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ABSTRACT 

THE EFFECT OF AN ORAL OR INTRAVENOUS NUCLEOTIDE-FREE 

DIET ON SELECTED ENZYME ACTIVITIES IN PURINE METABOLISM 

IN RATS 

SANDRA LYNN SNYDER 

Interrelationships between purine metabolism and immunity, 

cancer, and the diet have been considered. In studying trends of 

metabolic changes which occur in response to changes in the purine 

content of the diet, it has been hypothesized that when purines are 

lacking from the diet, there is a general shift from a catabolic 

to an anabolic state. In the present investigation, the activities 

of selected enzymes on purine metabolism in rats were studied with 

respect to an oral or intravenous nucleotide-free diet compared to 

the activities in rats fed normal chow. 

The intravenous nucleotide-free diet caused a decrease in 

purine nucleoside phosphorylase activity, an increase in adenine 

phosphoribosyl transferase, and no change in the activity of 

hypoxanthine-guanine phosphoribosyl transferase, with respect to a 

normal control diet. 

The orally fed nucleotide-free diet caused a decrease in 

the activity of purine nucleoside phosphorylase and xanthine 

oxidase and increase in pancreatic ribonucléase and no change in 

adenine phosphoribosyl transferase or hyphoxanthine-guanine 

phosphoribosyl transferase, with respect to a normal control diet. 



These observations support the predicted 

catabolism to anabolism. They also augment the 

ness of the interrelationships between diet and 

as diet and the immune response. 

shift from 

growing aware- 

cancer as well 
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INTRODUCTION 
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INTRAVENOUS HYPERALIMENTATION, CANCER, AND IMMUNITY 

The application of parenteral nutrition to cancer and 

organ transplant patients has led to the clinical observation 

that intravenous hyperalimentation (IVH) appears to potentiate 

patient response to both chemotherapeutic and immunosuppression 

medication regimens. Copeland (1978) and Deitel (1978) have 

separately documented fewer complications, lower mortality and 

morbidity, and even weight gain in cancer patients given total 

parenteral nutrition while on chemotherapy. In addition, Deitel 

noted that IVH appears to stimulate the rate of tumor growth 

when the patient is not on chemotherapy. The enhancement of 

growth rate is an advantage for cell cycle specific chemothera¬ 

peutic agents, thereby improving the prognosis of cancer patients 

given specialized nutritional support. 

IVH was first developed for patients who could not receive 

nutrition through normal digestive processes, for example, due 

to severe gastro-intestinal disease or surgery. IVH is a method 

of parenteral nutrition that is designed to fulfill the total 

known nutritional requirements of a human. The solution contains 

25% glucose, 4% amino acids, with other essential electrolytes 

and nutrients such as vitamins and is free of purines and 

pyrimidines. This solution is more concentrated than could be 

tolerated using normal intravenous techniques. The IVH technique 
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involves dripping the solution directly into the superior vena 

cava, and because the blood flow of this vessel is so great, 

the solution is inmediately diluted to a tolerable concentration. 

Many chemotherapeutic or immunosuppressant drugs are 

purine or pyrimidine anti-metabolites. Such drugs interfere with 

purine or pyrimidine biosynthesis and interconversion and can 

cause long term remissions and possible cures in appropriate 

cases (Weber, 1977). The effect of 6-mercaptopurine (6-MP) as 

an anti-tumor drug has been shown to be potentiated by a nucleo¬ 

tide free diet in mice (Van Buren, D., unpublished results). 

In the same study, a nucleotide free diet also potentiated the 

effect of azathioprine as an inmunosuppressant in mice. These 

results hinted at the possibility that a nucleotide free diet 

might act alone as either an anti-tumor or immunosuppressive 

agent. This led to a series of studies showing that, indeed, 

the lack of nucleotides in the oral diet of mice does have a 

significant immunosuppressive effect (Schandle, 1981). The 

possible anti-tumor effect has not been specifically tested yet, 

although the suppression of tumor growth in a syngeneic challenge 

system could be explained by an anti-tumor effect of the nucleo¬ 

tide free diet (Schandle, 1981). 

Tumor growth and the immune response are both processes 

which involve the rapid growth of tissue. Cell proliferation 

requires the synthesis of nucleic acids, which is in turn depen¬ 

dent on the availability of nucleotide building blocks. Tidd and 
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co-workers (1972) observed a delay in the cytotoxicity of 

6-MP. When added to the culture medium of growing lymphoma 

cells, it was several days before cell death occured. Tidd 

attributed this delay to a macromol ecu!ar mechanism of 

cytotoxicity, such as the inability to synthesize new and 

functional DNA, 6-MP can be a substrate for several enzymes 

involved in the interconversion and biosynthesis of purine 

monophosphates (Scholar, 1972). It is activated by the enzyme 

hypoxanthine-guanine phosphoribosyl transferase (HGPRT), and 

is inactivated by the enzyme xanthine oxidase (XO). 6-MP 

is used clinically as an anti-tumor drug. It is also the active 

metabolite of the drug azathioprine, which is used clinically 

as an immunosuppressant. Azathioprine (known as Imuran) is 

metabolized as shown in figure 1 (Elion, 1975). 

The dependence of any cell type on supplies of pre formed 

purines makes it a target for drugs which interfere with purine 

metabolism (Murray, 1970). Rapidly growing tissue, such as 

regenerating liver (Murray, 1970) or lymphoid tissue (Nishida, 

1980) is dependent on an exogenous source of purines, either 

supplied hy dé novo synthesis in the liver and transported to 

the site of the tissue in need, or supplied by the diet. Hy¬ 

poxanthine is the form in which purines are transported by 

the blood. In cells that are dependent on an exogenous supply 

of purines, a reduction in available hypoxanthine will increase 

the ability of 6-MP to compete for a binding site on HGPRT, 
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thus increasing the amount of 6-thio IMP formed in the cell 

(Murray, 1970). This implies why neoplasms with the fastest 

growth rate are the most sensitive to chemotherapy (Weber, 

1977). 
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PURINE METABOLISM 

The metabolism of a substance involves both the 

anabolic and catabolic changes which occur within an organism 

in order to maintain life. The anabolism of purines includes 

de novo biosynthesis by which purines are formed from the 

precursors formate, glycine, folate, glutamine and aspartate. 

It also refers to the process by which preformed purines are 

scavenged by the salvage pathway and interconverted according 

to the needs of the cell. These processes are diagrammed in 

figures 2, 3, and 4, The catabolism of purines and their nucleo¬ 

tides occurs through the degradation of inosine, and subsequent 

oxidation to uric acid or allantoin. This process is also 

diagrammed in figure 4, 

The mechanisms of purine pathway regulation are not well 

understood and are the topic', of much debate. The inhibition of 

de novo biosynthesis by purine bases and ribonucleotides is 

strongly supported by experimental evidence (Henderson, 1972). 

The activity of the dé novo pathway is most commonly measured 

by the incorporation of radioactively labelled glycine. Studies 

of this kind have shown that increased or decreased PRPP con¬ 

centration will increase or decrease, respectively, the rate of 

de novo biosynthesis (Kelley, 1978; Henderson, 1975). The 

concentration of PRPP is in turn regulated in part by the activity 

of PRPP synthetase, which is inhibited by purine nucleotides 

(Barankiesicz, 1977; Bagnara, 1974),. Adenine and guanine 
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compounds also inhibit de novo synthesis (McFall, 1960), but 

mechanisms remain a mystery. 

A popular model for regulation of metabolic pathways 

is through the end product inhibition of an enzyme which 

catalyzes the first committed step toward a given product. 

When applied to the de novo biosynthesis of purines, there 

are three enzymes which would function as control points; 

Phosphoribosyl-glutamyl amidotransferase (PGTase), adenylosuc- 

cinyl synthetase (SAMP-S), and inosinate dehydrogenase (IMP-DH). 

Many people are attracted by the idea of regulation by the 

inhibition or activation of these enzymes, particularly PGTase. 

This enzyme has been shown to be inhibited by AMP and GMP 

(Hershfield, 1976; Henderson, 1975) but not by ATP or GTP 

(Hershfield, 1976; Bagnara, 1974). The substrate PRPP has been 

shown to be rate limiting for the de novo pathway (Murray, 

1971), which may have some regulatory effect through PGTase 

(Hershfield, 1976). However, many of these studies have been 

done using tumor cell lines in which PGTase has been shown to 

change its sensitivity to inhibition. (Weber, 1975). There 

are problems with some of these conclusions. Results from 

studies using cell extracts cannot always be applied to intact 

cells (Henderson, 1977). The assay for PGTase is difficult, 

lending itself to possible artifactual results and false con¬ 

clusions. The techniques of cell culture and experimental 

design can apparently cause very different results. Hershfield 
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and Seegmiller (1977) report the contrary observation that 

de novo synthesis is not increased by an increase in the 

concentration of PRPP. They attribute their results to the 

use of dialyzed fetal calf serum among other differences in 

experimental design. 

The attractiveness of such a classical explanation of 

regulation has prevented other possibilities from getting the 

attention they deserve. The possibilities of regulation by 

compartmentàlizatioo or by enzyme complexes have not been 

adequately explored. A very interesting fact which is over¬ 

looked in the eagerness to make the model work for purine 

biosynthesis is the fact that adenylosuccinate lyase (SAMP-L) 

catalyzes the eighth.step between PRPP and IMP (see figure 3). 

This enzyme is also involved in AMP biosynthesis and is-in the 

purine nucleotide cycle. Therefore, the pathway from PRPP to 

IMP is not a direct, committed pathway. 

The regulation of the purine salvage pathways is also 

complex. These pathways are inseparable from the de novo 

pathway by virtue of the fact that PRPP is a substrate for both 

PGTase and the phosphoribosyl transferases (PRT's). The PRT's 

have lower Km values for PRPP which gives therti a competitive 

advantage over PGTase (Hershfield, 1976). This is logical in 

terms of energy conservation in.the cell. De novo requires 6 

ATP molecules, while salvage only requires one. The PRT's are 

inhibited by their end product nucleotide monophosphates 
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(Henderson, 1975), the nucleotide triphosphates, and by 

lowered PRPP concentration (Snyder, 1973). 

Purine metabolism is intertwined with carbohydrate and 

amino acid metabolism. Adenine PRT (APRT) is inhibited by 

the glycolytic intermediate, 2,3 diphosphoglycerate. (Mills, 1976) 

Glutamine and aspartate are rate limiting for the conversion 

of IMP to GMP or AMP, respectively (Crabtree, 1971). The 

phosphogluconate pathway provides ribose 5-phosphate, a pre¬ 

cursor of PRPP formed by the enzyme PRPP synthetase. The 

purine nucleotide cycle provides intermediates for the tri¬ 

carboxylic acid cycle (Aragon, 1980). Clifford, et al (1972) 

present an interesting argument for regulation of de novo 

purine synthesis in the liver by amino acid supply through 

polysomal aggregation and dissociation. It is obvious by all 

these complex relationships, that regulation of purine metabolism 

is hardly an isolated event. Changes in almost any aspect of 

intermediary metabolism could potentially have an effect on 

purine metabolism. 
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PURINE METABOLISM AND IMMUNITY 

The first awareness of the relationship between purine 

metabolism and irnnune function came as a reault of the discovery 

of inborn errors of purine metabolism which resulted in immuno¬ 

logical deficiencies. Two of these inborn errors result in 

deficiencies in the enzyme levels of purine nucleoside phosphorylase 

(PNP) and adenosine deaminase (ADA). PNP deficiency results in 

impaired T-cell function (Giblett, 1975; Nishida, 1980; Blatt, 

1980). ADA deficiency results in severe combined imnunodeficiency 

(Polmar, 1976). There are several possible mechanisms which might 

explain the impairment of the immune system in humans lacking 

either of these two enzymes. The most likely explanation is the 

accumulation of deoxynucleotide triphosphates which inhibit 

ribonucleotide reductase (Carson, 1979; Cohen, 1978), thus reducing 

the concentration of deoxyribonucleotides used for DNA biosynthesis. 

The enzyme, xanthine oxidase (X0) is also implicated in 

proper immune function. It apparently plays a role in the killing 

mechanism of polymorphonuclear leukocytes (Tubaro, 1980). 
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PURINE METABOLISM AND CANCER 

According to Weber (1977), the regulation and re¬ 

programming of gene expression in neoplasia are exerted through 

key enzymes which may be transformation linked, progression 

linked or neither. A transformation linked enzyme is one which 

undergoes a change in neoplastic transformation that is not 

correlated with the rate of tissue growth. A progression linked 

enzyme is one which undergoes changes that are correlated with 

the neoplastic growth rate. The loss of differentiation .‘.in .neo- 

plasmic transformation leads to a loss of some enzyme activities 

and increases in others, even those which may be very low or 

absent in normal tissue, for example, there is a loss of glucokinase 

activity and an increase in hexokinase (Farina, 1968). 

PGTase is a transformation linked enzyme showing increased 

activity and a loss of allosteric kinetics in hepatomas (Weber, 

1975). In tumors, the enzyme shows decreased sensitivity to in¬ 

hibition by AMP (Katunuma, 1974) and is more readily saturated 

by PRPP (Weber, 1975). PNP is a progression linked enzyme. It 

shows significant and consistent reduction on activity in tumors, 

but not in normal rapidly growing tissue such as regenerating liver. 

The decrease in activity is correlated with the rate of tumor 

growth (Rhoads, 1977). 

Of the enzymes involved in purine nucleotide interconversions, 

SAMP-L and IMP-DH appear to be linked to neoplastic transformation. 
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ADA and SAMP-S appear to be progression linked, but not 

transformation linked (Smith, 1979; Weber, 1977), 

Purine catabolic pathways are decreased in tumors. XO 

activity decreased during carcinogenesis in mouse breast 

(Bergel, 1961). In Novikoff hepatomas, 5'-nucleotidase, PNP, 

guanine deaminase, and XO all had decreased activities (De 

Lamirande, 1958). 

All of these changes are consistent with the hypothesis 

that neoplastic transformation involves the increase of de novo 

biosynthesis in those tissues which have a de novo pathway, and 

the enhancement of a cell's ability to maintain existing nucleotide 

pools. These processes also make these tissues a better target 

for purine nucleotide anti-metabolites such a 6-MP. 
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PURINE METABOLISM AND NUTRITION 

Purines do not appear to be an essential nutrient. 

This is apparent by the successful maintenance of patients 

given IVH for extended periods of time, and by the fact 

that other mammals can be maintained on nucleotide free 

diets indefinitely. Pritchard (1970) suggests that the liver 

is the major source of exogenous purines for other tissues, 

even tissues that have à de novo pathway. In vitro experiments 

of intestinal transport mechanisms indicated that purines may 

be secreted back into the intestinal lumen rather than absorbed 

(Pritchard, 1970; Kolassa, 1980). Grobner and Zollner (1977) 

claim that dietary purines exert a minor effect, if any, on 

purine metabolism. They argue that no feedback regulation 

occurs by the diet on the basis of research which shows that 

above a basal level of excretion, purines of ribonucleotides 

are completely absorbed and excreted as uric acid. Sonoda 

and Tatibana (1978) suggest that since the metabolism of 

most absorbed bases is carried out in the gastro-intestinal 

tract and the liver before entering the general blood cir¬ 

culation, endogenous synthesis of purines would not be 

affected by a dietary source of bases. 

There is ample experimental evidence, however, which 

demonstrates that purine metabolism is affected significantly 

by the diet. It has been shown that purine content in the diet 
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effects purine base and nucleotide pools, purine pathway 

enzyme activities, tumor growth, the effectiveness of chemo¬ 

therapeutic drugs, and immune function. IVH, which is a 

nucleotide free diet, causes decreased serum uric acid levels. 

(Gutman,1952). A purine free oral diet also reduces serum 

urate. (Seegmiller, 1961). Predictably, purines administered 

intravenously are incorporated to a greater extent than purines 

administered orally (Savaiano, 1980). Adenine was incorporated 

to a greater extent than hypoxanthine, guanine, or xanthine, 

whether administered intravenously or orally (Savaiano, 1980). 

Adenine has been shown by numerous studies to be the predominant 

purine incorporated into the tissues from the diet (Ho, 1979; 

Savaiano, 1978; Baugher, unpublished). The other purines from 

the diet are degraded and either excreted in the urine as uric 

acid or allantoin or secreted back into the intestinal lumen 

(Berlin, 1968). When adenine is added to a purine free diet, 

there is an increase in the activities of APRT, 5‘nucleotidase 

and adenosine deaminase, which implies the stimulation of 

the purine nucleotide cycle. There is an increase in the 

hepatic pool of adenine and an increase in the serum uric 

acid level. When guanine is the added purine, there is an 

increase in the guanine hepatic TJOOI, but no change in serum 

urate or enzyme levels. Added hypoxanthine causes no change 

in pool sizes or enzyme levels (Clifford and Story, 1976). 
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The metabolism of adentne differs from that of other purines. 

There is a kinase for adenosine, but not for inosine or 

guanosine. There is a phosphorylase for guanosine and 

inosine, but not for adenosine. These, differences may be 

related to adenine's role as the major source of purines from 

the diet. Adenine is less readily degraded to uric acid 

because, unlike the other purines, it must first be phospho- 

rylated to AMP (Ho, 1979), This could explain why adenine is 

the only purine which is absorbed from the intestinal lumen 

and transported to the serosa without undergoing chemical 

changes (Savaiano, 1980). 

Dietary studies such as these as well as the observa¬ 

tions discussed above demonstrate that purine metabolism is 

affected by the diet and it in turn affects such processes as 

immunity and tumor growth. An investigation of the activity 

levels of selected purine pathway enzymes as a function of an 

oral or intravenous nucleotide-free diet would help determine 

trends which might explain these interrelationships. Such an 

investigation was the purpose of the present study. 



MATERIALS AND METHODS 
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MATERIALS 

Animals 

Male Sprague Dawley rats were purchased from Timco 

(Houston, Texas). All animals prior to the experiments 

were maintained on Formulab Chow 5008 (Purina, St. Louis, 

Missouri). The animals had ad libitum access to both food 

and water and were exposed to a 12/12 diurnal cycle. 

Materials 

PEI-cellulose thin layer chromatography plates (EM 

Laboratories, Elmsford, New York) were prepared for use by 

prewashing in 4 N Sodium formate at pH 3.4. for 6 hours, then 

dried and washed in 1:1 (v/v) methanol’.water overnight using 

a wick made of Whatman 3MM paper (Whatman, Clifton, New Jersey). 

Dialysis tubing was prepared and stored according to 

the following procedure. The tubing was soaked in 1% acetic 

acid for one hour. It was then allowed to stand, with gently 

stirring, in distilled water. The water was replaced with 1% 

Na2C03 in ImM EDTA and stirred gently. -The 1% Na2C03 in 1 mM 

EDTA was replaced with a fresh solution of the same and heated 

to -*75!‘ C with gentle stirring. This step was repeated again 

and then the solution was replaced with water and heated a 

third time to 75? C. The tubing"was then stored in distilled 

water with 1% NaN^ in a capped container and refrigerated. It 

was thoroughly rinsed with deionized water prior to use. 
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Equipment 

t All spectrophotometric assays were performed using 

a Cary 118 recording spectrophotometer. For the 100,000 x g 

supernatant preparations, either a Beckman L265B or a Beckman 

L5-50 ultracentrifuge was used, with a 60Ti rotor. For the 

10,000 x g preparations, a Beckman J-21 centrifuge was used 

with JA-20 rotor. For short centrifugations, an Eppendorf 

centrifuge was used. Detection of radioactivity was accom¬ 

plished by using a Beckman LS-233 liquid scintillation system 

and ten ml nalgene filmware system scintillation vials (NaTge 

Company, Rochester, New York). 

Chemicals 

Xanthine oxidase was provided by Arturo G. Porras 

(Rice University). The enzyme was purified to homogeneity on 

native gel electrophoresis.and has a 280/450 ratio greater 

than 5.3 (Porras, personal communication). 

Radioactively labelled adenine and hypoxanthine were 

purchased from ICN Pharmaceuticals, Inc. (Irvine, California). 

Adenine (8-*^C) had a specific radioactivity of 57 mCi/mmole 

and had a radiochemical purity rating of greater than 99% in 

a paper chromatography system of t-Bu0H : MEK.: HgO : NH^OH 

(4:3:2:1). Hypoxanthine (8-^C) had a specific radioactivity 

of 44.7 mCi/mmole~and was more lhan U8%~radiochemically-pure in~ 

a paper chromatography system of n-BuOH^OAc^O (2:1:1). 
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PRPP was purchased from Sigma Chemical Company, 

St. Louis, Missouri. Since this compound degrades rapidly, 

it was assayed before each use to determine the pmoles PRPP 

per mg reagent. The degradative by-products did not affect 

the assays. PRPP was assayed specrophotometrically by use of 

orotidine phosphoribosyltransfease (P-L Biochemicals, Milwaukee, 

Wisconsin). The assay mixture contained 0.02 M Tris-HCl, 

ph 8.5, 6 mM MgClg, 0.2 mM 5-fluoro-orotate (P-L Laboratories), 

and 0.1 ml of PRPP solution made of 3 to 4 mg PRPP reagent dis¬ 

solved in 4 mis cold, distilled water, in a total volume of 

3.1 mis. The reaction was allowed to go to completion and 

the € at 295 nm of 3.8 mM”^cm”^ was used to calculate the 

amount of PRPP present (Welch, 1979). 

The scintillation cocktail :used.'for' the HGP.RT .and'ARRT 

assays was 14.7 g PPO plus 0.3 g P0P0P in 1 gallon of toluene. 

All components were purchased from Mallinckrodt Inc. (St. Louis, 

Missouri). 

The IVH solution was provided by the University of Texas 

Medical School. It contained 25% dextrose, 4% amino acids, 

with the appropriate electrolytes and vitamins. 

The pellet diets were all obtained from Purina (St. Louis, 

Missouri). The standard control was Formulab Chow 5008. The 

nucleotide free diet used was Basal diet 5755. The defined 

control diet was the Basal chow with 0.25% (w/w) added purified 
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yeast RNA. 

Other reagents were purchased from Sigma Chemical 

Company (St. Louis, Missouri), Aldrich Chemical Company 

(Milwaukee, Wisonsin), Fisher Scientific Company (Fair Lawn, 

New Jersey), VWR Scientific (San Francisco, California), or 

other equally reliable sources. 



20 

METHODS 

IVH Experiment 

The IVH experiment was designed to determine the effects 

of IVH on the activities of PNP, HGPRT and APRT. Seven rats were 

maintained as controls without IVH surgery. Eight rats were 

maintained on IVH for 3 days and nine rats were maintained for 

6 days. At the time of the experiment, the rats weiighed 

150-180 g. The animals were housed in individual metabolic cages 

during the study period. A sterile silastic catheter was inserted 

through a supraclavicular incision into the internal jugular vein 

while the rat was receiving ether anesthesia. The catheter was 

secured with a ligature in the vein and the proximal end was 

brought subcutaneously and out through an exit site in the animal's 

back. This site was protected with a harness to which a flexible 

cable and swivel apparatus were attached. The nutrient solution 

was pumped via a portable pump through the swivel and catheter 

apparatus into the rat. The content of the IVH solution is stated 

in the materials section. 

At the end of the IVH regimen, the rats were sacrificed by 

decapitation and the livers removed by the freeze clamping tech¬ 

nique. The livers were stored in a -80*C freezer, and provided 

the tissue source for the enzyme assays. Activities are expressed 

as pmoles per minute per mg protein, which was determined by the 

Lowry assay (Lowry, et al., 1951). 
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Diet Experiment 

The diet experiment was designed to determine the 

effect of a nucleotide free diet on the activities of PNP, 

HGPRT, APRT, XO, and pancreatic fibonuclease. Twenty-eight 

rats initially weighing 150 g were maintained on three dif¬ 

ferent diets for six months before being sacrificed. Ten 

rats were fed the Formulab Chow 5008, a standard rodent chow. 

Ten rats were fed a nucleotide free diet, Basal Diet 5755, 

a chemically defined formulation that has been shown to be 

nutritionally and calorically equivalent to the 5008 chow. 

Eight rats were fed an additional control diet consisting 

of the 5755 Basal Diet plus 0.25% purified yeast RNA. The 

animals had ad libitum access to food and water and were 

maintained on the 12/12 diurnal cycle. 

The animals were sacrificed by decapitation. The 

livers and pancreata were removed and kept on ice until they 

could be transferred as quickly as possible to the -80 C 

freezer. Activities are expressed as either umoles per minute 

per mg protein or 0D per minute per mg. Protein was determined 

by the Lowry assay (Lowry, et al., 1951). 

Tissue Preparation 

For all assays, crude homogenates were -made using a 

Tekmar tissumizer-with a cold 0.25 sucrose buffer in ^ ratio of 

10 ml per gram of wet tissue. The homogenates were centrifuged 
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and the supernatants were diluted and/or dialyzed as stated 

for each assay. 

Enzyme Assays 

Purine nucleoside phosphorylase (PNP, EC 2.4.2.1) 

catalyzes the phosphorolysis of nucleosides to the free base 

and ribosylphosphate. The assay used was based on Friedkin's 

procedure (1961). The assay mixture contains 100 mM K-phos- 

phate buffer at pH 7.4, 3.3 mM EDTA, 0.1 mM K-oxonate (a 

uricase inhibitor), 1.5 mM inosine, 0.22 mg xanthine oxidase 

(courtesy of Arturo 6. Porras), and 0.02 homogenate supernatant. 

The total volume was 3.22 mis. The homogenates for this assay 

were centrifuged for 1 hour at 100,000 x g then diluted 1:5 

with 0.25 M sucrose. The diluted supernatants were respun for 

two minutes in the Eppendorf centrifuge and kept in ice for 

immediate use. The assay uses a coupled enzyme system in which 

inosine is converted to xanthine and ribose-l-P by the action of 

PNP. Then, as xanthine is formed, it is converted to uric acid 

by xanthine oxidase.—The appearance of uric acid is followed 

spectrophotometrically at 292 nm, which is the wavelength showing 

the greatest absorbance difference between xanthine and uric acid 

at pH 7.4. The amount of xanthine oxidase used was calculated 

according to the equation derived by Rudolph (1979). 

Hypoxanthine-guanine phosphoribosyl transferase (HGPRT, 

EC 2.4.2.8) catalyzes the ribose phosphorylation of hypoxanthine 
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and guanine to their respective monophosphate nucleotides, 

IMP and GMP. The assay used was based on the procedure de¬ 

scribed by Jadhav (1979). The assay measured the con¬ 

version of radioactively labelled hypoxanthine to IMP. 

Separation was accomplished by thin layer chromotography. 

For the IVH experiment, the homogenates were centri¬ 

fuged for one hour at 100,000 x g. The supernatants were 

diluted 1:5 with 0.25 M sucrose and respun for two minutes 

in the Eppendorf before using. The assay mixture contained 
14 0.27 mM hypoxanthine, 0.75 pCi C labelled hypoxanthine, 

1.0 mM phosphoribosyl pyrophosphate (PRPP), 20 mM Tris-HCl 

at pH 7.5, and 10 mM MgC^. The reaction was started by adding 

0.05 ml of the diluted supernatant which brought the final 

assay volume to 0.5 ml. The.reaction was incubated at 37'C 

with aliquots stopped at 0.5, 12, and 24 minutes by removing 

0.1 ml of the reaction mix and adding it to an Eppendorf micro¬ 

test tube containing 0.05 ml of 0.5 M perchloric acid (PCA). 

The stopped reaction tubes were spun in an Eppendorf centrifuge 

and 0.1 ml of the supernatant was neutralized with 0.05 ml of 

0.4 M K0H in 0.2 M Tris. The labelled nucleotide product was 

separated from the* labelled base by spotting 0.025 ml samples 

from each stopped reaction tube on to PEI-cellulose plates. 

0.5 pmoles of cold-IMP were spotted on the plate prior to the 

reaction mix spots. The carrier spots enabled the visualization 
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of the nucleotide product under a UV lamp. The spotted plates 

were developed overnight in 1:1 methanol :water using a Whatman 

3 MM wick. Under these conditions, the nucleotides stay at the 

origin while the free bases move with the solvent. The number 

of counts at each origin was divided by the total number of 

counts in an equivalent spot, which was not chromatographed, to 

yield the percent conversion. 

For the diet experiment, the crude homogenates were 

centrifuged for 1/2 hour at 10,000 x g, diluted 1:10 with sucrose 

and respun for 2 minutes in the Eppendorf centrifuge. The 

reaction mixture contained 0.272 mM hypoxanthine, 0.36 pCi 14 
0 

labelled hypoxanthine, 1.0 mM PRPP, 20 mM Tris-HCl at pH 7.5, 

10 mM MgC^» and 0.05 ml supernatant to a total volume of 0.45 ml. 

Because the reaction was determined to be linear only two time 

points were taken, at 0.5 and 30.0 minutes. Otherwise, the 

procedure was the same as for the IVH experiment. 

Adenine phosphoribosyl transferase (APRT, EC 2.4.2.7) 

catalyzes the ribose phosphorylation of adenine to AMP, and is 

assayed by a method based on Jadhav's procedure (1979), and was 

the same as for HGPRT, except that adenine was the substrate 

instead of hypoxanthine. In the IVH experiment, the assay tubes 

contained 0.34 mM adenine with 0.9 pCi^C labelled adenine with 

the other components described above. -In the diet experiment, 

the substrate concentrations were 0.362 mM adenine, and 0.336 pCi^C. 

The final volrnne was 0.42 ml. 
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Xanthine oxidase (XO, EC 1.2.3.2) catalyzes the 

degradation of purines to uric acid. For this assay, un¬ 

diluted 100,000 x g homogenate supernatants were dialyzed 

overnight against 200 volumes of cold 0.25 M sucrose. The 

dialyzed homogenates were then spun for 2 minutes in an 

Eppendorf centrifuge and used immediately. The X0 activity 

was then measured spectrophotometrically following the 

appearance of uric acid at 292 nm. The assay mixture con¬ 

tained 50 mM K-phosphate at pH 7.5, 0.07 mM EDTA, 0.2 mM 

xanthine, 0.1 mM K-oxonate, and 0.5 ml of the dialyzed homo¬ 

genate. The reaction was started by adding the xanthine 

to 30*C pre-incubated tubes containing all of the other assay 

components. The time course before adding the xanthine showed 

a flat blank rate, indicating zero activity. At pH 7.5, the 

spectral difference between uric acid and xanthine was 10.4 

0D/mM-cm at 292 nm. 

Pancreatic ribonucléase (EC 3.1.27.5) was assayed 

according to the method by Oshima (1976). It was found that 

the absolute absorbance of their recommended reaction mixture was 

too high to be read on the Cary 118 so a more dilute assay 

mixture was used. The final reaction vessel was a 10 mm path 

length quartz cuvette containing 1 mg/ml RNA in 3.0 mis of 

0.1 M Tris-HCI buffer at pH 7.5 The reaction was started by 

adding 0.01 ml of the homogenate. For this assay, the homo- 
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genates were centrifuged for 1/2 hour at 10,000 x g, diluted 

1:5 with sucrose and respun in the Eppendorf. As ribonucléase 

digests RNA, the absorbance at 298.5 nm decreases. This 

decrease was used to determine the enzyme activity. 



RESULTS AND DISCUSSIONS 
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Purine Nucleoside Phosphorylase (PNP) 

PNP catalyzes the phosphorolysis of hypoxanthine or 

guanine nucleosides to the base plus ribose 1-P. Adenosine 

is not degraded by direct phosphorolysis in animals. PNP 

has a molecular weight of about 80,000 with four subunits. 

In mammals, the enzyme functions in the catabolic direction. 

It functions in chemotherapy to breakdown purine analog 

nucleosides such as the 6-MP nucleoside (Parks, 1968). 

In neoplasmic tissue growth, there is a trend of de¬ 

creasing catabolism and increasing anabolism (Bergel, 1961). 

This may be due primarily to reduced xanthine oxidase activity, 

but in the study by Rhoads (1977), the decrease in PNP activity 

showed the greatest correlation to growth rate in hepatomas of 

all the enzymes studied. However, PNP activity did not decrease 

in the rapiid growth of normal regenerating liver. 

PNP deficiency in humans is related to immune disfunction. 

PNP activity is greater in T-cells than in B-cells (Nishida, 

1980), so it follows that cellular immunity would be more af¬ 

fected than humoral. PNP deficient patients accumulate 2-deoxy- 

guanosine. dGTP has a toxic effect on T-lymphoma cells. This 
T 

could be a partial explanation for the impairment of cellular 

immunity. 

In the present study, the specific activity of PNP decreased 
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in rats that were either placed on IVH or fed a nucleotide 

free chow, with respect to control groups fed orally (see 

tables 1 and 2) the standard laboratory chow. 

Cells which show increased de novo synthesis tend 

to show decreased PNP (Hershfield, 1977). When a purine 

source is lacking from the diet, homeostatic mechanisms 

attempt to compensate by shifting the metabolic balance away 

from catabolism to help preserve the pools of available purines 

in the cell. The decrease in PNP activity is probably due to 

an actual decrease in the amount of enzyme present rather than a 

change in enzyme form (Rhoads, 1977). This implies that purine 

metabolism can be regulated at the transcriptional or translational 

level. 

The specific activity of PNP also decreased in rats fed 

the nucleotide-free diet with respect to the control group fed 

the basal diet plus RNA. This result was unexpected. According- 

to Baugher (1980), a typical portion of the formula chow contains 

14.7 umoles/g uric acid, 4.1 umoles/g guanine and 2.8 umoles/g 

adenine as the major purine content. It is possible that the 0.25% 

(w/w) RNA added to the basal diet was not a sufficient dose, and 

did not compensate for the lacking purines. 
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The Phosphoribosyl transferases: 

Hypoxanthine-Guanine PRT (HGPRT) and Adenine PRT (APRT) 

According to Raivio (1970), "The role of phosphori¬ 

bosyltransferases in purine metabolism cannot be adequately 

described by their presumed function solely as 'salvage* 

enzymes. The substrates or products of the PRT reactions 

are directly involved in a yariety of different but interdepen¬ 

dent mechanisms that regulate mamalian purine synthésis de novo 

or from preformed purine bases, the interconversions of nucleo¬ 

tides and the pathways of purine degradation." The functions 

of these enzymes include such diverse roles as the trapping 

of purines in phosphorylated form for transport in red blood 

cells (Muller, 1978), facilitating the use of exogenous or 

dietary purines and the reutilization of purines synthesized 

by the liver, i.e., the "salvage" role (Henderson, 1973), 

and the maintenance of proper neurological function (Lesch, 

1964; Cohen, 1976). These enzymes are also implicated in the 

metabolism of rapidly growing tissue. This is evidenced by 

the change in the enzyme properties in mice during development. 

At the age corresponding to rapid liver growth, APRT has a 

lower Km for PRPP. Both HGPRT and APRT increase specific 

activity after partial hepatectomy • (Murray, 1970). 

Given this broad range of functions, one would not expect 
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either HGPRT or APRT to be significantly inducible or re¬ 

pressive by the diet. Instead, one would expect that regu¬ 

lation might occur through compartmentalization, endproduct 

feedback, or other "fine tuning" mechanisms. HGPRT and APRT 

are inhibited by their endproduct nucleotide monophosphates 

and by other purine nucleotides (Henderson, 1971). The 

phosphoribosyl transferases have a competitive advantage over 

PGTase for the substrate PRPP (Hershfield, 1976), so with all 

other effects being equal, the salvage pathway is preferred 

over de novo. The liver is the major site of de novo purine 

synthesis (Murray, 1971; Pritchard, 1970), and the predominant 

form of purine for transport to other tissues is hypoxanthine. 

However, adenine is the predominant precursor provided from 

dietary sources (Savaiano, 1978; Clifford, 1976; Berlin, 1968). 

It might be expected from this information that APRT would be 

more responsive to changes in the diet.. Clifford and Story (1976) 

report an increase in the activity of APRT, 5*-nucleotidase and 

adenosine deaminase in growing rats fed a purine free diet with 

added adenine. They also observed increased xanthine excretion 

and an increase in the hepatic pool of adenine. When the added 

purine was hypoxanthine, there was no change in serum urate or 

HGPRT activity. 

In a study comparing the metabolism of orally administered 

purines to those administered intravenously, Savaiano, et al (1980) 

observed a greater tissue incorporation of those administered 
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intravenously. Of the purines given intravenously, adenine was 

incorporated to a greater extent than hypoxanthine, guanine or 

xanthine. The greater incorporation of IV adenine over oral adenine 

was most pronounced in tissues lacking the de novo pathway. Rowe, 

et al (1978) suggest that adenosine and adenine are predominant 

precursors in salvage, not hypoxanthine or inosine. In the Savaiano 

study (1980), it was also observed that adenine was the only orally 

administered purine which was absorbed from the intestinal lumen 

and transported to the serosa unchanged. These observations support 

the claim that adenine is the most important dietary purine. The 

other purines are degraded in the intestine and either excreted in 

the urine (Savaiano, 1978) or secreted back into the intestinal 

lumen (Kolassa, 1980). 

As shown in tables 1 and 2, HGPRT activities did not change 

as a result of either the IVH or the nucleotide free diet. In¬ 

terestingly, APRT showed a significant increase in specific activity 

in the rats maintained on IVH for six days, and no change in response 

to the diet. This is contrary to the demonstration of enhanced ac¬ 

tivity in rats fed a purine free plus adenine diet. However, it is 

possible that the enhancement observed by Clifford and Story may 

have been related to the age of the animals studied. In the present 

study, the increase of APRT activity in IVH animals but not the NF 

animals supports the results of the Savaiano study. A measurable 

effect would be expected to show up more easily in the system which 

shows greater purine incorporation, i.e., the IVH, The most simple 
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explanation for the increased activity in IVH is the shift in 

metabolism away from catabolism toward anabolism. The phospho¬ 

ribosyl transferases function predominantly in the direction of 

nucleotide formation, and therefore, any increase in activity 

would indicate an attempt by the organism to compensate for the 

lack of purines supplied by the diet. The absence of any change in 

HGPRT activity could be due to the fact that the major source of the 

substrate hypoxanthine is de novo synthesis in the liver, and there¬ 

fore, the enzyme would be less sensitive to changes in the purine 

content in the diet. 
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Xanthine Oxidase (XO) 

Xanthine oxidase is the enzyme which catabolyzes purines 

for excretion. It catalyzes the oxidation of hypoxanthine to 

xanthine, and from xanthine to uric acid. It is a dimer of 

150,000 molecular weight subunits, each of which contains one 

active site. Each subunit contains FAD, molybdenum, iron and acid 

labile sulfur in a 1:1:4:4 ratio (Porras, unpublished). It has 

low specificity both in its oxidizing and reducing form. The oxi¬ 

dase uses oxygen as the electron acceptor and the dehydrogenase 

uses NAD+. 

Henderson (1973, p. 161) described a possible mechanism by 

which XO might have a positive feedback effect on purine nucleotide 

synthesis. The conversion of xanthine to uric acid can be coupled 

through several steps to the production of 6-phosphogluconate, which 

leads to production of PRPP. However, the literature as well as the 

present results show that XO activity is reduced under all circum¬ 

stances where increased purine synthesis might be favorable, Xan-- 

thine oxidase activity has been shown to decrease in various neo- . 

plasms such as hepatomas (Rhoads, 1977; Weber, 1977; De Lamirande, 

1958), and carcinogenesis in mouse breast (Bergel, 1961), The de¬ 

crease is not correlated with growth rate (Rhoads, 1977). Activity 

has also been shown to respond to the content of the diet. It is 

inducible by increasing the protein or purine content of the diet- 

(Kelley, 1978). It is repressed by a lack of protein (Henderson, 

19731, or by a lack of the enzyme components iron or molybdenum 
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(Kelley, 1978). 

The specific activities of XO in the present experiment para¬ 

lleled those of PNP (see Table II). Both the nucleotide-free diet 

and the nucleotide-free plus RNA groups showed decreased activities 

with respect to the formulab chow control group. The results of the 

nucleotide-free group are consistent with the hypothesis that meta¬ 

bolic shifts are occurring to help preserve purine nucleotide pools. 

However, the decrease in the NF + R group was not expected. A clear 

explanation for this result is unknown. 
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Fancreatîc Ribonucléase 

The complete structure and probable mechanism of ribonu¬ 

cléase is known (Moore, 1973), Pancreatic ribonucléase is an 

extracellular RNase that is secreted by the pancreas for the pur¬ 

pose of breaking down RNA present in the intestinal lumen. The 

activity of RNase varies among mammalian species. The activity in 

rats is far greater than in humans, which has been explained in 

terms of P and N salvage fromthe RNA produced by the bacteria nor¬ 

mally present in the intestine of rats (Murray, 1971). The signifi¬ 

cance of nucleotide salvage from dietary RNA is not clear. Animals 

are able to survive on purine free diets indefinitely (Weber, 1971). 

Furthermore, there is a transport system in the gut which functions 

to secrete oxypurines back into the lumen after intestinal cells 

have metabolized the absorbed nucleosides (Pritchard, 1977; 

Kolassa, 1980). 

These observations support the theory that salvage of dietary 

nucleotides is unimportant. They also support Barnard's suggestion 

(1969) that in animals having low ribonucléase activity, its diges¬ 

tive function might be vestigial. However, the level of activity in 

humans is adequate for digestion of RNA in the amount normally found 

in the diet. 

If the predominant function of ribonucléase in rats is P and 

N salvage from lumenal bacterial RNA, the purine content of the diet 

would not be expected to change the enzyme activity. The present 

results, shown in table II, show that pancreatic ribonucléase acti¬ 

vity increased in the NF group as compared to either the F or NF + R 
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groups. These findings indicate that the role of RNase is not 

merely to salvage N and P, but to also salvage nucleotides from the 

diet. 

The intestinal metabolism of purines could have a regulatory 

function. It is also possible that the effect of increased Rnase 

activity is local in nature, serving only to provide purines nucleo¬ 

tides for intestinal cells which do not have a de novo pathway 

(Savaiano, 1981). Further investigation will be needed to prove the 

possible regulatory function of pancreatic ribonucléase. 

The present data offer additional support to the hypothesis 

of metabolic changes within an organism to respond to a lack of 

purines in the diet by increasing those processes that would facili¬ 

tate the maintenance of nucleotide pools. Increasing the activity 

of pancreatic ribonucléase would increase the chance that any RNA 

present would be broken down and absorbed. 
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CONCLUSION 
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When rats were given a nucleotide-free solution intra¬ 

venously, there was a small statistical decrease (0.02<p<0.05) 

in the enzyme activity of PNP, an increase in APRT (0.02< p <0.05), 

and no change in HGPRT activity with respect to activities in rats 

fed normal chow. When given a nucleotide-free chow, fed orally, 

the activity of PNP and X0 decreased (0.01 <p<0.025) with respect 

to the formulab chow. However, the activity on PNP and X0 was also 

lower (0.025<p<0.05) in the second control diet, NF + R. The 

explanation for this result must be discovered before any conclu¬ 

sive statements can be made, although the NF group does indicate a 

shift away from catabolism, as predicted by the hypothesis. In 

the oral feeding experiment, there was no difference in HGPRT or 

APRT activity between any of the three diets. The activity of 

pancreatic ribonucléase increased in the NF group with respect to 

both control groups (0.025<p<0.05 when compared to F and 

0.05<p<0.1 when compared to PF + R). 

The general trend of these changes result in the preserva¬ 

tion of existing nucleotide pools through a decrease in the activi¬ 

ties of catabolic enzymes and an increase in anabolic enzymes. 

These changes also help explain the suppression of immune response 

in mice fed NF diets and demonstrate the possible mechanisms for 

how chemotherapeutic drug action would be potentiated by a nucleo¬ 

tide free diet. 
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The investigation of nucleotide nutrition and its effect 

on cancer and immunity has as its most direct goal an explanation 

of the clinical observation that IVH appears to potentiate response 

to chemotherapy and immunosuppressant therapy. While seeking out 

this explanation through experimentation, new knowledge will emerge 

in the areas of nutrition, metabolism, physiology, and medicine. 

In addition to the contribution of knowledge, the nature of this 

work will add to the growing awareness about the importance of 

nutrition in the treatment of disease. 
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APPENDIX 



FIGURE 1 The metabolism of azathioprine. 

PRPP ■ 5-phospho-«-D-ribose 1-pyrophosphoric acid 
HGPRT ** hypoxanthine-guanine phosphoribosyltransferase 
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FIGURE 2. 

Substrates 

Enzymes: 

Purine dti novo biosynthesis 

AMP «= adenosine-5 ’-rmonophosphate 
IMP ■ inosine-5‘-monophosphate 
GMP = guanosine-5'-monophosphate 
phosphoribosyl amine = 5-phospho-y3-D-ribosylamine 
PRPP « 5-phospho-oC-D-ribose 1-pyrophosphoric acid 
Rib-5-P = 0C-D-ribose 5-phosphate 
SAMP * adenylosuccinate 
XMP * xanthosine-5’-monophosphate 

1 “ PRPP synthetase 
2 = phosphoribosyl amidotransferase 
3 “ IMP dehydrogenase 
4 “ GMP synthetase 
5 = adenylosuccinate synthetase 
6 *= adenylosuccinate lyase 
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FIGURE 3. 

Substrates 

Enzymes: 

The reactions in purine de_novo biosynthesis 
between FRFP and IMP. 

PP-ribose-P = PRPP ** 5'-phospho—ec-D-ribose 
1-pyrophosphoric acid 

PR « phosphoribosyl 

adenylosuccinate lyase 
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FIGURE 4. 

Substrates 

Enzymes : 

Purine interconversion and salvage pathways. 

A œ adenine, Ado «* adenosine, AMP ■= adenylic acid, 
G “ guanine, Guo = guanosine, GMP = guanylic acid, 
Hx ■ hypoxanthine, Ino " inosine, IMP = inosinic acid, 
X = xanthine 

1 ** IMP dehydrogenase 
2 = GMP synthetase 
3 ■ GMP reductase 
4 ■ 5'-nucleotidase 
5 « nucleotide kinase 
6 " purine-nucleoside phosphorylase 
7 “ hypoxanthine-guanine phosphoribosyltransferase 
8 B guanine deaminase 
9 = xanthine oxidase 

10 m adenylosuccinate synthetase 
11 •= adenylosuccinate lyase 
12 “ AMP deaminase 
13 m adenosine kinase 
14 “ adenosine deaminase 
15 = adenine phosphoribosyltransferase 
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TABLE 1. IVH Experiment 

The activities of PNP, HGPRT, and APRT were compared in 
rats on IVH for 0, 3, or 6 days. Specific activities are 
expressed as umoles converted per minute per mg protein. 
In a given line, values labelled "a" are statistically 
different at 0.02<P<0.05. Values are given - SD. 



T 

ENZYME 

PNP x 102 

HGPRT x 102 

APRT x 102 

57 

0 DAYS IVH (7) 

a10.9 ± 1.29 

5.1 ± 1.73 

a3.2 ± 0.63 

3 DAYS IVH (8) 

9.97 ± 5.19 

4.55 ± 1.52 

3.32 ± 1.11 

6 DAYS IVH (9) 

a8.83 ± 1.98 ' 

5.22 ± 1.65 

a4.55 t 1.38 
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TABLE 2. Diet Experiment 

The activities of PNP, HGPRT, APRT, XO, and pancreatic 
ribonucléase were compared in rats fed Purina Formulab Chow 
5008 (F), Basal Diet 5755 (NF), or the Basal Diet 5755 plus 
0.25% added RM (NF + R). Specific activities are expressed 
as umoles converted per minute per mg protein except for 
pancreatic ribonucléase, which is expressed as 0D per minute 
per mg protein. In a given line, values labelled "a" are 
statistically different at 0.01« P.«r0.025. Values labelled 
"b” are different at 0.025-<P<0.05, and values labelled "c" 
are different at 0.05cP<0.1. Values are given ± SD. 
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ENZYME 

PNP x 102 

HGPRT x 10 

APRT x 10 

XO x 10 

Ribonucléase 
x 10 

F (10) 

a,b10.4± 3.03 

2.37 ±0.653 

1.75± 0.491 

a,b8.14±3.71 

b4.22±2.22 

NF (10) 

a7.78 ±2.05 

2.45± 0.43 

1.90± 0.270 

a4.43 ±1.95 

b*c6.37± 1.66 

NF + R (8) 

b7.54 ± 3.22 

2.72 ± 0.407 

1.98 ± 0.62 

b5.18 ± 2.46 

c4.80± 1.50 


