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SUMMAIIY 

Virus-induced 5'-phosphoribosylpyrophosphate amidotransferase (ribosytamine 
5 ' -phosphate:pyrophosphate  phosphoribosyltransferase (glutamate anfidating), (EC 
2.4.2.I4), the first enzyme in purine biosynthesis, was isolated from spleens of mice 
infected with Friend leukemia virus, purified and certain of its properties were 
studied. The enzyme, which catalyzes the synthesis of 5'-phosphoril)osylamine has a 
requirement for two substrates: 5'-phosphoribosyl pyrophosphate as the phost)ho- 
ribosyl donor, and for a nitrogen containing compound as a source of the amino group 
of 5'-phosphoribosylamine. Ribose 5-phosphate could not replace 5'-phosphoribosyl 
pyrophosphate.  Nitrogen containing compounds found to be substrates were NH4CI, 
(NH4)2SO 4 and glutamine. The enzyme was sensitive to intfibition by Imrine ribonu- 
cleotides. Inhibition was competit ive with 5'-ribosyl pyrophosphate and glutamine, 
but non-competit ive with respect to NH4C1. 

INTROI)UCTION 

Although P P - r i b o s e - P  amidotransferase (ribosylamine 5 ' -phosphate:pyro-  
phosphate phosphoribosyltransferase (glutamate amidating, E(" 2.4.2.I4) has been 
studied in avian and bacterial systems, little information on the mammalian enzyme 
is available I a. In a preliminary publication we reported some of the properties of a 
P P - r i b o s e - P  amidotransferase present in cell-free extracts of spleens of mice with 
virus-induced leukemia 4. The activi ty of this enzyme increased considerably during 
the first week after infection with Friend leukemia virus and declined gradually 
thereafter. 

The s tudy of P P - r i b o s e - P  amidotransferase in mammalian tissues was initially 
hampered by  the instability of the enzyme and by its relatively low activity in 
mammalian cells, the object of the present studies was to purify the mammalian 
enzyme and to investigate some of its properties. Advantage was taken of the fact 
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that  enzyme activity increases early in the course of virus induced murine leukemia. 
Therefore preparations were made approx. I week after infection with Friend 
leukemia virus when the spleens were enlarged and enzyme activi ty was at its peak. 

MATERIALS AND METHODS 

Chemicals 
Purines and purine nucleotides were obtained from the Nutritional Biochemical 

Corporation, amino acids from Calbiochem., DEAE-cellulose as DE-52 from Whatman,  
Sephadex G-25 from Pharmacia.  

Preparation of animals 
Random bred female Swiss mice, weighing 18-2o g obtained from Taconic 

Farms were infected with Friend leukemia virus by  intra-peritoneal injection of 0.2 ml 
of virus filtrate obtained from a 20% homogenate of leukemic spleens as previously 
described 5. Mice were killed by cervical compression, the spleens removed, placed on 
ice and homogenized as quickly as possible as described in RESULTS. 

Enzyme assay 
The assay used was that  originally described by  HARTMAN, LEVENBERG AND 

BUCHANAN 6 as adapted by NIERLICH AND MAGASANIK a. Briefly, it is based on the 
following reactions : 

Step i :PP-Ribose-P  + glutamine -+ 5'-phosphoribosylamine + PPi (I) 

5"-Phosphoribosylamine + glycine + ATP ~- 5'-phosphoribosylglycineamide + ADP + Pi (2) 

Step 2 : 5'-phosphoribosylglycineamide + IMP + H~O -+ 5'-phosphoribosylformylglycine- 
amide + 5'-phosphoribosyl-5-amino-4-imidazolecarboxamide (3) 

The 5'-phosphoribosyl-5-amino-4-imidazolecarboxamid e formed in the coupled assay 
is measured colorimetrically by  the method of BRATTON AND MARSHALL (see ref. 3). 

Reaction I is catalyzed by  PP-ribose-P amidotransferase, Reaction 2 by  P-  
ribosylglycineamide synthetase. A partially purified fraction of P-ribosylglycineamide 
synthetase prepared from chicken livers by the method of HARTMAN was therefore 
added to the reaction mixture 7. Since Reaction 3 requires transformylating enzymes 
and cofactors, these were supplied by adding a I5-3o % ethanol fraction of chicken 
liver prepared as described 8. The enzyme assay was carried out in 2 steps: Step I :  
the reaction mixture (o. 4 ml) containing o.2/,mole PP-ribose-P, 4#mole  NH4C1, 
o.8/~mole MgC12, 3.5/zmole glycine, o.4/,mole ATP, 3o/zmole Tris-HC1 buffer 
(pH 8.9) and o.o2 ml of a standardized preparation of P-ribosylglycineamide syn- 
thetase was incubated for 5 min at 37 °. Step 2 : reactions carried out in Step I were 
stopped by  the addition of 15 #moles EDTA with 2.5/,moles IMP (o.I ml), the latter 
served to initiate Step 2 of the assay. After the addition of o.I ml (2.5 mg) of a 
standardized 15-3o% ethanol fraction of chicken liver homogenate dissolved in 
o.o25 M potassium phosphate buffer (pH 7.5), incubation was continued for 3o min 
at 37 °. The reaction was stopped by  the addition of o.I ml of a solution of 15°/0 
trichloroacetic acid in i M HC1 followed by o.o 5 ml acetic anhydride. After centrifu- 
gation, 5'-phosphoribosyl-5-amino-4-imidazolecarboxamide formed during the second 
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step of the assay was determined by the method of BRATTON AND MARSHALL (see 
ref. 3). 6.9 nmoles of 5-amino-4-ilnidazolecarboxanlide s tandard give an absorbance 
reading of o.Io at 54 ° m#. Proteins were measured spectrophotometrically '!  

R E S U L T S  

Purification of PP-Hbose-P amidotransferase 
88 female Swiss mice were sacrificed 8 days after they had been infected with 

Friend leukemia virus by  intraperitoneal injection of o.2 ml of virus filtrate. The 
spleens weighed 97 g. All steps were carried out at 4 ° and all buffers contained Io -3 M 
2-mercaptoethanol and IO 4 M EDTA. Spleens were homogenized with a Virtis homo- 
genizer in o.z M ammonium citrate buffer (pH 5.o), I.O ml/g spleen. The homogenate 
was centrifuged for 6o rain at zoo ooo .x g and the precipitate discarded (Table I). 

T A B L E  1 

PURIFICATION OF PP-RIBOSE-P  AMIDOTRANSFERASF FROM SPLEENS OF LFUKEMI(I MICI." 

A c t i v i t y  is e x p r e s s e d  as n m o l e s  P - r i b o s y l a m i n e  f o r m e d  pe r  ra in  p e r  m g  p r o t e i n  u n d e r  s t a n d a r d  
a s s a y  cond i t i ons .  

Stage a~d Drocedure Prolebl .4c[ivilv l&lc#ive Yield 
(mg/ml) (nmoles/~g) activity 

1. Soluble  e x t r a c t  37 i.- '4 i I oo 
2. H e a t - s t a b l e  f r a c t i o n  :3  l.(}i i. 5 52" 
2a. H e a t - s t a b l e  tYaet ion s t o r e d  a t  ~ ~ 8 '  for  48 h 2 [ o.05 o.5 ~ 7 
3. (NH4)2SO a f r a c t i o n  4. ~ ~.7 o _,., t)* 
4. 1 ) E A E - c e l l u l o s e  c h r o m a t o g r a p h y  I . I  Z3.(> I c).o I 2 '  

* T h e s e  s t a g e s  of  p u r i l i c a t i o n  w e r e  c a r r i e d  o u t  w i t h  on ly  a p a r t  o f  t h e  p r e c e d i n g  e n z y m e  
f r a c t i o n .  T h e  r e c o v e r y  r e p o r t e d  ha s  b e e n  c o r r e c t e d  for  s a m p l e  size. 

The pH of the supernatant  fraction (Stage I) was adjusted to 7.5 by tile gradual 
addition of Lo M tribasic potassium phosphate buffer (to Io4 ml supernatant  6 mt 
buffer were added), placed in a water bath (7 o°) and heated to 6o ° under constant 
stirring. As soon as the temperature  of the supernatant  fraction reached 6o ° it was 
placed on ice and allowed to cool to 4 °. After centrifugation tile precipitate was 
discarded. The heat-stable supernatant  fraction (Stage 2), was adjusted to pH 5-4 by 
the addition of z M monobasic potassium phosphate buffer. (To 2z ml of supernatant,  
8 nfl of buffer were added). This solution was precipitated by the addition of 8 g of 
solid (NH4)2SO 4 (27.8 g/Ioo lnl, 45~}'o satn.), tile precipitate collected by centrifugation 
and dissolved in I5 ml o.o35 M potassium phosphate buffer (pH 7.5)- This solution 
(Stage 3) was dialyzed overnight against the same buffer. 9.9 ml of the dialyzed 
solution (Stage 3) were applied to a DEAE-cellulose column (2 c m x  22 cm) which 
was previously equilibrated with o.o35 M potassium phosphate buffer (pH 7.5). The 
enzyme was eluted froin the column with potassium phosphate buffer (pH 0.5), by 
creating a linear gradient of increasing salt concentration. Two connecting identical 
cylindrical chambers were used, the reservoir chambers contained IOO ml o.8 M potas- 
sium phosphate buffer; the mixing chamber, ioo ml o.o5 M potassium phosphate 
buffer. The eluate was collected in fractions of approx. 5 ml. After I4o ml of colorless 
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eluate had been collected, the bulk of the enzyme activity emerged in two consecutive 
fractions of the column eluate which had a light brown color (Stage 4). 

Enzyme stability 
The enzyme at Stage 2 proved to be very unstable and lost approximately 

one-half of its activity during overnight dialysis at 4 ° as well as during 48-h storage 
at - -18 °. Desalting of this fraction by  passage through a Sephadex G-25 column 
caused a similar loss of activity. The enzyme fractions obtained after DEAL-cellulose 
column chromatography (Stage 4) lost their activity very rapidly when stored at 4 ° 
or when kept in an ice bucket. Storage for 4-5 h could lead to a loss of 50% of the  
enzyme activity. No appreciable loss of enzyme activity was observed however, when 
the enzyme was stored at --  18 ° for several days; the enzyme could withstand freezing 
and thawing. By thawing the enzyme fractions just prior to incubation and refreezing 
them immediately after use, it was possible to preserve their activity. 

T A B L E  I I  

E F F E C T  OF D I F F E R E N T  N I T R O G E N  C O N T A I N I N G  S U B S T R A T E S  ON PP-RIBOSE-P A M I D O T R A N S F E R A S E  
A C T I V I T Y  

The condi t ions  of assay  were as p rev ious ly  descr ibed in M,~.TERIALS ANn METHODS. O. I I  mg 
enzyme  Stage 4 was added.  In  al l  cases o .oi  M n i t rogen  con ta in ing  subs t r a t e  was added  as in- 
d icated.  

Substrate added P-ribosylamine 
formed 
( nmoles /min ) 

None o.40 
G l u t a m i n e  2.50 
NH4C1 3. I o 
(NH4)~SO4 3.1o 
Asparag ine  o.5o 
A s p a r t a t e  o.74 
C a r b a m y l  phospha t e  o. 78 

z 1.0" 
~E 

v 0 . 5 "  

-3  - 2  -I o 

C 

VV IS] (raM) -I 

Fig. I. Effect  of PP-ribose-P-concentration [SI and  the  add i t i on  of AM P on the  a c t i v i t y  of PP- 
r ibose -P  amido t rans fe rase .  Double  rec iprocal  p lo t  of ve loc i ty  and  PP-ribose-P concen t r a t i on  
([S]) as ind ica ted .  Curve  a, d e t e r m i n a t i o n s  were done under  s t a n d a r d  condi t ions  as descr ibed in 
MATERIALS AND METHODS; Curve b, condi t ions  as descr ibed wi th  the  a d d i t i o n  of i o  -8 M AMP;  
Curve  c, condi t ions  as above,  b u t  w i th  the  a d d i t i o n  of 2 • i o  -8 M AMP. o . i2  mg enzyme Stage  4 
were incuba ted .  
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Substrate speciJici~, 
The enzyme required PP-ribose-P; ribose-5-P could not be substituted ik)r 

PP-ribose-P. Several nitrogen containing compounds were tested to see whether they 
could serve as substrates. Enzyme at Stage 4 could use glutamine, NH4C1 and 
(NH4)2SO4, while carbamyl phosphate, aspartate and asparagine were not suitable 
substrates (Table II). 
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ol, o12 o13 o!~ 
I/[GLUTAMINE] (raM} 4 I/[NHaC] ] (raM]' 

Fig.  2. E f f ec t  of  g l u t a m i n e  c ( m c e n t r a t i o n  a n d  t he  a d d i t i o n  of  AM1 ) or  ( ; M P  on th( '  a c t i v i t y  of  
PP-ribose-P a m i d o t r a n s f e r a s e ,  l ) oub l e  r e c i p r o c a l  p l o t  of  v e l o c i t y  a n d  g l u t a m i n e  c o n c e n t r a t i o n  
as  i n d i c a t e d .  C u r v e  a, a s s a y s  w e r e  c a r r i e d  o u t  as  d e s c r i b e d  in MATERIALS AND METHODS; C u r v e  b, 
c o n d i t i o n s  as  d e s c r i b e d  w i t h  t he  a d d i t i o n  of  2 • I o  3 M ( ; M P ;  C u r v e  c, c o n d i t i o n s  as a b o v e  b u t  
w i t h  t h e  a d d i t i o n  of  2 • i o 3 M AMP.  o. 12 nag e n z y m e  S t a g e  4 w a s  used.  

Fig.  3. E f f e c t  of  NH~CI c o n c e n t r a t i o n  a n d  t h e  a d d i t i o n  of  A M P  or G M I '  on the  a c t i v i t y  (~f P['- 
r i b o s e - P  a m i d o t r a n s f e r a s e ,  l ) o u b l e  r e c i p r o c a l  p lo t  of  v e l o c i t y  versus Nl-14('l c o n c e n t r a t i o n  as 
i n d i c a t e d .  C u r v e  a, s t a n d a r d  c o n d i t i o n s  as  d e s c r i b e d  in MATERIALS AND METHOI)S; C u r v c  t) ,  c o n -  

d i t i ons  as de sc r ibed ,  b u t  w i t h  t h e  a d d i t i o n  of  2 • io  a M GMt) ;  C u r v e  c, condi t i ( )ns  as ahoy( ' ,  b u t  
w i t h  t h e  a d d i t i o n o f  2 . , o  3M AMP.  o. I2 m g e n z y m e  S t a g e 4  was  i n c u b a t e d .  

T A B 1 . E  111 

C O M P A R I S O N  O F  R E A ( T I O N  R A T E S  U S I N G  G L U T A M I N E  A N I )  N ] - [ ~ C 1  AS S U B S T R A T E S  AT D I F F E R E ' N T  

S T A G E S  O F  E N Z Y M E  P U R I F I C A T I O N  

A s s a y s  were  c a r r i e d  ou t  as  d e s c r i b e d  in MATI';RIALS AND METHODS us ing  o.I  ml e n z y m e  ( s t age  as 
i n d i c a t e d ) .  S u b s t r a t e s  w e r e  a d d e d  as i n d i c a t e d  a t  a conch ,  of  o .ol  M. 

Stage of Subslrale (~m~oles t )- .lctivitv 
purificati(~n ribosylamine formed/miJ~) ratio 

(;hdamine NH4(:I 

I 4 . o  t. (~ o . S 7  
2 4. I 4.4 o.03 
3 I .  1 1 .3  o . ' ~ 5  

4 2 .1  2.~) 0 , ~ 1  

Enzyme constants 
The Km for PP-ribose-P was 3.3 ' I°-4 M (Fig. I). The Km for glutamine and 

for ammonium chloride did not differ significantly from each other; that for glutamine 
was 7" IO-~ M, that for NH4C1 was 6- IO -a M (Figs. 2, 3). Enzyme activity with NH4C1 
as substrate exceeded that  with glutamine at all stages of enzyme purification 

(Table III) .  
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Substrate inhibition 
NH4C1 was not inhibitory at concentrations ranging from IO -~ M to 5" lO-3 M. 

Glutamine was inhibitory at concentrations above 2.5" lO -3 M (Fig. 4). 

Requirements 
Mg z+ was required for the reaction. EDTA at a concentration of o.o35 M 

inhibited the reaction completely. 

Inhibition by purines and their derivatives 
The enzyme responded to inhibition by purine ribonucleotides at various stages 

of purification (Table IV). Enzyme at Stage I was most sensitive to feedback inhi- 
bition. Sensitivity to inhibition by end-products of the pathway diminished, but was 
not abolished with increasing purification. If  enzyme fractions following precipitation 
by (NH4)2SO 4 (Stage 3), were dialyzed against distilled water, they became less 
sensitive to end-product inhibition. During dialysis against distilled water the enzyme 
precipitated and recovery of the activity required extraction with 0.025 M potassium 
phosphate buffer (pH 7-3). This procedure also caused a significant loss in enzyme 
activity, as much as 5o-7o% of the initial activity could be lost, and precipitation at 
low ionic strength was therefore omitted in our purification procedure. 

T A B L E  I V  

INHIBITION OF PP-RIBOSE-P AMIDOTRANSFERASE ACTIVITY BY PURINES AND THEIR DERIVATIVES 

C o n d i t i o n s  of  a s s a y  w e r e  as  d e s c r i b e d  in MATERIALS AND METHODS w i t h  t h e  e x c e p t i o n  t h a t  PP-  
r i b o s e - P  concn ,  w a s  5" IO-* M a n d  t h a t  o f  g l u t a m i n e  w a s  IO -~ M. P u r i n e s  a n d  t h e i r  d e r i v a t i v e s  
w e r e  a d d e d  in  t h e  c o n c e n t r a t i o n s  i n d i c a t e d .  

Enzyme Inhibitor Conch. Inhibition 
fraction added (i, moles/ml) (%) 
added 

S t a g e  I N o n e  
A d e n i n e  

S t a g e  2 

S t a g e  4 

A M P  

o o 
i '70 
2 80 
i 5 ° 
2 58 

4 7 ° 

G u a n i n e  i 37 

4 34 

G M P  i I o 

4 40 

N o n e  o o 
A M P  2 32 

N o n e  o o 
A M P  i 15 

2 3 ° 
4 5o 

G M P  i I I  

4 32 
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Fig .  4. E f f ec t  o f  t w o  n i t r o g e n  c o n t a i n i n g  s u b s t r a t e s  on  P P - r i b o s e  P a m i d o t r a n s f c r a s c  a ~ t i v i t v .  
C u r v e  a, d e t e r m i n a t i o n s  w e r e  clone u n d e r  s t a n d a r d  c o n d i t i o n s  w i t h  g l u t a m i n e  as  s u b s t r a t e  a t  tt~o 
c o n c e n t r a t i o n s  i n d i c a t e d ;  C u r v e  b, c o n d i t i o n s  as  a b o v e ,  b u t  w i t h  NH4C1 as  s u b s t r a t e  a t  t h e  con-  
c e n t r a t i o n s  as  i n d i c a t e d .  

Fig.  5. E f f e c t  o f  p u r i n e  r i b o n u c l e o t i d e s  on  P P - r i b o s e - P  a m i d o t r a n s f ~ ' r a s e  a c t i v i t y .  The  effect  of  
A M P  (Curve  a), G M P  (Curve  b) a n d  a n  e q u i i n o l a r  m i x t u r e  of  A M P  a n d  G M P  (Cur\ 'e  c) is c h a r t e d .  
The  i n h i b i t o r s  w e r e  a d d e d  a t  t h e  c o n c e n t r a t i o n s  i n d i c a t e d  on  t he  absc i s sa .  A s s a y  c o n d i t i o n s  were  
as  d e s c r i b e d  in  MATERIALS AND METHODS. 0. 5 m g  e n z y m e  S t a g e  3 were  i n c u b a t e d  p e r  a s say .  

Inhibition by adenine and AMP was consistently more potent than inhibition 
by  guanine and GMP. The inhibitory effect of AMP and GMP, incubated under 
s tandard conditions in the same assay system, was additive; the inhibitory effect 
was no greater than that  observed with equimolar concentrations of either inhibitor 
alone (Table IV, Fig. 5). In contrast to their effect on the avian and microbial enzyme, 
AMP and GMP did not act synergistically on the murine enzyme; the addition of 
one inhibitor did not pronmte the effect of the othera, a. Inhibition with AMP or GMP 
was competit ive with respect to glutamine and non-competit ive with respect to 
NH4C1 (Figs. 2, 3). Inhibition by AMP was competitive with respect to PP-r ibose-P 
(Fig. I). 

DISCUSSION 

We have previously reported that  P P - r i b o s e - P  amidotransferase is induced in 
tile spleens of mice soon after infection with a leukemia virus. This enzyme is sensitive 
to regulatory controls similar to those which inhibit the activity of the enzyme 
derived from bird livers and from microorganisms2, a. The reaction catalyzed by P P -  

ribose-P amidotransferase need not be the only source of P-ribosylamine in the cell. 
We have established that  P-ribosylamine synthesis from ribose-5-P and ammonia is 
enzymatic,  and that  the enzyme which catalyzes the reaction is sensitive to inhibition 
by  purines and their derivatives ~°. The biological significance of this enzyme which 
catalyzes an alternative first step in purine biosynthesis, has yet to be established in 
mammalian systems, although there is some evidence that  it exists in spleens of 
leukemic mice and in Ehrlich ascites cells~°, n. 

P P - R i b o s e - P  amidotransferase is believed to be the regulatory enzyme of de 

novo purine biosynthesis. I ts  inactivation or derepression is thought to play an 
important  role in causing an acceleration of de novo purine biosynthesis in gout ~2 and 

Biochim. Biophys. Acla, i 7 i  (~9(~9) 5 8 6(7 
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in some forms of leukemia a. The results of our investigation support this hypothesis. 
Although our studies of the properties of the mammalian enzyme have been limited 
by  the instability of the enzyme and its relatively low activity in mammalian tissues, 
it was possible to partially purify the enzyme (Table I). 

The properties of the enzyme isolated from spleens of mice infected with 
leukemia virus were found to be similar to those of the avian and bacterial enzymes 
in several respects. The extreme instability of the murine enzyme is a property which 
it shares with the microbial enzyme ; a t tempts  to purify the microbial enzyme resulted 
in only a 6-fold increase in specific activity 3. 

Enzymes from all three sources can use only PP-ribose-P. However, they differ 
in their requirements for a nitrogen containing substrate. The murine enzyme can use 
glutamine as well as ammonia as substrate ; its affinity for either of these substrates 
is similar (Figs. 2, 3). The enzyme derived from chicken liver was reported to have a 
much greater affinity for glutamine than for ammonium chloride 1. 

The possibility that  two independent PP-ribose-P amidotransferases may exist, 
one using glutamine, and the other ammonia,  cannot be ruled out by our data. 
Enzyme activity wifia ammonium chloride as substrate exceeds that  with glutamine 
at all stages of enzyme purification, but  the ratio of the reaction rates remains similar 
(Table III). I t  is therefore less likely that  we are dealing with two different enzymes. 

Certain of the factors which exert control over the activity of avian and bac- 
terial PP-ribose-P amidotransferase are also operative in the enzyme we have isolated. 
Purine bases and their derivatives inhibit the activity of the mammalian enzyme. 
However, the mode of inhibition by  AMP and by  GMP with respect to the two 
nitrogen containing substrates is different. AMP and GMP compete directly with 
glutamine, but  inhibition with respect to NHaC1 is non-competitive (Figs. 2, 3). These 
findings are consistent with the assumption that  glutamine and NH4C1 interact 
differently with the enzyme. Glutamine and NH4C1 could bind to two independent 
enzymes or to separate sites of the same enzyme, or they could share a common 
binding site to which they are attached in a different manner. 

AMP and GMP acted synergistically upon avian and bacterial PP-ribose-P 
amidotransferase2, 3. Their effect upon the murine enzyme however, was merely 
additive, and therefore, no more than one binding site for these inhibitors need exist, 
although the data do not exclude multiple binding sites for these inhibitors (Fig. 5)- 

The present investigations are consistent with the view that  P-ribosylamine 
synthesis, catalyzed by  PP-ribose-P amidotransferase, is an important  site for the 
regulation of de novo purine synthesis in neoplastic mammalian tissues. These results 
are in accordance with our studies on the regulation of this enzyme in vivo in virus- 
induced murine leukemia 4. 
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