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Metabolic differences in the strategies used for

pyrimidine base and nucleoside salvage were studied in the

pseudomonads and enteric bacteria. Fluoro--analogs were used

to select mutant strains of E. coli, S. typhimurium, P.

putida, and P. aeruginosa blocked in one or more of the

uracil and uridine salvage enzymes. HPLC analysis of cell-

free extracts from wild-type and mutant strains examined the

effectiveness of the selections. Evidence was found for

cytidine kinase in Pseudomonas and for an activity that

converted uracil compounds to cytosine compounds. Using

media supplemented with 150 Ag of orotic acid per ml, P.

putida SOC 1, a Pyr, upp mutant which utilizes orotic acid

as a pyrimidine source was isolated for the first time in

any study.
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CHAPTER 1

INTRODUCTION

Purine and pyrimidine nucleotides are essential to

every living cell. They are used in the construction of DNA

and RNA, are essential components of coenzymes and function

in activation of biosynthetic intermediates involved in the

biosynthesis of the cell wall, lipids, and sugars (Schlegel

1986). The purine nucleoside triphosphates, adenosine

triphosphate (ATP) and guanosine triphosphate (GTP) , serve

as the primary energy transducing system of the cells, while

cyclic adenosine monophosphate and guanosine-5' -diphosphate-

3'-diphosphate (ppGpp) have a regulatory function (Nygaard

1983). Because purine and pyrimidine nucleotides have such

a variety of cellular functions, their biosynthesis and the

mechanisms for the maintenance of the nucleotide pools

within the cell are of interest. While the metabolic

pathway through which the pyrimidine nucleotides uridine

triphosphate (UTP) and cytidine triphosphate (CTP) are

synthesized is common to all living organisms (O'Donovan and

Neuhard 1970), the metabolic strategies used for the

maintenance of UTP and CTP nucleotide pools varies.

The synthesis of pyrimidine nucleotides is initiated by

the formation of carbamoylphosphate, followed by the
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stepwise addition of specific groups. A summary of the

synthesis is seen in Figure 1. In the first step,

bicarbonate is combined with the delta amido group of

glutamine and the terminal phosphate group from ATP. The

reaction is catalyzed by carbamoylphosphate synthetase, the

pyrA gene product in Salmonella typhimurium (carAB in E.

coll). A condensation of carbamoylphosphate with aspartate,

catalyzed by aspartate transcarbamoylase (pyrBI), yields

carbamoylaspartate and inorganic phosphate (P). In a

dehydration reaction, the cyclic compound dihydroorotate is

formed by the action of dihydroorotase (pyrC).

Dihydroorotate dehydrogenase (pyrD) catalyzes the loss of

two hydrogen atoms to form orotic acid. Orotate

monophosphate (OMP) is synthesized by the addition of

ribose-5-phosphate transferred onto orotic acid from

phosphoribosyl pyrophosphate (PRPP) by the enzyme orotate

phosphoribosyltransferase (pyrE). The loss of a carboxyl

group from OMP to yield uridine monophosphate (UMP) is

catalyzed by OMP decarboxylase (pyrF). The enzyme UMP

kinase (pyrH) phosphorylates UMP to uridine diphosphate

(UDP) which is then phosphorylated to uridine triphosphate

(UTP) by nucleoside diphosphokinase (ndk). In a final step,

some of the UTP is aminated to CTP with glutamine donating

the delta amido group and CTP synthetase (pyrG) catalyzing
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Figure 1. Synthesis of UTP and CTP. The following gene
designations are used: pyrA is carbamoylphosphate
synthetase; pyrBI is aspartate transcarbamoylase; pyrC is
dihydroorotase; pyrD is dihydroorotate dehydrogenase; pyrE
is orotate phosphoribosyltransferase; pyrF is OMP
decarboxylase; pyrH is UMP kinase; ndk is nucleoside
diphosphokinase; pyrG is CTP synthetase. ADP represents
adenosine diphosphate, ATP is adenosine triphosphate, GDP is
guanosine diphosphate, GTP is guanosine triphosphate, CTP is
cytidine trisphosphate, OMP is orotate monophosphate, UMP is
uridine monophosphate, UDP is uridine diphosphate, UTP is
uridine triphosphate, PRPP is phosphoribosyl pyrophosphate;
P1 is inorganic phosphate and PP, represents inorganic
pyrophosphate.
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Figure 1. Synthesis of UTP and CTP.
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the reaction. GTP and ATP are required as an energy source

(Neuhard and Nygaard 1987).

UTP and CTP together with the purine nucleotides ATP

and GTP are combined in a series of polymerization reactions

to form RNA. RNA is a multifunctional compound that, in

most forms, experiences a high turnover rate in the cell,

especially mRNA. The catabolism of RNA and other nucleotide

containing compounds yields a mixture of bases and

nucleosides that can be lost to the cell through diffusion

across the membrane (Nygaard 1983). Salvage is the recovery

of purine and pyrimidine bases and nucleosides through

various biochemical reactions which rephosphorylate the

recovered compounds to the nucleotide level thus confining

these resource and energy expensive compounds within the

cell. This recovery is a metabolic function which allows

cellular metabolism to balance nucleotide pools utilized in

the polymerization reactions catalyzed by RNA and DNA

polymerases. The net effect is to lower the energy cost to

the cell by the reduction in the anabolic load required to

maintain purines and pyrimidines via de novo synthesis

alone.

Purine and pyrimidine salvage pathways are present in

all organisms (Neuhard 1983). Of the several enzymes used

to metabolize the nucleosides and bases, those which process

uracil and uridine are the focus of this study. A summary



6

of the pyrimidine biosynthetic pathway and the uracil and

uridine salvage pathways can be seen in Figures 2 and 3

respectively.

Microorganisms including Escherichia coli,

Saccharomyces cerevlsiae and all organisms known to possess

the enzyme uridine kinase (udk), catalyze the

phosphorylation of uridine to UMP (Neuhard 1968; O'Donovan

and Neuhard 1970; Valentin-Hansen 1978). Uridine kinase

(henceforth designated Udk) is substrate-specific for

uridine and cytidine (O'Donovan and Neuhard 1970; Valentin-

Hansen 1978; Neuhard 1983). It catalyzes the following

reactions in E. coli:

Uridine + GTP ======> UMP + GDP

Cytidine + GTP-======>CMP + GDP

(Neuhard 1968; O'Donovan and Neuhard 1970)

GTP is the preferred phosphate group donor and magnesium ion

(Mg ) the required co-factor (Neuhard 1983). The gene

product from E. coli has a molecular weight of 90 kdal (kilo

daltom) and an optimal pH of 7.8. The E. coli enzyme shows

Km values of 0.13 mM and 0.35 mM for cytidine and uridine,

respectively. The enzyme is unstable, rapidly losing

activity in cell-free extracts especially in the presence of

Mg (Valentin-Hansen 1978). Expression of the enzyme

exhibits derepression under pyrimidine starvation and is
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Figure 2. Pyrimidine de novo and Salvage Pathways for
Enteric Bacteria. The following gene designations are used:
pyrA is carbamoylphosphate synthetase; pyrJEX is aspartate
transcarbamoylase; pyrC is dihydroorotase; pyrD is
dihydroorotate dehydrogenase; pyrE is orotate
phosphoribosyltransferase; pyrF is OMP decarboxylase; cdd is
cytidine deaminase; cod is cytosine deaminase; nmg is
nucleotide monophosphate glycosylase; udk is uridine kinase;
udp is uridine phosphorylase; and upp is uracil
phosphoribosyltransferase. In addition, C represents
cytosine; U is uracil, CR is cytidine, UR is uridine. ADP
represents adenosine diphosphate, ATP is adenosine
triphosphate, CMP is cytidine monophosphate, GDP is
guanosine diphosphate; GTP is guanosine triphosphate; OMP is
orotate monophosphate, UMP is uridine monophosphate, PRPP is
phosphoribosyl pyrophosphate; Pi is inorganic phosphate and
PP, represents inorganic pyrophosphate.
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Figure 2. Pyrimidine de novo and Salvage Pathways for Enteric
Bacteria
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Figure 3. Pyrimidine de novo and Salvage Pathways for
Pseudomonads
The following gene designations are used: pyrA is
carbamoylphosphate synthetase; pyrBI is aspartate
transcarbamoylase; pyrC is dihydroorotase; pyrD is
dihydroorotate dehydrogenase; pyrE is orotate
phosphoribosyltransferase; pyrF is OMP decarboxylase; cod is
cytosine deaminase; nmg is nucleotide monophosphate
glycosylase; nuh is nucleoside hydrolase; udk is uridine
kinase; upp is uracil phosphoribosyltransferase. In
addition, C represents cytosine; U is uracil, CR is
cytidine, UR is uridine. ADP represents adenosine
diphosphate, ATP is adenosine triphosphate, CMP is cytidine
monophosphate, OMP is orotate monophosphate, UMP is uridine
monophosphate, PRPP is phosphoribosyl pyrophosphate; P, is
inorganic phosphate and PP. represents inorganic
pyrophosphate.
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Figure 3. Pyrimidine de novo and Salvage Pathways for
Pseudomonads
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feedback inhibited by elevated concentrations of UTP and CTP

(Plunkett and Moner 1971).

A second enzyme, uridine phosphorylase (udp), converts

uridine and inorganic phosphate to uracil and ribose-1-

phosphate via a phosphorylytic cleavage (Paege and Schlenk

1952). The reaction is as follows:

Uridine + Pi <=====> Uracil + Ribose-1-Phosphate

(Paege and Schlenk 1952; O'Donovan and Neuhard 1970)

It is a reversible reaction. High concentrations of

inorganic phosphate (Pi) drive the reaction to the products

uracil and ribose-1-phosphate. At low relative

concentrations of inorganic phosphate or high relative

concentrations of ribose-1-phosphate, the reaction produces

uridine and inorganic phosphate (Paege and Schlenk 1952).

As with Udk in this report, the enzyme uridine phosphorylase

is henceforth designated by the abbreviation Udp.

Udp isolated from E. coli has a functional pH range

from 6.0 to 7.5 and an optimal pH of 7.3. The

phosphorolysis reaction shows Km values of 0.15 mM and 7.3

mM for uridine and inorganic phosphate, respectively. The

reaction for nucleoside synthesis shows K values of 0.24 mM

for uracil and 1.4 mM for ribose-1-phosphate (Leer et al.

1977). The enzyme from E. coli is made up of eight

identical subunits, with each subunit having a molecular

weight of 22 kdal (Leer et al. 1977) and is specific for
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uridine and the 5-substituted analogs of uridine, with a

weak specificity for thymidine and deoxyuridine (Paege and

Schlenk 1952; Leer et al. 1977). No known form of the

enzyme will cleave cytidine or deoxycytidine (O'Donovan and

Neuhard 1970; Neuhard 1983).

The udp gene is in the same regulon as cytidine

deaminase (cdd) and the deo operon. It is repressed by the

cytR gene product which, in the presence of cyclic AMP

binding protein (CRP), acts as a positive controlling

regulatory protein (Leer et al. 1977; Hammer-Jesperson

1983). Inducers of the enzyme are cytidine in E. coli (Leer

et al. 1977) and uridine and cytidine in S. typhimurium

(O'Donovan and Neuhard 1970).

Udp is not present in all microorganisms. Two

additional classes of enzymes break the glycosylic bond of

nucleosides namely nucleoside hydrolase (nuh) and nucleoside

deoxyribosyltransferase (ndt) (Neuhard 1983). Pseudomonas

species lack a functional udp gene and have instead the

gene, nuh (Terada at al. 1967; Neuhard 1983; Chu and West

1990).

Nucleoside hydrolase cleaves the glycosylic bond in

uridine or cytidine hydrolytically to yield uracil and

ribose according to the following equation:
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Uridine + H20 =====> Uracil + ribose

Cytidine + H20 =====> Cytosine + ribose

This reaction is irreversible and proceeds to completion

(Takagi and Horecker, 1952; Terada, et al. 1967; Chu and

West 1990). The enzyme varies with respect to substrate

specificity. All forms of nucleoside hydrolase, henceforth

referred to as Nuh, require that the substrate contain the

f-D-ribofuranosyl-N-glycosylic bond (Takagi and Horecker

1952; Terada et al. 1967; Hammer-Jesperson 1983), but Nuh

isolated from P. fluorescens hydrolyzes pyrimidine

ribonucleosides more efficiently than purine ribonucleosides

(Terada et al. 1967) while the reverse is reported for the

nuh gene product of Lactobacillus delbrueckii (Takagi and

Horecker 1952). Unlike the phosphorylases, hydrolases will

degrade cytidine to cytosine and ribose (Hammer-Jesperson

1983).

The optimum pH for the enzyme varies depending on the

substrate and buffer used. Nuh from P. fluorescens has a pH

optimum of 8.5 in a Tris-buffer with uridine, cytidine or

adenosine while the optimum pH for the hydrolysis of inosine

is 6.0 in sodium acetate. The specific activity of Nuh

isolated from P. fluorescens shows Km values of 0.8 mM of

uridine and 1.0 mM of cytidine at pH 8.5 (Terada et al.

1967).
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No information on the structure of Pseudomonas Nuh was

found but the enzyme has recently been purified from P.

aeruginosa in our laboratory by Y-S. Lee (personal

communication). Uridine hydrolase from S. cerevisiae is a

dimer. Each subunit has a molecular weight of 17 kdal

(Magni 1978; Hammer-Jesperson 1983). The enzyme, Nuh, is

very stable whether purified from L. delbrueckii or P.

fluorescens and remains active for six months if kept frozen

(Takagi and Horecker 1957; Terada et al. 1967).

Limited information on hydrolase regulation is

available. P. mendocina showed catabolite repression of

hydrolase while P. stutzeri and P. fluorescens did not (Chu

and West 1990; West 1990). In P. fluorescens the enzyme is

induced by cytidine and uridine (Hammer-Jesperson 1983; West

and Chu 1990) and inhibited by adenosine and inosine (Terada

et al. 1967).

While many organisms have either udp or nuh, uracil

phosphoribosyltransferase (upp) is found in all organisms

studied to date (Neuhard 1983). Uracil phosphoribosyl-

transferase, henceforth designated as Upp, catalyzes the

transfer of a phosphoribosyl group from phosphoribosyl-

pyrophosphate (PRPP) onto uracil producing uridine

monophosphate (UMP). The equation is as follows:

Uracil + PRPP ====> UMP + PPi
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2+ #
Magnesium (Mg ) is a required cofactor (Molloy and Finch

1969; Fast and Skbld 1977; Natalini et al. 1979). Upp is

specific for uracil and uracil analogs (Natalini et al.

1979; Rasmussen et al. 1986) and does not react with orotate

or cytosine (O'Donovan and Neuhard 1970). The molecular

weight and structure vary. The E. coli enzyme is composed

of three identical 23. 5 kdal molecular weight subunits

while that from baker's yeast has two nonidentical subunits

with molecular weights of approximately 57 kdal and 27 kdal

The optimum pH is 7.6 for the yeast enzyme from 7.5 to 8.5

for E. coli Upp (Natalini et al. 1979; Rasmussen et al.

1986). The Km of E. coli Upp is 7.0 gM for uracil and 300

AM for PRPP. Upon the addition of GTP, the K. for PRPP

drops to 90 gM (Rasmussen et al. 1986). The enzyme from

both yeast and E. coli is unstable unless stored at

temperatures of 100C or less. Upon 10-fold dilution, 96% of

enzyme activity is lost in the E. coli enzyme. The dilution

effect is also seen with the yeast enzyme (Fast and Sk6ld

1977; Natalini et al. 1979; Rasmussen et al. 1986). When

gel chromatography is performed with a dilute solution

containing Upp, some of the enzyme activity is restored

suggesting the enzyme dissociates into subunits upon

dilution (Fast and Skbld 1977).

GTP is a positive effector of the E. coli enzyme and

divalent magnesium cations are required for this activation
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(Molloy and Finch 1969; Fast and Skbld 1977). The enzyme is

inhibited by uridine nucleotides in E. coli (Molloy and

Finch 1969) and by cytidine triphosphate (CTP) in S.

typhimurium (Neuhard 1968). Empirical evidence suggests

that the Upp is allosterically inhibited by ppGpp when

present in equimolar amounts with GTP (Fast and Skld 1977;

Natalini et al. 1979).

As can be seen from the preceding discussion, the

enterics and pseudomonads have developed different metabolic

strategies for the salvage of nucleosides and bases. To

facilitate a more thorough examination of these differences,

mutants lacking one or more of the pathway enzymes are

required. In prior studies, 5'- substituted fluoro-analogs

have been used to isolate mutants metabolically blocked in

the salvage of uracil and uridine (Cohen et al. 1958;

Brockman et al. 1960; O'Donovan and Gerhart 1972). The

metabolic block confers resistance upon the microorganism to

the analogs used. The mechanism involved is as follows: 5'-

fluorouracil is an analog which is processed as though it

were uracil by both enteric bacteria and pseudomonads. It

is converted by the upp gene product into 5'-fluorouridine

monophosphate (FUMP). FUMP is sequentially phosphorylated

by UMP kinase and nucleoside diphosphokinase to the

triphosphate form. In this form it exerts a toxic effect

when incorporated into RNA. In the FdUMP (deoxy-5'-
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fluorouridine monophosphate) form, the analog also exerts a

toxic effect by inhibiting the production of all dTMP,

thereby halting DNA production. A mutation rendering upp

nonfunctional grants the organism resistance to the analog

(Brockman et al. 1960; O'Donovan and Gerhart 1972).

In the enteric bacteria, a upp mutation confers

resistance to 5'-fluorouracil while maintaining 5'-

fluorouridine susceptibility. 5'-fluorouridine resistant

mutations are isolated from a upp population via exposure to

5'-fluorouridine. The surviving resistant strains are

doubly blocked at upp and at udk, a second gene whose

product processes uridine to UMP (Brockman et al. 1960;

O'Donovan and Gerhart 1972). Pseudomonads appear to have

some natural resistance to 5'-fluorouridine possibly due to

a lack of udk (Kelln and Warren 1974) or to an inability to

transport uridine compounds across the membrane (West 1990).

The selection of analog resistant strains was used in

this study to obtain mutant strains for a comparative study

of the uracil/uridine salvage pathways found in enteric

bacteria and pseudomonads. All strains used in this study

are listed in Table 1, while Table 2 contains a listing of

the enzymes of interest together with a summary of their

characteristics.

The genotype of a microorganism with respect to salvage

enzymes can be deduced from that organism's ability or lack
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Table 1. Bacterial Strains Used. Parentheses indicate a
putative genotype. Sources for the strains used are
identified as follows: 1 indicates strains from Dr. Gerard
A. O'Donovan, University of North Texas; 2, strains used
from Dr. Bruce W. Holloway, Monash University, Australia; 3,
strains developed during this study. FUr indicates 5'-
fluorouracil resistant strains; FURr, 5'-fluorouridine
resistant strains; OAU, the phenotype and OAU, the genotype
of strains utilizing orotic acid to meet their pyrimidine
requirement; Pyr , strains requiring a pyrimidine
supplement; UR, strains requiring uridine for growth; CR+,
strains requiring cytidine for growth. Wild-type is
abbreviated as wt.
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Table 1. Bacterial Strains Used

Species Strain Phenotype _Source

E. coli K 12 wt 1

E. coli upp, udk EC1111 FU', FURr 3

E. coli upp, udk EC2113 FUr, FURr 3

E. coli upp EC2200 FUr 3

E. coli upp, udk EC2212 U , FUR' 3

E. coli upp, udk EC2221 FUr, FURr 3

E. col upp EC4110 FUr 3

E. coil upp EC4410 FUr 3

S. typhimurium FU r
pyrA, pyrG, upp, udp UR, CR _

S. typhimurium LT-2 wt 1

S. typhimurium upp ST220 FUr 3

S. typhimurium (upp) ST330 FUr 3

S. typhimurium (upp, udk) ST332 Fu!r, FURr 3

P. aeruginosa PAO-1 wt 2

P. aeruginosa upp PA110 FUr 3

P. aeruginosa upp PA130 FUr 3

P. aeruginosa upp, (udk) PA133 FUr, (FURr) 3

P. aeruginosa upp PA220 FUr 3

P. aeruginosa upp PA230 FUr 3

P. aeruginosa upp PA270 FU 3

P. putida PRS 2000 wt 2

P. putida upp PP150 FUr 3

P. putida upp, (udk) PP151 FU , FUR" 3

P. putida pyrB B1137 Pyr 2

P. putida pyrB, OAU OAU OAu 3

P. putida pyrB, OAU, upp SOC 1 PyrOAuFU r 3
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Table 2. Uracil/Uridine Salvage Enzymes. * Activities
given are for the enzymes isolated from E. coli. Uracil
phosphoribosyltransferase is abbreviated as Upp; uridine
phosphorylase as Udp; uridine kinase as Udk; nucleoside
hydrolase as Nuh; inorganic phosphate as P,; guanosine 5'-
diphosphate-3'-diphosphate as ppGpp; Ribose-l'-phosphate as
Rib-1-P; phosphoribosyl pyrophosphate as PRPP. U is uracil,
CR is cytidine, dTR is thymidine, UR uridine, dUR is
deoxyuridine, CTP is cytidine triphosphate, GTP is guanosine
triphosphate, UMP is uridine monophosphate, UDP is uridine
diphosphate, UTP is uridine triphosphate. All molecular
weights are given in daltons.
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Table 2. Uracil/Uridine Salvage Enzymes
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of ability to utilize certain substrates or resist the

effects of specific analogs. Confirmation of the genotype

is often attained through the performance of an enzyme assay

using a cell-free extract from the microorganism. High-

performance liquid chromatography (HPLC) is a technique used

in several studies to separate and identify the bases,

nucleosides and nucleotides that are produced in such an

assay (Hartwick and Brown 1975; Hartwick et al. 1979;

Olivares and Verdys 1988).

In this study, two forms of HPLC are used; reversed-

phase adsorption HPLC and anion-exchange HPLC. A brief

description of these two relevant chromatographies is now

given. Reversed-phase chromatography is used in the

separation and detection of bases and nucleosides, compounds

which are weakly polar. It is a form of adsorption

chromatography in which compounds serially adsorb and desorb

to a stationary phase. The length of time a compound

remains associated with the column is dependent upon the

polarities of the compound, the stationary phase, and the

mobile phase.' In normal-phase chromatography, the

stationary phase is polar; the mobile phase, non-polar and

compounds that are weakly polar elute first. In reversed-

phase chromatography, the reverse is true: the stationary

phase is nonpolar; the mobile phase, polar, and weakly polar

compounds elute last resulting in a much improved separation
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of these compounds over that seen in normal-phase

chromatography (Yost et al. 1980). The dynamics involved

are illustrated in Figure 4.

For the reversed-phase separation of the bases and

nucleosides, an aqueous buffer of monobasic ammonium

phosphate (KH2PO4) at low pH and concentration has been used

with a C18 column. The packing of the C1. column consists of

nonpolar (hydrophobic) C18 aliphatic side chains bound to

silica particles through an esterified bond. This system

has been previously used to separate nucleosides and bases

with excellent success (Dutta et al. 1990; Bailey et al.

1990).

Anion-exchange chromatography is used for the

separation of the nucleotides. In anion-exchange

chromatography, ionic compounds associate and dissociate

with the stationary phase depending on the relative ionic

strengths of the compound and of the two phases. The ions

in mobile phase compete with those of the subject compound

for the ionic sites of the stationary phase. When compounds

of greatly different ionic strengths are separated, a

gradient elution is used starting with a weakly ionic mobile

phase, and gradually increasing its ionic strength. Weakly

ionic compounds elute first. If necessary, a counter-ion

with which the ionized subject compound interacts is

included in the mobile phase to assist the elution of
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Figure 4. Comparison of Normal Phase
Reversed Phase Chromatography
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strongly ionic compounds (Snyder and Kirkland 1974). The

principles involved are illustrated in Figure 5. For the

separation of the nucleotides, a Dionex AS4A column with

gradient elution is used in this study. The packing of the

AS4A column consists of polystyrenedivinyl benzene beads

coated with latex beads in which diethylaminoethyl (DEAE)

groups are chemically bonded. DEAE provided the strongly

polar quaternary ammonium group to interact with the

nucleotides and effect separation. The elution proceeded

from a low pH, low ionic strength buffer to a higher pH,

higher ionic strength buffer containing a counter-ion.

Quaternary ammonium anion-exchange columns with either

gradient or isocratic elution have been used successfully in

several studies to identify nucleotides (Henry et al. 1973;

Hartwick and Brown 1975; Pogolotti and Santi 1982).

While HPLC is a useful technology, one additional

nontechnological strategy was attempted to determine whether

or not the pseudomonads lack the enzyme udk. Pseudomonas,

as a genus, contain some of the most efficient and

catabolically diverse microorganisms known. For example,

within the genus, certain individual species are grouped by

the catabolic pathways used to break down specific

compounds. The degradation of aromatic compounds such as

mandelate and benzoate is accomplished through the A-

ketoadipate pathway for all fluorescent and certain
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Figure 5. Anion Exchange Chromatography. In Figure 5, NH3
indicates the ionic form of the ammonium group of DEAE; 0,
the ions of the mobile phase; X, M-, and W represent the
strongly ionic, moderately ionic, and weakly ionic compounds
contained within the solute, respectively; C, the counter
ions of the strongly ionic mobile phase. Arrows indicate
the direction of flow of the mobile phase.
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Figure 5. Anion-Exchange Chromatography
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non-fluorescent pseudomonads while the P. acidovorans group

uses a pathway in which the a-keto acids are intermediates

(Stanier et al. 1966). In general, the pseudomonads do not

waste their metabolic efforts in the production of enzymes

they do not need. It is known that the pseudomonads lack

the salvage enzymes thymidine phosphorylase and cytidine

deaminase (Kelln and Warren 1974; West 1990). It has

become a point of interest to some investigators as to

whether the pseudomonads possess Udk (Kelln and Warren

1974). In an attempt to resolve the question, populations

of a pyrB strain of P. putida blocked in the de novo

synthesis of UMP have been exposed to a series of selections

designed to isolate individual bacteria that a) are blocked

at pyrB, b) utilize orotic acid (OA) to satisfy their

pyrimidine requirement, and c) lack the gene upp. Prior to

this study, no Pseudomonas strain of this genotype has been

isolated.

The overall significance of this study is that it

compares the immediate metabolic fates of the bases uracil

and cytosine and their respective nucleosides uridine and

cytidine in the pseudomonads, P. aeruginosa and P. putida

and also in the enteric bacteria E. coli and S. typhimurium.

The study is important because it helps to elucidate the

metabolic strategies used by microorganisms from disparate

environments. The enteric bacteria, represented here by E.
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coli and S. typhimurium, live in an environment which is one

of the richest found in nature with respect to nucleosides

and nucleobases. It is required of these enteric

microorganisms to efficiently utilize both the available

nucleosides, uridine and cytidine, as well as the free

nucleobases, uracil and cytosine. In contrast, pseudomonads

are found in nutritionally sparse environments where the

concentrations of extracellular nucleosides are low while

the availability of nucleobases make these the primary

source of exogenous pyrimidines. Given the wide variance in

primary habitat, this study will not only highlight the

known differences in pyrimidine nucleoside and nucleobase

metabolism but it will also endeavor to highlight the

overall metabolism of these microorganisms.



CHAPTER 2

MATERIALS AND METHODS

Chemicals and Reagents. The nucleobases, nucleosides, amino

acids, orotic acid, D-ribose, bovine serum albumin,

nitrilotriacetic acid, and calcium chloride used in this

study were purchased from Sigma Chemical Company (St. Louis,

Mo.); yeast extract and tryptone from Difco Labs (Detroit,

Mi.); zinc sulfate and trizma base from J. T. Baker Chemical

Company (Phillipsburg, N.J.); and potassium chloride and

monobasic ammonium phosphate from Mallinckrodt Inc. (Paris,

Ky.). The 5'-fluoro-analogs used were provided to this

laboratory by the Hoffman-LaRoche Chemical Co. of Nutley,

N.J. The Coomassie Protein Assay Reagent used in the

Bradford Protein Assay was obtained from Pierce Chemical

Company (Rockford, Il.). All other chemicals were of

analytic grade and were purchased from Fisher Scientific

Company (Fair Lawn, N.J.), as was the agar used for solid

media. All solutions intended for use in HPLC were prepared

with deionized H20 from a MilliQ H2 0 system (Millipore

Corp., Bedford, Ma.).

Strains of Bacteria Used. All strains used in this study

were obtained from the collections of Dr. G. A. O'Donovan,

30
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University of North Texas, or Dr. B. W. Holloway, Monash

University, Australia, or were developed during this study.

Table 1 lists the strains used together with their

phenotypes and the source from which each was obtained.

Media. E. coli minimal medium (Miller 1972) used in the

growth of E. coli and S. typhimurium strains had the

following chemical composition by weight in 1 1 of deionized

H20 (ddH20) : K2HPO4 , 10.5 g; KH2PO4, 4.5 g; (NH 4) 2 SO4 , 10 g;

Na3 C6H307 , 0.5 g. This solution was autoclaved, cooled, and

supplemented with the following sterile solutions: 1.0 ml of

1 M MgSO4 , 1.0 ml of 10 mg thiamine per ml, and 10 ml 20% D-

glucose. Glucose served as the carbon and energy source.

Agar was added to a final concentration of 1.5% (w/v) to

produce a solid medium.

Pseudomonas strains were grown on a medium (Ornston

1966) of the following chemical composition: 12.5 mM

Na2 HPO4 ; 12.5 mM KH 2 PO4 ; 0.1% (NH 4 ) 2 SO4 (w/v) ; and 10 ml of 1%

(v/v) concentrated base containing 100 ml Hunter's Metals 44

solution (Cohen-Bazire et al., 1957). 10 ml of a 1 M

succinate solution was added to give a final concentration

of 10 mM as a carbon and energy source.

Uridine kinase-lacking Pseudomonas mutants were sought

in a upp background. The upp mutants were grown on a

specialized Pseudomonas minimal medium in which asparagine
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and ribose replaced succinate as the carbon and energy

source to prevent catabolite repression of the salvage

enzymes. Ribose was also included to force the hydrolysis

reaction catalyzed by nucleoside hydrolase backwards. The

final concentrations of ribose and asparagine were 100 mM

and 22 mM respectively.

The defined growth medium of the P. puticda pyrB mutant

B1137 consisted of Pseudomonas succinate minimal medium

supplemented with 50 gg of uracil per ml. The medium

required for the formation of the orotic acid-utilizing,

Pyr mutants OAU and SOC 1, was composed of Pseudomonas

succinate minimal medium containing either 50 or 150 gg of

orotic acid per ml.

Agar was added whenever solid medium was required. In

order to produce the 100 ml cultures for all cell-free

extracts, succinate was added at a final concentration of

100 or 200 mM.

Although wild-type strains of S. typhimurium grow well

on E. coli minimal medium, strain S-49, a Pyr mutant strain

that was also upp~, udp~ and cdd~ required an enriched

medium. Consequently, S-49 was grown on Luria-Bertani

(Miller, 1972) medium consisting of the following chemical

composition by weight in 1 1 of ddH2 0: Tryptone, 10.0 g;

yeast extract, 5.0 g; NaCl, 10.0 g. Agar was added as

mentioned to produce a solid medium.
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Selection of E. coli strains. To select for 5'-fluorouracil

resistant mutations of E. coli K12, 0.1 ml of an overnight

culture was spread onto four E. coli minimal medium glucose

plates. A 5'-fluorouracil crystal was placed in the center

of each plate. All plates were incubated at 370C. A zone

of selection was visible by 48 hours. Colonies appearing in

the zone of selection within 72 hours were selected and

streaked onto fresh minimal plates without 5'-fluorouracil.

The plates were incubated at 370C for 24 hours.

Isolated colonies of the 5'-fluorouracil resistant

mutants were used to inoculate 5 ml broth tubes which were

grown overnight at room temperature on a rotary shaker set

at 250 rpm to provide aeration. These cultures were stored

at 40C.

For the selection of 5'-fluorouridine resistant mutants

one begins with upp background. In a selection adapted from

previous work (O'Donovan and Gerhart 1972), 0.1 ml of a

guanosine solution, pH 4.2, at approximately 90 gg/ml, was

spread on E. coli minimal glucose plates and allowed to dry.

One tenth ml from each broth culture of the 5'-fluorouracil

resistant strains was spread onto the guanosine treated

plates. All plates received a crystal of 5'-fluorouridine

in the center and were incubated at 370C. Within 36 hours,

a zone in which there were few or no colonies appeared.
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Selected colonies arising in this zone by 72 to 96 hours

were streaked for isolation onto fresh plates without 5'-

fluorouracil or 5'-fluorouridine. Isolated colonies were

used to inoculate 5 ml broth tubes that were grown overnight

at 370C with aeration. The overnight cultures were used to

inoculate broth tubes for stock maintenance, frozen storage,

or extract preparation. To prepare cultures for frozen

storage, 2 ml of 80% glycerol were mixed with 2 ml of an

overnight culture and stored at -200C.

Selection of S. typhimurium strains. The selection of 5'-

fluorouracil resistant mutants occurring within populations

of S. typhimurium LT-2 was the same as that used to select

for E. coli K12 5'-fluorouracil resistant strains.

In a selection based on previous work but modified

specifically for this study, 5'-fluorouridine resistant

mutants were sought in a upp background (O'Donovan and

Gerhart 1972). On tenth ml of 5 ml overnight cultures of

5'-fluorouracil resistant S. typhimurium mutants was spread

onto E. coli minimal glucose plates. Two mutant strains,

ST330 and ST220 were spread onto three plates each. To

establish that guanosine was not toxic to the S. typhimurium

upp mutants, the first set of plates of ST330 and of ST220

received a crystal of guanosine only. The second set of

plates was used to confirm that the strains were still upp
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mutant. These plates received crystals of guanosine and 5'-

fluorouracil. The third set of plates was used for the

actual selection. These plates received crystals of

guanosine, 5' -fluorouracil, and 5' -f luorouridine placed

individually near the center of the plate. The remaining

5'-fluorouracil resistant strains were spread on two plates

apiece. The first plate received crystals of guanosine and

5'-fluorouracil; the second, guanosine, 5'-fluorouracil, and

5'-fluorouridine. All plates were incubated at 370C.

Colonies which appeared in the selection zone near the

5'-fluorouracil or 5'-fluorouridine crystals were selected

and streaked for isolation onto E. coli minimal glucose

plates. Isolated colonies were used to inoculate 5 ml broth

cultures that were grown overnight at 370 C in a shaker

incubator. The overnight 5 ml cultures were used as

previously mentioned.

Selection of P. putida and P. aeruginosa strains. The

selection of 5'-fluorouracil resistant mutants arising

naturally within populations of P. aeruginosa PAO 1 and P.

putida PRS 2000 was similar to that used in the selection of

such mutants in E. coli K12. All cultures were grown in

broth or on plates of Pseudomonas succinate minimal medium.

Colonies of suspected mutants could not be transferred from

the zone of selection until the plates had been incubated
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for four days. Otherwise, the selection was the same as

that used for E. coli.

During the second round of selection, Pseudomonas

minimal medium was prepared containing 0.022 M asparagine

(Asn) as a carbon source and 0.1 M ribose (Rib) to provide

an environment in which nucleoside hydrolase might be forced

backwards by mass action. The selection used for the second

round was developed specifically for the pseudomonads during

this study. To provide controls, 0.1 ml of an overnight

culture of two selected upp mutants were spread onto plates

of the medium to determine if it could sustain growth. To a

second set of plates, a crystal of guanosine was added to

check for the toxicity of exogenous guanosine to the mutant

strains.

To select for mutant strains lacking upp and nuh, 0.1

ml of overnight broth cultures of upp strains was spread

onto Pseudomonas minimal/Asn/Rib plates. Crystals of 5'-

fluorouracil and guanine, or 5'-fluorouracil, guanine, and

guanosine were placed individually near the center of each

plate. Plates were incubated at 37C for P. aeruginosa

strains and 300C for P. putida strains. The largest

colonies arising near the 5'-fluorouracil crystal were

streaked for isolation onto Pseudomonas succinate minimal

medium and incubated at 37*C for 24 hours.
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In a final attempt to isolate the desired mutants,

serial dilutions were made of overnight cultures of the 5'-

fluorouracil resistant strains from approximately 109

cell/ml. One tenth ml of the final dilution was spread onto

minimal/Asn/Rib plates. Individual crystals of 5'-

fluorouracil, guanine and guanosine were added to plates to

produce "triple selection" plates. These were incubated at

the appropriate temperature. The population at the edge of

each zone of selection was sampled at points near the

guanine and guanosine crystals. The samples were streaked

for isolation onto Pseudomonas succinate minimal plates.

Sampling of the "triple selection" plates took place at 48

hours incubation for P. aeruginosa plates and 72 hours

incubation for P. putida plates.

Isolated colonies from all strains were inoculated into

5 ml broth cultures and grown overnight. The 5 ml cultures

were used as previously mentioned.

Selection of modified P. putida pyrB1137. P. putida

pyrB1137 is a pyrB mutant requiring pyrimidine for growth.

To initiate the selection using a protocol developed for

this study, orotic acid utilizing B1137 mutants were sought.

Four control plates of Pseudomonas succinate minimal medium

were prepared. One tenth ml of a B1137 stock culture grown

in Pseudomonas minimal succinate broth supplemented with 50
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gg of uracil per ml was spread on the first plate. Crystals

of orotic acid and 5'-fluorouracil were added. The second

plate was spread with 0.1 ml of a 50 gg of cytidine per ml

solution, allowed to dry, and subsequently spread with 0.1

ml of the B1137 stock culture. The third was spread with

0.1 ml of a 50 gg uridine per ml solution, allowed to dry,

then spread with 0.1 ml of a 5 ml overnight broth culture of

P. putida PRS 2000. The fourth was not supplemented. B1137

stock culture was streaked on the plate. The control plates

were used to establish whether B1137 could be supplemented

with compounds other than uracil, if it was affected by 5'-

fluorouracil, and if exogenous uridine would have any effect

on a wild-type P. putida strain. A final plate was spread

with 0.1 ml of the B1137 stock culture and orotic acid

crystals were added. All the control plates and the orotic

acid test plate were incubated at 30*C for one week.

Colonies arising on the orotic acid test plate were

selected and transferred to 5 ml broth tubes or plates of

Pseudomonas succinate minimal medium. An area of confluent

growth was also sampled. The colonies and samples were

designated OAU C and OAU 1-10 and were transferred to 5 ml

tubes of sterile ddH20. One tenth ml from each well

vortexed tube was spread on a Pseudomonas minimal succinate

plate and a crystal of orotic acid added. Colonies from the

test plate were transferred to Pseudomonas minimal succinate
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plates on which a drop of sterile ddH2 O had been placed.

With an inoculating loop, the colonies were drawn through

the water across the plate in a grid pattern. Orotic acid

crystals were placed in the center. All plates were

incubated at 300C, and checked for growth at 48 hours,

sealed, and stored at 40C for two months while other

research took place.

To revive the strains, samples were transferred from

each plate to 5 ml sterile ddH2 O tubes and vortexed. One

tenth ml of each suspension was spread on a Pseudomonas

succinate minimal medium plate, an orotic acid crystal was

added and the plates were incubated 5 days at 300C. Samples

from each plate were used to inoculate 5 ml Pseudomonas

succinate minimal broth tubes containing 50 gg of uracil per

ml. These were grown overnight on a shaker table at 30*C at

250 rpm. One tenth ml of selected cultures was spread on

Pseudomonas minimal succinate plates supplemented with 50 Ag

of orotic acid per ml. To each was added a crystal of 5'-

fluorouracil. These were incubated one week at 300C.

In a second attempt, 150 jg of orotic acid per ml

supplemented Pseudomonas succinate minimal medium plates

were spread with 0.1 ml of four selected cultures. Each

plate received an 5'-fluorouracil crystal. To prevent

drying, the plates were placed in a beaker containing a damp

paper towel. The beaker was sealed with parafilm and placed



40

in the incubator at 300C for 10 days. Plates were examined

daily for growth. The plates were removed from the

incubator after 10 days and allowed to grow at room

temperature. After 12 days, 73 colonies arising in the zone

of selection were patched onto four Pseudomonas minimal

succinate plates supplemented with 50 sg of uracil per ml,

50 gg of orotic acid per ml, or 150 Mg of orotic acid per

ml, or no supplement.

The patch plates were incubated one week at 30C in a

beaker set up as previously mentioned. Those colonies which

grew only on orotic acid or which grew noticeably larger on

orotic acid were streaked for isolation on Pseudomonas

minimal succinate plates supplemented with 150 Mg of orotic

acid per ml. The procedure used to isolate SOC 1 is

illustrated in Figure 6. Isolated colonies were used to

establish freezer stock, maintain refrigerator stock, and in

subsequent experiments. A summary of all the selections

used for this study can be found in Table 3.

Development of Cell-Free Extracts. One hundred ml cultures

in sidearm flasks were grown in a Gyrotology H2 0 shaker bath

Model G76 (New Brunswick Sci. Co., Inc.,, New Brunswick,

N.J.) set at the appropriate temperature and 265 rpm for the

enterics or 360 rpm for the pseudomonads. Cell density was

followed using a Klett-Summerson photoelectric colorimeter
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Figure 6. Isolation of SOC I
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Table 3. Selections Used for the Isolation of Pyrimidine
Salvage Mutants.

Organism TreatmentMedia Expected
Genotype

FU E. coli mimimal upp
2% (w/v) ~~p~~ ~ ~

E . col glucose , udk
GR, FUR or

upp, udp

FU E. coli minimal upp
2% (w/v)

S. typhimurium GR, FU, glucose upp, udk

FUR or
upp, udp

Pseudomonas

P. putida FU minimal1UPP
PRS2000 10 mM succinate

and Pseudomonas
P. aeruginosa upp, nuh

PA01 G, GR, FU minimalS por22 mM ASN or, d
100 mM Ribose Upp, udk

Pseudomonas
OA minimal pyrB, OAU

10 mM succinate_
P. putida B1137

(pyrB) Pseudomonas

FU minimal pyrB,
10 mM succinate OAU, upp

150 g OA/mlI

In Table 3, 5'-fluorouracil is abbreviated as FU, 5'-
fluorouridine as FUR, guanine as G, guanosine as GR, orotic
acid as OA, asparagine as ASN, orotic acid utilizing as OAU.
upp indicates the lack of a functional gene for uracil
phosphoribosyltransferase; udk, the lack of a functional
gene for uridine kinase; udp, the lack of a functional gene
for uridine phosphorylase; nuh, the lack of a functional
gene for nucleoside hydrolase; pyrB, the lack of a
functional gene for the catalytic polypeptide of aspartate
transcarbamoylase.
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(Klett Manufacturing Co. Inc., New York, N.Y.) fitted with

a No. 54 green filter at 30 minute intervals. At a density

of 100 Klett-Summerson units (KU) (1 KU equals 1 x 10

cells/ml), all cultures were transferred to 200 ml GSA

bottles and centrifuged at 20,900 x g and 40 C for 15 minutes

in a Sorvall Instruments RC56 Centrifuge (Sorvall Products,

Wilmington, De.). The pellets were washed in 50 mM Tris-HCL

buffer, pH 7.0, then resuspended in 2 ml of 50 mM Tris-HCL.

Using a Branson Sonifier Cell Disruptor Model 200

(Branson Sonic Power Co., Danbury, CT), the cell suspensions

were subjected to 30 second intervals of sonification

followed by 1 minute rest periods. All suspensions were

sonicated until transparent. After sonification, the

suspensions were centrifuged in an SA-600 rotor at 20,840 g

and 40C for 15 minutes. All extracts were transferred by

Pasteur pipette to sterile 5 ml screw cap tubes and stored

at 40C until used or dialyzed through 3 changes against a 50

mM Tris-HCI, pH 7.0 buffer. An alternative procedure was to

sonicate cells for one minute using 5 twelve second

intervals of sonification and centrifuge as stated. The

extract was used immediately or dialyzed for 2.5 hours

against a 50 mM Tris-HCI, pH 7.6 buffer then used.

Determination of protein concentration. Total protein

concentration in the extracts was determined using the
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method of Bradford (Bradford 1976). Bovine serum albumin

was used as the standard.

Conditions of Chromatography. The HPLC apparatus was

supplied by Waters Chromatography Division (Milford, Ma.).

The system components are two model 510 pumps, a Model 600

Automated Gradient Controller, a U6K injector, an LCD

Analytical SM 5000 Photodiode Array detector and a Waters

740 integrator. The integrator received a single wavelength

and was set at 254 nm and 0.05 absorbance units full scale

(AUFS). Data were retrieved using an IBM-compatible

computer with SM5000 software. It received wavelengths from

190 nm to 360 nm. The two columns used were the IBM C18

column (250 mm x 4.5 mm I.D.; particle size 5 gm from I.I.I.

Supplies Co., Wallington, CT.) and the AS4A column with the

AG4A guard column (Dionex Corp., Sunnydale, Ca.).

Separation of nucleosides and bases by reverse phase HPLC.

A low salt buffer was prepared consisting of 5 mM

(NH4)2H2PO4, pH 3.5 dissolved in H20 from a MilliQ System

(MQH 20) and vacuum filtered through a cellulose nitrate

filter (pore size 4.5 gm obtained from Micro Filtration

Systems, Dublin, Ca.). To prepare the column and apparatus,

the methanol used for storage had to be flushed from the

system. The system and column were flushed. first with

filtered MQH 20, and then with low salt buffer.
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As a control and to provide reference points for data

analysis, a baseline elution of buffer only was performed.

Standards of 1 mM uridine, 1 mM cytosine and 1 mM cytidine

were analyzed individually. A mixed standard of 250 AM U,

uridine, cytosine, cytidine, UMP and CMP was dialyzed. And

finally, standards of GTP, UMP, UDP, and uridine were

analyzed individually and in various combinations at

concentrations ranging from 0.5 mM to 1 mM.

Reaction mixtures for the detection of Udp in cell-free

extracts (CFX) from original and newly isolated enteric

strains were composed of: a) 20 Ml of undialyzed cell-free

extract with 900 gl of either 1 mM uridine or 1 mM cytidine;

or b) the same reaction mixture plus 1 mM ATP or 5 mM GTP

added to a final concentration of 13.4 mM ATP or GTP; or c)

2 gl of dialyzed cell-free extract plus 10 l of 90 mM

phosphate buffer and 90 gl of 0.33 M uridine. The reactions

proceeded for 20 minutes at room temperature and were

terminated via filtration through an ARCO 0.2 AM LC13 filter

(Gelman, Ann Arbor, Mi.) for the undialyzed extract

mixtures. In an alternative strategy, the reaction mixtures

using dialyzed extracts were allowed to react for 30 minutes

at 370C and were terminated through immersion in ice. To

demonstrate the presence of Nuh in pseudomonad strains,

reaction mixtures a) and b) were used with undialyzed

extracts. Reaction mixture c), used with dialyzed extracts,
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was modified. Phosphate buffer was replaced with 10 pl of

MQH20. Incubation and termination of all three reactions

was as stated. Twenty Al of each reaction mixture was

analyzed through HPLC for the presence of uracil, cytosine,

uridine, cytidine, UMP and CMP. All elutions were run at a

rate of 1 ml/min.

For storage, the apparatus and the C18 column were

rinsed of elution buffer with filtered MQH2 0. Filtered

methanol was flushed through the system to inhibit bacterial

growth. The C18 column was removed, capped and stored.

Separation of nucleotides by ion-exchange HPILC. A high salt

buffer was prepared for the gradient elution consisting of a

pH 4.0 solution of 0.5 M NH4 H2 PO4 and 0.5 M KC1. Low salt

buffer was prepared as previously mentioned. To wash

storage solutions from the apparatus and column, the

apparatus, without the column, was flushed of methanol using

filtered MQH 20. The column was attached and the system was

again flushed with water to remove the NaOH in which the

column was stored. Low salt buffer was run through the

system overnight at a rate of 0.2 ml/min.

A baseline of buffers only was established. A 250 mM

standard containing a mixture of the mono-, di-, and

triphosphate ribonucleotides of adenine, guanine, cytosine,

and uracil was analyzed to establish controls for data
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analysis and to establish the order of elution.

Chromatograms of 1 mM standards of uridine, cytidine, and

cytosine were also established. Reaction mixtures a) and b)

were made as previously stated. Again the reactions were

terminated through filtration.

Two additional reaction mixtures were developed. To

assay for the presence of Upp, a reaction mixture consisting

of 70 yl of 10 mM uracil, 10 Al of 1mM PRPP, 10 p1 of 10 mM

GTP and 10 pl of dialyzed or undialyzed cell-free extract

was incubated at 370C for Salmonella extracts or room

temperature for P. putida extracts for 30 minutes. The

reaction was terminated by filtration for undialyzed cell-

free extract mixtures or immersion in ice for dialyzed

extracts. To assay for the presence of Udk, a reaction

mixture consisting of 88 pl of 1 mM uridine, 2 pl of 1 mM

GTP, 6 pl of 24 mM of MgCI 2 and 4 Al of dialyzed cell-free

extract was made by first combining GTP with the extract and

preincubating the mixture for 5 to 10 minutes. After adding

uridine and MgCl 2 , the reaction was incubated and terminated

as mentioned. All elutions were performed at a rate of 1.5

ml per min starting with 100% low salt buffer pH 3.5 and

ending with 20% low salt buffer, 80% high salt buffer pH

4.0. The column was regenerated after each assay by washing

with low salt buffer for 10 minutes at a flow rate of 4

ml/min. Chromatograms were analyzed via UV absorption
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spectroscopy to identify the compound represented by each

peak.

The system was prepared for storage by flushing with

MQH20, then with 150 mM NaOH (pH 13). The AS4A and guard

columns were removed and capped and the apparatus flushed

again with water and finally with methanol.

Test for the effect of orotic acid concentration on crystal

formation in SOC 1 broth cultures. A test was designed to

determine at what concentration of orotic acid SOC 1 would

grow without the formation of crystals. Five ml tubes of

Pseudomonas minimal medium plus 50, 75, 100, 125, and 150 pg

of orotic acid per ml were inoculated with SOC 1 and

incubated at 370C for two days. The tubes were then stored

at 40C. Tubes were checked for growth and crystallization

after two days of growth and for crystallization after 48

hours of storage.



CHAPTER 3

OBSERVATIONS AND RESULTS

Selection of Enteric strains. The selection of enteric 5'-

fluorouracil resistant mutant strains yielded selection

plates with a sparsely populated area surrounding the 5'-

fluorouracil crystals. This area was designated the

selection zone. All selection zone colonies were assumed to

be upp mutants.

In a second selection, udp or udk mutants were sought

in a upp background. E. coli plates of upp mutants exposed

to 5'-fluorouridine looked like the 5'-fluorouracil

selection plates. In contrast, plates of S. typhimurium upp

mutants exposed to individual crystals of guanosine, 5'-

fluorouracil, and 5'-fluorouridine showed a confluent growth

in the selection zone of pinpoint colonies bordering on the

fluoro-analog crystals. Control plates established that S.

typhimurium mutants were not inhibited by guanosine and had

retained 5'-fluorouracil resistance.

Selection of Pseudomonas strains. The selection of upp

mutants in Pseudomonas also produced colonies growing near

5'-fluorouracil. In the second selection, nuh or udk

mutants were sought in a upp background by exposing upp

49
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mutant strains to individual crystals of guanine, guanosine,

and 5'-fluorouracil. No additional sensitivity to 5'-

fluorouracil could be imposed on either P. putida or P.

aeruginosa as both strains grew beside or on top of the 5'-

fluorouracil crystals.

Selection of P. putida strains OAU and SOC 1. The

derivations of the strains OAU and SOC 1 are given in Figure

6. To initiate the selection, a suitable Pyr~, 5'-

fluorouracil sensitive Pseudomonas strain was sought by

testing P. putida strain B1137 using a series of control

plates. The first plate contained uracil as a supplement

and individual crystals of orotic acid and 5'-fluorouracil.

The plate was similar in appearance to the E. coli 5'-

fluorouracil selection plates. Cytidine had been

substituted for uracil on the second plate. It showed a

thin confluent growth of pinpoint colonies. The third

plate, testing the effect of uridine on the wild-type P.

putida strain PRS 2000, showed a confluent growth. The

fourth unsupplemented plate streaked with B1137 showed no

growth. These results indicate 1) that B1137 is sensitive

to 5'-fluorouracil, 2) that cytidine cannot be used as a

pyrimidine supplement for B1137, 3) that PRS 2000 is not

inhibited by uridine, and 4) that B1137 requires a

pyrimidine supplement for growth. On the basis of these
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results, B1137 was chosen as the strain used in this

selection.

The orotic acid utilizing strain OAU was sought in a

pyrB background by exposing B1137 to crystals of orotic

acid. These plates showed an area of confluent growth

surrounding the crystals with scattered colonies arising

beyond the perimeter. When selected colonies and a sampling

of the confluent growth were re-exposed to orotic acid, the

plates displayed a thick confluent growth surrounding the

crystals. This selection isolated 11 orotic acid utilizing

Pyr strains designated OAU C and OAU 1 through 10. OAU 6

was the only OAU strain from which a upp mutant could be

isolated. It is now designated simply, OAU.

To isolate SOC 1, a upp, Pyr~, orotic acid utilizing

mutant, the OAU strains were exposed to 5'-fluorouracil on

plates supplemented with 50 sg of orotic acid per ml. Only

pinpoint colonies appeared. When OAU strains were exposed

to 5'-fluorouracil on plates supplemented with 150 jg of

orotic acid per ml, scattered colonies arose. Seventy-three

colonies were tested for the ability to utilize orotic acid

but not uracil to fulfill their pyrimidine requirement. One

colony, a pyrB, upp, orotic acid utilizing mutant

demonstrated such an ability and has been designated SOC 1.
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Crystal formation in SOC I medium. A mild crystallization

reaction between orotic acid, some component of the medium,

and possibly a compound excreted by SOC 1 was first noted in

solid medium plates of the strain. Subsequently, during an

attempt to grow a 100 ml broth culture of SOC 1 to a density

of 100 KU, crystal formation which was detectable within the

first hour of incubation, became so pronounced by the third

hour that an accurate reading of cell density could not be

obtained. Table 4 gives the results of a test to determine

the effect of orotic acid concentration on crystal

formation. Crystal formation occurred within 48 hours in

tubes containing 125 gg or more of orotic acid per ml.

Crystals were present in all tubes after storage at 40 C. It

is suspected that the formation of crystals is due to a

lowering of the pH by the oranism over time such that orotic

acid becomes insoluable in the medium.

ItsN" N9Xtd, a.son o b

p jE%! It is assumed that

a form of SOC 1 can be isolated that has a lower orotic acid

requirement.

Preliminary results of HPLC analysis using the C1 column.

Preliminary assays for the enzymes Upp, Udk, Udp, and Nuh

were performed using extracts of E. coli, S. typhimurium,

and P.aeruginosa strains. A comparison of Figure 7 with
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Table 4. Orotic Acid Concentration Test.

Concentration of Orotic

Acid in pg/ml: 50 75 100 125 150

Growth after 1 Day - - - - +

Growth after 2 Days + + + ++ ++

Crystal formation at 2 Days

(300C)

Crystal formation at 5 Days

(3 Days storage at 40C)
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Figure 8 shows that the concentration of UMP increases in a

wild-type E. coli K12 extract assayed with uridine and ATP.

From the peak area values given in Table 5, the increase in

UMP concentration in the extract is calculated to be

slightly more than 5-fold. Figures 9, 10, 11, and 12 show

the chromatograms of the 5'-fluorouracil resistant mutants

EC4110 and EC4410 when incubated with uridine or cytidine.

Small UMP and CMP peaks are seen along with pronounced

uracil peaks. Thus, both EC4110 and EC4410 have a

functional Udp enzyme, and the enzymes Upp and/or Udk, may

be present. The presence of a cytidine peak in these

chromatograms indicates that cytidine has been formed as a

catabolite of the CTP produced from uridine nucleotides.

The chromatogram in Figure 13 shows that EC2212 extract

combined with uridine produces a uracil peak. The UMP peak

seen is small enough to be due to background concentrations

of the nucleotide. Therefore, EC2212 lacks Upp and Udk

enzymes but has a functional Udp enzyme.

From Table 5, when wild-type S. typhimurium LT 2

extract is assayed with cytidine, UMP and CMP peaks appear,

and uracil levels rise 2-fold. Extracts of S. typhimurium

strains ST330 and ST332 both display a roughly 3.5- to 3.9-

fold increase in uracil and a 2-fold increase in UMP when

assayed with cytidine. All three strains have functional

udp, udk, and upp genes.
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Table 5. Peak Areas of Preliminary C18 Analyses.
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Figure 9 E. coi EC4110
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Figure11 E. colilEC4410
Cell-Free Extract + Uridine
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Cell-Free Extract + Cytidine
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Chromatograms for extracts of P. aeruginosa strains

PA130 and PA133 assayed with uridine are seen in Figures 14

and 15, respectively. Both show a decrease in the size of

the UMP and CMP peaks when compared with Figure 16, a

chromatogram of unreacted PA133 extract. It appears that

both strains lack Upp and Udk. The enlarged uracil peaks in

Figures 14 and 15 indicate that both PA130 and PA133 possess

a functional Nuh enzyme. A cytidine peak is seen,

indicating the conversion of uridine to cytidine. An as yet

unidentified uridine aminase may be present.

Preliminary results of HPLC analysis using the AS4A column.

The AS4A column was used to analyze the preliminary assays

for Udk and Upp in extracts of P. putida and S. typhimurium.

S-49, an S. typhimurium strain lacking Upp and Udp was used

as a control. All preliminary assays were performed using

undialyzed extracts and the results are shown in Table 6.

When a fresh S-49 extract is reacted with uridine and ATP,

the level of UMP was calculated to have increased almost 10-

fold. UDP and UTP levels also rose. These and other

changes in peak area values indicate that Udk has converted

uridine to UMP.

PRS 2000 extract assayed with uridine and ATP or with

uridine and GTP yields peak area values showing

approximately 2- and 3-fold increases for CMP and CDP.
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Figure 14 P. aeruglnosa PAl130
Cell-Free Extract + Uridine
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Figure 15 P. aerug/nosa PAl133
Cell-Free Extract + Urdine
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Table 6. Peak Areas of Preliminary AS4A Analyses.
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Table 6. Peak Areas of Preliminary AS4A Analyses

(continued)
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In the assay using GTP, the UMP concentration doubles while

UDP concentration decreases. UTP appears in the assay using

ATP. The assay using uridine and GTP shows a decrease in

AMP and an increase in ADP. These and other changes in the

peak areas indicate that Upp and Udk are present and GTP may

have been used to phosphorylate AMP to ADP. ADP may also

result from the 2-fold decrease in ATP.

The extract of 5'-fluorouracil resistant PP150 assayed

with cytidine and ATP produces a 13-fold increase in CMP.

UMP and UDP are lost and a new UTP peak is seen. CDP

decreases as does GMP. ATP has been used to convert UMP and

UDP to UTP. Similar results were obtained when the same

assay was performed with PP151 extract. (PP151 is a mutant

derived from PP150.) CMP and UDP levels increase; UTP is

absent. The remaining nucleotide peaks exhibit the same

changes seen in the PP150 assay. Chromatograms of these

assays are seen in Figures 17, 18, and 19.

The preliminary results show that a) UMP, CMP, UDP, and

CDP can be detected on the AS4A column; b) S-49 is udk+,

(UMP and UDP are seen when the extract is reacted with

uridine) ; c) PRS 2000 is upp, (enlarged peaks for UMP, and

CMP are seen in the chromatogram for the assay); and d)

PP150 and PP151 are upp mutants (no UMP peaks are found in

their assays). However, when the extract is reacted with

cytidine, a peak appears that may be CMP. Thus, PP150 and
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Figure 17 P. aeruginosa PPI150
Cell-Free Extract + H20
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Figure 19 P. put~daPPl5I1
Cell-Free Extract + ATP + Cytidine
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PP151 may have another form of kinase that phosphorylates

cytidine to CMP. The point bears further investigation.

Final results of HPLC analysis using the C,, column. The

results of the initial Udp and Nuh assays on the C1. column

were sometimes difficult to interpret due to background

levels of the bases and nucleosides. To eliminate these, a

new assay was developed using dialyzed extracts from cells

sonicated for 1 minute only.

To assay for Udp, E. coli extracts were combined with

uridine and inorganic phosphate. Table 7 gives the peak

values for the uridine produced. Ribose-1-phosphate peaks

were also seen, but the integrator read these broad, low

peaks as a form of baseline drift and no peak values were

given. Table 7 shows that all three E. coli strains tested

contained an active Udp. The absence of peaks in the

chromatograms of unreacted extracts confirms that the peaks

seen are due to the action of Udp. A representative

chromatogram of the assay can be seen in Figure 20.

To assay for Nuh, P. aeruginosa extracts were combined

with uridine. The results are seen in Table 7. All of the

P. aeruginosa extracts tested produced uridine peaks

confirming that Nuh was present in all. A representative

chromatogram of this assay is seen in Figure 21. The

extracts used for these assays were less than 24 hours old.
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Table 7. Peak Areas of Final C 1. Analyses.
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Figure 20 E. o/i KI12 Upp Assay
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Figure 21 P. aeruginosa PA133 Nuh Assay
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Final results of HPLC analysis using the AS4 A column. The

AS4A column was used to detect the products of the Udk and

Upp catalyzed reactions in extracts of P. putida and S.

typhimurium. The results are shown in Tables 8 and 9,

respectively. Both dialyzed and undialyzed extracts were

used and the reaction mixtures modified accordingly (see

Materials and Methods).

The Udk assay reacted cell-free extract with GTP,

uridine, and MgCl2 . In LT-2 extract the assay results show

a 4-fold increase in UMP confirming the presence of Udk.

CMP is lost, but CDP and CTP levels increase. AMP and ADP

peaks appear. The increase in the GDP peak area shows that

GTP has been consumed to produce these purine and pyrimidine

nucleotides. When the Udk assay is repeated using S.

typhimurium ST330 extract, UMP increases slightly, a new UDP

peak appears and UTP shows a 23-fold increase. CMP is

produced and converted to CDP; ADP decreases 28-fold. GTP

has been converted to GDP and GMP. The ST330 Udk enzyme is

functional. ADP present in the extract as well as GTP was

used to convert uridine into uridine nucleotides and to

produce CDP.

The Udk assay performed with the extract of S.

typhimurium ST332 shows a 2-fold increase in UMP. UDP and

UTP levels also increase. A new AMP peak is seen. Some of
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Table 8. Nucleotide Peak Areas Detected in Udk and Cdk
Assays. Assay * indicates a udk assay - Reaction mixture:
9 mM uridine, 0.02 mM GTP, 1.5 mM MgCl 2 + 4 Al dialyzed
cell-free extract. Cdk assay indicates a cdk assay -
reaction mixture: 9mM cytidine is substituted for uridine.
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Table 8. Nucleotide Peak Areas Detected in

Udk and Cdk Assays.
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Table 8. Nucleotide Peak Areas Detected in

Udk and Cdk Assays. (continued).
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Table 9. Nucleotide Peak Areas Detected in Upp Assays.
Assay * indicates an assay mixture consisting of: 10 4l
cell-free extract, 7 mM uracil, 6.1 mM PRPP, and 1.0 mM GTP.
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Table 9. Nucleotide Peak Areas Detected in Upp Assays.
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Table 9. Nucleotide Peak Areas Detected in Upp Assays

(continued).
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the GTP has been converted to GDP and GMP. Thus, Udk

exists in ST332, a derivative of ST330.

The reverse is true for the Udk assays performed on the

wild-type P.putida strain PRS 2000 and the 5'-fluorouracil

resistant strain PP150. When the assay is performed with

either of these extracts, UMP peaks do not appear or else

remain unchanged. The PRS 2000 extract shows almost no

reaction. In the PP150 extract CMP and CDP decrease and CTP

appears. GTP is converted to GDP and GMP; AMP and ADP peaks

appear. Thus, the P. putida strains lack a functional Udk,

but use GTP to elevate CMP and CDP to CTP and to

phosphorylate adenosine compounds.

The assay for Upp incubated cell-free extract with

uracil, PRPP, and GTP. (See Materials and Methods for

concentrations). Results can be seen in Table 9. Whether

dialyzed or undialyzed LT-2 extract is used UMP levels rise

confirming the presence of Upp. A UDP peak appears, and CDP

and CTP peaks disappear. In the undialyzed extract CMP

levels fall; in the dialyzed, CMP levels rise. Thus,

cytidine nucleotides have been dephosphorylated to CMP or

cytidine. AMP and ADP peaks appear. Changes in the

guanosine nucleotide peaks indicate that GTP has been

consumed to produce CDP, UMP, UDP and the adenosine

nucleotides.
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The Upp assay of S. typhimurium ST330 dialyzed extract

produces a slight increase in UMP, a new peak of UDP, and a

280-fold increase in UTP. A highly reactive Upp enzyme is

present. New peaks for CMP, CTP, AMP and ADP are seen.

Therefore, GTP has been consumed to produce CMP and CTP as

well as uridine and adenosine nucleotides.

The results of a Upp assay of P. putida PRS 2000

dialyzed extract showed new peaks for UMP, UDP, and UTP.

ATP has been dephosphorylated to AMP and ADP. Extant ATP as

well as GTP has been used to produce the uridine nucleotides

and to convert adenosine to AMP. Upp is present.

A Upp assay using dialyzed P. putida PP150 extract

shows that peaks for UMP decrease. Therefore, Upp is

absent. CTP increases 4-fold. GMP decreases but GDP

increases 67-fold. GTP has been consumed to phosphorylate

CMP to CTP, and GMP to GDP. Upp is absent.

The Upp assay for PP151 shows very similar results.

UMP levels decrease, UTP is lost and UDP appears. Upp is

absent.

One final assay was performed to determine if P. putida

has a cytidine kinase other than Udk. A dialyzed, three day

old extract of PP150, was reacted with cytidine, GTP and

MgCl 2 . The peak areas listed in Table 8 show a peak for an

unknown cytidine compound and a very large CDP peak (204,286
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units). These results give evidence that in P. putida a

cytidine kinase other than Udk exists.

Effectiveness of selections. The selections for E. coli

were effective; upp and upp, udp mutants were found. S.

typhimurium selections were not. No evidence for the loss

of salvage enzymes was seen. In the Pseudornonas strains, P.

aeruginosa strains retained Nuh while the P. putida strains

PP150, and PP151 lost Upp. No evidence of Udk was found

even in a wild-type P. putida. However, in Pseudomonas the

existence of a cytidine kinase other than Udk is indicated

as is the existence of a uridine aminase.

Protein concentration in extracts. Protein concentration

was determined via the method of Bradford (Bradford 1976)

using bovine serum albumin as a standard. The average

protein content for extracts used in the preliminary assays

was 5.3 gg of protein per ml. Extracts used in the Nuh and

Udp assays contained 8.0 gg of protein per ml. Dialyzed

extracts used in the Upp and Udk assays had a protein

content of 12.3 gg per ml; undialyzed extracts, 12.4 gg per

ml.

Performance of columns and assays. As expected, dialyzed

extracts provided the clearest, most reproducible

chromatograms of the assays. The results of the Upp assays
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are poor in comparison to the other assays because a) MgCl2

was not added to the reaction mixture and b), the cell-free

extract was not preincubated with GTP. The AS4A column

worked best in the detection of nucleotides; the C18, for

the detection of bases and nucleosides.



CHAPTER 4

DISCUSSION

Selection of enteric bacteria mutants. Genetically, the

enteric strains E. coli and S. typhimurium are so very

similar that the same procedure to select for upp mutants,

i.e., the exposure of wild-type populations to 5'-

fluorouracil, was used for both.

The second selection which sought upp, udk or upp, udp

mutants in a upp background was modified for each enteric

strain to meet its unique requirements. Because S.

typhimurium readily converts uridine to uracil, using

fluorouridine alone in the selection would be ineffective.

By having both fluorouracil and fluorouridine present, the

cells can be forced to develop blocks in two of the enzymes

(O'Donovan and Gerhart 1972).

E. coli double salvage mutants were isolated through

the exposure of upp mutants to fluorouridine in the presence

of large quantities of a source of ribose-l-phosphate. This

caused the Udp catalyzed reaction to operate in reverse

(Paege and Schlenk 1952; Rasmussen et al. 1986). The

majority of the fluorouridine is then processed by the

83
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enzyme Udk to yield FUMP. Cells blocked at upp and udk

survive.

Figures 9, 11, and 8 are the chromatograms of

undialyzed extracts of EC4110, EC4410, and E. coli K12

(respectively) reacted with uridine. When the sizes of the

UMP peaks for these three chromatograms are compared, those

seen in the mutant chromatograms are noticeably smaller.

These results indicate that EC4110 and EC4410 are upp

mutants. Figure 13 shows the chromatogram of EC2221 extract

reacted with uridine. No UMP peak is seen indicating that

EC2221 lacks both Upp and Udk. Thus both of the selections

used to isolate E. coli salvage mutants were effective.

The peak areas seen in Tables 8 and 9 show that

functional Upp and Udk enzymes are present in putative S.

typhimurium salvage mutants. Thus the selections for these

mutants were ineffective though both strains display fluoro-

analog resistance (Table 3). This resistance can be

accounted for if these strains have blocks in pyrH which

register as constitutive for one or more enzymes in the

pyrimidine synthesis de novo pathway (O'Donovan and Gerhart

1972). Such a mutation greatly elevates the uridine

nucleotide pools which, in turn inhibit the enzymes udk and

udp. Therefore, little FUMP is synthesized. Whatever FUMP
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is produced is rendered ineffective via its dilution in the

enlarged UMP pool.

Selection of Pseudomonas strains. The initial 5'-

fluorouracil selection was the same as that used for the

enterics. The second selection was quite different. In

order to avoid catabolite repression of Nuh, (Ornston 1966;

West 1990) and the resistance to fluoro-analogs such a

repression can confer, succinate was replaced by asparagine

and ribose in the medium. To select for strains deficient

in udk or nuh, ribose was provided in high quantities in an

attempt to force the Nuh catalyzed reaction backwards via

mass action (see Introduction). Additional ribose was

provided through the action of a purine nucleoside hydrolase

(deoD) cleaving ribose-1-phosphate from guanosine.

Fluorouracil was used in the second selection due to the

strong resistance to fluorouridine that many of the

pseudomonads display (West and Chu 1986).

Figures 14 and 15 are chromatograms of first and second

round P. aeruginosa mutant strains. The presence of uracil

peaks prove that no nuh mutants were isolated from P.

aeruginosa. The peak areas for the Upp assays of P. putida

PRS 2000, and PP150, seen in Table 9 confirm that PP150 is a

upp mutant. The results of the Udk assay in Table 8

indicate that Udk is absent even in wild-type P. putida.
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Thus, the selection used for upp salvage mutants was

effective; for upp, nuh mutants, ineffective; and for upp,

udk mutants, ineffective as P. putida lacks udk. This

conclusion agrees with the findings of A. Campbell of this

laboratory who has conducted udk assays using radioactively

labeled uridine (A Campbell personal communication) .

SOC 1 and OAU mutants were isolated from B1137, a P.

putida strain blocked at pyrB. To isolate a mutant strain

that is both Pyr and upp mutant, B1137 must be "weaned"

from uracil. OAU represents such a "weaned" strain as it

utilizes orotic acid as a pyrimidine supplement and so does

not require a functional upp gene. However, the high

concentrations of orotic acid (150 gg/ml) required by OAU

(and SOC 1) induce crystal formation in the medium. (This

phenomenon was initially observed in solid medium and

attributed to water loss with a consequent concentration and

precipitation of orotic acid. But it also occurs in the

liquid medium.) The isolation of 5'-fluorouracil resistant

strains could be achieved only in a high orotic acid

concentration. The majority of the strains are permease

mutants and grow equally well on uracil or orotic acid.

Because SOC 1 is a upp mutant, it cannot use uracil as a

supplement and grows only on orotic acid. No oh y
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Stflc~ir beVW:

Conditions of chromatography. Dialyzed extracts gave more

reproducible results and chromatograms containing fewer

unidentifiable peaks than undialyzed extracts. The age of

the extract affected Udk and Upp assays. Udk lost potency

within 24 hours in dialyzed cell-free extracts stored at

4 0C, confirming the instability of the compound mentioned in

the literature (Valentin-Hansen 1978). The chromatograms of

Upp assays using fresh (less than 24 hours old) extract

displayed the best peak separation and provided the most

reproducible results. UV absorption spectra provided a more

accurate identification of the nucleotide peaks than a

comparison of elution times and order of elution with a

nucleotide standard.

Anomalous results. P. putida PP150 extract reacted with

cytidine produced a distinct CDP peak indicating that an

unidentified cytidine kinase is present in the extract and

producing CMP. Extracts of P. aeruginosa strains reacted

with uridine produced a cytidine peak, indicating that a

form of uridine aminase may be present. Both results are

anomalous but have been seen in more than one chromatogram.
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Summary. This study is significant because it has 1)

highlighted the metabolic differences in pyrimidine salvage

strategies seen in enteric bacteria and the pseudomonads,

2) provided additional evidence that Pseudomonas lacks a

functional udk gene, and 3) provided some evidence for a

cytidine kinase in P. putida and a uridine aminase in E.

coli and P.aeruginosa. Also, in the course of this study a

P. putida strain that is Pyr and upp mutant has been

isolated for the first time.



BIBLIOGRAPHY

Bailey A, Dutta P, Shanley M, O'Donovan GA (1990)
Characterization of temperature-sensitive cytidine
triphosphate synthetase mutations in bacteria by high-
performance liquid chromatography. J Chromatog 512:403-
407

Bradford MM (1976) A rapid and sensitive method for the
qauntitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Analyt
Biochem 72-:s248-254

Brockman RW, Davis JM, Stutts P (1960) Metabolism of uracil
and 5-fluorouracil by drug-sensitive and drug-resistant
bacteria. Biochim Biophys Acta 40:22-32

Cohen-Bazire G, Sistrom WR, Stanier RY (1957) Kinetic
studies of pigment synthesis by non-sulfer purple
bacteria. J Cellula Comp. Physiol. 49:25-68

Cohen SS, Flaks JG, Hazel DB, Loeb MR, Lichtenstein J
(1958) The mode of action of 5 fluorouracil and its
derivatives. Proc Nat Acad Sci (Wash) 44:1004-1012

Chu C, West TP (1990) Pyrimidine ribonucleoside catabolism
in Pseudomonas fluorescens biotype A. Antonie van
Leewenhoek 57:253-257

Dutta PK, Shanley MS, O'Donovan GA (1990) Assay of cytosine
and cytidine deaminases by means of reversed-phase
high-performance liquid chromatography. J Chromat
512:395-401

Fast R, Sk~ld 0 (1977) Biochemical mechanism of uracil
uptake regulation in Escherichia coli B. J Biol Chem
252:7620-7624

Hammer-Jesperson K (1983) Nucleoside Catabolism. In: Munch-
Petersen A (ed) Metabolism of nucleotides, nucleosides,
and nucleobases in microorganisms. Academic Press,
Inc., London, p.203

Hartwick RA, Assenza SP, Brown PR (1979) Identification and
quantitation of nucleosides, bases and other UV-
absorbing compounds in serum, using reversed-phase

89



90

high-performance liquid chromatography. J Chromatogr
186:647-658

Hartwick RA, Brown PR (1975) The performance of
microparticle chemically-bonded anion-exchange resins
in the analysis of nucleotides. J Chromatogr 112:651-
662

Henry RA, Schmit JA, Williams RC (1973) Application of a
new chemically bonded, superficially porous anion-
exchange packing to nucleotide analysis. J Chromatog
Sci 11:358-365

Kelln RA, Warren RAJ (1974) Pyrimidine metabolism in
Pseudomonas acidovorans. Can J Microbiol 20:427-433

Leer JC, Hammer-Jesperson K, Schwartz M (1977) Uridine
phosphorylase from Escherichia coli. Eur J Biochem
75:217-224

Magni G (1978) Uridine nucleosidase from yeast. In: Hoffee
PA and Jones ME (eds) Methods in Enzymology, vol 51.
Academic Press, Inc., New York, pp. 290-296

Miller J (1972) Experiments in Molecular Genetics. Cold
Spring Harbor Laboratory, Cold Spring Harbor, New York
p 432-433.

Molloy A, Finch LR (1969) Uridine-5'-monophosphate
pyrophosphorylase activity from Escherichia coli. FEBS
Letters 5:211-213

Natalini P, Ruggieri S, Santarelli I, Vita A, Magni G
(1979) Baker's yeast UMP: Pyrophosphate
phosphoribosyltransferase. J Bio Chem 254:1558-1563

Neuhard J (1968) Pyrmidine nucleotide metabolism and
pathways of thymidine triphosphate biosynthesis in
Salmonella typhimurium. J Bacteriol 96:1519-1527

Neuhard J (1983) Utilization of preformed pyrimidine bases
and nucleosides. In: Munch-Petersen A (ed) Metabolism
of nucleotides, nucleosides, and nucleobases in
microorganisms. Academic Press, Inc.., London, p.95

Neuhard J, Nygaard P (1987) Purines and pyrimidines. In:
Neidhart FC (ed) Escherichia coli and Salmonella
typhimurium cellular and molecular biology, Vol. 1.



91

American Society for Microbiology, Washington, D.C.
p.445

Nygaard P (1983) Utilization of preformed purine bases and
nucleosides. In: Munch-Petersen A (ed) Metabolism of
nucleotides, nucleosides, and nucleobases in
microorganisms. Academic Press, Inc., London, p.27

O'Donovan GA, Gerhart JC (1972) Isolation and partial
characterization of regulatory mutants of the
pyrimidine pathway in Salmonella typhimurium. J
Bacteriol 109:1085-1096

O'Donovan GA, Neuhard J (1970) Pyrimidine metabolism in
microorganisms. Bacteriol Rev 34:278-343

Olivares J, Verdys M (1988) Isocratic high-performance
liquid chromatographic method for studying the
metabolism of blood plasma pyrimidine nucleosides and
bases: concentration and radioactivity measurements. J
Chromatogr 434: 111-121

Ornston LN (1966) The conversion of catechol and
protocatechuate to f-ketoadipate by Pseudomonas putida.
J. Biol. Chem 241:3776-3786

Paege LM, Schlenk F (1952) Bacterial uracil riboside
phosphorylase. Arch Biochem Biophys 40: 42-49

Plunkett W, Moner JG (1971) The role of uridine-cytidine
kinase in the regulation of pyrimidine ribonucleotide
synthesis in Tetrahymena pyriformis GL. Biochim Biophys
Acta 250:92-102

Pogolotti AL, Santi DV (1982) High-pressure liquid
chromatography-ultraviolet analysis of intracellular
nucleotides. Anal Biochem 126:335-345

Rasmussen UB, Mygind B, Nygaard P (1986) Purification and
some properties of uracil phosphoribosyltransferase
from Escherichia coli K12. Biochem Biophys Acta
881: 268-275

Schlegel HG (1986) General Microbiology. Cambridge
University Press, New York p.257

Snyder LR, Kirkland JJ (1974) Introduction to modern liquid
chromatography. John Wiley and Sons, N.Y.



92

Stanier RY, Palleroni NJ, Duoderoff M (1966) The aerobic
pseudomonads: a taxonomic study. J Gen Microbiol
43:159-271

Takagi Y, Horecker BI (1957) Purification and properties of
a bacterial riboside hydrolase. J Biol Chem 225:78-86

Terada M, Tatibana M, Hayaishi 0 (1967) Purification and
properties of nucleoside hydrolase from Pseudomonas
ffluorescens J Biol Chem 242:5578-5585

Valentin-Hansen P (1978) Uridine-cytidine kinase from
Escherichia coli. Methods Enzymol 51:308-314

West TP (1990) Utilization of pyrimidine bases and
nucleosides by the Pseudomonas stutzeri group.
Microbios 61:71-81

West TP, Chu C (1986) Utilization of pyrimidines and
pyrimidine analogues by fluorescent pseudomonads.
Microbios 47:149-157

Yost RW, Ettre LS, Conlon RD (1980) Practical liquid
chromatography: an introduction. The Perkin-Elmer
Corp., Norwalk, Conn


