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ABSTRACf 

The enteric bacteria are able to grow by utilizing three-carbon 

compounds (pyruvate, lactate, and alanine) as sole carbon sources only if 

they have a functional phosphoenolpyruvate synthase (PEP synthase). PEP 

synthase catalyzes the phosphorylation of pyruvate to PEP with the 

hydrolysis of ATP to AMP. This anaplerotic reaction is needed for the 

synthesis of carbohydrates and citric acid cycle intermediates that are 

essential for continued cell growth. Insertion mutants were isolated in 

Salmonella typhimurium that specifically lack the ability to grow on three

carbon compounds. These mutants also failed to utilize acetate as a sole 

carbon source. Enzyme assays were performed and the results showed that 

these mutants contain no PEP synthase activity. By using bacteriophage P22, 

the pps mutations isolated in this study were found to be cotransducible with 

genetic markers in both the aroD and btuC genes. Three-factor crosses 

pinpointed the order of these genes and their distances with respect to each 

other. Some of the mutants carry pps::lac operon fusions. These fusions 

were used to explore the transcriptional regulation of the pps gene. A 

functional pps gene is required for its own induction. The pps gene is also 

under catabolite repression when the cells are grown in the presence of 

glucose. The addition of cyclic AMP to the culture medium does not relieve 

this repression. These results have yielded a better understanding of the 

ability that the enteric bacteria possess to utilize three-carbon compounds for 

cell growth, but other factors that regulate the formation and activity of this 

enzymatic system remain to be elucidated. 
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CHAPTER I 

INTRODUCTION 

The metabolism of carbon compounds by all living organisms 

proceeds by specific enzymatic sequences which fulfills the necessary 

requirements to sustain life (Kornberg 1966). These requirements are two

fold: fragmenting macromolecules into a limited number of micromolecules 

(catabolism), which then seJVe as precursors to build up the constituents of 

that organism (anabolism) (Kornberg 1966). Hundreds of different enzyme

catalyzed reactions are involved in these two distinct processes. These 

different enzyme pathways eventually converge into central metabolic 

pathways which effect the rearrangement of carbon skeletons in order to 

serve the role of either catabolism or anabolism (Lehninger 1982). In most 

organisms, the citric acid cycle is the primary central pathway into which 

catabolic products are fed and from which anabolic products originate 

(Lehninger 1982). The production of energy and the provision of 

intermediates for biosynthesis are the major functions of the citric acid cycle. 

Citric acid cycle intermediates are used as precursors for required 

biosynthetic molecules and are funneled off when the need arises. When the 

cells are undergoing respiration, carbon compounds are also fed into this 

cycle to produce energy in the form of reduced and phosphorylated 

nucleotides. There is a balance between the compounds that enter and leave 

this cycle. If these molecules are tapped off in order to fulfill an anabolic 

requirement, such as the synthesis of cell wall, proteins, nucleic acids, or 

other macromolecular components, the cycle will be depleted and come to a 
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halt. Routes must exist that are involved in replenishing these essential 

carbon compounds. These routes are referred to as anaplerotic sequences. 

Anaplerotic is a Greek term that literally means "filling up" (Mandelstam 

1982). 
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Bacterial organisms in the family Enterobacteriaceae are facultative 

gram-negative rods that ferment glucose, are oxidase negative and reduce 

nitrates to nitrites (Mandelstam et al. 1982). Salmonella typhimurium, a 

member of the family Enterobacteriaceae, can derive all of its energy and 

necessary carbon compounds from many sole carbon and energy sources 

(Gutnick et al. 1969). Thus, it utilizes several anaplerotic routes in different 

situations. Figure 1 illustrates the anaplerotic routes involved with the citric 

acid cycle. One such anaplerotic route involves the enzymes 

phosphoenolpyruvate (PEP) synthase and phosphoenolpyruvate carboxylase 

when the cells are grown on a three-carbon compound as a sole carbon 

source. PEP carboxylase catalyzes the following reaction (Sabe et al. 1984): 

PEP+ C02 ---> Oxaloacetate +Pi. 

Studies on mutants of the Enterobacteraceae show that the net formation of 

four-carbon organic acids (e.g., succinate) from glucose occurs solely 

through this virtually irreversible reaction and that this synthesis cannot be 

achieved through the direct carboxylation of pyruvate (Cooper and 

Kornberg 1965). When Escherichia coli is grown on pyruvate, alanine, 

lactate, or other three carbon compounds which are catabolized to pyruvate 
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Figure 1. The Citric Acid Cycle/ Anaplerotic Routes. Open arrows represent 
anaplerotic routes of the Enterobacteriaceae. Dotted arrows represent fluxes 
to biosynthesis. The enzymes are: 1, PEP synthase; 2, pyruvate kinase; 3, 
pyruvate dehydrogenase; 4, citrate synthase; 5, aconitase; 6, isocitrate 
dehydrogenase; 7, 2-oxaloacetate dehydrogenase; 8, succinyl-CoA synthase; 
9, succinate dehydrogenase; 10, fumarase; 11, malate dehydrogenase; 12, 
malic enzyme; 13, PEP carboxykinase; 14, PEP carboxylase; 15, 
oxaloacetate decarboxylase; 16, isocitrate lyase; and 17, malate synthase. 
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(without passing through the stage of phosphoenolpyruvate), some reaction 

must occur which catalyzes the net formation of phosphoenolpyruvate from 

pyruvate (Cooper and Kornberg 1965). Pyruvate kinase is the last enzymatic 

reaction in glycolysis and catalyzes the following reaction: 

PEP+ ADP --->Pyruvate+ ATP. 

The synthesis of PEP from pyruvate does not occur under 

physiological conditions through the reversal of the pyruvate kinase reaction, 

as its equilibrium is highly unfavorable to PEP formation (Cooper and 

Kornberg 1965). Instead, PEP is synthesized by PEP synthase, which 

catalyzes the following reaction: 

Pyruvate + A TP ---> PEP+ AMP+ Pi. 

This reaction involves the transfer of the pyrophosphoryl group from A TP, 

since [ y-32P] A TP yields exclusively 32Pi, whereas [~-32p] gives rise to [32p] 

PEP (Cooper and Kornberg 1967b). Thus, PEP synthase overcomes the 

energy barrier associated with the reversal of the pyruvate kinase reaction by 

hydrolyzing two of the energy-rich phosphate bonds of A TP, but trapping 

only one in PEP (Berman et al. 1967). Considerable attention has been 

directed towards the mechanism of catalysis by this interesting enzyme. It 

has been suggested (Cooper and Kornberg 1967a) that the reaction proceeds 

in at least two distinct steps involving the intermediate participation of a 

phosphoenzyme form (E-P): 
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E + ATP + H20 ---> E-P +AMP+ Pi (1) 

E-P + Pyruvate ---> E + P-enolpyruvate. (2) 

Consistent with the two-step mechanism, it has been shown that the initial rate 

kinetics fall into a ping-pong pattern (Berman and Cohn 1970). An 

improved purification procedure for PEP synthase involving exploitation of 

charge differences between the phosphoenzyme and dephosphoenzyme, 

resulted in a reliable method for isolation of substantial quantities of 

homogeneous enzyme (Narindrasorasak and Bridger 1977). This has aided 

in the determination of the stoichiometry of phosphorylation of this enzyme, 

the values for which reported by Narindrasorasak and Bridger (1977), 

Cooper and Kornberg (1967b), and Berman and Cohn (1970) are in 

complete agreement. PEP synthase of E.coli is a dimer of molecular weight 

150,000 (Milner and Wood 1972). The subunits appear to be identical and 

they tend to dissociate into monomers at low protein concentrations 

(N arindrasorasak and Bridger 1977; Berman and Cohn 1970). PEP synthase 

also requires Mg2+ as a cofactor (Cooper and Kornberg 1969). 

In E. coli K-12, interrupted mating procedures and P1 transductional 

analysis confirmed that the chromosomal position of the structural gene for 

PEP synthase (pps) lies at 37 min and is cotransducible with aroD (Brice and 

Kornberg 1967b ). Figure 2 provides a reference point from certain genes on 

the E. coli chromosome. E. coli strains with mutations in the pps gene 

differed from their wild-type parents in being unable to utilize three-carbon 

substrates (such as lactate, pyruvate, and alanine) as sole carbon 
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Figure 2. Circular Reference Map of E. coli (Bachman 1983). Large 
numbers inside refer to the map position in minutes. The three letter 
symbols refer to genetic loci. This text follows the recomendations of 
Demerec et al. ( 1966) with respect to genetic nomenclature. 
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sources (Cooper and Kornberg 1967b). These mutants were not impaired in 

their ability to utilize glucose, glycerol, acetate, or intermediates of the citric 

acid cycle (Cooper and Kornberg 1967b ). 

InS. typhimurium, Calvo et al. (1971) have isolated leu (leucine

requiring) deletion mutants at 3 min that also contain less than 10% of 

parental PEP synthase activity. These deletion mutants failed to utilize 

acetate, pyruvate,or citric acid cycle intermediates as sole sources of carbon. 

The loss of the ability to grow on pyruvate was attributed to a loss of pps 

activity, while the inability to utilize citric acid cycle intermediates or acetate 

was attributed to other genes affected by the deletion. Given the fact that the 

genetic maps of E. coli and S. typhimurium are very similar, the gene 

affected by the leu deletion is most likely a regulatory gene while the 

structural gene for pps probably lies at 37 min (Calvo et al. 1971). 

Geerse et al. (1986) have located a gene, identified asfruR, at 3 min in 

S. typhimurium and near the leu genes that is involved in carbohydrate 

transport by the PEP: carbohydrate phosphotransferase system (PTS). Due 

to the relevancy of the fruR gene with respect to the pps gene, it will be 

breifly discussedwithin the text, but for a more detailed discription, one 

should consult the referenced literature. In this system, certain 

carbohydrates are phosphorylated by PEP during transport across the 

cytoplasmic membrane. Cells that lack a functional ptsH gene (a key 

carbohydrate transport gene) generally fail to grow on PTS carbohydrates. 

When afruR mutation is introduced into a ptsH mutant, they regain the 

ability to grow on all PTS carbohydrates (Geerse et al. 1986). This same 

fruR mutation results in loss of pps activity. Thus, in all likelihood, the fruR 
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gene is the gene that was affected by the leu deletions. Possibly, the FruR 

protein acts as an activator for PEP synthase. Although a direct connection is 

not known to exist between the PTS and PEP synthase (Geerse et al. 1986), it 

should be noted that both catalyze the transfer of phosphoryl groups to or 

from PEP, and both PEP synthase (Narinrasorasak and Bridger 1977) and 

Fructose-PTS (Geerse et al. 1986) involve phosphohistidine intermediates. 

Chin et al. (1987) described the PTS as a system that has an "unexcelled 

degree of complexity functioning in several catalytic and regulatory 

capacities," one of which involves the regulation of gluconeogenesis by 

controlling the activities of PEP carboxykinase and PEP synthase. This 

indicates that PEP synthase is more than just an enzyme simply involved 

when cells are grown on a sole three-carbon compound, but that PEP 

synthase interacts with other essential PEP-dependent enzyme pathways. 

Very recently, two strains that carry pps: :lac fusions have been 

isolated inS. typhimurium and the fusions have been shown to be repressed 

by glucose and fructose (Chin et al. 1989). Both strains exhibited very low 

PEP synthase activity and one retained wild-type PEP carboxykinase activity 

while the other showed greatly-reduced PEP carboxykinase activity (Chin et 

al. 1989). It was postulated that the first fusion occurred within the pps 

structural gene and the second fusion occured within an adjacent regulatory 

gene. 

In addition to its presence in the Enterobacteriaceae, PEP synthase has 

also been demonstrated in some photosynthetic bacteria (Buchanan and Evans 

1966) and in Acetobacter xylinum (Benziman 1966). 



CHAPTER II 

MATERIALS AND METHODS 

Bacteria, Bacteriophages, and Insertion Elements 

All strains that were used are derivatives of S. typhimurium L T2 and 

are listed in Table 1. This text follows the recommendations of Demerec et 

al. (1966) with respect to genetic nomenclature. All transductional crosses 

were performed with a derivative of bacteriophage P22 which contains the 

mutation HT1 05/1 (HT=high transducing), which increases the frequency of 

generalized transduction (Schmieger and Backhaus 1973), and the mutation 

int-201, which prevents the formation of stable lysogens (Scott et al. 1975). 

Mu dJ (KanT lac) is a transposition-defective derivative of Mu d1 (Casadaban 

and Cohen 1979) which forms operon fusions (Hughes and Roth 1988). A 

more stable derivative of Tnl 0, Tnl Od-Tet, was used as prepared by Way et 

al. (1984). 

Culture Media 

TheNCE medium of Davis et al. (1980) with a carbon source 

concentration of 0.25% (where indicated) was used as minimal medium. 

Other nutritional supplements were included in the medium at final 

concentrations as described by Davis et al. (1980). Nutrient broth (8g/liter; 

Difco) with added NaCl (5g/liter) was used as the complex medium. Solid 

medium contained agar (15g/liter; Difco). Antibiotics were included in the 

medium as needed (fmal concentrations given): kanamycin sulfate (50 J!g/ml 

9 
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Table 1. Bacterial Strains Used. 

Strain Genotype or Description Source 

RT116 btu-6::Tn10 R. Jeter 
RT780 aroD88 R. Jeter 
RT900 aroD1141::TnlOd-Tet This Study 
RT901 aroD88 pps-8l::Mu dJ btu-6::Tn10 This Study 
RT902 met£205 ara-9 btu-6::Tnl 0 pps-81 :: Mu dJ This Study 
RT903 met£205 ara-9 aroD88 pps-81::Mu dJ This Study 
RT904 met£205 ara-9 DVP1363(pps-81 ::Mu dJ 

btu-6::Tn10 pps+ btu+) This Study 
RT905 met£205 ara-9 DUP1364(pps-81::Mu dJ 

btu-6::Tn10 pps+btu+) This Study 
RT906 pps-81::Mu dJ This Study 
RT907 pps-82::Mu dJ This Study 
RT908 pps-83::Mu dJ This Study 
RT909 pps-84::Mu dJ This Study 
RT910 pps-85 ::Tnl Od-Tet This Study 
RT911 pps-86: :Tnl Od-Tet This Study 
RT912 pps-87::Tnl0d-Tet This Study 
RT913 unmapped group II Mu dJ insertion This Study 
RT914 unmapped group II Mu dJ insertion This Study 
RT915 unmapped group II Tnl Od-Tet insertion This Study 
RT916 unmapped group II Tnl Od-Tet insertion This Study 
RT917 met£205 ara-9 pps-81: :Mu dJ This Study 
RT918 aroD88 btu-6::Tn10 This Study 
RT919 met£205 ara-9 aroD88 pps-81::Mu dJ 

btu-6::Tnl 0 This Study 
RT920 met£205 btu-6::Tn10 This Study 
RT921 zci-6161 ::Tnl Od-Tet This Study 
RT922 zci-6162::Tn10d-Tet This Study 
RT923 aroD88 pps-81 ::Mu dJ This Study 
RT924 aroD88 pps-82::Mu dJ This Study 
RT925 aroD88 pps-83::Mu dJ This Study 
RT926 aroD88 pps-84::Mu dJ This Study 
RT927 aroD88 pps-85::Tn10d-Tet This Study 
RT928 aroD88 pps-86: :Tnl Od-Tet This Study 
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Table 1. Continued 

Strain Genotype or Description Source 

RT929 aroD88 pps-87::Tnl Od-Tet This Study 
RT930 aroD88 derivative of RT913 This Study 
RT931 aroD88 derivative of RT914 This Study 
RT932 aroD88 derivative of RT915 This Study 
TT10288 hisD9953::Mu dJ hisD9944::Mu dl R. Jeter 
TT10423 proAB47 I F'128 Pro+ Lac+ 

zzf-1831 ::Tnl Od-Tet R. Jeter 
TT10427 L T2 I pNK972 (Ampr) R. Jeter 
TR6583 met£205 ara-9 R. Jeter 



in rich medium; 125 Jlg/ml in minimal medium) and tetracycline 

hydrochloride (20 Jlg/ml in rich medium; 10 Jlg/ml in minimal medium). 
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Organic chemicals and biochemicals were supplied by Aldrich Chemical Co., 

Inc., ICN NutritionalBiochemicals, and Sigma Chemical Co. Inorganic 

chemicals were supplied by Mallinckrodt, Inc. and J.T. Baker Chemical Co. 

Growth Conditions 

Unless otherwise specified, all cultures were grown at 37° C. Aerobic 

liquid cultures were grown in an incubating rotary shaker (New Brunswick 

Scientific Co., Inc.) at 200 rpm. 

Genetic Methods 

The method described by Davis et al. (1980) was used to prepare P22 

lysates on appropriate donor strains. For transductions, recipient cells were 

grown to maximum stationary phase (1-5 x 109 cells/ml) and then were 

mixed with donor phage at a multiplicity of infection (MOl) of about 0.05 to 

0.1 for a period of 30 min. Samples (0.1 ml) were spread onto the 

appropriate medium and incubated for growth. Transductant colonies were 

restreaked onto the same selective medium for purification and were freed of 

phage by streaking onto green indicator plates (Davis et al. 1980). Sensitivity 

to phage infection was tested by cross-streaking against P22 clear plaque

forming mutant H5 (Schmieger 1972). 
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Mutant Isolation 

pps: :Tnl Od-Tet insertion mutants were isolated by transducing 

IT10427 to Tetr with bacteriophage grown on TT10423 to generate random 

insertions of Tnl Od-Tet into the recipient chromosome. TTl 0423 provides 

the TnlOd-Tet while TT10427 trans complements the defected gene in 

TnlOd-Tet. Tetr colonies were pooled and P22lysates were grown on the 

pooled cells. L T2 was then transduced to Tetr to stabilize the insertions and 

screened for the appropriate phenotype: unable to grow on pyruvate but able 

to grow on succinate as a sole carbon source. 

pps: :Mu dJ insertion mutants were isolated by transducing LT2 

directly to Kanr with bacteriophage grown on TTl 0288 and screening for 

the same carbon source-deficient phenotype as the pps::Tnl Od-Tet mutants. 

Preparation of Cell-Free Extracts 

Cell-free extracts were prepared by harvesting 7 50 ml of late log 

phase cells grown in nutrient broth, glucose, or pyruvate, washing twice in 

0.1 M Tris-HCI pH 7.4, and then resuspending in 10 ml of the same buffer. 

This suspension was sonicated with a Tekmar Sonic Disruptor Model TM-

300 by using 6-40 second pulses at 120 watts with a duty cycle of 50%. The 

extract was then spun in a microcentrifuge for 10 min at 11 ,300 rpm. 

Protein Determination 

Soluble protein was measured by the modified Lowry procedure 

(Lowry et al. 1951). All of the readings were compared to a standard curve 

prepared with bovine serum albumin. 
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Assay for PEP Synthase 

PEP synthase was measured using method 1 as described by Cooper 

and Kornberg (1969). The control tubes excluded A TP, pyruvate, or 

enzyme. In order to avoid needlessly small numbers, the specific activities of 

the enzyme were expressed as J..Lmoles of pyruvate removed per mg of 

protein per hour rather than, as customary, per min. 

Assay for ~-Galactosidase 

The method described by Miller (1972), using chloroform-sodium 

dodecyl sulfate to lyse whole cells, was used to assay for J3-galactosidase 

activity. The final assay volume was 1.7 ml and all assays were performed in 

duplicate on mid-log phase cultures. The positive control was a culture of 

wild-type E. coli K-12 (RT504) grown in the presence of the gratuitous 

inducer isopropyl-(3-D-thiogalactopyranoside (IPTG) at a concentration of I 

mg per mi. A culture grown in the absence of IPTG was used as the negative 

control. Enzyme activity was expressed as nanomoles of o-nitrophenyl-(3-D-

galactopyranoside (ONPG) cleaved per min per unit of absorbance at 600 nm 

(A6oo). An excess of ONPG was provided in each assay mixture. The range 

of values for the activity of J3-galactosidase synthesized by the positive 

control was 870 to 5,900 units of activity. The negative control ranged from 

3 to 5 units of activity. 
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Construction of Duplication 

TR6583 (met£205 ara-9) was transduced to Tetr with a P22 lysate 

grown on RT116 (btu-6::Tn10). These cells were, in tum, transduced to 

Kanr with a lysate grown on RT906 (pps-81 ::Mu dJ). The result of this 

construction was strain RT902, which contained a metE point mutation, a 

Tnl 0 inserted in the btuC locus, and a Lac+ Mu dJ inserted in the pps gene. 

Independent Tnl Od-Tet insertions that repaired the Mu dJ lesion in the pps 

gene were isolated in R T906 by cotransduction. These isolates contained the 

transposon in or near the pps gene. P22 lysates were made on these insertions 

and they were transduced into RT902. Homologous recombination between 

some of the Tn10d-Tet's and the btu-6::Tn10 generated duplications of this 

region of the chromosome in the recipient strain (Figure 3). The 

duplications were screened for the ability to grow on pyruvate minimal 

medium containing kanamycin (i.e., the duplication contained both the 

pps+and pps-81 ::Mu dJ alleles). 

~-Galactosidase Activity in Mu dJ Insertion Strains 

~-galactosidase hydrolyzes X-Gal (5-bromo-4-chloro-3-indolyl-~-D-

galactopyranoside) to produce a non-diffusable blue pigment. Thus, plates 

that contained X -Gal provide a qualitative visual test for the presence or 

absence of ~-galactosidase in the insertion mutants by assessing the intensity 

of blue color produced from within the isolated colonies. NCE minimal 

medium with succinate (0.25%) was used as the sole carbon source instead of 

glucose because of the possibility of catabolite repression in the pps gene. 
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TR6583 X ¢>RT116 ~ RT920 

metE btu-6::Tn1Q 
)( 

,, 
"' :0: 

l 
RT920 X ¢lRT906 ~ RT902 

metE P.P.S: :Mu dJ btu-6::Tn1Q 
)( 

,, 
:0: :0: '" 

1 
R T902 x ¢>R T921 ~ RT904 

! 
TnlOd P.P.S + btu+ 

;0;. • • • • • • • • • • • • • • • • • • 
metE P.P.S: :Mu dJ btu-6 :: Tnl.Q 

• • 
)( 

,, 
:0: ~ '' 

metE ( P.P.S: :Mu dJ btu-6:: Tnl.Q P.P.S + btu+ ) 
)( ' ' l :0'-'"-------':0:~--------Jt---

Figure 3. Construction of Duplication Strain RT904. The symbol cp 
represents a bacteriophage lysate that is grown on the indicated donor strain. 
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Plates contained 25 mg of X -Gal per liter (25 mg dissolved in 1 ml of N, N

dime thy lformamide ). 

Cotransduction of pps with aroD 

Strain RT780 (aroD88) was transduced to antibiotic resistance by each 

of the individual strains from group I and RT913, RT914, and RT915 from 

group II. The resulting strains contained the aroD point mutation and the 

respective (antibiotic-resistant) pps alleles. According to Brice and 

Kornberg (1967a), the aroD gene is cotransducible withpps gene in E. coli. 

Cotransduction frequencies were tabulated between aroD and the suspected 

pps mutations. The aroD lesion was repaired by transducing with phage 

grown on L T2 as the donor, and the corresponding frequencies at which the 

antibiotic-resistant markers were lost were determined. 

Construction of Strains for Three-Factor Crosses 

RT780 was transduced to Kanr by phage grown on RT906 (pps-

81 ::Mu dJ). This double mutant (RT923) was transduced to Tetr by phage 

grown on RT116 (btu-6::Tn10). The resultant triple mutant (RT901) was 

used as the recipient for three-factor crosses with phage grown on L T2 as the 

donor (Figure 4 ). 

A triple mutant with a metE mutation was needed in order to select for 

the repair of the btu mutation. TR6583 (met£205 ara-9) was transduced to 

Kanr by phage grown on RT901 and then plated out on glucose minimal 

medium containing aromatic amino acids, kanamycin, and methionine. 
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R T780 x ¢'R T906 --... ~ RT923 

aroD P.P.S::MudJ 
--~x~--------~~~------------------

RT923 X ¢>RT116 --... ~ RT901 

aroD P.P.S: :Mu dJ btu-6:: Tnl..Q 
---*X----------~~~--------~~~------

Figure 4. Construction of Strain RT901. 



19 

Transductants that had simultaneously acquired the aroD point mutation and 

the pps-81 ::Mu dJ insertion were selected. The resulting strain was RT903. 

R T903 was next transduced to Tetr by phage grown on RT116 and plated out 

on nutrient agar plus tetracycline. The resulting strain (RT919) contained 

the following mutations: metE,pps::Mu dJ, aroD, and btu-6::Tn10 (Figure 

5). This strain was used in the fmal step of the three-factor analysis by 

transducing RT919 to btuC+ with phage grown on TR6583, plating on 

glucose minimal medium with aromatic amino acids, vitamin B 12, and then 

screening for repair of the pps gene (loss of KanT) and aroD gene (loss of the 

aromatic amino acid requirement). 
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TR6583 X ¢>RT901 --.. ~ RT903 

metE aroD P.P.S: :Mu dJ 
:u: ' ' :u: ....A.... --~x~---~,~<----~x~--------~~~------------------

RT903x 4>RT116 --... ~ RT919 

metE aroD P.P.S::MudJ btu-6::Tn1Q 
----1M~---,~~~<----~M~---------.o~--------~o~------

Figure 5. Construction of Strain RT919. Triple mutant RT90 1 with an 
additional metE mutation. 



CHAPTER ill 

RESULTS 

Characterization of Insertion Mutants 

Mu dJ insertion mutants of S. typhimurium were isolated and screened 

for their ability to grow aerobically on succinate but not on pyruvate. 

Twenty-five independently-isolated mutants were found to have this 

phenotype. Initial observation showed that these insertions belonged in two 

separate groups. Group I mutants grew like the parent wild-type on 

succinate while group IT mutants showed slow growth on succinate. Group I 

contained four isolates while group II contained the remaining 21 isolates. 

The ability of the mutants to use different carbon sources was investigated. 

Plates were streaked from nutrient broth cultures and incubated for 48 

hours. All4 members of group I and 6 members of group II were screened. 

The results are presented in Table 2. 

Three of the Mu dJ insertions formed white (Lac-) colonies while the 

remaining Mu dJ (in strain RT906) formed blue (Lac+) colonies on X-Gal 

plates. The lacZ fusion in the Mu dJ element does not carry its own 

functional promoter, so it has to utilize the promoter for the gene within 

which it inserts. Thus, orientation becomes an important factor when 

determining f3-galactosidase activity. 

Tnl Od-Tet insertion mutants were isolated and screened in the same 

manner as the Mu dJ insertions. After purification, 21 were found to have 

the proper phenotypes. Three of the mutants belonged to group I and 18 to 

group II. 
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Table 2. Sole Carbon Source Utilization Screen of Groups I and II. 

Carbon Sourcea,b,c 

Group Ace Gly Pyr Glc Sue Cit Mal Glc/cAMP 

I 0 4+ 0 4+4+4+4+ 4+ 

II 0 1 + 1 + 1 + 2+ 2+ 2+ 1+ 

LT2 4+ 4+ 4+ 4+ 4+ 4+ 4+ 4+ 

a Plates were incubated for up to 98 hours. 

b Ace, acetate; Gly, glycerol; Pyr, pyruvate; Glc, glucose;Suc, succinate; 
Cit, citrate; Mal, malate; cAMP, cyclic AMP. 

c Wild-type growth, 4+; Good growth, 3+; Poor growth, 2+; Very poor 
growth, 1+; No growth, 0. 



23 

As noted in Table 2, none of the mutants grew on acetate as a sole 

carbon source. The Mu dJ isolates from group I were plated on acetate 

minimal medium from a nutrient broth-grown culture and incubated for 96 

hours. Several large revertant colonies appeared that remained kanamycin

resistant (i.e., retained the Mu dJ insertion) but they were still unable to use 

pyruvate as a sole carbon source. 

PEP Synthase Assays 

The Mu dJ insertion strains RT906 and RT907 (group I mutants), the 

Mu dJ insertion strain RT913 and the TnlOd-Tet insertion strain RT915 

(group II mutants), the duplication strain RT904, and the parent (wild-type) 

L T2 were assayed for PEP synthase as described in Materials and Methods. 

The results are reported in Table 3. RT904, RT913, RT915, and LT2 all had 

wild-type levels of activity. However, no significant activity was found in 

RT906 or RT907. The control tubes without added A TP or pyruvate 

(containing the extract from the wild-type LT2) showed no activity. In 

addition, the control tube without added crude extract also had no activity. 

The activity of the wild-type LT2 was induced 2- to 3-fold when grown on 

pyruvate minimal medium compared to the activity when grown on nutrient 

broth. Group I strains are pps mutants. 

Genetic Mapping 

The aroD, btu, and pps genes had not been previously mapped with 

respect to each other inS. typhimurium. The pps gene is cotransducible with 

aroD at 37 min on the E. coli chromosome as previously described by Brice 



Table 3. PEP Synthase Enzyme Activity in Crude Extracts. 

Strain Specific Activitya 

LT2 0.33 

RT904 0.35 

RT906 <.01 

RT907 <.01 

RT913 0.34 

RT915 0.31 

L T2 control (no A TP) <.01 

L T2 control (no pyruvate) <.01 

Control (no enzyme) <.01 

LT2b 0.79 

Assays performed in duplicate. 

a Specific activity is expressed as Jlmoles of pyruvate removed per mg 
protein per hour. 

b Grown in pyruvate minimal medium. 
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and Kornberg (1967a), and the genetic maps of E. coli and S. typhimurium 

are very similar (Bachmann 1983; Sanderson and Roth 1988). Thus, we 

tested the linkage of the pps lesions to the aroD locus. All of the group I pps 

mutations were between 55% and 60% cotransducible with aroD 

by using bacteriophage P22. In contrast, none of the insertion mutations in 

RT913, RT914, RT915, all members of group II, were cotransducible with 

aroD. These results are given in Table 4. 

Using bacteriophage grown on LT2 as the donor and RT901 as the 

recipient triple mutant (constructed as described in Materials and Methods), 

three-factor crosses were performed to determine the linkage of the aroD, 

btu, and pps genes. Repair of the aroD point mutation was selected by plating 

the transductants onto NCE glucose minimal medium and the cells were 

screened for loss of the antibiotic markers. Out of 150 AroD+ colonies, 85 

were KanS (the pps mutation was repaired) and 45 were TetS (the btuC 

mutation was repaired). Thus, the cotransduction frequencies are 57% 

between a roD and pps and 30% between aroD and btuC. The formula that is 

used to convert cotransduction frequency into physical distance is as follows: 

cotransduction frequency = (1-d!L)3 

in which dis the distance between the selected marker and an unselected 

marker, and Lis the size of the transducing fragment (Wu 1966). For P22, L 

is 43.4 kilo base pairs of DNA (kbp) (Susskind and Botstein 1978). This 



Table 4. Cotransductional Mapping of Groups I and II. 

P22 Donor'l Recipient 

cpLT2 RT923 

cpLT2 RT924 

cpLT2 RT925 

cpLT2 RT926 

cpLT2 RT927 

cpLT2 RT928 

cpLT2 RT929 

cpLT2 RT930 

cpLT2 RT931 

cpLT2 RT932 

Colonies 
Tested 

150 

100 

100 

100 

100 

100 

100 

100 

100 

100 

% Cotransductionb 

57 

56 

59 

55 

54 

60 

56 

0 

0 

0 

a The symbol cp represents a bacteriophage lysate that is grown on the 
indicated donor strain. 

b Cells were selected for repair of the aroD mutation (growth on 
glucose minimal medium) and then screened for loss of the antibiotic 
marker. 
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corresponds to a physical distance of 7.5 kbp between the aroD and pps genes 

and 14.3 kbp between the aroD and btuC genes. 

To select for repair of the pps lesion, the corresponding transductants 

were plated out on to pyruvate minimal medium, and then screened for loss 

of the aroD mutation and for the loss of tetracycline resistance. Out of 100 

Pps+ transductants that were screened, 40 were AroD+ (cotransduction 

frequency of 40%) and 52 were TetS (cotransduction frequency of 52%). 

These numbers correspond to physical distances of 11.5 kbp between the pps 

and aroD genes and 8.5 kbp between the pps and btuC genes. The three

factor crosses between these mutations indicated that the gene order is aroD

pps-btuC (Figure 6). These results agree with the genetic map of this region 

in E. coli (Bachmann 1983). 

The triple mutant was constructed in a metE genetic background (loss 

of the B12-independent enzyme) so that methionine biosynthesis was 

dependent upon the availability of B 12 and the btu gene could be selected. 

The btu-6: :Tnl 0 lesion was repaired through homologous recombination by 

using P22lysates grown on a metE btu+ donor (TR6583). Transductants 

were plated on glucose minimal medium containing aromatic amino acids 

and vitamin B 12, and were then screened for loss of kanamycin resistance and 

the requirement for aromatic amino acids. Out of 100 transductants that 

were screened, 27 were AroD+ (cotransduction frequency of 27%) and 49 

were Kans (cotransduction frequency of 49% ). These numbers indicate that 

there are 15.5 kbp between the btuC and aroD genes and 9.2 kbp between the 

btuC and pps genes. The resulting genetic map is shown in Figure 6. 
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aroD P.P.S btuC 

I I I 
7.5 

~ 
[56.7 %] 

14.4 

11.4 
[30.0 %] 

4 
[40.0 %] 

8.5 
[52.0 %] 

9.2 
[49.0%] 

15.4 
[27.0%] 

Figure 6. Genetic Map of the aroD, btuC, andpps Genes. Top number on 
line indicates distance between the genes in kilobases. Bottom bracketed 
number indicates % cotransduction between the genes. The genes at the tail 
of each arrow is the selected marker. 
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Construction of Duplication 

A duplication of the pps and btuC region was constructed in order to 

study the regulation of the pps gene on carbon compounds that otherwise 

would be impossible to test due to the Pps- phenotype. RT906, which 

contains a Mu dJ in the correct orientation to form a lac fusion in the pps 

gene, was used to construct this duplication. Twelve separate Tnl Od-Tet 

insertion mutants were isolated that simultaneously repaired the pps::Mu dJ 

lesion, thus confirming that the Tnl Od-Tet insertions were located near but 

not in the pps gene. One such strain, RT900, contained an aroD::TnlOd-Tet 

insertion. (An interesting observation was made that aroD mutants in S. 

typhimurium do not grow on succinate minimal medium when supplied with 

the essential aromatic amino acids.) 

Duplications are unstable since homologous recombination can occur 

between the duplicated sequences at an average frequency of l0-4 to l0-5 per 

cell per generation (Anderson and Roth 1977). Due to this inherent 

instability, construction of a duplication can be checked by its tendency to 

revert at a detectable frequency. The putative duplication strains were 

streaked for single colonies onto nutrient agar, patched onto nutrient agar 

master plates, and then replica-plated onto nutrient agar that contained 

tetracycline. Six out of 200 clones had reverted to Tets, which yields a 

reversion frequency of 3%. This confirmed that the original strains 

contained duplications. 

A region of homology was provided to RT902 and RT921 by the 

transposon Tnl 0 and Tnl Od, respectively, so that the duplication could 

occur through homologous recombination. The orientation and position of 
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the TnJ Od-Tet was important in constructing the duplication. The Tnl Od

Tet had to be on the aroD side of pps and in the same orientation as the Tnl 0 

in the btuC gene in order for recombination to occur between them. P22 

lysates were made on the 12 insertions that repaired the pps::Mu dJ. RT902 

(btu) was then transduced with these lysates and plated out on pyruvate 

minimal medium that contained kanamycin. Two of the resulting plates 

yielded 40-7 5 colonies per plate. These putative duplication mutants were 

given the strain designations RT904 and RT905. The steps in this 

construction are shown in Figure 3. 

Regulation of PEP Synthase 

The effect of various carbon sources on the transcriptional regulation 

of pps::lac fusions was investigated. RT906 contains the only pps::Mu dJ 

insertion with the lac genes in the proper orientation to produce ~-

galactosidase (blue colonies on X-Gal plates). The assays were performed 

under the conditions described in Materials and Methods. The results of 

these assays are presented in Table 5. Although RT906 grew on a variety of 

carbon sources, it did not grow on three-carbon compounds or acetate. In 

order to test these substrates, strain RT904 was employed. RT904 contains a 

duplication of the pps region. One copy of the duplication contains a wild

type pps gene; the other copy contains the pps::lac fusion. The duplication 

was retained by maintaining a selection for Tetr in the strain. 

The order of activity of PEP synthase in S. typhimurium was 

pyruvate, succinate/pyruvate > citrate > acetate > nutrient broth> 

succinate/acetate > glycerol > succinate > glucose. Several conclusions can 



Table 5. f3-Galactosidase Activities on Various Carbon Sources. 

Strain a 

RT904 RT906 
Carbon Source 

Nutrient Broth 710 430 

Citrate 860 1100 

Glucose 91 80 

Glycerol 510 530 

Acetate 810 NG 

Succinate/ Acetate 670 280 

Pyruvate 1100 NG 

Succinate/Pyruvate 1100 160 

Succinate 240 280 

NG, no growth ; ND, not determined. 
Assays performed in duplicate. 
Excess of ONPG was provided in all assays. 

RT504 
(+ IPTG) 

2500 

NG 

870 

4000 

3800 

5400 

6000 

4800 

5400 

RT504 
(- IPTG) 

4 

NG 

1 

ND 

ND 

ND 

ND 

ND 

ND 

31 

a RT504 is wild-type E. coli K-12 and served as a positive(+ IPTG) and 
negative (- IPTG) control. IPTG is isopropyl-f3-D-thiogalactopyranoside, 
which serves as a gratuitous inducer of the lactose operon. 
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be drawn from Table 5. Transcription of PEP synthase appears to be 

regulated by catabolite repression, since the activity on glucose is lowest 

when compared to the other compounds. The activity on succinate is the 

second-lowest at 240 units, but increases when acetate is added. The presence 

of pyruvate increases enzyme activity to 1100 units (in RT904), a 5-fold 

increase over succinate alone. Intermediate values occur on acetate, 

glycerol, citrate, and nutrient broth (peptones). 

RT906 also contained low activity on succinate alone. This low 

activity was not changed by the separate additions of acetate and pyruvate, in 

contrast to the results with RT904. The activities in nutrient broth and citrate 

varied somewhat from RT904, but remained generally comparable. In 

glycerol, the activites of both RT904 and RT906 also matched relatively 

well. 

Effect of cAMP 

To test if the pps gene is subject to catabolite repression, cAMP was 

added at the fmal concentration of 30 mM to a culture of RT904 grown in 

glucose minimal medium. The cells were incubated, samples were taken at 

regular intervals between 0 and 60 min, and then assayed for ~-galactosidase 

activity. The activity fluctuated between 121 and 143 units with the cAMP 

addition and 141 to 150 units without the cAMP addition. This indicates that 

cAMP does not relieve the catabolite repression under these conditions. The 

~-galactosidase activity of E. coli K-12 (RT504) increased from 12 to 1133 

units with the cAMP addition and from 8 to 422 units without the cAMP 
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addition. IPTG was added to both E. coli cultures at a fmal concentration of 

1 mM. These data are depicted in Figure 7. 



34 

..- 1200 V,) .... ·-c: 
~ 
'-' 1000 
0 ·-> ·.c 800 u 
< 
0 
V,) 600 co:$ 

"'0 ·-V,) 

9 400 
~ -a 
0 200 

I 
co:$ .... 
0 
~ 0 

0 20 40 60 80 

Time (min) 

Figure 7. Effect of cAMP on ~-Galactosidase Activity. cAMP was added to 

RT904 and RT504 grown in glucose minimal medium and ~-galactosidase 
activity was assayed at the indicated times (square data points). Activity is 
expressed in units as described in Materials and Methods. The control tubes 
did not contain cAMP (diamond data points). IPTG was added at a fmal 
concentration of 1 mM to the RT504 cultures at 0 min. RT904 with cAMP 
(open squares), RT904 without cAMP (solid diamonds), RT504 with cAMP 
(solid squares) and RT504 without cAMP (open diamonds). 



CHAPTER IV 

DISCUSSION 

The 7 isolates ( 4 Mu dJ and 3 Tnl Od-Tet insertions) from group I are 

pps mutants: RT906, RT907, RT908, RT909, RT910, RT911, and RT912. 

All of the insertion mutations are cotransducible with aroD and the cells that 

were assayed contained no PEP synthase activity. In this study, we did not 

identify the group IT mutants, which could range anywhere from being 

cytochrome mutants to regulatory lesions. The genetic map derived from the 

three-factor crosses gave the relative distances between the aroD, pps, and 

btuC genes, which matches the location of pps in the E. coli genome. In 

reality, the physical distance between successive genes is the same 

irregardless if one goes from left to right along the chromosome or vice

versa. As indicated by the map (Figure 4), there was a certain amount of 

variation in distances between the genes depending on the selection employed 

in the transduction procedure. The problem presumably was neither the 

calculations nor experimental error, but the nonrandom way that P22 

packages the donor DNA (Margolin 1987). The distribution of donor DNA 

fragments that are packaged varies depending on the locations of specific 

chromosomal sites recognized by the packaging enzymes. Until recently, the 

aroD gene in S. typhimurium was thought to be at 37 min, which is the same 

location as the aroD gene in E. coli (Bachmann 1983; Sanderson and Roth 

1988). However, the aroD gene in S. typhimurium has recently been found 

to map near 29 min (Elliot and Roth 1989). S. typhimurium contains a 

inversion in the chromosome between 29 and 37 min (Riley and Krawiec 
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1987), which could account for aroD being found at different locations in the 

two organisms. Thus, the pps gene must also be located at 29 min. 

The btu genes code for proteins that transport B12 into the cell and a 

common method to screen for Btu- mutants is the inability to grow on 

ethanolamine as a sole carbon and nitrogen source (Bradbeer 1965a; Scarlett 

and Turner 1976). This reaction is catalyzed by ethanolamine-ammonia 

lyase to yield acetate and ammonia. This enzyme is dependent upon B12 for 

its activity (Bradbeer 1965a). In E. coli, pps mutants are able to use acetate 

as a sole carbon source (Brice and Kornberg 1967a). However, in this study, 

it was found that pps mutants in S. typhimurium are unable to utilize acetate, 

and thus cannot use ethanolamine, irregardless of the absence or presence of 

B12· Thus, an alternate test for btu function had to be used. S. typhimurium 

has two enzymes responsible for methionine biosynthesis; one requires B12, 

the other does not (Kung et al. 1972; Mulligan et al. 1982). The triple mutant 

was constructed in a metE genetic background (loss of the B 12-independent 

enzyme) so that methionine biosynthesis was dependent upon the availability 

of B 12 and the btu gene could be selected. 

The results showed that PEP synthase inS. typhimurium is very 

similar to that of E. coli, except for the fact that pps mutants inS. 

typhimurium are unable to grow on acetate minimal medium while pps 

mutants in E. coli are able to grow on acetate (Chin et al. 1989). Acetate 

partially induced PEP synthase, based upon the observation that when cells of 

the duplication strain (RT904) were grown on a mixture of acetate and 

succinate, the enzyme activity was increased 3-fold over that on succinate 

alone (Table 5). This regulation requires a functional pps gene product, 
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because RT906 (the haploid pps mutant) showed no significant increase in 

activity in the presence of acetate and succinate compared to succinate alone. 

Calvo et al. (1971) isolated deletion mutants inS. typhimurium near 

the leu genes (2 min on the chromosome) that apparently eliminated a 

regulatory gene for pps. The resulting mutant phenotype included the 

inability to utilize acetate, pyruvate, or citric acid cycle intermediates as sole 

sources of carbon for growth. The lack of growth on pyruvate was 

attributed to the loss of expression of the pps gene, but the inability to utilize 

acetate was "probably not due to a lack of PEP synthase activity because the 

synthase-deficient mutants of Cooper and Kornberg (1967a) can utilize these 

compounds for growth" (Calvo et al. 1971). It now seems that this 

assumption was premature and the inability to grow on acetate was in fact due 

to loss of PEP synthase activity. However, Chin et al. (1989) have recently 

reported that pps mutants of S. typhimurium grow weakly on acetate. 

The enteric bacteria have two main anaplerotic routes leading from the 

citric acid cycle to glycolysis: PEP carboxykinase, which decarboxylates and 

phosphory lates oxaloacetate to PEP, and malic enzyme, which catalyzes an 

oxidation-reduction reaction that decarboxylates malate to pyruvate and 

reduces NAD (Figure 1). When S. typhimurium is given acetate as a sole 

carbon source, the glyoxylate cycle is induced. The combined action of the 

enzymes isocitrate lyase and malate synthase leads to the formation of the 

citric acid cycle intermediates succinate and malate (Nimmo 1987). Acetate

grown cells exploit the malic enzyme route to synthesize carbohydrates 

exclusively, which explains the increased activity of PEP synthase under 

these conditions. 
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Revertants of R T906 that regained the ability to grow on acetate still 

retained kanamycin resistance and were unable to use pyruvate as a sole 

carbon source. This indicates that in these mutants an alternate route for 

gluconeogenesis is operating during growth on acetate, but not on pyruvate, 

as a sole carbon source. 

During anaerobic growth, citrate fermentation in S. typhimurium 

proceeds by the enzyme citrate lyase, which produces oxaloacetate (Dimroth 

1987). The oxaloacetate is then decarboxylated to pyruvate by the enzyme 

oxaloacetate decarboxylase. Pyruvate must be converted to PEP by PEP 

synthase during gluconeogenesis. This explains why the ~-galactosidase 

activities in pps::lac mutants are high in the citrate-grown cells (Table 5). 

Aerobically, S. typhimurium can also respire citrate by the citric acid cycle, 

which leaves open the possibility that citrate-grown cells also utilize PEP 

carboxykinase during gluconeogenesis. 

The J3-galactosidase activity that is found in the nutrient broth-grown 

cultures can be attributed to the fact that alanine is present in substantial 

quantities, which would induce PEP synthase activity. The low J3-

galactosidase activity on succinate (lowest activity except for glucose) 

indicates that the PEP carboxykinase route is primarily used during 

gluconeogenesis. The activity on glycerol was low (as expected) because the 

cells can make PEP from the forward direction by the pyruvate kinase 

reaction. 

When the duplication mutant (RT904) was grown on a mixture of 

pyruvate and succinate, J3-galactosidase activity increased 5-fold compared to 

succinate alone. By contrast, J3-galactosidase activity in the haploid pps 
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mutant (RT906) actually decreased slightly under the same conditions. These 

results suggest that the metabolic products of pyruvate degradation induce 

PEP synthase or that its regulation requires a functional pps gene. Another 

possible explanation is that a regulatory gene in the same operon as the 

structural gene could have been inactivated by the insertion mutation to give 

the same phenotype as a mutation in the pps structural gene itself. 

PEP synthase is regulated by catabolite repression from glucose and 

cAMP does not relieve this repression. The gene is partially derepressed 

when the cells are grown on citrate, acetate, and glycerol due to lack of 

catabolite repression. 

The fruR gene product seems to be a positive regulator for pps (Chin 

et al. 1989; Geerse et al. 197 6) and is required for pps activity. The results of 

Chin et al. ( 1989) were published after this work was completed. Thus, this 

aspect of pps regulation was not investigated. Interactions betweenfruR, 

catabolite repression, and pyruvate induction of the pps gene remain to be 

elucidated. 

The conclusions are summarized as follows: 

1) Group I mutants are pps mutants. 

2) PEP synthase is regulated by catabolite repression from 

glucose. 

cAMP does not relieve this repression. 

PEP synthase is partially derepressed when grown on citrate, 

nutrient broth, acetate, and glycerol as sole sources of carbon 

due to lack of repression by glucose. 

3) Acetate partially induces PEP synthase (3-fold over succinate). 
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This induction requires a functional gene or gene product. 

4) Pyruvate fully induces PEP synthase (5-fold over succinate). 

This induction requires a functional gene or gene product. 

5) These results have led to a better understanding of how the 

enterics regulate the anaplerotic routes between the TCA cycle 

and glycolysis from sole carbon sources. 
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