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SUMMARY 

A survey of the phosphoribosyltransferase (PRTase) activities in yeast has been 
accomplished using reversed-phase high-performance liquid chromatographic assay 
procedures. The following bases were observed to be utilized during phosphoribosyl 
pyrophosphate (PRibPP)-dependent nucleotide syntheses: adenine, xanthine, hypo- 
xanthine, guanine, uracil, orotate, nicotinamide, nicotinate and quinolinate. Gradient 
elution procedures have also been perfected that allow the separation of the two 
following sets of PRTase assay components: (1) adenosine monophosphate, nicotinate 
mononucleotide, orotate, adenosine triphosphate, nicotinate, adenosine diphosphate, 
inosine monophosphate and hypoxanthine, and (2) nicotinate mononucleotide, ni- 
cotinamide mononucleotide, adenosine triphosphate, nicotinate, adenosine diphos- 
phate and nicotinamide. Separation 1 has been employed to examine the PRibPP 
allocation among the hypoxanthine PRTase, orotate PRTase and nicotinate PRTase 
catalyzed reactions, whereas separation 2 has been employed to define the role that 
ATP plays in the nicotinamide PRTase-catalyzed reaction along with the allocation 
of nicotinamide between the reactions catalyzed by nicotinamide PRTase and nico- 
tinamide deamidase. 

INTRODUCTION 

High-performance liquid chromatographic (HPLC) assay procedures provide 
the required sensitivity for detailed kinetic analyses of many enzyme-catalyzed re- 
actions’. We have designed several assay procedures recentlyz+ that have been em- 
ployed to characterize the kinetic mechanism of hypoxanthineguanine phosphori- 
bosyltransferase (HGPRTase) and nicotinate phosphoribosyltransferase (N,PRTase) 
purified from yeast. In addition, we have isolated yeast orotate phosphoribosyltrans- 
ferase (OPRTase) and characterized the kinetic mechanism of this enzymatic reac- 
tion6v7. These three enzymes are part of a class of ten enzymes* that catalyze the 
transfer of the phosphoribosyl portion of phosphoribosyl a-1-pyrophosphate 
(PRibPP) to the appropriate nitrogenous base (Fig. 1). 
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Fig. 1. Phosphoribosyltransferase (PRTase)-catalyzed reactions and the metabolic fate of phosphoribosyl 
a-1-pyrophosphate. The following enzymes are represented: (1) nicotinate PRTase, (2) quinolinate 
PRTase, (3) nicotinamide PRTase, (4) hypoxanthineguanine PRTase, (5) adenine PRTase, (6) glutami- 
ne-dependent aminotransferase, (7) ATP-PRTase, (8) anthranilate PRTase, (9) uracil PRTase and (10) 
orotate PRTase. 

In this paper, we report the results of a survey of various phosphoribosyltrans- 
ferase activities in yeast that were detected with HPLC. In addition we have defined 
two competitive assay procedures. One method defines the competition among the 
OPRTase, N,PRTase and HGPRTase catalyzed reactions for a limited concentration 
of PRibPP whereas a second method characterizes an allocation of nicotinamide 
between the reactions catalyzed by nicotinamide phosphoribosyltransferase 
(N,,,PRTase) and nicotinamide deamidase. We believe that these latest procedures 
exemplify a major use of HPLC, namely, to monitor several related or coupled en- 
zymatic reactions simultaneously. 

MATERIALS AND METHODS 

Materials 
Bakers’ yeast (Budweiser brand) was obtained from Valente Yeast Inc. (Flush- 

ing, NY, U.S.A.). PRibPP (sodium salt), hypoxanthine, inosine monophosphate 
(IMP), orotidine monophosphate (OMP), erotic acid, uracil, uridine monophosphate 
(UMP), nicotinamide, quinolinic acid, nicotinamide mononucleotide (NMN or 
N,MN), adenosine triphosphate (ATP, disodium salt), nicotinate (free acid), nico- 
tinate mononucleotide (NaMN), adenosine diphosphate (ADP, sodium salt) and tri- 
ethanolamine were supplied by Sigma. All other chemicals were analytical grade. 



COMPETITION BETWEEN PHOSPHORIBOSYLTRANSFERASES 45 

Enzyme purification 
HGPRTase, OPRTase and N,PRTase were purified from bakers’ yeast to 

apparent electrophoretic homogeneity through the use of published procedure2*s*6. 
N,PRTase was purified partially from a yeast extract using (NH&SO4 fractiona- 
tion, whereas other phosphoribosyltransferases were examined by making use of this 
extract. 

High-performance liquid chromatography 
A Waters HPLC instrument equipped with a Model 6000A and a M-45 solvent 

delivery system, Model 660 solvent programmer, Model U6K sample injector, Model 
440 absorbance detector, and a Houston Omniscribe chart recorder was used in the 
assay procedure. A single 30 cm x 3.9 mm Waters PBondapak C1s column (equil- 
ibrated with 15 mM NH4H2P04, pH 6.0) was placed on-line with the solvent delivery 
system at a flow-rate of 1.2 ml/min. Two gradient systems were used for the studies 
presented in this paper: 

(1) A 20-min linear gradient ranging from 0% to 100% 25 mM NH4H2P04, 
pH 6.0, was used to separate the bases and nucleotides. 

(2) The PBondapak C18 column was first equilibrated with 25 mM 
NH4H2P04 buffer, pH 6.0. Thereafter a linear gradient (from 0% to 100%) of a 
methanol-water (10:90) mixture was employed to separate the bases and nucleotides 
within a 20-min period. Samples (10 ~1) from solutions containing the three enzymes 
and substrates were injected using a Hamilton 801 microliter syringe. Nucleotides 
and bases in the eluent were detected at 254 nm with a 0.1 absorbance setting. All 
of the solvents used in the chromatographic procedures were eluted by vacuum fil- 
tration through a 0.45~pm HA Millipore filter. 

Enzymatic assay procedures 
Measurements of the initial velocities of the HGPRTase, OPRTase and 

N.PRTase catalyzed reactions were accomplished using modifications by Hanna and 
Sloan4, and by Ali and Sloan2 of the method described by Flaks9. The complete 
assay mixture consisted of 0.1 ml hypoxanthine (100 @I4), 0.1 ml orotate (100 PM), 
0.1 ml ATP (100 PM), 0.1 ml nicotinate (100 PM), 0.2 ml PRibPP (100 ph4,40 PM, 
or 20 PM), 0.1 ml of 10 mM MgClz and 0.5 ml of 20 mM triethanolamine buffer 
(pH 8.0) in a final volume of 1.2 ml. The mixture was placed in a 38°C water bath 
and the reaction was initiated by the addition of approximtely 0.01 pg HGPRTase, 
0.3 pg OPRTase and 0.7 pg N.PRTase. Aliquots of this solution were removed at 
appropriate time intervals and the reaction occurring in each of these aliquots was 
terminated by heating in a boiling water bath for 2 min. The samples were then 
clarified first by centrifugation and then by filtration through a 0.45+11 HA Millipore 
filter prior to HPLC injection. The HPLC elution profiles were employed to deter- 
mine the time course of the reaction as described previously2*4. Variations on this 
basic assay mixture were also employed in which appropriate bases were either ex- 
cluded or included. These changes are described in the figure legends. 
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RESULTS AND DISCUSSION 

Survey of phosphoribosyltransferase activities in yeast 
The use of reversed-phase HPLC and isocratic elutions with 10% methanol, 

allowed us to monitor most of the ten known phosphoribosyltransferases in protein 
extracts from yeast. Both PRibPP-dependent orotate and uracil utilizations were 
observed although OMP synthesis predominated under these conditions and the abil- 
ity of this extract to synthesize UMP directly from uracil was lost over time. The 
UPRTase activity in yeast and its instability have been observed previouslylo. 

As shown in Fig. 2, N,PRTase as well as N,PRTase and QPRTase activities 
were all observed. These three enzymes were monitored by including ATP in each of 
the assay solutions (Fig. 2). Interestingly, very little QPRTase activity was observed 
under these conditions, whereas considerable concentrations of NMN and NaMN 
were synthesized. It was during this survey of the pyridine nucleotide productions, 
that we detected a PRibPP-independent nicotinamide-to-nicotinate transition (Fig. 
2) and we have examined this reaction in greater detail (see below). As expected, 
myokinase activity was also observed in these crude extracts. 

The PRibPP-dependent utilizations of several purine bases were characterized. 
Whereas hypoxanthine, guanine and xanthine are presumed to be substrates for 
HGPRTase”, AMP production has been observed to occur through the use of a 
separate enzyme (APRTase) in yeast12. In our survey, the PRibPP-dependent 
syntheses of IMP, GMP, XMP and AMP were all observed, although relatively small 
concentrations of XMP and AMP were produced under the conditions of the assay. 

Thus we have detected three pyridine-, four purine- and two pyrimidine-nu- 
cleotide synthetic reactions in yeast and we are currently isolating several of these 
newly detected enzymes. 

Competititon between nicotinamide phosphoribosyltransferase and nicotinamide deami- 
dase 

The protein extract that was observed to contain the three pyridine phospho- 
ribosyltransferases was fractionated through the use of (NH4)2S04 salting-out pro- 
cedures. A redissolved 4(MO% fraction was observed to contain both N,PRTase 
and N,PRTase activities but not to contain any detectable QPRTase. To our knowl- 
edge, this marks the first time that N,PRTase has been detected in yeast. Moreover, 
we have observed that this enzyme is essentially independent of added ATP for ac- 
tivity (Fig. 3), in contrast to the yeast N,PRTase-catalyzed reaction during which 
ATP is substrate13 and in contrast with the N,PRTase from mammalian sources 
which require ATP as an allosteric effector 14. We observed also that nicotinamide 
is converted into nicotinate in the presence or absence of PRibPP and that a relatively 
small portion of nicotinamide reacts to form NMN under these conditions (Fig. 3). 
The HPLC assay procedure and separation of reactants that were achieved with a 
methanol-phosphate gradient elution, are illustrated in Fig. 4. These experiments 
thus provide a means by which the metabolic fate of pyridine bases may be charac- 
terized. Kinetic analyses over a range of base and nucleotide concentrations are 
underway currently. 
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Fig. 2. HPLC assay procedures for the pyridine phosphoribosyltransferases (PRTase). The concentrations 
of the assay components in the incubation mixture were: 0.05 M T&phosphate buffer (PH 8), 1 mM 
MgCla, 1 mM ATP (when appropriate), 1 mM PRibPP, 1 mkf nicotinamide or nicotinate or quinolinate 
and 100 ~1 of the protein extract. The linal solution volume was 0.5 ml. (A) HPLC elution profile after 
incubation of the extract with quinolinate, (B) this prolile after incubation with nicotinamide, (C) this 
profile after incubation with nicotinate. Elution conditions are as described in the Materials and Methods 
section. Elution times are in min. 
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Fig. 3. Rate of appearances of nicotinate (A) and NMN (C) and rate of dissappearance of nicotinamide 
(B). The assay conditions and incubation mixture were as described in Fig. 2 except that: (A) PRibPP and 
ATP were not present, (B) 1 mM PRibPP was present but ATP was not present and (C) 1 mM ATP was 
present but PRibPP was not present. 
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Fig. 4. Elution profiles of the incubation mixture defined in Fig. 2, which included nicotinamide but not 
ATP, over a lO-min time period. Elution conditions with a methanol-phosphate gradient are as described 
in the Materials and Methods section. 

Competition for PRibPP by more than one phosphoribosyltransferase 
The HGPRTase-catalyzed reaction has been characterized as being reversible 

but favoring phosphoribosyltransfer l 5. In contrast, the OPRTase-catalyzed reaction 
has been characterized as reversible but favoring PRibPP formationj, and the 
N.PRTase-catalyzed reaction is irreversible, primarily because of its concomitant 
ATPase activityS. In addition these three enzymes have very different specific activ- 
ities (1300, 80 and 4.4 units/mg for HGPRTase, OPRTase and N,PRTase respec- 
tively). In view of these dissimilarities, we have asked how PRibPP might be allocated 
among these three enzymatic reactions. Both the initial velocity and time-dependence 
measurements were to be accomplished. 

A competition between HGPRTase and OPRTase was examined first. Listed 
in Table I are the initial velocities of these two enzyme-catalyzed reactions, where the 
enzymes appear in the incubation solutions together and separately. The OPRTase 
concentrations were chosen to be relatively high in order to compensate for the high 
specific activity of HGPRTase. As shown in Table I, at the lower PRibPP concen- 
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TABLE I 

EFFECT OF THE PRESENCE OF HGPRTase AND OPRTase ASSAY COMPONENTS ON OPRTase 
AND HGPRTase ACTIVITIES, RESPECTIVELY 

Experiment PRiPP concentration (PM) 

100 40 20 100 40 20 

OPRTase initial velocity HGPRTase initial velocity 
(pmoles OMP/min) (pmoles IMP/min) 

pH 8 + OPRTase 
- HGPRTase 
100 pM orotate 

+ OPRTase 
+ HGPRTase 
100 PM orotate 

- OPRTase 
+ HGPRTase 
100 PM hypoxanthine 

+ OPRTase 
+ HGPRTase 
100 PM hypoxanthine 

+ OPRTase 
+ HGPRTase 
100 PM hypoxanthine 

pH 6 + OPRTase 
+ HGPRTase 
100 pM orotate 
100 PM hypoxanthine 

23 17 12 

24 14 7 

36 

30 

24 8 3 29 

13 6 1 28 

29 19 

15 

20 15 

22 11 

tration the presence of OPRTase alone has no effect on the HGPRTase-catalyzed 
synthesis of IMP, whereas the presence of HGPRTase alone inhibits the initial rate 
of OMP synthesis. Moreover, in the presence of the complete HGPRTase assay mix- 
ture, OMP synthesis is significantly inhibited whereas IMP synthesis is only slightly 
affected by the presence of all of the OPRTase assay components. 

The time-dependent effects of one PRTase assay solution on another is illus- 
trated in Fig. 5A and B. As expected, the major effect of the OPRTase assay solution 
is to slow the rate of IMP synthesis after a lo-min incubation. However, the effect 
of HGPRTase assay components is to reverse the synthesis of OMP until a new 
reduced equilibrium concentration is reached. 

The competition between OPRTase and HGPRTase was repeated in the pres- 
ence of l/2 of the OPRTase and l/5 of the HGPRTase concentrations utilized pre- 
viously (Table II, Fig. 5A and B). As shown by the initial velocity values listed in 
Table II, the effect of the addition of nicotinate is to inhibit OMP synthesis both in 
the presence and absence of ATP. In contrast, the effect of ATP is to activate IMP 
synthesis. Finally, the effect of the addition of the complete N,PRTase assay solution 
has no effect on the initial velocity of IMP synthesis but OMP synthesis is apparently 
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Fig. 5. Rate of appearance of the nucleotides AMP, IMP and NaMN from incubation mixtures defined 
in the Materials and Methods section and in Experiments 4 and 5 of Table II. (A) Rate of OMP synthesis 
from an incubation of OPRTase with its substrates in the absence of the complete HGPRTase assay 
mixture (a) and in the presence of this mixture (b). (B) Rate of IMP synthesis from an incubation of 
HGPRTase with its substrates in the absence of the complete OPRTase assay mixture (a) and in the 
presence of this mixture(b). (C) Rate of OMP synthesis from an incubation of OPRTase with its substrates 
in the absence of any other enzyme (a) and in the presence of both the N.PRTase and HGPRTase assay 
mixtures (b). Also shown is the rate of NaMN synthesis (c) under these conditions. (D) Same as (C) except 
that the HGPRTase-catalyzed rate of IMP formation is illustrated. 

TABLE II 

EFFECTS OF THE PRESENCE OF N.PRTase ASSAY COMPONENTS ON OPRTase AND 
HGPRTase ACTIVITIES 

The PRibPP concentration in all experiments is 100 PM. 

Experiment Initial velocities 

OPRTase HGPRTase N.PRTase 
(pmoles OMP/min) (pmoles IMPlmin) (voles NaMNlmin) 

(1) + OPRTase 
+ HGPRTase 
100 PM orotate 

(2) + OPRTase 
+ HGPRTase 
100 @4 orotate 
100 pM hypoxanthine 
100 PM nicotinate 

(3) + OPRTase 
+ HGPRTase 
100 PM orotate 
100 j&f hypoxanthine 
100 PM ATP 

(4) + OPRTase 
+ HGPRTase 
100 pM orotate 
100 PM hypoxanthine 
100 pM nicotinate 
100 PM ATP 

(5) + OPRTase 
+ HGPRTase 
+ N.PRTase 
100 pA4 orotate 
100 &f hypoxanthine 
100 pM nicotinate 
100 pM ATP 

11.6 4.3 - 

8.5 4.0 - 

11.0 

8.5 

27.5 

8.0 

1.5 

1.5 2.8 
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activated. This activation is in fact due to an OPRTase contaminant in the N,PRTase 
preparation. These two enzymes copurify until the last steps in the N,PRTase iso- 
lation. 

The time-dependent effects of the three enzyme assay solutions on one another 
is illustrated in Fig. 5C and D. The relatively slow synthesis of NaMN (and ADP) 
is linear and unaffected by the addition of the assay components of the other two 
enzymes. The effects of the OPRTase and N,PRTase assay components on IMP 
synthesis is slight over a lo-min period (Fig. SD). However, the presence of the 
N,PRTase assay solution eventually reverses IMP synthesis toward a new equilib- 
rium concentration. This effect is shown in Fig. 6 where the HPLC assay procedure 
and the component separation are also illustrated. Moreover, the presence of the 
N,PRTase and HGPRTase assay solutions on OMP synthesis is to reverse this syn- 
thesis completely. As shown in Figs. 5C and 6, all of the orotate that was added 
initially is present again after 30 min. Thus OPRTase, which catalyzes the fastest rate 
of.nucleotide synthesis initially, ultimately loses the competition for PRibPP to the 
irreversible N,PRTase-catalyzed reaction. Presumably, IMP synthesis would be re- 
versed as well over a longer period of time under these assay conditions. More de- 
tailed studies of these competitions have been initiated and kinetic equations which 
will define these effects quantitatively are being derived. 

In conclusion, we have presented assay procedures which characterize the al- 
location of phosphoribosyltransferase substrates between more than one enzymatic 
reaction. The HPLC procedure may yet provide more detailed separations of the 
phosphoribosyltransferase substrates and products and a separation by HPLC of all 
of the reactants shown in Fig. 1 and would allow a characterization of the PRibPP 
allocations among all of the phosphoribosyltransferase-catalyzed reactions. 

Elution Time 

incubation 

Time 

Fig. 6. Elution profiles of the incubation mixture defined in Fig. 5C which illustrates the simultaneous 
detection of the OPRTase, HGPRTase, N.PRTase catalyzed reactions over a 30-min time period. Elution 
conditions with a phosphate gradient are as described in the Materials and Methods section. Elution and 
incubation times are in min. 
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