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SUMMARY 

Studies were carried out to characterize the parathyroid hormone-sensitive 
adenyl cyclase from rat  renal cortex. The enzyme activity was tightly associated 
with the particulate fraction, and was not effectively solubilized by treatment  with 
a variety of surface-active agents. The enzyme showed considerable contamination 
by ATPase, which was not separated from adenyl cyclase by gel filtration, although 
cyclic 3',5'-nucleotide phosphodiesterase was removed by this procedure. Filtering 
the enzyme through a shallow bed of agarose gel gave a preparation with increased 
specific activity and a linear relationship between activity and concentration of 
enzyme protein. Adenyl cyclase activity was detected over the pH range 6.0 to 9.0, 
with optimal parathyroid hormone- and fluoride-stimulated activity at pH 8.0 and 
7.5, respectively. Fluoride-stimulated activity was maximal at 8 mM F-.  Incubation 
of the enzyme at 37 ° caused progressive loss in activity. A sex difference was observed 
in the response of the enzyme to monovalent cations. Enzyme from female rats 
showed inhibition of basal activity by 50 mM Li +, and no effect of Na +, K ÷, or Rb +, 
whereas enzyme from males showed significant activation of basal and hormone- 
stimulated reactions by 50 mM K + and Rb +. The enzyme required either Mn 2+ or 
Mg 2+ and the latter afforded optimal activation by parathyroid hormone and F-.  
The optimal concentration of Mg *+ varied with the concentration of substrate used. 
At higher concentrations of ATP (5, IO, 20 raM), optimal Mg*+/ATP ratios approxi- 
mated i.o. At lower levels of ATP (0.5, I.O raM) opt imum Mg2+/ATP ratios ranged 
from 0.5 to 3.0. In the presence of optimal Mg 2+, Ca*+ inhibited adenyl cyclase, with 
50% inhibition at approximately 2 mM Ca 2÷. Mn *+ also inhibited the enzyme, but  
was less effective than Ca 2+, giving 50% inhibition of hormone and F -  reactions at 
5 and 7.5 mM, respectively. 

The apparent affinity of the enzyme for ATP was much lower than has been 
found with the enzyme from other tissue. Even at concentrations of ATP as high as 
20 mM, there was no evidence for saturation of the enzyme with substrate. Para- 
thyroid hormone or F -  affected the enzyme through an increase in Vm~x without a 
detectable change in affinity for ATP. 

Abbreviation: EGTA, ethyleneglycol-bis-(tS-aminoethylether)-N,N'-tetraacetic acid. 
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INTRODUCTION 

Earlier studies from this laboratory have identified cyclic adenosine mono- 
phosphate (cyclic 3',5'-AMP) as an intermediate in the action of parathyroid hor- 
mone 1-5. The rise in concentration of cyclic 3',5'-AMP in the physiological receptor 
organs, kidney 4 and bone 5, is a consequence of the direct activation of the membrane- 
bound enzyme, adenyl cyclase in these tissues by parathyroid hormone 1-4. In the 
kidney the adenyl cyclase specifically activated by parathyroid hormone is located 
within the tubules of the cortex 4. I t  is the purpose of the current study to characterize 
further the properties of adenyl cyclase from the renal cortex. 

MATERIALS AND METHODS 

Radioisotopes 
[a-32PJATP (5OO-lOOO mC/mole) and [y-32PlATP (IO C/mmole) were purchased 

from International Chemical and Nuclear Corporation, and tritiated cyclic 3',5'-AMP 
(2.35 C/mole) was purchased from Schwarz BioResearch. Other reagents were pur- 
chased from standard suppliers. 

Parathyroid hormone 
Bovine parathyroid hormone, purified from acetone-dried parathyroid glands, 

was purchased from Wilson Laboratories and diluted in 0.0o5 M acetic acid to a 
concentration of I mg/ml. The hormone was stored under liquid Nz until immediately 
prior to use. Biological activity was 15oo U.S.P. units/rag as determined by bioassay 
in vitro 6. 

Enzyme preparation 
Female Sprague-Dawley rats at term, 15o to 2oo g, maintained under usual 

housing conditions with standard Purina chow, were killed by decapitation. For some 
experiments male and non-pregnant female rats were used. The kidneys were quickly 
removed, placed in chilled 0.25 M sucrose, and the outer renal cortex was dissected 
taking as little medulla as possible. The tissue was homogenized with 4 vol. of 0.05 M 
Tris-HC1, pH 7.4, containing io% v/v dimethylsulfoxide (Tris-dimethylsulfoxide) in 
a glass tube using a motor-driven Teflon pestle. The particulate fraction was obtained 
by centrifuging the homogenate at 200o × g for IO rain, and the precipitate was 
resuspended in 4 ml of Tris-dimethylsulfoxide and centrifuged again. The particulate 
enzyme preparation was suspended in an equal volume of Tris--dimethylsulfoxide, 
and was passed over a I cm × 3 cm bed of agarose gel (Biogel o.5 M) equilibrated 
with the same buffer at 4 °. In general, 5o~o of the protein from the prior step was 
recovered after gel filtration. Effluent fractions containing particles were centrifuged 
at 2000 × g for IO min, and the precipitate was resuspended in sufficient Tris-di- 
methylsulfoxide to provide a protein concentration of approximately 15 mg/ml. The 
enzyme suspension was divided into small aliquots in glass vials and immersed into 
liquid N 2. Enzyme prepared in this manner is stable to storage at liquid N~ temper- 
ature at least 12 months without noticeable loss of activity. 

For certain experiments enzyme was prepared without dimethylsulfoxide or 
without filtration on agarose. 
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Protein was determined using the method of LowRY el alY. Ca 2~ was determined 
by atomic absorption spectroscopy. 

Enzyme assays 
Adenyl  cyclase. Formation of a2p labeled cyclic 3',5'-AMP from [a-a2PiATP was 

measured in an assay similar to that  described by KRISHNA et al. s modified by adding 
KC1 and an ATP-regenerating system. The reaction mixture contained: Tris-HC1, 
0.05 M, pH 7-4; 4-5 mM MgC12; 9 mM theophylline; o.o13% bovine serum albumin; 
0.03 M KCI; I . I  mM Ea-a2pIATP (specific activity approximately 25 counts/rain per 
pmole); I o # g  creatine phosphokinase; 4 mM creatine phosphate; approximately 
400/~g of enzyme suspension protein; and 5 ~g/ml parathyroid hormone, or 7 mM 
NaF as indicated in a total volume of 7o #1. Incubation was carried out for IO min 
at 37 ° in a Dubnoff metabolic shaker, and the reaction was stopped by adding IOO/~1 
of carrier solution containing o.o 4 M ATP, and I25 mM {aHlcyclic 3',5'-AMP (ap- 
proximately 3" lO4 counts/min), in o.05 M Tris-HC1, pH 7.4, Reaction mixtures were 
heated to boiling in a metal block for 3 rain ; o.4 ml water was added, and the precipi- 
tated protein removed by centrifuging for io rain at 7oo X g. 

The supernatant fluid was applied to a o. 5 c m x  3.o cm column of Dowex 
5oW-X8, IOO-2OO mesh in the H~ form, and the column was eluted with water. 
Cyclic 3',5'-AMP appeared in the fourth through sixth ml of effluent. To this fraction 
were added 0.2 ml each of 8% ZnSo 4 and saturated Ba(OH)2. The mixture was cen- 
trifuged and Ba2+-Zn 2+ precipitation was repeated without disturbing the first pre- 
cipitate. Radioactive phosphorus in the supernatant fluid represented cyclic 3',5'- 
AMPS. 3 ml of supernatant fluid were added to 15 ml of liquid scintillation 
solution 9, and a2p and 3H were measured simultaneously with a liquid scintillation 
detector. Appropriate corrections were made in the final calculations for recovery of 
!3Hlcyclic 3',5'-AMP which was usually 30%. For each experiment a series of "blank 
reaction" control tubes was boiled without prior incubation at 37 ° , and then processed 
as described above. The radioactivity recovered from these controls was routinely 
subtracted from that  measured in the experimental tubes. The radioactivity of the 
reaction blanks never exceeded 2o% of the radioactivity specifically attributable to 
cyclic 3',5'-AMP generated in the basal adenyl cyclase reaction, or 6°/i) of the radio- 
activity attributable to cyclic 3',5'-AMP in the hormone- or F--st imulated reactions. 

The addition of an ATP-regenerating system to the reaction mixtures has been 
shown in studies reported earlier ~ to afford near-linear rates of reaction over I5 min 
of incubation. 

Phosphodiesterase. Cyclic nucleotide phosphodiesterase was assayed as de- 
scribed previously a. 

A TPase was measured by the precipitation of radioactive orthophosphate 
hydrolyzed from I),-32PIATP precipitated by the method of SUGINO AND MIYOSHI 1°. 

RESULTS 

Identity of reaction product 
In studies reported previously, 95% of the radioactive product of a series of 

parathyroid hormone-stimulated reactions were converted to 5'-AMP by incubation 
with purified cyclic 3',5'-nucleotide phosphodiesterase. These results established the 
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ADENYL CYCLASE FROM RENAL CORTEX 413 

identity of the radioactive product of the adenyl cyclase reaction as cyclic 3',5'-AMP. 

Properties of the enzyme suspension 
The adenyl cyclase preparation used here showed contamination by ATPase 

(0.5/zmole Pi formed per min per mg of protein) and phosphodiesterase (11.7 pmoles 
cyclic 3',5'-AMP hydrolyzed per min per mg of protein). Attempts to solubilize the 
enzyme by homogenizing fresh tissue with various agents, including urea, n-butanol, 
acetone, glycerol, and detergents, resulted in each case in the complete destruction 
of hormone-sensitive activity. Two detergents, Triton X-Ioo ® and Lubrol PX ®, each 
at 0.5% in the homogenizing medium, allowed some apparent solubilization in that 
20% of the F--sensitive activity remained in the supernatant fraction after cen- 
trifugation at ioo ooo × g for i h; 80% of the activity remained in the particulate 
fraction. Neither higher concentrations of detergent nor exposure to ultrasound with 
detergent effected any further solubilization. 

Dissociation of phosphodiesterase activity was achieved by filtration of the 
enzyme suspension on agarose gel. After filtration of the suspension over a shallow 
bed of agarose, the particles were suspended in 2 ml of Tris-dimethylsulfoxide, and 
applied to a column, 2 cm × 50 cm, of agarose gel (Biogel 0.5 M). i-ml fractions were 
collected, and tested for adenyl cyclase, ATPase, and phosphodiesterase (Fig. I). 
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Fig. I. One lot of fresh tissue was prepared as described in the text, and passed over a column of  
agarose gel, 2 cm × 50 cm (Biogel 0. 5 M). I-ml fractions were collected, and tested for F- -s t im-  
ulated adeny] cyclase, ATPase, and phosphodiesterase as described in the text.  Included volume 
of the column, 16o ml; void volume, 45 ml. Adenyl cyclase and ATPase appeared in Fract ions  
46--9o, corresponding to the calculated void volume and the appearance of turbidity.  Phospho-  
diesterase was not  detected in any  fraction. The s tar t ing material  showed F- -s t imula ted  adenyl 
cyclase act ivi ty  of  iooo pmoles cyclic 3',5"-AMP per IO min per mg of protein, ATPase act ivi ty 
of  o. 5/*moles Pl formed per  mg of protein per  rain and phosphodiesterase act ivi ty of I 1.7 pmoles 
cyclic 3 ' ,5 ' -AMP hydrolyzed per  min per  mg  of protein. Results  are presented as the mean of  
three determinations.  
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Adenyl cyclase and ATP appeared near the calculated void volume for the column 
(approximately 1/3 of the column volmne, or 5o rnl), and corresponded to fractions 
that were turbid in appearance. Phosphodiesterase was not detectable in these frac- 
tions, whereas activity equivalent to I1. 7 pmoles of cyclic 3',5'-AMP hydrolyzed per 
rain per mg of protein was found prior to gel filtration. 

Enzyme activity was proportional to the amount of enzyme added when the 
content of protein in the reaction mixture was less than Ioo#g.  Filtration of the 
suspension over a shallow bed of agarose gel provided a significant increase in the 
specific activity of adenyl cyclase. 

EO"ects of p H  and F-  and stability at 37 ~' 
One batch of enzyme was prepared from fresh tissue and filtered through 

agarose gel. The filtered suspension was divided into several aliquots and centrifuged 
at iooo x g for io rain. Each aliquot was resuspended in Tris-HC1, 0.05 M, at the 
appropriate pH. The control reaction was easily detectable at pH 6, and showed little 
change over the pH range 6 to 9 (Fig. 2). Parathyroid hormone was without effect 
on the reaction at pH 6, but caused an increase in activity at pH 7 and a maximum 
effect at pH 8. The 1;--stimulated reaction was greater than the control at pH 6 and 
was maximal at pH 7.5. F activated adenyl cyclase over a narrow concentration 
range with a maximal effect at 8 raM. 

Preincubation of the enzyme suspension at 37 ° was carried out for 8 min, and 
the enzyme was then diluted into adenyl cyclase reaction mixtures for assay. Basal 
activity was reduced to 54 o.,, of the initial activity by the preincubation. Parathyroid 
hormone- and I7 -stimulated reactions were reduced to 7O°,o and 80% of initial ac- 
tivities, respectively. 
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Fig. 2. Effect of pH. Enzyme from one lot of fresh tissue was divided into separate al iquots and 
centrifuged at  iooo × g for io rain. Each aliquot was resuspended in Tris~t imethylsulfoxide at  
the indicated pH. Adenyl cyclase was measured as described in the text .  Each point  represents  
the mean of four determinations.  I~--O,  basal  reaction; [2]--[[], pa ra thyro id  hormone (PTH) 
(.5/tg/ml); A - - z ~ ,  ~ F (7 raM). 

Biochim. Biophys. Acta, 242 (1971) 41o-421 



ADENYL CYCLASE FROM RENAL CORTEX 415 

T A B L E  I 

E F F E C T  OF M O N O V A L ] ~ N T  C A T I O N S  ON A D E N Y L  C Y C L A S E  A C T I V I T Y  

Adenyl cyclase act ivi ty  was measured as described in the text.  Cations were added as the C1- 
salts to a final concentrat ion of 5 ° mM. Results  are expressed as the mean i s tandard  error of 
4 determinations.  PTH,  para thyro id  hormone.  

Additions Cyclic 3',5"-A M P  (pmoles/mg protein) 

Females Males 

Basal -PTH F -  Basal P T H  F -  

None 92 ± io 316 ± 17 466 4- 42 184 4- 35 605 ± io 14oo 4- 23 
Na + (5omM) IOI ± 6 291 ± 3 3  4 4 4 ~ 5 8  1544- 3 558 -4- 33 I 3 6 O i 4 4  
K+ 137 4- 75 276 4- 32 690 4- 19o 236 4- 9* 8o0 4- 4 o" 137o ~- 55 
Li+ 47 ± 8* 2864-  16 435 4- 25 207 ± 8 527 4-6""  138o-}- 35 
Rb + 69 -¢- 3 ° 375 ± 48 422 4- 41 293 + I6" 743 4- 28* 129o ± 47 

* p  < 0 . 0 5 .  
** .P < o.oi, compared to act ivi ty determined wi thout  added cation. 

Monovalent cations 
Na +, K ÷, Li+, and Rb + as the C1- salts (5o raM) were each tested on enzyme 

from female rats (Table I). Li ÷ caused significant inhibition of basal activity (P < 
0.05), but did not affect hormone- or F--st imulated activity. None of the other mono- 
valent cations tested showed significant effects on adenyl cyclase activity. These 
results contrasted with those reported earlier ~ wherein K ÷ caused significant increases 
in basal and hormone-stimulated activity. The earlier results were obtained with 
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Fig. 3. Effects of divalent  cations. Adenyl cyclase was measured as described in the text.  Mg 2+ 
was omit ted  except as indicated. Divalent  cations were added as the C1- salts. Results  represent  
the mean 4- s tandard  error of  4 determinations.  Para thyro id  hormone  (PTH),  5/*g/ml; F- ,  7 mM, 
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enzyme from male rats;  the current  experiments show that  there is a sex difference 
in sensit ivi ty to certain monovalent  cations. In  male rats K , and Rb+ each caused 
an increase in basal and  hormone-s t imulated reaction rates (P < o.o5), bu t  were 
without effect on the F-  reaction. Li + produced significant depression of the hormone- 
s t imulated reaction (P ~ o.oI), but  the inhibi t ion of basal act ivi ty observed in the 
females was not found. There was no effect of sodium with either enzyme preparation.  

Effect of divalent cations 
Enzyme tested without divalent  cation showed little act ivi ty  and did not 

respond to either para thyroid  hormone or 1; (1;ig. 3)- 5 mM Mn ~+ caused a marked 
increase in basal act ivi ty  and a further increment  was produced by  l; : act ivat ion 
by para thyroid  hormone was not observed. Mn ~ at IO mM caused no further rise in 
basal activity,  but  produced an addit ional  increase in I; -s t imulated activity.  At this 
concentrat ion of Mn 2" a small bu t  significant s t imulat ion was found with parathyroid 
hormone. Ca'-" at 5 and IO mM did not alter the act ivi ty of the enzyme without  ad- 
dition of another  cation. 5 mM Mg 2-' was similar to Mn 2+ in s t imulat ing basal activity,  
bu t  was significantly more effective in enhancing the response to hormone and F . 
The opt imum concentrat ion of Mg 2÷ varied unpredic tably  with the concentrat ion of 
ATP. In  separate experiments,  carried out over a range of ATP concentrat ion from 
o.5 to 20 mM, Mg 24 was added at Mg2-/ATP ratios of o.5 to 2.o (Fig. 4). At o.5 mM 
ATP basal act ivi ty  was greatest at Mg2+/ATP :- 1.3; hormone- and P - s t i m u l a t e d  
activities were maximal  at Mg 24/ATP ratios of o.5 and 1.3, respectively. At Mg 2+- 
concentrat ions in excess of these ratios, there was no further increase in the basal 
or hormonal ly-act ivated reactions and the F -  reaction showed some inhibit ion.  When 
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Fig. 4- Effects of magnesium. Adenyl cyclase was measured as described in the text except Mg 2+ 
was added to give Mg2+/ATP ratios of o.5-2 with ATP concentrations as indicated. Results are 
presented as the mean of three determinations. Parathyroid hormone (PTH), 5/~g/ml; F-, 7 mM. 
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A T P  was I mM, basa l  ac t iv i ty  became max ima l  at  Mg~+/ATP = 2; hormone-  and  
F - - s t i m u l a t e d  react ion rates,  however,  cont inued to increase wi th  Mg2+/ATP ra t ios  
as high as 3. For  higher  A T P  concentra t ions  (5, IO, 20 raM), basa l  or hormone-  
ac t i va t ed  react ions  were max ima l  at  Mg*+/ATP = I . I ,  and  showed significant inhi- 
b i t ion a t  higher  Mg 2+ concentrat ions.  F -  react ions  at  5 and IO mM A T P  showed 
m a x i m u m  ac t iv i t y  at  Mg2+/ATP = i .o,  bu t  a t  20 mM A T P  there  was significant 
fur ther  increase in ac t i v i t y  when Mg2+/ATP ra t io  rose to 2. 

In  one exper iment  fresh tissue was ob ta ined  and d iv ided  into two fract ions 
pr ior  to homogenizat ion.  One fract ion was homogenized in Tr i s -d imethy l su l fox ide  as 
descr ibed previously.  The remainder  was homogenized in Tr i s -d imethy l su l fox ide  con- 
ta in ing  o . i  mM ethyleneglycol-bis- ( f l -aminoethyl  e the r ) -N ,N ' - t e t r aace t i c  acid  (EGTA). 
The enzyme suspension was centr i fuged at  IOOO × g for IO min, and  the prec ip i ta te  
was resuspended in T r i s -d ime thy l su l fox ide -EGT A .  The suspension was centr i fuged 
and washed twice again with T r i s -d ime thy l su l fox ide -E G T A ,  and finally resuspended 
in Tr i s -d imethylsu l fox ide .  Enzyme  prepared  in the  presence of the  Ca~÷-chelator 
showed signif icant ly grea ter  ac t iv i ty  in the  basal  and  F - - s t i m u l a t e d  react ions (Table 

TABLE II 

EFFECT OF EGTA ON ADENYL CYCLASE ACTIVITY 

Fresh tissue was divided into two lots. One-half was homogenized in Tris~timethylsulfoxide; the 
remainder was homogenized in Tris-dimethylsulfoxide containing o.i mM EGTA. Adenyl cyclase 
activity was measured as described in the text. Each result represents the mean ~ standard error 
of four determinations. PTH, parathyroid hormone. 

Medium Cyclic 3',5"-AMP ( pmoles /mg protein) 

Basal PTH F- 

Tris-dimethylsulfoxide 74 :i: I 590 ~ 24 997 ~: 29 
Tris-dimethylsulfoxide-EGTA 156 ± 7* 557 :~ 21 2ooo ± 95" 

* P < o.oi, compared with activity observed without EGTA. 

II )  ; the  hormone-s t imula ted  react ion was not  a l tered b y  the addi t ion  of EGTA.  The 
ini t ia l  Ca ~+ content  of  the  suspension was 0.45 mg/mg of prote in  and af ter  ex t rac t ion  
of  the  p repara t ion  with  EGTA i t  was o.19 mg/mg of  protein.  A p p r o x i m a t e l y  50% of 
the  membrane-assoc ia ted  Ca z+, therefore,  remains  t igh t ly  bound  to the  p lasma  mem- 
brane  fragments ,  and  is not  accessible to ex t rac t ion  b y  chelator.  

In  the  presence of  op t imum concentra t ions  of Mg 2+, the  add i t ion  of  Ca ~+ caused 
m a r k e d  inhibi t ion  of  adeny l  cyclase ac t i v i t y  (Fig. 5). Ha l f -max ima l  inhibi t ion  for the  
basa l  and  hormone-s t imula ted  react ions  was achieved at  a Ca 2+ concent ra t ion  of  
1.6 mM; ha l f -maximal  inhibi t ion of the  F -  react ion ob ta ined  at  2.5 mM Ca 2+. Mn ~+ 
also caused inhibi t ion  of  adeny l  cyclase ac t iv i ty  in the  presence of op t imal  Mg 2+, 
a l though this ca t ion was less effective than  Ca ~+. Ha l f -max ima l  inhibi t ion  was ap- 
p roached  with 5 and 7 mM Mn 2+ for the  hormone-  and  F - - s t i m u l a t e d  reactions,  and  
at  Io  mM Mn 2+ the basa l  react ion was inh ib i ted  only 20% (Fig. 5)- 

Effect of substrate concentration 
Since one Mg 2+ is bound  to one A T P  at  the  p H  of  the  react ion med ium used 
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Fig. 5. Inhibitory effects of Ca ~+ and Mn 2+. Adenyl cyclase was measured as described in the text. 
Ca 2+ or Mn 2+ was added as the CI salt. I~--O, basal reaction: @---(), !+ parathyroid hormone 
(PTH) (5 #g/ml) ; ~, -/~. I F -  (7 raM). Results are presented as the mean -~ standard error of 
4 determinations. 

Fig. 6. Effect of substrate concentration. Adenyl cyclase was measured as described in the text 
except that ATP and Mg 2+ were added separately to achieve the final concentrations and Mg*+/ 
ATP ratios indicated. Results are presented as the mean of 3 determinations. 0- - -0 ,  basal reaction : 
[] -[~, +Parathyroid hormone (PTH) (5 Hg/ml); A •, + F -  (7 raM). 

(7.4), i t  is l ike ly  t h a t  t he  subs t r a t e  for a d e n y l  cyc lase  is A T P - M g .  Accord ing ly ,  t he  

effect  of  v a r y i n g  subs t r a t e  c o n c e n t r a t i o n  was t e s t ed  a t  a f ixed MgZ+/ATP ra t io  o f  i . o  

(Fig. 6). N e i t h e r  t he  basal ,  ho rmone - ,  nor  F - - - s t imu la t ed  reac t ions  showed  s a t u r a t i o n  

by  A T P  o v e r  a r ange  of  c o n c e n t r a t i o n s  f rom 0.25 to  5.0 raM. Th i s  resu l t  was  conf i rmed  

at  Mg2+/ATP ra t io  of  1. 3 o v e r  t he  same  c o n c e n t r a t i o n  range.  I n  o the r  e x p e r i m e n t s  

us ing f ixed Mg~+/ATP ra t ios  of  I.O, 1.3 and  4.0, t he  e n z y m e  was  no t  s a t u r a t e d  by  
s u b s t r a t e  c o n c e n t r a t i o n s  as h igh  as 20 mM. A t  al l  c o n c e n t r a t i o n s  of  subs t r a t e  t he  

p r o d u c t  f o r m e d  inc reased  l inear ly  w i t h  t i m e  o v e r  5-15  rain incuba t ion ,  and  t i le  ap-  
p a r e n t  n o n - s a t u r a t i o n  of  t h e  e n z y m e  cou ld  n o t  be a t t r i b u t e d  to  changes  in t he  l ine-  

a r i t y  of  t he  r eac t ion  r a t e s  w i th  d i f ferent  s u b s t r a t e  concen t ra t ions .  

T h e  r e l a t ive  responses  to  p a r a t h y r o i d  h o r m o n e  or  F -  a p p e a r e d  to  d e p e n d  on 
the  presence  of  Mg ~ in excess  of  A T P .  W h e n  A T P / M g  ~+ - -  I.O, t he  response  to F 
was a lways  less t h a n  t h a t  to  p a r a t h y r o i d  ho rmone ,  regard less  of  t h e  subs t r a t e  concen-  
t r a t i o n  (Fig. 6). W i t h  excess Mg z+, m a x i m a l  s t i m u l a t i o n  was  a lways  p r o d u c e d  b y  F . 
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DISCUSSION 

Many properties of adenyl cyclase from the renal cortex are similar to those 
found for the enzyme in other tissues n-15. The enzyme is t ightly associated with the 
plasma membrane, and treatment  of the suspension with a variety of agents did not 
allow solubilization of hormone-sensitive activity. This result parallels the experience 
with adenyl cyclase from most mammalian tissues, although KLAINER et al. lz were 
able to show epinephrine-sensitive activity in preparations from bovine brain ex- 
tracted in Triton X-Ioo ®. Gel filtration did afford separation of some contaminating 
proteins as evidenced by the removal of phosphodiesterase and increased specific 
activity of the enzyme. The pH optima, response to F-,  dependence on Mg ~+ and 
inhibition by Ca ~+ found in the present s tudy correspond closely to data obtained 
with the enzyme from adipocytes and myocardiumll,  ~2. 

Substitution of Mn 2+ (5 mM) for Mg ~+ provided complete hormone responsive- 
ness with enzyme from fat cells ~, but this cation was considerably less efficient with 
the renal enzyme. Although Mn 2+ was as effective as Mg 2+ for basal activity, it was 
less effective in the F--sensitive reaction, and regardless of the concentration of Mn 2÷, 
activation of the enzyme by parathyroid hormone did not reach the degree found 
with Mg 2+. 

The renal cortical enzyme shows greater stability at 37 ° than the enzyme from 
fat cells 1~. Whereas the latter retained less than 30% of initial activity following 
incubation at 37 ° for 8 min, the renal enzyme retained 54~o of initial baseline activity 
and 7 ° and 80°/0 of the initial hormone- and F--st imulated activity, respectively. 

Adenyl cyclase varies in sensitivity to monovalent cations depending on the 
tissue of origin. The enzyme from fat cells showed 3O~o stimulation of basal activity 
by o.I M Na +, K +, Li +, and Rb +, and 35~o inhibition of hormone-stimulated activity 
by Li+ (ref. I I) .  Hormonal activation of the enzyme from thyroid was inhibited 5O~o 
with as little as 8 mM Li+ (ref. 14). The renal cortical enzyme appears more like that  
from fat ceils in this regard. The enhancement of hormone-stimulated activity report- 
ed earlier in male rats was confirmed in the present experiments. Further, it was 
found that  Rb +, which can substitute for K+ in a number of biological systems, was 
equally effective in stimulating adenyl cyclase. An ancillary finding in the current 
s tudy indicates a sex difference in responsiveness of the enzyme to K +. Enzyme 
obtained from renal cortex of female rats, whether virgin or pregnant, is insensitive 
to potassium in vitro. 

A striking feature of the renal cortical enzyme was the lack of apparent satu- 
ration by  ATP. Tested at fixed ratios of Mg~+/ATP, the enzyme activity was not 
saturated at an ATP concentration of 20 raM. This result differs sharply from results 
with my0cardium (Kin = o.o8), fat cell (Kin = o.25-o.5o ), or amphibian erythrocyte 
(Kin = o.16 mM)ll,12,15. The reason for this difference is not apparent,  but did not 
seem to be caused by a physical change produced by the addition of dimethylsul- 
foxide to the enzyme, or by changes in the linearity of the reaction rates with different 
concentrations of substrate. Possibly a true difference in affinity for substrate exists 
from one tissue to another, or perhaps some property intrinsic to membranes from 
renal tubules after fragmentation renders the enzyme less accessible to substrate. 
Alternatively, the observed inability to saturate the enzyme with substrate may  be 
due to competition for ATP and/or Mg 2+ by contaminating enzymes. 
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Inhibition of adenyl cyclase activity by Mg 2+ concentrations in excess of 4-6 
mM has been reported for several tissues. On the other hand, BIRNBAUMER el al. n 

found that the basal reaction rate for the enzyme from fat could not be saturated 
by Mg 2+ even at concentrations as high as 8o raM, tested over a range of ATP concen- 
trations of o. 7 to 5.9 raM. However, when the enzyme was activated by hormone or 
V there was a maximum for Mg 2+ at io mM. The current study shows that the effect 
of Mg 2~ on the kidney enzyme is complex, and depends in large measure on the ATP 
concentration used. At ATP concentrations from 5 to 2o mM basal, hormone- and 
F -activated reactions were maximal at Mg2+/ATP ratios near unity, and showed 
inhibition with higher Mg 2+ concentrations. At lower levels of ATP no consistent 
pattern was apparent. At o.5 mM ATP, basal activity was greatest at Mg2+/ATP = 
1.3, with maximal parathyroid hormone- and F--stimulated activities at Mg2+/ATP 
ratios of o. 5 and 1.3; whereas at ATP -- I raM, hasal activity became maximal at 
Mg'2~-/ATP .... 2 and hormone- and F--stimulated reaction rates increased with Mg2~/ 
ATP ratios as high as 3.o. Interpretation of these results is complicated further by 
the problem of nonspeeific adsorption of Mg 2~ onto the membrane fragments, which 
would increase the apparent Km for the metal, particularly at low concentrations of 
ATP. 

Some authors have concluded that Mg"~ interacts with adenyl cyclase at a 
second "allosteric" site in addition to the catalytic site. In the current study one 
could not exclude the possibility of a second site for magnesium, although support 
for this interpretation remains incomplete. In addition to the difficulties encountered 
in interpreting the effects of Mg 2+, the presence of contaminating ATPase complicates 
adenyl cyclase systems by necessitating the use of ATP-regenerating systems. The 
regenerating systems used, e.g. pyruvate kinase or creatine phosphokinase, require 
Mg 2÷ in the same concentration range needed for adenyl cyclase, and the alterations 
in the apparent activity of the latter with changes in Mg 2+ concentration may merely 
reflect changes in the activity of the regenerating system. These several problenls 
indicate that there must be further resolution of the adenyl cyclase receptor complex 
heft)re conclusions can be drawn about the kinetics of the system. The primary action 
of parathyroid hormone appears to be activation of adenyl cyclase specifically in 
renal cortex and bone, recognized as the two physiological receptor tissues for the 
hormone. The nature of the interrelationships between receptor and enzyme remains 
to be defined. Were it possible to separate and reconstitute these two functions, 
further understanding of the problem would be possible. 
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