
PURINE RIBONUCLEOTIDE REDUCTASE 1105 

3. Bo’urdal, G., Li, C. H., Acta Endtocrinlol., 

4. Rmnds, E. G., EndocrinoZogy, 1964, v74, 290. 
5. Campbell, D. H., Garvey, J. S., Cremer, N. E., 

Sussdorf, D. H., I n  Methods of Immunlology, Ben- 
jamin, W. A., Inc., New York, 1964, p118. 

6. Kabat, E. A., M’ayer, M. M., In  Experimental 
Immunochemistry Ed. 2, Charles C Thomas, Spring- 
field, Ill., 1961, p67. 

7. Parlow, A. F., In  Albert, A. A., (ed.), Human 
Pituitary Gonadotrophins, Charles C Thomas, 
Springfield, I~ll., 1961, p300. 

8. Yokoita, N., Igarashi, M., Matsumoto, S., 
Endocrinol. Japon., 1965, v12 (2), 83. 

(Kobenhavn), 1963, v42, 473. 
9. Sakiz, E., Guillemin, R., Endocrinology, 1963, 

10. Snedecor, G. W., Statistical Methods, Iowa 

11. Quadri, S. K., Harbers, L. H., Spies, H. G . ,  

12. Ely, C. A., Chen, B., Endocrinology, 1966, 

13. Baird, J. M., Wolf, R. O., Rennels, E. G., 

14. Guikmin, R., Siakiz, E., Endocrinology, 1963, 

v72, 804. 

Stake Univ. Press, Ames, 1962, p237. 

Proc. SOC. Exp. Blol. & Med., 1966, ~ 1 2 3 ,  809. 

v79, 362. 

Proc. Sloc. Exp. Biol. & Med., 1961, v106, 362. 

v72, 813. 

Received March 29, 1967. P.S.E.B.M., 1967, ~12.5. 

Purine Ribonucleotide Reductase : End-Product Inhibition and 
Stimulation of a Mammalian Enzyme.* (32287) 

A. P. KIMBALL, P. S. ALLINSON, AND M. J. FRYMIRE 
Stanford Research Institute, Life Sciences Research, Menlo Park, Calif.  

The general area of metablolic regulation 
has considerable importance for studies of the 
oncogenic process. Specifically, control mech- 
anisms exerted on DNA+ synthesis should be 
olf primary importance. The ribsnudeotide 
reductases ( 1,2,3) catalyze the synthesis of 
the deoxyribonucleotides which serve as proxi- 
mal precursors for DNA synthesis. Cointrod 
mechanisms operating on the reductass 
should ultimately influence DNA synthesis. 
Also, chemical agents that modify the cata- 
lytic function of the r e d u c t a s  should inter- 
fere with the synthesis of DNA. This p p o r  
reports studies on the end-product inhibition 
and stimulation of purine ribonucleotide. 
reductases, from a mouse tumor, by the 
natural proximal precursors for DNA. Two 

*This work was supported by Clonltract P H  43- 
65-575 with the Cancer Chmoltherapy Na~tion~al 
Service Cenfter, Nlat. Clmcer Inst., Nat. Imt.  Health. 

t Abbreviations used: DNA, deoxyribonucleic 
acid ; ATP, adenosine-5’-triphosphate ; dADP, de- 
oxyadenosine-5‘-diphosphate ; ara-c, 8-D-arabinosyl- 
cytosine ; dGTP, deoxyguanosine- 5’- triphosphate ; 
dGDP, deoxyguanosine-5‘-diphosphate ; dGMP, 
deoxyguanosine-5’-monophosphate ; dTGMP, p-D- 
deoxythioguanosine-5’-monophosphate ; Tris-HC1, 
tris (h ydroxymathyl) amholmethane hydrochloride 
buffer ; AMP, adenosine-5’-monophospha te. 

carcinostatic agents, j3-D-arabinosylcytosine 
(4) and the 5’-phosphate of /3-D-deoKythio- 
guanwine(5), were also folund to act as 
modifiers of deoxyribonucleoltide formation. 
p-D-arabinosylcytosine (ar.a-c) inhibited de- 
oxyadenyla te synthesis, and deoxythiogua- 
nosine-5’-phosphate (dTGMIP) was found to 
stimulate the formation of dmxygumylate. 

Materials and methods. Female AXC57BLJ 
6 mice (Jackson Memorial Laboratory, Bar 
Harbor, Maine) were each implanted with 
2 x lo6 Carcinoma 755 ascites cells of a line 
resistant to 6-mercaptopurine. The ascites 
cells were harvested oa day 5 and 
washed free of red blood cells. The ascites 
cells were centrifuged at 14701 X g for 2 
minutes, diIuted 1:1 with distilled water 
and thus subjected to o!srmtic shock for 2 
minutes. The swollen cells were homogenized 
by 20 passes in a glass homogenizer with a 
teflon plunger. The bomogenate was Gen- 
trifuged at  16,0100 X g for 90 minutes a t  4OC. 
The crud’e enzyme extract was decanted and 
stored at -20°C. The reaction mixtures used 
in the enzyme tests contained AMP-8-14C 
(Schwarz Bio’Research, Inc.), 1.6 X 1106 cpmJ 
pmole, or GDP-8J4C (Schwarz BioResearch, 
Inc.) 1.0 X lo7 cpm/pmde; ATP, 0.25 
pmdes; Tris-HC1, pH 7.4, 5 pmoles; MgC12, 
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TABLE I. End-Product Inhibition of Adenylate 
Reductase by dATP. 

ppmoles dAMP formed 
Incubation 5 X 10"M 
time (min) Control dATP added 

0 0 0 
15 6 80 310 
30 1570 470 
45 2010 1060 

~ ~~~~~ 

Each tube contained AMP-8-14C, 1.6 X lo6 cpm/ 
@mole, 100 mpmoles; ATP, 0.25 pmoles, Tris-HC1, 
pH 7.4, 5.0 @moles; MgCl,, 2.5 pmoles; cell-free ex- 
tract, 2.2 mg protein, in a final volume of 0.49 ml. 

2.5 pmoles and crude enzyme extract equi- 
valent to 2.0 to 3.5 mg protein in a final 
volume of 0.5 to 0.6 ml. Incubations were car- 
ried out a t  38°C in triplicate tubes. The in- 
cubation mixtures were inactivated at  the 
designated times by heating at 100°C for 3 
minutes. Then 0.01 ml of 0.05 M KOH, 0.01 
ml of 0.5 M MgClz and 0.025 ml (0.2 mg) of 
crude Crotalus adamanteus venom were added 
and the incubations were continued for 60 
minutes. The reactions were stopped by 
heating at 100°C for 3 minutes. Precipitated 
protein was spun down, and the supernatants 
were chmmatographed on Whatman No. 3 
MM paper, with 50 pg of the appropriate 
deoxyribonucleoside added as carrier in each 
case. The papers were developed for 24 hours 
in 0.64% boric acid in 85% ethanol-concen- 
trated NH40H (1OO:l) by descending 
chromatography. The carrier spots were cut 
from the developed chromatograms and 
counted directly in a scintillation counter at  
50% efficiency in a toluene scintillation solu- 
tion. Parameters affecting this enzyme assity 
are described in more detail elsewhere( 3) .  
Protein was determined by the method of 
Lowry et al( 6 ) .  

TABLE 11. Stimulation of Deoxyadenylate Syn- 

Incubation ppmoles dAMP 
time (min) dGTP added formed 

thesis by dGTP. 

Exp I 20 None 430 
lo4 M 1530 

E x p I I  4,5 None 510 
8 60 lo6 M 

s2 

The conditions were the same M those listed 
under Table I. Exp I contained enzyme extract 
equivalent to 2.9 mg protein and Exp I1 contained 
2.0 mg protein. 

Results. Adenylate reductase. The adenylate 
reductase of the murinie tumor was subject to 
end-product inhibition by dATP. The data on 
inhibition by dATP at  5 x low5 M are given 
in Table I. Deoxyadenylate synthesis was in- 
hibited about 50% by this molarity of dATP. 
While dATP was found to inhibite deoxy- 
adenylate synthesis, dGTP at l W 5  M 
stimulated this biosynthesis (Table 11). The 
formation of deoxyadenylate was stimulated 
360% by dGTP in a 20 minute incubation 
time, which is within the linear portion of 
the curve. 
The antimetabolite, ,f3-D-arabinmylcytosine 

(or metabolites), gave paradoxical inhibitory 
effects on the reduction of adenylate (Table 
111). Inhibition was reversed or partially 

TABLE 111. Inhibition of Adenylate Reductase 
by ara-c. 

ppmoles U P  formed 
ara-c molarity E x p I  E x p I I  

~ ~ 

None 177 850 
10-7 M 156 
5 x 1 0 - 7 ~  95 

M 40 450 
5 X 10"M 196 770 

The conditions were the same as those listed un- 
der Table I, except tha t  incubations were carried 
out for  30 min. Exp I, 2.2 mg protein; Exp 11, 
2.8 mg protein. 

TABLE IV. Inhibition of Guanylate Reductase by 
dATP. 

ppmoles dGDP formed 
I ncub ati on 
time (min) Control dATP added 

5 X 10aM 

0 
5 

10 
20 

0 0 
27 0 
61 2 
91 3 

Each veseel contained GDP-8-14C, 15 mpmoles; 
ATP,  0.85 pmoles; Tris-HC1, pH 7.4, 5.0 pmoles; 
MgCl,, 2.5 @des;  enzyme extract equivalent to 2.9 
mg protein, i n  a final volume of 0.46 ml. 

reversed at the highest molarity of p-D- 
arabinosylcytosine (ara-c) used in these 
studies ( 5  x M). 

Guanylate reductase. Guanylate reduction 
was almost completely inhibited by dATP at 
5 X M (Table IV) . A 97 to 100% in- 
hibition was obtained in the linear portion of 
the reaction. The redu'ctiun of GDP to dGDP 
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TABLE V. Effects of dGTP and dTGMP on 
Guanylate Reductase. 

ppmoles dGDP formed 
Incubation Modifier added 
time (min) Control 5 X 104M 

Exp I 
0 
5 

10 
20 

Exp I1 
0 
5 

10  
20 

0 
16 
53 
78 

0 
27 
71 

101 

dGTP added 
0 
1 
4 
9 

dTGMP added 
0 

44 
82 

112 
- ~~ 

The conditions were the same as those listed 
under Table IV. Enzyme extract equivalent to 
3.48 mg protein was used in a final volume of 0.56 
ml. 

was also subject to end-product inhibition in 
enzyme preparations of the mammalian tumolr 
(Table V) . However, P-D-deoxythiogua- 
no.sine-S’-pholsphate (dTGMP), the thiol 
analogue of dGMP, appeared to stimulate the 
guanylate reductase (Table V ) .  In fact, in- 
creases in dGDP synthesis occurred at several 
molarities of dTGMP (Table VI)  whereas 
dGMP gave inhibitions at  the same molarities. 
At the lowest molarity of modifiers employed 
(5  X M), dTGMP stimulated the reac- 
tion about 50%’ but dGMP gave about 50 
percent inhibition. 

Discussion. The inhiblitory effect of dATP 
and the stimulatory effect of dGTP on the 
adenylate rleductase of the Ca755 tumor are 
in accord with those recently repolrted for a 
purified enzyme from Escherichia coti B .  by 
Larssoin and Reichard( 1) .  The reduction of 
GDP to dGDP was also subject to end-product 
inhibition in enzyme preparations of the mam- 
malian tumor. These results, however, differ 
from those reported by Larsson and Reichard 
( 1). Several interpretations of this difference 
are possible. (a) Thle obsierved “end-product” 
inhibition of the mammalian guanylate re- 
ductase may not be true end-product in- 
hibitioa in the enzyme preparatioa. This 
might be dATP mediated inhibitioln since 
dGTP stimulated dATP synthesis. (b) These 
variances in results may reflect a true dif- 
ference between the bacterial and mammalian 
enzymes. (c) The inhibitor site of the 
guanylate reductase may be sensitive to purifi- 

cation procedur’es. The inhibitor sites of some 
enzymes are known to be very labile(7). 
However, our results are similar to those re- 
ported by Moore and Hurlbert(2) far a 
purified guanylate reductase from the 
Novikoff hepatoma. The most likely ex- 
planation is that the bacterial and mam- 
malian enzymes differ . 

The inhibitory effect of p-D-arabinmyl- 
cytosine on d’eoxyadenylate synthesis cm- 
relates with the in vivo inhibition by this drug 
on the incorporatiion ‘of preformed adenine 
into DNA adenine( 8). This m y  help to ex- 
plain, in part, the mechanism by which p-D- 
arabinosylcytosine exerts toxicity on the blone 
marrow(4) since bone marrow is dependent 
on supplies olf preformed purines( 9).  Nol ex- 
planation is readily available folr the para- 
doxical effects of this drug on adenylate 
reductase, i.e., the reversal of inhibition at 
higher concentrations. This reversal effect 
may or may not relate to even#& that wcur in 
vivo. 

The stimulation (positive modulation) of 
guanylate reductase by deoxythioguanylate 
provides the first straightforward evidence 
that the mammalian enzyme is an allosteric 
protein-that the mammalian guanylate re- 
ductase is a regulatory enzyme. These data 
also suggest that only very small changes in 
molecular structure of the modulator suffice to 
cause the conformational cbange in the en- 
zyme leading from inhiblition to stimulation. 
The covalent radius of oxygen is 0.74 A and 
that of sulfur is 1.04 A. If DNA synthesis is 
dependent on a critically balanced supply of 

TABLE VI. Effects of Various dTGMP and 
dGMP Concentrations on Guanylate Reductase. 

ppmoles dGDP formed 
Drug Exp I Exp I1 

concentration dTGMP added dGMP added 
~ 

0 37 52 
27 (-48) 
17 (-67) 
4 (-92) 
2 (-96) 

5 X 10”M 58 (+57) 
lo6  M 54 (+46) 
5 x 110-5 M 54 (+46) 
lo* M 49 (+32) 

Each vessel contained GDP-8-14C, 15 mpmoles; 
ATP, 0.25 &moles; Tris-HC1, p H  7.4, 5.0 pmoles; 
MgCl,, 2.5 @moles; enzyme extract, 3.1 mg protein; 
in a final volume of 0.51 ml. Incubations were car- 
ried out fo r  1 0  min. Numbers in parentheses refer 
t o  percent stimulation (+) or inhibition (-). 
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proximal precursors, stimulation of reductase 
activities by antimetabolites could be as 
damaging to cellular mletabolism as inhibition. 

The results of the study presented here 
reinforce the conclusions reached by Larsson 
and Reichard( 1 ) , Moore and Hurlbert (2),  
and others (3,8) that inhibitors and stimu- 
lators of ribonucleotide reductases control the 
supply of proximal precursors for DNA syn- 
thesis and, ultimately, cellular replication. 

Summary. The purine ribonucleotide reduc- 
tases from a mouse tumor were studied in 
vitro. Adenylate and guanylate reductions 
were subject to end-product inhibition. p-D- 
arabinosylcytosine produced paradoxical in- 
hibitory effects on deoxyadenylate biosynthe- 
sis. The adenylate reductase was stimulated 
by dGTP and guanylate reductase was stimu- 
lated by P-D-deoxythioguanylate. 
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Influence of Phenylbutazone on Gastric Secretion of Mucus." (32288) 

RENE MENGUY AND LAURENT DESBAILLETS 
Department of Surgery, University of Chicago, Division of Biological Sciences, Chicago, Ill. 

Gastrointestinal symptoms often complicate 
the therapeutic use of phenylbutazone. I t  has 
been estimated that at  least 2% of patients 
receiving the drug develop a peptic ulcer or 
experience recurrence of a previously occurring 
ulcer( 1). The onset of gastrointestinal 
bleeding with or without formation of a peptic 
ulcer occurs more often ( 2 ) .  Administration of 
phenylbutazone to animals causes ulcers in 
guinea pigs (3 ) , dogs (4), and rats ( 5 ) . Other 
effects are gastritis and mucosal hemorrhage. 
The pathophysiology of gastric mucosal in- 
jury by phenylbutazone remains unknown. In 
dogs ( 6 ) ,  rats ( 5)  and guinea pigs ( 7 ) ,  phenyl- 
butazone lowers gastric acid, thus excluding 
the possibility that its effect on the stomach is 
mediated by hyperacidity. One cannot invoke 
a local, necrotizing effect of the drug on the 
gastric mucosa, because gastric changes are 
as intense after parenteral as after oral ad- 

*Supported in part by USPHS Grants 10423-01 
and FR-5634, Am. Cancer SOC. Grant P-329G and a 
gwnt frm Geigy Corp. 

ministration of the drug( 8 ) .  
I t  has been postulated that the layer of 

mucus secreted by mucus-producing cells of 
the mucosa, and in particular by the pre- 
pyloric glands, protects the underlying mucosa 
by preventing acid-peptic secretions from 
gaining free access to it. Previous studies frolm 
this laboratory have shown that compounds 
such as cortisone( 9) and aspirin ( lo), which 
have antirheumatic properties similar to those 
of phenylbutazone and also cause gastric 
mucosal injury, diminish the secretion of 
mucus by the canine gastric mwcrna. The 
purpose of the studies forming the basis for 
this report was to determine if phenylbutazone 
interferes with secretion of gastric mucus in a 
way that may explain the gastric mucosal in- 
jury that it occasionally causes. 

Materials and methods. Vagally denecrvated 
gastric-antral pouches were constructed in 4 
dogs weighing from 16 to 30 kg. Care was 
taken to exclude acid secreting mucosa from 
the p~uches. Secretions were drained via a 




