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The objective of this research was to study the pyrimidine 

salvage pathways of Rhizobium . Three approaches were used to 

define the pyrimidine salvage pathways operative in two species of 

Rhizobium, R. meliloti and R. leguminosarum . The first approach 

was to ascertain the pyrimidine bases and nucleosides that could 

satisfy the pyrimidine requirement of pyrimidine auxotrophs. 

Uracil, cytosine, uridine or cytidine all satisfied the absolute 

pyrimidine requirement. The second approach was to select for 

mutants resistant to 5-fluoropyrimidine analogues which block 

known steps in the interconversion of the pyrimidine bases and 

nucleosides. Mutants resistant to 5-fluorouracil lacked the enzyme 

uracil phosphoribosyltransferase (upp ) and could no longer use 

uracil to satisfy their pyrimidine requirement. Mutants resistant to 

5-fluorocytosine, while remaining sensitive to 5- fluorouracil, 

lacked cytosine deaminase (cod) and thus could no longer use 

cytosine to satisfy their pyrimidine auxotrophy. 



The third approach used a reversed phase HPLC column to identify 

the products that accumulated when cytidine, uridine or cytosine 

was incubated with cell extracts of wild type and analogue resistant 

mutants of Rhizobium . When cytidine was incubated with cell 

extracts of Rhizobium wild type, uridine, uracil and cytosine were 

produced. This Indicated that Rhizobium had an active cytidine 

deaminase (cdd ) and either uridine phosphorylase or uridine 

hydrolase. By dialyzing the extract and reincubating it with 

cytidine, uridine and uracil still appeared. This proved that it was a 

hydrolase ( nuh ) rather than a phosphorylase that degraded the 

nucleoside. Thus, Rhizobium was found to contain an active 

cytidine deaminase and cytosine deaminase with no uridine 

phosphorylase present. The nucleoside hydrolase was active with 

cytidine, uridine and to a far lesser extent with purines, adenosine 

and inosine. When high concentrations of cytidine were added to 

mutants devoid of hydrolase, cytosine was produced from cytidine -

5-monophosphate by the sequential action of uridine ( cytidine ) 

kinase and nucleoside monophosphate glycosylase. Both ft meliloti 

and ft leguminosarum had identical salvage pathways. 
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Introduction 

Review of the Literature 

The pyrimidine biosynthetic pathway (Fig.1) has been studied in 

detail in bacteria (O'Donovan and Neuhard, 1970; Neuhard, 1983), in 

fungi ( Lacroute, 1968), in plants (Grayson and Yon, 1979) and in 

mammals ( Jones, 1980). The pathway appears to be universal - the 

same sequence is found in all organisms. The pyrimidine salvage 

enzymes enable the cell to utilize preformed bases and nucleosides 

for nucleotide biosynthesis and bypass the de novo pathway 

when precursors are provided. In addition, the salvage enzymes 

provide the pentose moiety of nucleosides and nucleotides as well 

as the free amino group of cytosine as sources of carbon, energy , 

and nitrogen. Nucleotides present in the growth medium may also be 

utilized as nucleic acid precursors. However, their utilization 

requires prior dephosphorylation to nucleosides by periplasmic 

nucleotidases. This is accomplished by developing two types 

salvage enzymes, (a) The anabolic enzymes, which include uracil 

phoshoribosyltransferases, nucleoside kinases, nucleotide kinases, 



Fig . 1. Pathways of pyrimidine biosynthesis and salvage in Salmonella typhimurium . 

The gene designations for the enzymes are: Carbamoylphosphate synthetase, pyrA; 

Aspartate transcarbamoylase, pyrB; Dihydroorotase, pyrC ; Dihydroorotate 

dehydrogenase pyrD; Orotate phosphoribosyltransferase, pyrE , Orotidine-5-

monophosphate( OMP) decarboxylase, pyrF ; Uridine-5-monophosphate(OMP) kinase, 

pyrH; Nucleoside diphosphate kinase, ndk; Cytidine triphosphate( CTP) synthetase, 

pyrG ; Ribonucleoside diphosphate reductase, nrd Deoxycytidine triphosphate(dCTP) 

deaminase, dcd ; Deoxyuridine triphosphate(dl)TP) pyrophosphatase, dut; ( Deoxy) 

thymidylate synthetase, thyA ; Deoxythymidine monophosphate kinase, tmk; Thymidine 

phosphorylase, deoA ; Thymidine kinase, tdk; Cytosine deaminase, cod; Cytidine 

deaminase, cdd; Uracil phosphoribosyltransferase, upp; Uridine phosphorylase, udp ; 

Uridine( cytidine) kinase, udk; Cytidine-5-monophosphate (CMP) kinase, cmk ; 

Nucleoside monophosphate glycosylase, rimg ( O'Donovan et al., 1989). 
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and cytosine deaminases, and (b) the catabolic enzymes which 

include cytidine deaminases, nucleoside phosphorylases, nucleoside 

hydrolases, nucleotidases, and ribonucleotide glycosylases. The 

anabolic function of the first type of enzymes is emphasized by the 

way they are regulated. Thus, the synthesis of uracil 

phosphoribosyltransferase, cytosine deaminase, and uridine kinase is 

derepressed during pyrimidine starvation. In addition, the activities 

of uridine kinase, (deoxy) thymidine kinase, and deoxycytidine kinase 

are feedback inhibited by the end products of the pathways. The 

pyrimidine salvage pathways in operation in the enteric bacteria are 

shown in Fig. 2. 

Salvage of exogenous bases and nucleosides is beneficial to the 

cell, provided the de novo synthesis is decreased at the same time. 

A number of studies have shown that this is indeed the case 

(Zimmerman and Magasanik, 1964; Muller and Bremer, 1968 ; 

Bagnara and Finch, 1974; Schwartz and Neuhard, 1975, ; 

Christopherson and Finch, 1978). When bases or nucleosides are 

present in the growth medium, the contribution from the de novo 

pathways to nucleotide synthesis is greatly suppressed. This is 

accomplished by increased feedback inhibition of the de novo 



pathway and by repression of the synthesis of the de novo enzymes. 

Accordingly, the concentration of the intracellular nucleotides 

increases in cells grown in the presence of exogenous bases or 

nucleosides. 

Large quantities of ribonucleoside monophosphates are formed as 

a result of mRNA turnover, and the turnover of certain nucleotide-

coenzymes. Although the physiological significance of the turnover 

of ribonucleotides and bases is not fully understood yet, the turnover, 

suggests a significant role for the salvage pathways even under 

conditions in which preformed pyrimidine bases and nucleosides are 

absent from the growth medium. 

Many organisms possess two alternative routes for metabolizing 

nucleosides: cytidine may be deaminated to uridine and it may 

bephosphorylated to CMP; uridine and thymidine may be cleaved to 

the free bases and they may be phosphorylated to UMP and dTMP, 

respectively. About 50% of the uridine offered to a growing culture 

of E. coli is phosphorylated to UMP, the rest being cleaved to 

uracil and ribose -1-phosphate ( Neuhard, 1983). In contrast (Fig. 2), 

if uridine is fed slowly to the cells in the form of UMP, not enough 

uridine accumulates to induce uridine phosphorylase so that all 



uridine is used exclusively via uridine kinase ( Beck et al. 1974). 

Similarly, it has been shown that the incorporation of exogenous 

thymidine into DNA ceases after a short time due to the rapid 

breakdown of thymidine to thymine, whereas exogenous dTMP is 

incorporated over an extended period of time (O'Donovan, 1978). 

This indicates that when pyrimidine nucleosides are present in low 

concentrations they escape the catabolic salvage enzymes and are 

preferentially phosphorylated directly to the corresponding 

nucleoside 5- monophosphate. Regardless, the metabolism of the 

nucleoside by either pathway, requires a functional nucleoside 

transport system. 

nterralationship between pyrimidine de novo and salvage pathways 

When wild type strains of E. coli are grown in media containing 0.05 

mM uracil, about 90 % of pyrimidine residues of the nucleic acids 

are derived from exogenous uracil. Thus , the cells must have means 

of preventing de novo synthesis when preformed pyrimidines are 

available exogenously (Neuhard and Nygaard, 1987). 

The regulation of the de novo synthesis of UMP in different 

microorganisms has been the subject of numerous studies (O'Donovan 

and Neuhard, 1970; Kelln et al. 1975; Neuhard and Nygaard, 1987). 



Fig.2. Pyrimidine nucleotide biosynthesis and salvage pathways in Salmonella 

typhimurium . Abbreviations used are: pyrA encodes carbamoylphosphate (CP) 

synthetase (CPSase); pyrBI encodes the catalytic (pyrB) and regulatory (pyrl ) 

polypeptides of aspartate transcarbamoylase (ATCase); pyrC encodes dihydroorotase; 

pyrD encodes dihydroorotate dehydrogenase; pyrE encodes orotate 

phosphoribosyitransferase; pyrF encodes orotidine-5-monophosphate (OMP) 

decarboxylase; pyrH encodes uridine-5-monophosphate ( UMP) kinase; ndk encodes 

nucleoside diphosphate kinase; pyrG encodes CTP synthetase; cdd encodes cytidine 

deaminase; udp encodes uridine phosphorylase. U is uracil; UR is uridine; C is cytosine 

and CR is cytidine. 
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In general, it appears that the flow through the pathway is 

regulated by negative feedback control either by feedback inhibition 

of the first enzymes of the pathway, i.e. carbamoylphosphate 

synthetase and aspartate transcarbamoylase, or by repression of 

the synthesis of the six enzymes of the pathway. Thus, increased 

intracellular concentrations of pyrimidine nucleotides, derived 

from exogenous precursors, increase feedback inhibition of enzyme 

activity and repression of enzyme synthesis of the de novo 

pathway. In accordance with this , it has been found that wild type 

strains of E. coli , Salmonella typhimurium , and Bacillus subtilis , 

growing exponentially in the presence of uracil in the medium, 

contain lower levels of the six de novo enzymes than when they are 

growing in the absence of uracil (Smith et al„ 1980). In E. coli, and 

S. typhimurium it has been further established that the 

intracellular pyrimidine nucleotide pools are about 50 % higher 

when the cells are grown in the presence of exogenous uracil than 

when grown in its absence (Bagnara and Finch , 1974) . 

The effects of exogenous uracil on the de novo synthesis of 

pyrimidine nucleotides in E. coli have been studied in detail by 

Bagnara and Finch (1974). In these studies , the levels of certain of 
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the pyrimidine de novo enzymes, as well as the endogenous 

nucleotide pools and the pools of several pathway intermediates 

were measured as a function of time following the addition of uracil. 

The results indicate that although the increase of the pyrimidine 

nucleotide pools observed is in accordance with an increased 

feedback inhibition of the de novo pathway, other factors, such as 

changes in the levels of PRPP and of aspartate , contribute to the 

decreased flow through the pathway in the early stages, where 

repression and growth have not yet diluted out the enzymes of the 

pathway (Christopherson and Finch, 1978). 

The anabolic salvage enzymes, uracil phosphoribosyltransferase 

and uridine ( cytidine ) kinase, are regulated enzymes. Like the de 

novo enzymes, their syntheses are derepressed during pyrimidine 

starvation, and their activities are feedback inhibited by pyrimidine 

nucleotides. This suggests that the concentrations of the 

pyrimidine nucleotide effectors required to inhibit these enzymes 

must be higher than required for inhibition of the de novo pathway 

or that different effectors are involved in the regulation of the two 

pathways (Neuhard, 1983). 



11 

Endogenous turnover of pyrimidine compounds 

Large quantities of ribonucleotides are continuously formed from 

RNA as a result of mRNA breakdown and as a result of the processing 

of tRNA and rRNA precursors. In addition, significant amounts of 

ribonucleoside 5- mono- and diphosphates are generated during the 

synthesis of polysaccharides and phospholipids from nucleotide 

activated precursors. Microorganisms do not normally excrete 

nucleic acid precursors during balanced growth, and apparently 

reutilize the ribonucleotides. Thus, a S. typhimurium mutant 

lacking CMP kinase (cmk) which converts CMP to CDP and hence 

unable to reutilize CMP by rephosphorylation, was shown to contain 

a 15 - fold increased endogenous CMP pool and to excrete large 

amounts of pyrimidines into the medium (Beck et al. 1974). This 

shows that the cells have the capacity to dispose of ribonucleotides, 

when they accumulate inside the cells. 

Degradation of ribosomal RNA is enhanced when E. coli cells are 

starved for carbon. The acid soluble pyrimidine -containing 

degradation products formed under these non-growing conditions 

were shown to consist of 75% pyrimidine bases. The remaining 25% 

was made up of about equal amounts of nucleoside diphosphates, 
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nucleoside 5-and 3 - monophosphates, and nucleosides, which were 

excreted into the medium. Even though the cytoplasmic membrane 

is impermeable to exogenous nucleotides, it seems to allow them to 

exit from the starved cells. 

A number of E. coli mutants defective in enzymes believed to be 

involved in the catabolism of RNA and nucleotides were subjected to 

starvation for carbon source, and the acid -soluble RNA degradation 

products were identified (Kaplan et al. 1975; Cohen and Kaplan, 

1977). The following results were obtained : (a) Mutants defective 

in polynucleotide phosphorylase did not excrete nucleoside 

diphosphates, (b) Mutants lacking a functional RNasel did not 

excrete nucleoside 3- monophosphates. Since RNasel is a 

periplasmic enzyme , this suggests that endogenous 

oligonucleotides must be able to gain access to the periplasmic 

enzyme, (c) Mutants defective in the periplasmic 5-nucleotidase 

accumulated larger amounts of nucleoside 5-monophosphates and 

diphosphates than wild type, although bases still constituted a 

major fraction of the excreted breakdown products. This indicates 

that 5- nucleotidase is involved in the degradation of nucleoside- 5-

monophosphates, although it cannot account for the total catabolism 
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observed. Indeed, ribonucleotide glycosylase which catalyzes the 

hydrolysis of ribonucleoside- 5- monophosphate to the base and 

ribose-5-phosphate , contributes significantly under these 

conditions. This would be in accordance with the finding that bases 

are the predominant products of ribonucleotide degradation in such 

mutants ( Kaplan et al. 1975). 

Significant amounts of ribonucleotides are also degraded under 

conditions where they do not accumulate intracellular^ , that is, 

during exponential growth. However, the degradation products 

( bases and nucleosides) are immediately converted back to 

ribonucleoside- 5- monophosphates by the salvage pathways, and 

therefore do not accumulate in the growth medium. Thus, strains of 

E. coli unable to convert uracil to UMP, due to mutations in the 

uracil phosphoribosyltransferase gene, accumulate uracil in the 

growth medium (Neuhard and Nygaard, 1987 ). Moreover, E. coli 

mutants deficient in cytosine deaminase excrete cytosine (Pierard 

et al.1972). Because cytidine is not directly converted to cytosine 

by E. coli , it follows that the excreted cytosine is formed by 

cleavage of the glycosylic bond of CMP, catalyzed by a 

ribonucleotide glycosylase (CMP +H20 C + Ribose -5-P) (West 
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and O'Donovan, 1982; West et al. 1983; Neuhard and Nygaard, 1987). 

Mutants of E. coli unable to metabolize cytidine due to 

mutational inactivation of both cytidine deaminase and uridine 

( cytidine ) kinase contain induced levels of uridine phosphorylase 

when grown in the absence of inducer. Since cytidine is the inducer 

of uridine phosphorylase in E coli , it follows that mutants contain 

elevated intracellular levels of cytidine. However, the accumulation 

of cytidine is probably not very extensive because pyrimidines were 

not excreted into the growth medium by the mutants. The 

endogenous induction of uridine phosphorylase in the double mutant 

is entirely dependent on the presence of a functional cytidine 

transport system (Munch-Petersen and Mygind ,1983). 

An understanding of the physiology of the turnover of 

ribonucleotide 5- monophosphates through the intermediate 

formation of bases and nucleosides is very important . The flow 

through ribonucleoside -5- monophosphates is dependent on several 

factors such as the rate of de novo synthesis, the rate of mRNA 

synthesis, and the rates by which polysaccharides and phospholipids 

are synthesized. Thus, there is significant fluctuation in these 

pools under different physiological conditions. It could therefore be 
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advantageous for a cell to contain enzymes designed to degrade 

excess 5- ribonucleotides which accumulate , during unbalanced 

growth. The efficiency with which the breakdown products are 

recycled back to the ribonucleotide pools would then determine the 

end products of these combined processes. Since 

phosphoribosyltransferses and ribonucleoside kinases are regulated 

enzymes, these reactions may be controlled according to the need 

for ribonucleotides {Neuhard and Nygaard, 1987). 

Utilization of preformed DNA precursors 

E. coli and S. typhimurium lack deoxyadenosine, deoxyguanosine, and 

deoxycytidine kinase activities and therefore are unable to utilize 

deoxyadenosine, deoxyguanosine, and deoxycytidine as specific DNA 

precursors. However, thymidine can serve as a specific DNA 

precursor for the allosterically regulated thymidine kinase. 

Preformed thymine may also be utilized for dTMP synthesis, since it 

can be converted to thymidine by combining with deoxyribose -1-

phosphate catalyzed by thymidine phosphorylase (Iwatsuki and 

Okazaki, 1967). 

Thymine prototrophic strains do not incorporate exogenous 

thymine into DNA, because they lack a supply of endogenous 
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deoxyribose-1- phosphates . Addition of deoxyribonucleosides 

stimulate thymine utilization temporarily by supplying deoxyribose -

1- phosphate. Thymidine is readily incorporated into DNA, but the 

incorporation stops after a short time owing to the rapid breakdown 

of thymidine to thymine. Since thymidine catabolism is induced by 

thymidine, high concentrations of thymidine do not promote further 

incorporation , and deoR mutants, which contain high levels of 

thymidine phosphorylase (deoA) and the deoxyribose-1-phosphate 

catabolizing enzymes, are unable to utilize thymidine as a DNA 

precursor. In contrast, conditions that decrease the thymidine 

phosphorylase activity will promote thymidine incorporation. These 

include deoA mutations which inactivate thymidine phosphorylase 

and the addition of uridine (Womack, 1977), which is a potent 

inhibitor of the enzyme thymidine phosphorylase. Prolonged 

incorporation of thymidine is also observed by using exogenous dTMP 

as a precursor, because dTMP causes a slow feeding of thymidine, 

which favors phosphorylation over degradation (Mollgaard and 

Neuhard ,1983). 
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Utilization of thymine and thymidine by thymine auxotrophs 

Mutants defective in thymidylate synthetase acquire the ability to 

utilize exogenous thymine. About 150 jxM exogenous thymine (thyA ) 

is required to support normal growth of a thyA mutant. The 

difference between thyA mutants and wild-type strains in their 

abilities to utilize thymine is due to an increased production of 

deoxyribose -1- phosphate from the accumulated dUMP in the thyA 

mutants. The dUMP level in thyA mutants is 50 to 100-fold above 

normal. Because dUMP production is effectively controlled by the 

intracellular concentration of dTTP through feedback inhibition of 

dCTP deaminase and control of ribonucleotide reductase synthesis, it 

follows that low dTTP pools will promote dUMP accumulation, and 

thereby deoxyribose -1-phosphate production, through degradation of 

excess dUMP. An increased internal deoxyribose -1-phosphate pool, 

in turn, stimulates the thymidine phosphorylase reaction in the 

direction of thymidine synthesis (Neuhard, 1968). 

Pyrimidine analogues 

Several basic principles are known for using pyrimidine analogues 

for mutant selection. First, the analogue must be converted to the 

nucleotide level for expression of toxicity. Second, the wild type 
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strain must be sensitive to the analogue. Third, since the analogues 

are generally metabolized in the same manner, by the same enzymes, 

as the natural bases and nucleosides, it is not surprising that 

addition of the natural compounds readily reverses the analogue 

toxicity, simply by competition with the analogue for conversion to 

the nucleotide level. Fourth, it is of vital importance when working 

with_analogues to understand the interconversions of the natural 

bases and nucleosides since many of the analogues are per se not 

inhibitory but become inhibitory only after being metabolized 

( O'Donovan and Neuhard, 1970). 

5-Fluoro analogues 

Mutants unable to convert 5-fluorouracil to the nucleotide 5- FUMP 

and subsequently 5-FUTP and 5-FCTP, are 5-fluorouracil resistant 

and lack the enzyme uracil phosphoribosyltransferase (upp ). 

Indeed, in microorganisms this enzyme is instrumental in effecting 

the expression of toxicity of several uracil analogues (5-azauracil, 6-

azauracil, 5- fluorouracil) by converting them to their 

corresponding nucleotides. 

5-Fluorouracil-resistant mutants are sensitive to 5-

fluorouridine, indicating the presence of a kinase which can convert 
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5-fluorouridine to 5-fluoro-UMP. Thus, a 5-fluorouracil-resistant, 5-

fluorouridine-resistant double mutant would be expected to lack both 

uracil phosphoribosyl- transferase and uridine kinase (Table 1; upp , 

udk). 

5-Fluorodeoxyuridine exerts its toxic effect by being converted 

to 5-fluoro-dUMP by thymidine kinase. 5-Fluoro-dUMP strongly 

inhibits thymidylate synthetase ( Bellisario et al. 1976). 5-

Fluorodeoxyuridine is also a substrate for thymidine phosphorylase, 

thereby being catabolized to 5- fluorouracil. Accordingly, mutants 

which lack thymidine kinase are not resistant to the analogue. It 

probably requires a double mutant lacking both thymidine kinase 

( tdk )and thymidine phosphorylase( deoA ) for 5-

fluorodeoxyuridine resistance. Cytosine and deoxycytidine as such , 

are uniquely inert in £ coli. They must first be converted to uracil 

derivatives by deaminases before being further metabolized. Thus , 

mutants resistant to 5-fluorocytosine or 5-fluorodeoxycytidine lack 

the enzymes cytosine deaminase (cod ) and cytidine deaminase 

(cdd ), respectively. These mutants are still sensitive to the 

corresponding 5-fluorouracil derivatives (Neuhard 1983) . 
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Table 1. Effect of mutations in pyrimidine salvage on the utilization of pyrimidines and 

the sensitivity towards 5-fluoropyrimidines in S. typhimurium and E coli. 

Genotype Pyrimidine sourcea Analogue presentb 

U C UR CR UdR CdR FU FC FUR FCR FUdR FCdR 

upp 

cod + - + + + + + - - . 

udk + + + + + + 

udp + + + + + + - -

upp, udk + + + + . . 

udp, udk + + + + + + _ 

cdd + + + + + + 

cdd, udk "4" + + " + - - - - ^ 

cdd, cod +~ + * + • " + • - - + 

cdd, upp - - + - - + + . . + 

deoA + + + + - - . . . 

deoA, udp + + 

deoA, udp, tdk + + + + + + 

a Data obtained using a pyrimidine auxotroph or b a pyrimidine prototroph . U is uracil, C is 

cytosine, UR is uridine, CR is cytidine, UdR is 2 -deoxyuridine, CdR is 2-deoxycytidine. FU is 5-

fluorouracil , FC is 5-fluorocytosine, FUR is 5-fluorouridine, FCR is 5-fiuorocytidine, FUdR is 5-

fluorodeoxyuridine, FCdR is 5-fiuorodeoxycytidine. 
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Biosynthesis of dTTP 

Thymidylate synthetase was first isolated from extracts of E. coli 

by Friedkin and Kornberg (1957). The enzyme catalyzes a 

tetrahydrofolate-dependent methylation of deoxyuridylate (dUMP) to 

deoxythymidylate (dTMP). The reaction as shown in Fig. 3 involves 

the transfer of a Ci unit from N5, Nio-methylene tetrahydrofolate to 

the 5-position of dUMP. Thymidylate synthetase is unique among 

enzymes that catalyze C1 transfer reactions in that the 

tetrahydrofolate is consumed (oxidized) during the reaction. Thus, 

tetrahydrofolate has a dual function in the reaction, acting both as 

the C1-unit carrier and as the reductant (Pastore and Friedkin, 

1962). 

Pyrimidine and nodule development 

Many Rhizobium strains that are deficient in root nodule 

development (Ndv-), have been recently found to be deficient in 

purine and pyrimidine biosynthesis as well (Noel et al. 1988; 

Kerppola and Kahn, 1988a, 1988b). These non-infective purine and 

pyrimidine auxotrophs of R. meliloti do not nodulate leguminous 

plants even in the presence of purine and pyrimidine bases. The 

reason for this is not presently known (Malek and Kowalski, 1983). 
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One possibility is the lack of permease systems to transport purines 

and pyrimidines into R. meliloti through the root. However, it 

should be possible to satisfy any pyrimidine requirements by feeding 

exogenous uracil, unless a compound beyond UMP is required as the 

signal for nodulation development. Indeed, it has been suggested by 

Noel et al. (1988) that a precursor prior to IMP in the purine 

biosynthetic pathway, most likely 5-aminoimidazole -4-

carboxamide ribose phosphate (AICAR), is required to signal the 

onset of nodulation. 

Statement of the problem 

Despite the numerous reports on the physiology and genetic studies 

of nitrogen fixation genes of Rhizobium there is no convincing 

explanation for the deficiency in nodule development in pyrimidine 

auxotrophs especially since pyrimidine bases can be fed 

exogenously through the salvage pathway. Accordingly, it is 

important to understand the role of pyrimidine salvage pathways in 

Rhizobium in satisfying the pyrimidine requirements using 

exogenously fed pyrimidine bases and nucleosides. The aims of this 

research are : 

(1) Establish the salvage pathways for UTP and CTP in operation 
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Fig.3. Thymidylate synthetase and its relation to folic acid metabolism. 

Abbreviations: E1t thymidylate synthetase; Ei ^, dihydrofolate reductase; THFA, 

tetrahydrofolate; DHFA, dihydrofolate. 
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in Rhizobium species through mutational analysis and enzyme 

determination of mutants as compared to the wild type strain. 

(2) Ascertain the role played by salvage pathways in such a soil 

organism by deletion of all salvage genes from wild type strains. 

In other words, does such an organism survive without any salvage 

pathways ?. 

(3)lsolate thymine or thymidine - requiring( Thy- ) mutants in R. 

meliloti to be used for defining the route to dTTP for exogenously 

fed thymine and thymidine. 

(4) Identify the physiological consequences of starvation for 

pyrimidines (uracil or thymine) by studying endogenous ribo- and 

deoxynucleotides using High Performance Liquid Chromatography 

(HPLC). 

Significance of the problem 

The significance of this research is enhanced by the recent finding 

that most if not all nodulation development (Ndv -) mutants require 

purines and pyrimidines for growth. No explanation is available so 

far for this phenomenon. As pointed out by Noel et al.1988, this is 

due to the complete lack of knowledge of salvage pathways in 
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Rhizobium species . In this research the salvage pathways in 

operation for both ft meliloti and ft leguminosarum are studied. 

There is a profound scarcity of taxonomic data required to classify 

soil organisms especially nitrogen -fixing organisms for which few 

if any auxotrophic mutants are known. Thus, defining the 

pyrimidine salvage pathways in Rhizobium species will be of great 

value. 

Materials and Methods 

Bacterial strains: The bacterial strains used in these studies are 

listed in Table 2. All cultures of ft meliloti or ft leguminosarum 

to be used as inoculum were grown overnight in liquid TY medium 

(Beringer et al.,1984) containing 0.5% tryptone, 0.3% yeast extract 

and 10 mM CaCfe . Minimal medium for Rhizobium was that of 

Sommerville and Kahn (1983) and contained (per liter) : 10.0 g of D-

mannitol, 1 g of K2HP04, 1 g of KH2PO4, 0.25 g of Na2P04,0.04 g 

FeCh, 0.25 g of Mg CI2, and 0.1 g of CaCl2. Solid medium contained 

15 g /I of Bacto agar. Bacteria were grown on a shaker water bath 

at 30 C under vigorous aeration. All mutants were derived from 

either ft leguminosarum or ft meliloti (Noel et al, 1988). 



27 

Nutritional requirements for all mutants were added at the rate of 

50 ng/ml . 

Chemicals and Reagents 

Nucleotides, trichloroacetic acid( TCA), pyrimidine analogues, and 

tri-n-octylamine were purchased from Sigma Chemical Co. (St.Louis, 

Mo); 1,1,2-trichloro-1,2,2-trifluoroethane (freon) from Eastman-

Kodak Co.( Rochester, N. Y.). All other chemicals were of analytical 

grade and were purchased from Fisher Scientific Co. ( Fair Lawn, N.J.) 

Isolation of pyrimidine mutants 

All 5 -fluoropyrimidine analogues and trimethoprim were tested at 

first on the wild type strain of ft meliloti or R. leguminosarum on 

plates of minimal medium. Selection was made with those 

analogues and trimethoprim which gave a zone of killing or 

inhibition on the wild type strain. 

Thymidine-requiring : A thymidine -requiring mutant of ft 

meliloti was isolated by the method of Stacey and Simson (1965) 

using trimethoprim (10 ng/ml) and thymidine (50 ng/ml) on plates 

of minimal medium. 

Analogue-resistant: Analogue- resistant mutants were isolated 

without prior mutagenesis by selecting directly on plates in the 
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presence of the analogue. Accordingly , upp mutants were selected 

as 5-fluorouracil resistant, cod mutants as 5-fluorocytosine 

resistant, cdd mutants as 5-fluorodeoxycytidine-resistant , the 

selection being done in the presence of uracil (50 *ig/ml), udp 

mutants as 5-fluorouracil-resistant on plates to which guanosine 

(200 |ig/ml) was added in a upp background. A summary of these 

phenotypes was presented in Table 1. 

Extraction of nucleotides for HPLC 

Cells were harvested at 4 C by centrifugation for 2 min at 12,000 X g 

the cell pellet was resuspended in 2 ml of ice-cold trichloroacetic 

acid and agitated well. This was allowed to stand at 4 C for 30 min, 

after which it was centrifuged at 4 C for 10 min at 12,000 X g. The 

supernatant fluid was removed and treated by adding an equal 

volume (2 ml) of Freon-amine solution (0.7M tri-n-octyl- amine in 

freon 113, 1.06 ml amine/5 ml freon). This was agitated well, and 

left standing for 15 min to allow the layers to separate. The top 

aqueous layer was carefully removed and filtered through a 0.45 jim 

Millipore filter into a clean sample vial. This vial was stored frozen 

at-20 C until ready to be used (Dutta and O'Donovan, 1987). 



Table 2. Bacterial strains and mutants used in this work 

Strain/Mutant Genotype/Phenotype Reference/Source 
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R. meliloti ATCC 10311 Wild type F. Ausubel1 

MG0008 thyA « this study 

MG0616 thyA, deoA b this study 

MG2300 upp c this study 

MG0233 udpd this study 

MG0089 cdd « this study 

MG8600 udk* this study 

NT0215 udk, udp this study 

NT0087 cdd, udp this study 

NT0101 cdd, udk, upp, udp this study 
/ 

R. leguminosarum CE3 Wild type D. Noel2 

CE107 Str.Km (Tn5) D. Noel 

E. coli TB 2 

Pyr- Ndv-

pyrB/ argF argl G. O'DonovanS 

1. Meade et al. 1982; 2. Noel et al. 1988; 3. Wild et al. 1980. 

8 thyA , thymidylate synthetase; *> deoA+, thymidine phosphorylase ; c upp .uracil 

phosphoribosyl transferase; *udp, uridine phosphorylase; • cdd, cytidine 

(deoxycytidine) deaminase; fudk , uridine(cytidine) kinase . 
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Detection of pyrimidine bases and nucleosides 

Cytidine, cytosine, uridine and uracil were determined using a reverse 

phase HPLC column. The chromatographic system (Waters Assoc., 

Milford, MA) consisted of a Model 510 pump, a U6K injector and a 

variable wavelength Model 481 LC spectrophotometer. Peaks were 

integrated either manually on a Cole Palmer (Chicago, II) strip chart 

recorder or on a Waters Model 740 data module. Samples of 50 n' 

were injected onto an IBM Ci8 (25 cm X 0.4-cm, length i.d.; particle 

size 5 ^im). Compounds were separated using isocratic elution (5 

mM NH4H2PO4, pH 3.5) at a flow rate of 1 ml/ min. Compound were 

detected by monitoring the column effluent at 254 nm with a 

sensitivity fixed at 0.1 absorption units full scale (AUFS). Individual 

components of the reaction mixture were identified , using retention 

times relative to known standards and by injecting known internal 

standards. 

Determination of endogenous nucleotides 

A Waters Assoc. ALC 202 HPLC, equipped with a Model U6K 

septumless injector , 2 Model 6000 solvent delivery pumps, a Model 

660 solvent programmer, and a Partisil 10 SAX column (Waters 

Assoc., Milford, Mass.) was used to separate the nucleotides. The 
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system including the column, was stored in 50:50 (v/v) filtered 

methanol and filtered distilled water when not in use. The system 

was flushed with 50 ml of methanol : water mixture at a flow rate of 

1 ml/min. The pumps were flushed separately by opening the 

reference valve, with 50 ml of filtered distilled water at 9 ml/ min. 

The injector loop was flushed by setting the injector valve in the 

injector position. The flow rate was changed to 1 ml/ min and the 

reference valve closed to flush the column. When the pressure 

dropped from 1000 to 600 pounds per square inch, the 50 : 50 

methanol water mixture was completely washed from the system. 

The flow rate was increased to 2 ml/ min and the valve changed to 

the load position to insure that both sides of the loop were 

equilibrated with the filtered distilled water. Pump A was flushed 

with the starting buffer (filtered 5 mM monobasic ammonium 

phosphate, pH 3.5). The injector loop and column were then flushed 

as before. Pump B was separately flushed with final buffer (filtered 

750 mM monobasic ammmonium phosphate, pH 4.5). The recorders, 

measuring absorbance at 254 nm and 280, nm were turned on and 

zeroed. Chart paper speed of the 254 nm recorder was set at 30 

cm/min. The solvent programmer was turned on to initial 
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conditions and the linear program selected (#6). A 10 min blank 

gradient was always run before the first sample. A 10 min reverse 

and a 10 min hold at initial conditions was always maintained with a 

blank, sample, or standard. After thawing, a sample of 100 nl was 

loaded into the machine by a Hamilton syringe (Supelco, Inc., 

Bellefonte, Penn.) with the injector valve in load position. The 

injector valve was switched to the inject position while 

simultaneously pushing the run button on the programmer. The 

gradient took 40 min. The Partisil 10 SAX column ( 10,000 plates/ 

meter; particle size, 10 nm) is an anion exchange column in which a 

quaternary nitrogen is siloxane-bonded to Partisil 10 (silica ). The 

associated counter-ion is H2PO4. The nucleotides bind to quaternary 

nitrogen groups with different affinities because of the functional 

groups in the bases and the number of phosphate at the C-5 of the 

sugar. As the concentration of the mobile phase (monobasic 

ammonium phosphate) is raised, the nucleotides with greater 

affinity elute from the column in the order: CDP, UDP, ADP, GDP, CTP, 

UTP, ATP, and GTP (Fig.4 ). The deoxyribonucleotides elute in the 

order: dCDP, dTDP, dADP, dGDP, dCTP, dTTP, dATP, and dGTP. The 

sensitivities of the recorders were constantly monitored and 
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increased f%%or the mono-, di-, and triphosphates, respectively. The 

ribonucleotides could be analyzed with no prior treatment, whereas 

the deoxynucleotides required a 30 min treatment prior to injection 

to remove the ribonucleotides. This treatment consisted of 

combining 10 nl of 0.5 Nal04, pH 5.0, 10 .̂l 4 M methylamine, pH 5.0, 

with 200 nl of the sample. This mixture was incubated at 37 C min in 

the dark. After incubation, 2 jxl of 1M rhamnose, pH 5.0 were added 

to stop the ribose sugar cleavage (Garrett and Santi,1979). Of this a 

100 til sample was immediately used for HPLC analysis. 
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Fig. 4 . Retention times in minutes of the 12 ribonucleotide standards at 254nm. The 

diagonal line represents the gradient 7 mM, pH 3.5, to 250 mM, pH 4.5, monobasic 

ammonium phosphate. 
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Five jxl of a 1M standard solution were used each time the 

machine was put into use (Fig. 5). The sample peaks were identified 

by comparing retention times of the standards. Peaks could also be 

identified by their 280 nm/254 nm peak height ratios. The 

characteristic ratios are: C-1.5- 2.5, U=0.32-0.4, A=0.4-0.5, 

G=0.17/*-0.21, and T=0.64. The concentration of the sample was 

calculated by comparing its peak height to the standard for which 

the concentration was known (1mM) and expressed as micromoles per 

gram (dry weight) . The system was shut down by first flushing with 

water and then with 50:50 methanol-water in the same manner used 

to start the machine. 
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Fig.5 . Retention times in minutes of the 12 deoxyribonucleotide standards at 254nm. 

The diagonal line represents the gradient 7 mM, pH 3.5, to 250 mM , pH 4.5, monobasic 

ammonium phosphate. 
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Chromatographic apparatus 

The HPLC equipment (Waters Assoc., Milford, Mass.) consisted of two 

model 510 pumps, a Model 680 automated gradient controller, a U6K 

injector, and a Model 481 LC spectrophotometer. Nucleotides were 

detected by monitoring the column effluent at 254 nm with a 

sensitivity fixed at 0.05 aufs performed on a Waters Radial-Pak 

Partisil SAX cartridge (10 cm X 0.08 cm) using a Waters radial 

compression Z-Module system. 

Chromatographic conditions 

The entire chromatographic system including the column was stored 

in 50:50(v/v) filtered HPLC grade methanol and filtered, double 

distilled water(2X) when not in use. After priming the pumps, the 

system was flushed with 50 ml of methanol : water mixture at 3 ml 

per minutes. Next, the system was thoroughly washed with distilled 

water with the initial flow rate at 3 ml per minute. After 10 

minutes, the flow rate was increased to 4 ml/min. When the back 

pressure of the column dropped to 850 pounds per square inch, the 

methanol: water mixture was completely washed from the system. 

Pump A was then flushed with starting buffer (filtered ultra pure 7 

mM monobasic ammonium phosphate, pH 3.5), followed by pump B 
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which was flushed separately with final buffer (filtered 250 mM 

monobasic ammonium phosphate containing 500 mM potassium 

chloride, pH 4.5). The LC spectrophotometer was set at 254 nm and 

0.05 AUFS, and the recorder and automated gradient were turned on. 

An initial program with a linear slope of low concentration buffer 

was run for 10 min. A 10 min reverse gradient of high concentration 

buffer was also run, followed by a 10 min rest with low 

concentration buffer. 

Protein determination 

The Pierce protein assay reagent was used for protein determination 

for HPLC samples as described by Bradford ( 1976). Ten jxi of cell 

extract were pipetted into a glass test tube, and 10 nl of distilled 

water were added and mixed. Ten jxl of mixture were added to 5 ml 

of Pierce protein assay reagent, mixed and covered with Parafilm . 

The absorbance was measured at 595 nm against a water blank using 

a Beckman Model 25 spectrophotometer (Beckman Instruments, Inc. 

Fullerton, Calif.) Controls of known quantities of bovine serum 

albumin were treated in the same manner as the samples. A standard 

curve was constructed and checked for linearity. The samples were 

then correlated to the standard curve shown in Fig. 6. 
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Fig.6 . Plot of dilutions of bovine serum albumin ( ng/ml) 

as standard for protein assay versus absorbance at 595 nm. 
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Results 

The purpose of this research was to discover the individual 

reactions of the pyrimidine salvage pathways in operation in 

Rhizobium . Two different species of Rhizobium were employed 

namely R. meliloti and R. leguminosarum . Since most of the 

salvage pathways were identical in both species only the genus 

name Rhizobium is used in Tables and Figures. No differences were 

seen in the salvage pathways for these two species. 

Stable pyrimidine auxotrophs were available only in R. 

leguminosarum . The first thing to be done was to ascertain which 

pyrimidines satisfied the requirement of a pyrimidine auxotroph in R. 

leguminosarum . Six preformed pyrimidines were used for this 

purpose namely uracil, uridine, cytosine, cytidine, deoxycytidine and 

deoxyuridine. Though uracil, uridine, cytosine and cytidine all 

satisfied the growth requirement of the Pyr- mutant, strain CE107, 

uridine was the best of the four. The strain grew very poorly on 

uracil and thus may lack the enzyme uracil 

phosphoribosyltransferase or uracil permease. This is dealt with in 

more detail in the Discussion. 
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The fact that strain CE107 used deoxycytidine and deoxyuridine as 

sole pyrimidine sources suggests that Rhizobium has the capacity 

to produce uracil from deoxyuridine. This is not possible by uridine 

hydrolase (Terada et al. 1967) or by uridine phosphorylase 

(O'Donovan, 1978) so it must be brought about by deoxythymidine 

(deoxyuridine) phosphorylase (deo A ). This observation prompted 

the search tor thymine requiring (Thy -) mutants by the method of 

Stacey and Simson (1965). The thymidylate synthetase {thyA ) 

mutants so isolated grew equally well on thymine or thymidine, 

thereby proving the presence of thymidine phosphorylase (deoA ) and 

thymidine kinase (tdk ) in Rhizobium . The significance of this will 

be discussed later. 

A common method of defining pyrimidine salvage pathways is to 

use certain pyrimidine analogues to isolate mutants blocked in 

specific steps of the salvage pathways. Ideally, the analogue 

becomes toxic only when it is converted to the nucleotide levels and 

the conversion is carried out by the same enzymes which handle the 

normal substrate. Table 3 lists some of the analogues used. All aza-

pyrimidine analogues used had no effect on Rhizobium . Both species 

were resistant to more than 200 ng of the analogue per ml. As can 
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be seen in Table 3, the 5-fluoropyrimidine analogues were the 

most useful. 

Using these analogue-resistant mutants it was now possible to 

compare internal nucleotide conversions under a variety of different 

conditions with those of wild type strains . The ribonucleotides 

mono-, di- and triphosphates were quantitated using anion exchange 

chromatography with HPLC. Tables 4 and 5 list the strains and their 

nucleotide levels. Since little differences were found for the mono-

and di- phosphates, only the triphosphates are shown. 

Table 5 shows the deoxyribonucleoside triphosphates for wild type 

strains and Pyr- mutants in R. meliloti . Nine points are made 

regarding Tables 4 and 5. 

1. Rhizobium strains appear to lack uracil permease. This is true 

for wild type strains ( linesl and 2, Table 4 ) and for mutant strains 

( lines 4 and 5, Table 4) . 

2. Mutants resistant to 5- fluoroorotate contain enormous levels of 

UMP ( =7.8 micromoles per gram dry weight of cells) ( line 3, Table 

4). 

3. Rhizobium strains do not contain phosphorylase, rather they 

contain hydrolase. Nucleoside hydrolase (nuh ) also catalyzes the 
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hydrolysis of cytidine, adenosine and inosine (Terada et al.,1967). 

4. No difference is seen in the UTP pool whether uracil or cytidine is 

added exogenously. 

5. Thymidylate synthetase (thyA ) mutants grow equally well on 

thymine or thymidine indicating that the cells have a functional 

thymidine phosphorylase (deoA ) and thymidine kinase (tdk). 

6. The deoxyribonucleoside triphosphates are very similar to those 

found in E. coli (Table 5). 

7. Mutants resistant to 5-fluoroorotate contain extremely high 

pools of dAMP (12.5 micromoles per gram dry weight of cells) ( Table 

5, line 3). 

8. When Thy- mutants are starved for thymine or thymidine , they die 

thymine-less death (O'Donovan, 1978), decreasing in optical density 

more than four logs in two hours ( data not shown). 

9. thyA deoA mutants require thymidine for growth, while thyA 

deoA+ can grow on either thymine or thymidine. This is exactly like 

E. coli . 
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Table 3. Selection of Rhizobium mutants defective in pyrimidine salvage enzymes by 

the use of 5-fluoropyrimidine analogues. 

Gene Required Genetic 

Background 

Resistance 

to 

Analogue 

Sensitivity 

Carbon 

Source 

upp Pyr + FU 

udp Pyr+ upp FU + GR UR-

nuh Pyr+, upp FU + Ribose UR-

codA Pyr+ FC FU 

udk Pyr+, upp FUR , FU +GR 

cdd Pyr+, upp FCdR* + U FUdR 

5FOR Pyr+ FU, FC 

"Chemical not available at present, 5 -fluoro - 2- deoxycytidine used instead, 

a Ribonucleotides are expressed in micromoles per gram dry weight of cells . 

Abbreviations are U, uracil; CR, cytidine; T, thymine; TdR, thymidine. 
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Table 4. Ribonucleoside triphosphates in wild type and mutant strains of Rhizobium 

grown under different conditions at 30 C. 

Strain Additions to UTPa CTP ATP GTP 

Minimal medium 

Wild type none 4.2 1.1 9.4 1.7 

U 4.9 1.7 10.9 2.0 

pyr H (FO r) none 2.4 0.9 8.1 1.9 

(UMP =7.8) 

upp none 1.7 1.8 4.4 2.4 

upp U 1.7 1.4 5.5 0.8 

FUR none 3.9 2.3 9.4 2.5 

FCR none 2.1 1.4 6.0 2.1 

FCR U 2.1 1.3 5.5 1.3 

nuh none 4.1 1.6 8.0 2.2 

upp, nuh none 1.6 1.1 3.7 1.5 

upp, nuh, cdd CR 1.8 3.0 3.5 1.8 

upp, nuh, cdd U 1.8 1.8 5.1 2.1 

thyA deoA TdR 3.0 1.3 9.5 2.1 

thyA deoA T 2.6 1.3 6.0 1.9 

thyA (starved) none 2.9 0.9 6.2 1.5 

a Expressed as micromoles per gram dry weight of cells. 
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Table 5. Deoxyribonucleoside triphosphates in wild type and mutant strains of 

Rhizobium grown under different conditions at 30 C 

Strain Addition to dCTPa dTTP dATP dGTP 

Minimal medium 

Wild type Rich 0.27 0.36 0.77 0.30 

None 0.10 0.40 0.40 0.30 

5-fiuoro- U 0.4 0.31 0. 30 0.75 

orotate (dAMP-12.5) 

thyA (starved) none 0.11 0.06 0.46 0.65 

thy A deoA TdR 0.27 0,:4 0.62 0.51 

a) Rhizobium appears to have a uridine(cytidine) hydrolase rather than a uridine 

phosphorylase (udp ) as evidenced by the data from Fig. 7,10,14-17. 

Abbreviations: FU is 5-fluorouracil; FC is 5-fluorocytosine; FUR is 5-fluorouridine; 

FCR is 5-fluorocytidine; FUdR is 5-fluorodeoxycytidine; FO is 5-fluoroorotate; 6 AU, 

6 AUR and 5 AU are 6-azauracil, 6-azauridine and 5-azauracil, respectively. 
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Table 6. Effect of mutation in the pyrimidines salvage pathways on the sensitivity 

towards pyrimidine analogues in Rhizobium . 

Relevant Genotype Analogue Present 

FU FC FUR FCR FUdR FO 6AU 6AUR 5 AU 

upp + + + + + 

codA + - + + + 

udp a + + + 

nuh a . . . . - . + +• + 

udk& + + + + + 

upp ,udk + + + + 

nuh , udk 

pyrH (FOR) + + + + + 

+ + + 
+ + + 
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Fig. 7. Retention times in minutes of pyrimidine base and nucleoside standards at 254 

nm. Top chromatograph shows, contains cytosine (C) and uracil (U) standards; bottom 

shows cytidine (CR) and uridine(UR) standards. 
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Fig.8. Retention times in minutes of pyrimidine bases and nucleosides at 254 nm after 

incubation of E. coli TB2 (wild type for salvage enzymes) cell extract with listed 

pyrimidines. Top chromatograph shows, cytidine (CR) incubation; middle, uridine 

(UR)incubation; bottom, cytosine (C) incubation. 
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Fig.9. RetGntion times in minutes of pyrimidine bases and nucleosides at 254 nm after 

incubation of E. coli TB2 ( wild type for salvage enzymes ) dialyzed cell extract with 

listed pyrimidines. Top chromatograph shows, cytidine (CR) incubation; middle, uridine 

(UR) incubation; bottom, cytosine (C) incubation. 
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Fig. 10 . Retention times in minutes of pyrimidine bases and nucleosides at 254 nm 

after incubation of Rhizobium ( wild type for salvage enzymes) cell extract with listed 

pyrimidines. Top chromatograph shows, cytidine (CR) incubation; middle, uridine 

(UR) incubation; bottom, cytosine (c) incubation. 
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Fig.11. Retention times in minutes of pyrimidine bases and nucleosides at 254 nm 

after incubation of Rhizobium cod cell extract with listed pyrimidines. Top 

chromatograph shows, cytidine (CR) incubation; middle, uridine (UR) incubation; 

bottom, cytosine (C) incubation. 
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Fig.12. Retention times in minutes of pyrimidinebases and nucleosides at 254 nm 

after incubation of Rhizobium upp cell extract with listed pyrimidines. Top 

chromatograph shows, cytidine ( CR) incubation; middle, uridine (UR) incubation; 

bottom, cytosine C) incubation,. 
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Fig. 13. Retention times in minutes of pyrimidine bases and nucleosides at 254 nm 

after incubation of Rhizobium upp, nuh ( cytidine-specific) cell extract with listed 

pyrimidines. Top chromatograph shows, cytidine (CR) incubatiion; middle,uridine 

(UR) incubation; bottom , cytosine <C) incubation. 
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Fig. 14. Retention times in minutes of pyrimidine bases, nucleosides and unknown 

peak at 254nm after incubation of Rhizobium upp ceil extract with listed pyrimidines. 

Top chromatograph shows, cytidine (CR) incubation; middle, uridine (UR) incubation; 

bottom, cytosine (C) incubation. 
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Fig. 15. Retention times in minutes of pyrimidine bases and nucleosides at 254 nm 

after incubation of Rhizobium 5-fluororootate resistant upp, cdd, nuh ceil extract 

with listed pyrimidines. Top chromatograph shows, cytidine (CR) incubation ; middle, 

uridine (UR) incubation; bottom, cytosine (C) incubation. 
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Fig. 16. Retention times in minutes of pyrimidine bases and nucleosides at 254 nm 

after incubation of Rhizobium 5-fluorouridine resistant upp , cdd cell extract with 

listed pyrimidines. Top chromatograph shows, cytidine (CR) incubation;middle, uridine 

(UR) incubation; bottom, cytosine (C) incubation. 
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Fig. 17. Retention times in minutes of pyrimidine bases and nucleosides at 254 nm 

after incubation of dialyzed Rhizobium (wild type for salvage enzymes) cell extract 

with listed pyrimidines. Top chromatograph shows, cytidine (CR)incubation; middle, 

uridine (UR) incubation, bottom, cytosine (C) incubation. 
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Fig. 18. Retention times in minutes of pyrimidine bases and nucleosides at 254nm 

after incubation of dialyzed Rhizobium cell extract with listed pyrimidines. Top 

chromatograph shows, cytidine (CR) incubation; middle, uridine( UR) 

incubation;bottom, cytosine (C) incubation. 
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Table 7. Protein concentrations of Rhizobium cell extracts for pyrimidine 

interconversion assays. 

Sample Protein Concentration ( mg/ml) 

Wild Type 10.1 

cod 9.1 

upp, cod 9.3 

upp , nuh 9.4 

nuh 9.1 

cdd 9.8 

nuh, cdd 8.8 

Wild Type (dialyzed) 10.0 

nuh, cdd ( dialyzed) 7.8 
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Metabolism of pyrimidine nucleosides and pyrimidine bases of 

Rhizobium species 

1 ) Cytidine metabolism : Cytidine enters the cell by cytidine 

(uridine) permease. In wild type cells , cytidine is deaminated to 

uridine by cytidine deaminase. The uridine is converted to uracil 

and is described below under uridine metabolism. Cytidine is 

converted also to cytosine (Fig.10). This occurs either by a cytidine 

hydrolase or by nucleotide monophosphate glycosylase^mg^ : 

CR — CMP C (Fig. 1, 10). Thus, when cytidine is added 

to wild type extracts of Rhizobium , all four pyrimidines, namely, 

cytosine, cytidine, uracil, and uridine appear (Fig. 1, 10). In the 

Pyr- mutant , CE107, cytidine satisfies the pyrimidine requirement 

therefore, strain CE107 must have a functional permease for 

cytidine and cytidine deaminase as well. This will be expanded upon 

in the Discussion. 

2 ) Uridine metabolism: In wild type Rhizobium , uridine enters the 

cell by uridine (cytidine) permease. As seen in Fig. 10 when uridine 

is offered to cell extracts of Rhizobium it is degraded to uracil. 

This can occur by one of two enzymes; uridine phosphorylase (udp ), 

or uridine hydrolase (nuh) . 
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In undialyzed extracts (Fig. 10,12-14,16) both the phosphorylase and 

hydrolase can function . However, when the extracts are dialyzed 

(17,18) against four changes of tris-EDTA buffer, all small 

molecules are removed including all phosphates. Thus, under these 

conditions, uridine phosphorylase can not function ( uridine + P i — 

- uracil + ribose-1-P). However, when dialyzed extracts were used, 

uracil was still formed. Thus uridine is hydrolyzed by nucleoside 

hydrolase ( uridine + H2O——uracil + ribose) (Fig.18). 

In the Pyr- mutant, CE107 , uridine satisfies the pyrimidine 

requirement. Therefore, strain CE107 must have a functional 

uridine (cytidine) permease and be capable of converting the uridine 

to UMP. This may be done in two ways (i) Uridine is converted to 

UMP directly by uridine kinase ( udk ) without breakdown to uracil or 

(ii) uridine is degraded to uracil by uridine hydrolase. The uracil so 

formed is then converted to UMP by uracil phosphribosyltransferase 

(.upp). 

3 ) Cytosine metabolism : Cytosine enters the Rhizobium cell by 

cytosine permease ( codB in E. coli). Cytosine is deaminated to 

uracil by cytosine deaminase (codA , cytosine + H2O uracil 

+ NH3). The exogenously added cytosine is unchanged in a cod 
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mutant. Thus , the mutation ( Fig.11) is in the codB gene. 

In the Pyr- mutant, strain CE107, cytosine satisfies the 

pyrimidine requirement. It must therefore have a functional 

cytosine deaminase and uracil phosphotransferase 

( uracil + PRPP UMP + PPi) ( Fig. 1). 

4 ) Uracil metabolism : Uracil is metabolized in Rhizobium in the 

same way as it is metabolized in the enteric bacteria. It enters the 

cell by uracil permease and is immediately converted to UMP by 

uracil phosphoribosyl- transferase ( upp). This was proven by the 

isolation of a 5-fluorouracil resistant strain which produced no 

other peak ( such as UMP or uridine) except uracil in the resistant 

strain. Thus 5-fluorouracil resistance in Rhizobium is encoded by 

the upp gene. 

In the pyrimidine auxotroph, CE107 , uracil satisfies the 

pyrimidine requirement. Thus, CE107 has a functional uracil 

permease and uracil phosphoribosyltransferase. 
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Three approaches were used to establish which salvage pathway 

were operative for pyrimidine nucleotides, nucleosides and base 

Rhizobium . 

Approach 1. In a wild type Pyr+ background, sensitivity ot the 

prototrophic Rhizobium to those pyrimidine analogues which require 

conversion to the nucleotide level to be toxic, was used. This is 

possible because most analogues are metabolized by the same 

enzymes as the standard pyrimidine bases and nucleosides 

(O'Donovan and Neuhard, 1970). Thus, toxic pyrimidine analogues 

were used to isolate mutants blocked in various steps of the salvage 

pathways (Table 2) . These mutants were used in Approach 3 below, 

to provide information about the physiological importance of various 

enzymes. For example, resistance to 5-fluorouracil selects for 

mutants in the upp gene ( Fast and Skold, 1977) which encodes the 

enzyme uracil phosphoribosyltransferase (Uracil + PRPP — UMP + 

PPi). This is explained by the fact that 5-fluorouracil is converted 

to 5-UMP by the upp gene product. This toxic fluoronucleotide is 

then converted to 5-FUTP and 5-FCTP which are incorporated into RNA 

causing the translational errors. Mutants resistant to 5-FU , Upp-
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strains , do not advance the 5-FU to the nucleotide level and thus 

are not killed . Such upp mutants (Beck et al., 1972) are devoid of 

uracil phosphoribosyltransferase and cannot convert uracil ( or FU ) 

to UMP (5-FUMP). 

5-Fluorouracil was also employed to isolate mutants that were 

unable to degrade uridine in a upp strain. As is the case for E 

coli, it was assumed that Rhizobium species had a functional 

uridine phosphorylase (Udp+ ). Accordingly, in a upp background, 

using FU plus guanosine as a source of ribose-1-phosphate, the FU 

mutant was rendered sensitive to FU again because FU + ribose-1-P 

are converted to FUR + Pi . By now selecting for resistance to FUR, 

to which the strain is sensitive on being converted to FUMP, one 

isolates Udp- strains. Though this occurs in E coli ( Pritchard and 

Ahmad , 1971) it does not occur in Rhizobium. 

As shown in Approach 3, Rhizobium wild type strains are devoid 

of uridine phosphorylase. Since uridine was readily degraded to 

uracil in wild type strains, the only other enzyme that could 

catalyze this reaction is uridine hydrolase (nuh ) which catalyzes, 

uridine + H2O —- uracil + ribose. By now using FU plus ribose, it 

was possible to reverse the hydrolase reaction thereby producing 
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FUR to which the strain is sensitive. By again selecting for 

resistance to FU + ribose or FUR, uridine hydrolase mutants were 

isolated. These mutants do not degrade uridine or cytidine, as shown 

in Fig. 15 and Table 9. 

Tables 3 and 6 lists several other analogues selections employed. 

These are of general utility and may be used for any organism 

provided that the analogue is transported into the cell ( O'Donovan 

and Neuhard, 1970). 

Approach 2 . The second approach to define the pyrimidine salvage 

pathways in Rhizobium used a Pyr- auxotroph. The six pyrimidines, 

namely, uracil, cytosine, uridine, cytidine, deoxyuridine and 

deoxycytidine were tested for their ability to act as sole 

pyrimidine sources. Though uridine was the best, all six compounds 

gave growth to the Pyr- auxotroph. This suggests that Rhizobium has 

transport systems for all of these pyrimidines (Fig.10 and Table 8 ). 

While uracil (Munch-Petersen and Mygind 1983) and cytosine (Lind et 

al.,1973) are known to have separate transport systems, uridine and 

cytidine are believed to enter by the same transport system in E coli 

(Munch-Petersen and Mygind 1983) . Both deoxyuridine and 

deoxycytidine enter by the same general transport - system 
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(Munch-Petersen and Mygind 1983) . 

The use of deoxycytidine as sole pyrimidine source suggests that 

cytidine deaminase produces deoxyuridine which is then degraded to 

uracil and deoxyribose-1-phosphate. Since the latter step is 

normally carried out in enteric bacteria by thymidine phosphorylase 

(O'Donovan 1978), it suggests that Rhizobium possesses a functional 

thymidine phosphorylase. The use of deoxyuridine as sole pyrimidine 

source is explained similarly. 

Approach 3 . In most studies to date the above two approaches are 

the only ones used to define the pyrimidine salvage pathways in a 

number of genera. In this dissertation an additional method was 

employed using HPLC for the f!.3t time. By preparing cell extracts 

from wild type and certain analogue resistant mutants grown under 

different conditions, it was possible to follow the individual 

metabolism of cytidine, uridine and cytosine when incubated with 

appropriate cell extracts and passed over a reverse phase column 

using HPLC. The results, shown in Figs.10-18, clearly establish the 

following points regarding the metabolism of pyrimidines bases and 

nucleosides by Rhizobium . 
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(1). Cytidine has three routes of conversion in wild type 

Rhizobium . It is deaminated to uridine by cytidine deaminase 

(odd ), it is hydrolyzed to cytosine by nucleoside hydrolase {nuti) and 

it is phosphorylated to CMP by uridine( cytidine) kinase (udk ). 

Little uridine was seen in Fig. 13, because as quickly as uridine was 

produced, it was hydrolyzed to uracil by uridine (cytidine) hydrolase. 

This is borne out by the fact that when a nuh mutation is introduced 

into Rhizobium , a sufficient accumulation of uridine occurs such 

that a uridine peak is now seen (Fig .16). 

(2). Rhizobium species do not contain a uridine phosphorylase 

(udp ). This was confirmed by the finding that uridine was degraded 

to uracil in both undialyzed and dialyzed wild type cell extracts. 

Moreover, the inability to isolate Udp- strains using a proven 

technique for other organisms (Pritchard and Ahmad 1971) did not 

result in a udp mutant. Using a comparable technique as described 

under Approach 1 above , it was possible to obtain uridine 

hydrolase-less (Nuh -) strains. 

(3). Rhizobium strains contain cytidine hydrolase also. This 

enzyme may be identical to uridine hydrolase as is the case in 

several genera of bacteria. However, when uridine hydrolase was 
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mutated (Fig.18), cytidine degradation still occurred . This may be 

due to the presence of a nucleotide monophosphate glycosylase 

(nmg ), which catalyzes the following reaction, CMP+ H20— 

cytosine + ribose -5-P. However, after dialysis of wild type cell 

extracts, the activity of this enzyme is lost, suggesting that it is 

the cytidine hydrolase that produces cytosine in this case. It is 

possible that the hydrolase, universally known as pyrimidine 

nucleoside hydrolase, has differential activity for not only uridine 

and cytidine , but also to a lesser extent, adenosine and inosine as 

well (Terada et al., 1967). 

(4). Uridine is hydrolyzed to uracil and ribose and is also 

phosphorylated to UMP. The uracil produced by hydrolysis is 

converted to UMP by uracil phosphoribosyltransferase (upp ). 

Mutants blocked in upp were isolated by selecting for growth in the 

presence of 5-fluorouracil, while mutants blocked in uridine 

(cytidine) kinase were isolated by selection for growth in the 

presence of both 5-fluorouracil and 5-fluorouridine (Tables 3 and 4). 

(5). All Rhizobium strains examined in this work contained an 

active cytosine deaminase (cod ). Mutants in cod were isolated by 

their resistance to 5-fluorocytosine while remaining sensitive to 5-



85 

fluorouracil . 

From these three approaches the salvage pathways of Rhizobium 

species have been worked out. They are shown in Fig. 19. For 

comparison purposes the pyrimidine salvage pathways of E. coli are 

shown in Fig. 20. 
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Table 8. Pyrimidines produced when dialyzed and undialyzed wild type Rhizobium 

and E. coli cell extracts were incubated with cytidine, uridine or cytosine. 

Strain Dialyzed Compound Products Figure 

or not Injected formed number 

Wild type No CR UR.C.U 7 

E coli TB2 No UR U 7 

No C U 7 

Yes CR UR 8 

yes UR none 8 

Yes C U 8 

Wild type No CR C, U 9 

Rhizobium i No UR U 9 

No C U 9 

Yes CR C,U 16 

Yes UR U 16 

Yes C U 16 
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Table 9. Pyrimidines produced when dialyzed or undialyzed mutant Rhizobium cell 

extracts were incubated with cytidine, uridine or cytosine. 

Strain Dialyzed Compound Product Figure 

or not Injected Formed Number 

cod No CR C 10 

No UR U 10 

No C none 10 

cod, upp No CR UR, C, U 11 

NO UR U 11 

NO C none 11 

udp No CR UR, C 12 

NO UR U 12 

NO C U 12 

Yes CR UR, C,U 15 

Yes UR U 15 

Yes C U 15 

5-FOR No CR none 14 

No UR none 14 

No C U 14 

5FURr No CR u,c 17 

No UR U 17 

No C U 17 
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Fig. 19. Pyrimidines salvage pathways in Fthizobium . Enzyme names and genetic 

symbols are: cytosine deaminase (cod); cytidine deaminase (cdd ); uridine 

(cytidine) kinase(£yof/c); uracil phosphoribosyltransferase (upp ); nucleotide 

monophosphate glycosylase (nmg ); uridine ( cytidine) hydrolase (nuh ) . 



89 

nmg 

ribosc-sYp 

raose 

upp 

PRPP 



90 

Fig. 20. Pyrimidine salvage pathways in £ coli. Enzymes names and genetic 

symbols are: cytosine deaminase (cod) ; cytidine deaminase (cdd); uridine 

(cytidine) kinase (udk); uracil phosphoribosyltransferase (upp ); nucleotide 

monophosphate glycosylase (nmg); uridine phosphorylase (udp). 
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