verified the presence 

of the recombinant plasmid. One colony transformant was picked for 

bulk plasmid preparation, and named pSLA2. This preparation 

transformed the P. aeruginosa pyrB strains (PAOl 16 and PA0681) to 

prototrophy with the predicted antibiotic resistances when plasmid was 
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present. The purified plasmid yielded two bands after digestion with 

EcoEl. One band was approximately 1.9 kbp corresponding to the parent 

plasmid pKT230 and one band was approximately 2.8 kbp corresponding 

to the pyrBI gene fragment with EcoRI ends. 

Growth characteristics 

Rates of cell growth for the transformants were measured in the 

presence and absence of uracil. No difference of growth rate was 

observed when cells were incubated in the presence and the absence of 

uracil. A generation time of 45 minutes was observed for E. coli K-12 

growing in minimal medium with glucose as the sole carbon source. No 

difference was observed when uracil was added to the medium. Hie wild 

type P. aeruginosa had a generation time of 70 minutes. Again, the 

addition of uracil to the medium had no effect on the generation time. P. 

aeruginosa strain PA02302 (PA0681 carrying recombinant plasmid 

pSLA2) had a similar generation time of 60 minutes. Growth rates for E. 

coii K-12, and P. aeruginosa PAO and PA02302 are shown in Table 2. 

ATCase assays 

Repression of the pyrBI genes in wild type and recombinant strains 

was examined to determine if attenuation mechanisms were functioning. 

The levels of gene expression were measured as the levels of ATCase 

activity in each strain. The enzyme levels were determined in E. coli K, P. 
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aeruginosa PAO, and P. aeruginosa PA02302 after growth in the presence 

and absence of the pyrimidine compounds uracil, uridine, cytosine and 

cytidine. All of the data presented represent enzyme levels found in cells 

after growth under the conditions described. In every case, the enzyme 

assays were verified to be within the linear range of protein and time. 

Table 2. Growth rates for E. coli K, PAO and PA02302 in the 

presence and absence of uracil 

Strain 
Generation time (min) 

Strain 
Uracil - Uracil 

*E.colK 45 45 

**PAO 70 70 

**230 60 60 

* The cells were grown on E. coli minimal medium supplemented 

with 0.2 per cent glucose. 

** The cells were grown on Pseudamonas minimal medium 

supplemented with 50 mM succinate. PAO was supplemented with 

20 tig per ml uracil, and 230 was supplemented with 50 \ig per ml 

uracil. 

A 7-10 fold level of repression was seen (Figure 10) for wild-type E. 

coli ATCase. The enzyme from E. cdi was significantly repressed by 
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growth in media supplemented with pyrimidines. The level of repression 

was approximately the same no matter which pyrimidine compound was 

exogenously fed. When K coU K-12 was grown on glucose, instead of the 

non-repressing growth substrate succinate, the level of ATCase 

production was slightly less (Figure 10). E. coli K-12 could not grow on 

minimal medium that was supplemented with the aromatic compound 

POB as sole carbon source. 

In wild type P. aeruginosa, there was no evidence of pyrBI gene 

repression (Figure 11). Addition of uracil, cytosine, cytidine, or uridine to 

the growth medium did not have any effect on the level of ATCase 

observed in the cells. In order to test the possibility that the carbon 

source could influence the level of gene expression of enzymes of the 

pyrimidine biosynthetic pathway, different carbon sources were 

examined. Each of three different carbon sources was used to grow up 

wild type P. aeruginosa PAO, with each of the four different pyrimidine 

supplements. Again, for any given carbon source, no repression of the 

pyrB gene encoding ATCase was observed. There were differences in the 

specific activity of ATCase when cells grown on the different carbon 

sources were compared. The highest ATCase activity was observed when 

cells were grown on the minimal medium using POB as sole source of 

carbon. The lowest ATCase activity was observed when cells grew on 

minimal medium using succinate as sole carbon source (Figure 11). 

When the levels of the enzyme activity in P. aeruginosa strain PAO are 

compared to the levels of ATCase found in wild type E. coli, a significant 

difference is seen. In P. aeruginosa, ATCase activity under non-
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Figure 10. The activity of E. coU K ATCase. Specific activities of 

aspartate transcarbamoylase (ATCase) of E. coli K-12 grown on 

different carbon sources and fed pyrimidine bases and nucleosides are 

plotted. Growth conditions and enzyme assays were performed as 

described in Materials and Methods. The specific activity is given in 

terms of nmol per min per mg protein. 
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Figure 11. Hie activity of P. aeruginosa PAOl ATCase. The specific 

activities of aspartate transcarbamoyiase (ATCase) of wild type P. 

aeruginosa PAO grown on different carbon sources and fed pyrimidine 

bases and nucleosides are diagrammed. Growth conditions and enzyme 

assays were performed as described in the Materials and Methods. 

Specific activity is given in terms of nmol per min per mg protein. 
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repressing (unsupplemented) conditions is comparable to fully repressed 

levels found in E. coli. Thus in wild type cells grown without pyrimidine 

supplementation, the level of ATCase activity in E. coli is approximately 

four times higher than that in P. aeruginosa. 

In P. aeruginosa strain PA02302 carrying the cloned E. coli 

ATCase, the level of enzyme activity was very much higher than the levels 

found in either wild type strain (Figure 12). The specific activity of the 

enzyme was 4-5 times higher in the recombinant P. aeruginosa carrying 

plasmid pSLA2 expressing the E. coli pyrBI genes, than that found in wild 

type E. colt The level of ATCase activity was approximately 20-25 times 

higher than that found in wild type P. aeruginosa (Figure 11). When the 

effect of pyrimidine supplementation was measured in the recombinant 

strain, repression of gene expression was observed. The level of ATCase 

specific activity decreased nearly 2 fold when cells were supplied with 

exogenous uracil, uridine, cytosine or cytidine. This repression of 

enzyme synthesis was observed, no matter which carbon source was 

used. Pyrimidine supplementation repressed the synthesis of ATCase in 

glucose minimal medium, succinate minimal medium and para-

hydroxybenzoate minimal medium. Again, the choice of carbon source 

affected the level of enzyme observed in crude cell extracts. The highest 

ATCase activity was obtained by growing cells on minimal medium using 

POB as sole carbon source and the lowest activity was obtained by 

growing cells on minimal medium using succinate as the sole carbon 

source. 

The level of ATCase in the recombinant P. aeruginosa strain (Figure 
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Figure 12. Hie activity of P. aeruginosa PA02302 ATCase. The 

specific activities of aspartate transcarbamoylase (ATCase) of the 

recombinant strain P. aeruginosa PA02302, carrying the cloned E. coli 

pyrBI genes, grown on different carbon sources and fed with 

pyrimidine bases and nucleosides are plotted. Growth conditions and 

enzyme assays (SA.) were performed as described in the Materials and 

Methods. Specific activity is given in terms of nmol per min per mg 

protein. 
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12) was approximately 20 times that found in wild type P. aeruginosa 

PAO (Figure 11). Hie level of the E. coli enzyme in the recombinant 

strain (Figure 12) was approximate^ four times as high than the level of 

enzyme activity found in the wild type E. coli (Figure 10). These 

differences could be due to the fact that the E. coli ATCase is expressed 

from multiple copies of the plasmid pSLA2. Since there are more copies 

of the gene, higher levels of ATCase gene expression would be expected. 

Also, the level of repression was approximately half in the recombinant 

strain, instead of the seven to ten fold repression observed in the wild 

type E. constrain. Again, the presence of multiple copies may make it 

difficult to completely repress the more numerous copies of the gene. 



CHAPTER IV 

DISCUSSION 

This investigation into the expression of ATCase in bacteria was 

performed because the pyrimidine pathway in P. aeruginosa has 

considerable variation with respect to regulatory responses seen in E. 

colL Specifically the ATCase of pseudomonads in general, and P. 

aeruginosa in particular, does not respond to the addition of 

exogenous pyrimidine sources with a decrease in the level of gene 

expression. Repression of pyrBI gene expression is observed in E. coU 

and is a logical response to pyrimidine surplus. Exogenously fed 

pyrimidines are converted to nucleotide triphosphates by the salvage 

pathways with a decrease in the need for pyrimidine compounds 

synthesized de novo. High levels of UTP in E. coli cause a decrease in 

pyrBI gene expression through the transcription attenuation 

mechanism described in the Introduction. This research addresses 

the question of why the pseudomonads respond differently to 

pyrimidine supplementation. The regulatory responses and regulatory 

mechanisms that operate in the pyrimidine biosynthetic pathway are 

poorly characterized themselves in the genus Pseudomonas.. 

The Pseudomonads are studied preminently for their important 

roles in biodegradation, bioremediation and biocatalysis. It is already 

clear that pseudomonads can carry out a wide variety of chemical 



70 

conversions which provide the potential for detoxification of the 

environment and the biological production of economically important 

chemicals of pseudomonads. While much attention has been paid to 

the degradative pathways of pseudomonads, their central metabolic 

pathways have not been so well characterized. The de novo 

pyrimidine biosynthetic pathway in the Pseudomonads (Condon et aL, 

1976; Isaac & Holloway, 1968; Chu & West, 1990) apparently does not 

possess the classical repression responses observed in the enterics, 

and it is this trait that is examined in this research. 

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 repress ATCase synthesis by attenuation. As 

seen in Figure 10, ATCase of wild-type E. coli K-12 decreased 

dramatically when exogenous pyrimidines were added to the medium 

of growing cells, lypical values for the pyrBI gene expression yield an 

average repression index of 6. Thus, in the presence of uracil, there is 

one sixth the amount of ATCase present as there is in cells grown in 

the absence of uracil or other pyrimidine compounds that lead to 

uracil. 

ATCase biosynthesis and pyrB gene expression in P. aeruginosa 

was earlier shown to be constitutive (Isaac & Holloway, 1968), and no 

repression was observed upon addition of pre-formed pyrimidines and 
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pyrimidine compounds to the medium of grown cells. Similar results 

were observed for P. putida (Condon, et aL, 1976). The findings of 

this work also showed that ATCase biosynthesis is not affected if 

exogenous pyrimidines are fed to wild type P. aeruginosa. When wild 

type P. aeruginosa PAO grew on the medium supplemented with 

pyrimidine bases or pyrimidine nucleosides, no change in either the 

growth rate fTable 2) or the activity of ATCase was seen (Figure 11). 

From these results, three possible explanations for the lack of 

regulation of pyr gene expression in response to feeding of pyrimidine 

compounds in the pseudomonads are evident: 

(1) Exogenously fed pyrimidines are not taken into the cell 

and thus do not alter or swell intracellular nucleotide 

pool levels to subsequently effect changes in the rate of 

the transcription of the pyrB gene. 

(2) Intracellular levels of uracil in the wild-type cells grown 

in minimal medium are sufficient to effect repression of 

pyrimidine enzymes in absence of exogenous uracil, 

therefore, added uracil has no effect. 

(3) It is possible that the levels do not change dramatically in 

response to exogenously fed pyrimidine compounds. 

The first explanation is not probably the case, since there exist 

mutant strains of Pseudomonas, including P. aeruginosa, that require 

uracil (pyr, Pyr" strains) and that can be supplemented with 

pyrimidine compounds in the medium and grow very well. Thus when 

we add uracil to a growing culture of P. aeruginosa, the uracil (or other 
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pyrimidine compound) is capable of entering the cell and being 

metabolized. Salvage pathways do exist for the metabolism of uracil, 

cytosine, uridine and cytidine, since all four can satisfy the pyrimidine 

auxotrophic requirement in mutant strains (West, 1988; West & Chu, 

1986). Although it is possible that the level of uracil in the wild type 

strain may be too high for uracil uptake to occur, it was shown that the 

rate of uptake of 14C-uracil into wild-type cells of P. aeruginosa PAO is 

similar to that of E. coli K-12 (Isaac & Holloway, 1968). Thus 

pyrimidine compounds can be taken up and utilized by Pseudomonas 

species. 

For the second scenario, uridine nucleotide levels (or whatever 

pyrimidine compound regulates gene expression) would be at high 

repressing levels so that the addition of exogenously supplied 

pyrimidines have no further (inhibitory) effect on gene expression. 

The intracellular level of uracil and uracil derivatives in a pyrimidine-

requiring mutant must be very low or zero. According to the enteric 

attenuation model of repression, if uracil or a derivative of uracil 

represses the formation of pyrimidine enzymes, then in a uracil 

mutant the system should be derepressed and the level of pyrimidine 

biosynthetic enzymes should rise when the external supply of uracil 

has been exhausted. Activities of the enzymes at different times after 

the external uracil supply has been exhausted were examined in 

pyrimidine-requiring mutants (Isaac & Holloway, 1968). Replicate 

cultures were grown in limiting uracil and were harvested at the same 

cell density at different times after exhaustion of uracil. Enzyme 
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levels were comparable with those of cells grown in excess uracil and 

harvested at a similar cell density. The results clearly showed that 

there is no derepression of enzyme synthesis under conditions of 

limiting uracil. This inability to demonstrate derepression invalidates 

any explanation which suggests that the endogenous repression is 

complete in wild-type cells, owing to high pool concentrations of 

uracil, and thus addition of exogenous uracil is without effect. 

In the third explanation for the lack of repression, a lack of any 

change in the nucleotide pool levels could explain a lack of any change 

in gene expression. Previous unpublished work from our laboratory 

has shown the addition of exogenous pyrimidines to the medium of 

growing cells (of either P. aeruginosa or B. putidcQ does indeed swell 

the pyrimidine nucleotide pools (Table 3). Thus if the feeding of 

pyrimidine compounds swells the nucleotide triphosphate pools, a 

classical transcription attenuation mechanism for the regulation of 

pyrB gene expression must not operate in the pseudomonads. Also, 

starvation of a pyr strain of P. putida and pyr strain of P. aeruginosa 

depletes the pyrimidine nucleotide pool levels. 

Thus, it is possible that the pyrB gene in P. aeruginosa is not 

regulated by attenuation and does not possess r/io-independent 

transcriptional control. To date there are no published sequences for 

the ATCase of P. putida. GenBank submissions of the sequences from 

both P. putida and P. aeruginosa do not include upstream 5' flanking 

sequences for the open reading frames. But a probable explanation for 

the lack of repression is the most obvious. The genes for ATCase in 
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the pseudomonads may lack consensus sequences for this type of 

Table 3. Levels of nucleotide triphosphates in wild-type P. putida * 

Nucleotide Triphosphate No addition Plus Uracil 

ATP 0.167 2.599 

GTP 0.031 0.876 

CTP 0.004 0.075 

UTP 0.507 1.896 

* Table 3 is from Chang (1991). The intracellular 

concentrations of the nucleotide triphosphates are given 

in terms of mmol (g dry weight)*1. 

regulation by an attenuation mechanism preceding the genes. It may 

also be possible that pyrB gene for ATCase in P. aeruginosa responds 

only to levels of pyrimidines higher than those produced by 

pyrimidine supplementation or lower than those produced by 

pyrimidine limitation in wild type strains. That is to say, very high 

levels of pyrimidine nucleotide pools may result in gene expression. 

In the same sense very low levels of pyrimidine nucleotide pools may 

result in observable derepression of enzyme. 

If the pyrB gene from P. aeruginosa does not exhibit repression 

due to the lack of regulatory DNA sequences, attenuation control may 

not be available as a regulatory strategy in these bacteria. 
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Transcription termination control requires special features not only in 

the mRNA and hence the gene itself, but also the RNA polymerase. It 

is possible that there is no repression in P. aeruginosa of the pyrB 

gene and subsequently the entire pyrimidine pathway because there is 

no attenuation, the polymerase does not respond or react to 

attenuation control and that such mechanisms do not exist in these 

bacteria in general. Hie experiments described in this thesis answer 

the questions if a lack of pyr gene regulation is due to a lack of 

regulatory sequences, or due to an inability to respond to regulatory 

sequences. The heterospeciflc transcriptional control of the E. coli 

pyrBI genes, expressed from their native promoter with its attendant 

regulatory attenuation sequences was examined. 

In this study, the E. coli K pyrBI genes were cloned into a pyr' 

auxotroph of P. aeruginosa (PAO68I) using the broad host range 

plasmid pKT230 as the vector. Since the E. coli pyrBI that we used 

carried an active promoter (including the leader sequence), the level 

of expression of ATCase in the P. aeruginosa transformed strain (230) 

was determined under conditions of pyrimidine limitation and 

supplementation. Strain 230 was grown in minimal medium in the 

presence and absence of the pyrimidine compounds uracil, uridine, 

cytosine and cytidine. As controls, wild-type P. aeruginosa and wild-

type E. coli were similarly treated. Figures 10, 11 and 12 give the 

results of these experiments. As can be seen in Figure 11, the P. 

aeruginosa wild-type enzyme showed little or no response in the level 

of gene expression to growth with pyrimidine bases and pyrimidine 
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nucleosides. The expression of the wild-type E. coli enzyme was 

dramatically decreased 7-10 fold during growth in the presence 

pyrimidine bases and pyrimidine nucleosides (Figure 10). The ATCase 

from E. cati expressed in the transformed P. aeruginosa behaved just 

like its E. coli counterpart, in the fact that it responded to the 

addition of pyrimidines to the medium with a decrease in the level of 

gene expression. There was nearly a two-fold decrease in expression 

when grown in pyrimidine bases and pyrimidine nucleosides. This 

suggests that the E. coli promoter, and its upstream attenuation 

control region functions in the P. aeruginosa background. 

A corollary to this conclusion is that the P. aeruginosa RNA 

polymerase has the inherent ability to recognize and appropriately 

respond to a transcriptional attenuator. Thus, attenuation control can 

be invoked in P. aeruginosa by studying known rho-independent 

terminator controlled genes. Though there are specific requirements 

for the polymerase for efficient transcription termination, this type of 

repression and regulatory control is relatively simple. No trans- acting 

factors and additional genes or gene products need be invoked to 

effect logical regulatory control over pyr gene expression. Responses 

to environmental stimuli are thus direct and immediate. So, one 

reason that repression might not be observed in P. aeruginosa may be 

due to the fact that the pyr genes lack consensus sequences preceding 

the gene and thus do not possess rho-independent transcriptional 

control. Important further work would be to isolate the P. aeruginosa 

pyrB gene and get the DNA sequence upstream of it for detailed study. 
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As can be seen In this study, the production of ATCase of both E. 

coli and P. aeruginosa is influenced by using different carbon sources. 

When E. coli was grown on its preferred carbon source, glucose, the 

activity of ATCase was lower than the activity of ATCase of E. coli 

grown on succinate as the sole carbon source (Figure 10). Similar 

results can be seen in P. aeruginosa wild-type and recombinant strains 

(Figures 11 and 12). P. aeruginosa grows well on succinate, and the 

activity of ATCase is lower than that of P. aeruginosa growing on 

glucose or POB as sole carbon source. Indeed, in Pseudomonas, 

succinate is the repressing metabolite. Hie different carbon sources 

were employed to ensure that the growth substrate was not catabolite 

repressing the cells (for example a pyrimidine transport protein) so 
« 

that the effects for the addition of pyrimidines is masked. When the 

cells were grown on the medium with the easily used carbon source, 

the cells grew faster. The proteins that are essential for cell 

structure, cell growth and division are synthesized in a large amounts, 

and thus the specific activity of the enzyme may have been decreased 

due to an increase in the total amount of cellular protein. 

The lack of an attenuation response in P. aeruginosa is not due to 

an inability to affect the nucleotide pool levels in the pseudomonads. 

Pyrimidines can be fed. transported into the cell, metabolized and 

incorporated into macromolecular compounds. The RNA polymerase 

of P. aeruginosa has the ability to respond to changing nucleotide pool 

levels as evidenced by the decrease in the level of pyrBI gene 

expression (ATCase activity) from a heterospeciflc transcription 
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attenuation system (Figure 12). Attenuation control mechanisms and 

repression of the E. coli pyrBI genes can occur in the absence of any 

other trans-acting factors. Thus the lack of repression observed for 

the pyr genes in the pseudomonads is not due to an inability to alter 

nucleotide pools, a lack of some essential trans-acting regulatory 

protein, or any special functional differences in the Pseudomonas RNA 

polymerase. The most logical explanation for the lack of attenuation 

control of pyr gene expression is that the native pyr genes lack the 

requisite DNA sequences directing attenuation control and repression 

of pyr gene expression. Similar results were observed for the trp 

genes of P. aeruginosa (Essar, et al, 1990) and P. syringae (Auerbach, 

et al, 1993). In neither of these two species are the trp genes 

preceded by a classical transcription-attenuation mechanism for the 

control of gene expression. The results for the expression of the E. 

coll ATCase described in this thesis support this explanation. The 

final proof of the matter will be revealed when the DNA sequence of 

the promoter preceding these genes is completed and published. 

Until then, it is generally true (for those genes examined) that 

transcription attenuation control of gene expression is not used as a 

mechanism of gene control in the aerobic pseudomonads. 
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