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Summary 

The activitiy of calf uterus guanylate gyclase (EC 4.6.1.2) exists in at least 
two and most  probably three distinct forms. The cytosolic enzyme exhibits 
hyperbolic substrate curves with respect to GTP and Mn 2÷, while the particulate 
cyclases (nuclear and microsomal) display sigmoidal (GTP) and hyperbolic 
(Mn 2.) relationships. The Hill coefficient for the GTP dependence is 0.9 for the 
cytosolic, 1.5 for the nuclear, and 1.4 for the microsomal enzyme. The cyto- 
solic enzyme has a Km for GTP of 70 pM, while half maximal velocity occurs at 
90 and 100 pM GTP for the nuclear and microsomal enzymes, respectively. The 
Ka for Mn 2÷ is 0.57, 0.71, or 0.75 mM for the cytosolic, nuclear, or microsomal 
enzyme, respectively. 

All three guanylate cyclase activities are stimulated by Lubrol PX, but  to a 
varying extent.  The activity of  the particulate enzyme is greatly increased by 
detergent. 

ATP is a po ten t  inhibitor of the guanylate cyclase activity of the cytosol,  
while it stimulates both the nuclear and microsomal enzymes at low concentra- 
tions of substrate. Of the nucleotides tested, ATP is the best cytosolic enzyme 
inhibitor and the most  effective stimulator of  the microsomal enzyme, while 
UTP is the most  po ten t  nuclear enzyme activator. With the cytosolic enzyme, 
ATP inhibition is apparently competitive with respect to GTP and uncompeti-  
tive with respect to Mn 2÷. In the particulate guanylate cyclases, ATP stimulates 
by changing the GTP substrate curves from the sigmoidal to the hyperbolic 
form, while also increasing the affinity of the enzymes for Mn 2+. 

* Present address: Wel l come  Research Laboratories ,  Burroughs Wel lcome Co.,  Department  of Molec- 
ular Biology, 3030 Cornwallis Road,  Research Triangle Park, N.C. 27709, (U.S.A.). 
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I n t r o d u c t i o n  

Guanylate cyclase (GTP: pyrophosphate-lyase (cyclizing), EC 4.6.1.2), the 
enzyme that catalyzes the conversion of GTP to guanosine 3',5'-cyclic mono- 
phosphate (cyclic GMP), has been investigated in numerous tissues. Although 
several recent publications deal with particulate forms of this enzyme [1--3], 
most investigations have been limited to the cytosolic enzyme [4--9]. In intes- 
tinal mucosa [3], rat heart [1] and sea urchin sperm [2] the major fraction of 
the enzymatic activity is particulate. While the cytosolic enzyme exhibits only 
classical hyperbolic kinetics with respect to the substrate, GTP [4,5,10,11], 
particulate forms display positively cooperative kinetic patterns [1,2]. Both 
particulate and soluble guanylate cylcase activities exhibit manganese depen- 
dence [1,2,4,5]. Although inhibition by ATP has been described [1,3,4] for 
the enzyme from various tissues, stimulation by nucleotides has been described 
only for the enzyme from sea urchin sperm [2]. 

Hormones that elevate the levels of cyclic GMP in cells [12--21] might in 
principle regulate the activity of guanylate cyclase. While preliminary reports 
have described effects of various hormones on guanylate cyclase activity in 
vitro [11,22,23], the effects have not been consistent and the kinetic param- 
eters affected have not been described [4,7,9]. Because of difficulties in ob- 
serving hormonal modulation of guanylate-cyclase activity, the localization and 
the enzymatic and regulatory properties of this enzyme were examined in calf 
uterus. These studies suggest the presence of at least two and possibly three dif- 
ferent forms of guanylate cyclase, and these exhibit unique regulatory phe- 
nomena with respect to nucleotides. Hitherto undescribed, distinct nuclear 
and microsomal enzymes whose activities are stimulated by nucleotides are re- 
ported. These observations have appeared in abstract form [24]. 

Materials  and M e t h o d s  

Materials. Creatine kinase and creatine phosphate were obtained from 
Boehringer Mannheim. GTP, ITP, CTP, UTP, TTP, aminophylline, 2',3'-O'-iso- 
propylidine guanosine and chromatographic alumina (neutral; Activity Grade I) 
were from Sigma. DEAE-cellulose was purchased from Schliecher and Schuell. 
Instabray counting solution was from Yorktown Research. Carrier free 
H332po4 in 0.02 M HC1 and cyclic [3H] GMP were supplied by New England 
Nuclear. Albumin was purchased from Armour. All other reagents were of the 
highest grade available. 

Synthesis of [a-32P] GTP. [a-32p] GTP is synthesized by a modification of the 
method of Symons [25,26]. The first step is the synthesis and purification of 
[32p] GMP. All liquid reagents were redistilled in vacuo and stored over Call2. 
To 40 mCi of H332po4 is added 3 #mol of orthophosphoric acid. The solution 
is evaporated to dryness at 40°C under reduced pressure. Water is added and 
the solution evaporated twice more to remove any residual HC1.0.2 ml of dry, 
redistilled triethylamine and 1 ml of water are added and the solution is again 
evaporated. The residue is dried by evaporation with anhydrous, redistilled ace- 
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tonitrile. Approx. 100 mg (330 pmol) of 2',3'-O'-isopropylidine guanosine are 
added and the mixture is dried twice with acetonitrile. 3 ml of  redistilled anhy- 
drous dimethyl sulfoxide are added. 0.5 ml of 5% triethylamine in dimethyl 
sulfoxide, followed by 0.5 ml of  5% trichloroacetonitrile in dimethyl sulfoxide, 
are added and allowed to react for 10 min at 40 ° C. The solution is then diluted 
with 20 ml of 4 M acetic acid and heated to 100°C in a boiling water bath for 1 
h. The solution is evdporated to remove acetic acid, water is added to the resid- 
ual dimethyl sulfoxide containing solution, and the solution is evaporated. The 
evaporation step is repeated twice with additional water. Approx. 5 ml of  water 
are added and the solution is applied to a 1 X 15 cm DEAECellulose column 
previously washed with 4 M formic acid containing 1.0 M triethylamine for- 
mate and then with water. The column is washed with 10 ml of water and the 
[32p] GMP is eluted with a linear gradient (200 ml) of water to 4 M formic acid 
containing 0.3 M triethylamine formate.  3-ml fractions are collected. The frac- 
tions containing [32p] GMP are pooled and lyophilized. 

[a.32p] GTP is synthesized enzymatically from the [32p] GMP. To the puff- 
fled [32p] GMP are added, in a final volume of 1 ml, 100 mM Tris • HC1, pH 8, 
10 mM KC1, 20 mM MgC12, 2 mM ATP, 10 mM creatine phosphate,  5 mg cre- 
atine kinase, and 2 mg of a partially purified [27] nucleotide kinase from 
Escherichia coli. The reaction is allowed to proceed at 37°C for 1.5 h. The re- 
action mixture is applied directly to a 1 X 15 cm DEAE-cellulose column pre- 
pared as described above, and the [a.32p] GTP is eluted with a linear gradient 
of  water to 4 M formic acid containing 0.5 M triethylamine formate. 3-ml frac- 
tions are collected and the fractions containing [a-32P] GTP are pooled and lyo- 
philized. The purified [a-32P] GTP is redissolved in 1 ml of 0.1 pM EDTA, pH 
7.0, and stored in small aliquots at --90°C. This preparation is stable for ap- 
prox. 3 weeks and is bet ter  than 99% [a-32P] GTP. 

Assay of guanylate cyclase activity. Guanylate cyclase is assayed at 37°C 
using [a-32p] GTP. The assay mixture contains, in a final volume of 0.1 ml, 25 
mM Tris • HC1, pH 7.6, 5 mM aminophylline, 15 pg creatine kinase, 10 mM cre- 
atine phosphate, various concentrations of  [a-32P] GTP (approx. 2 pCi) and 
MnC12, 0.2% albumin, and the sample to be assayed. The reaction is conducted 
at 37°C and terminated by the addition of  0.1 ml of  0.1 M EDTA, pH 7 .6 .1  ml 
of 25 mM Tris • HCI, pH 7.6, containing approx. 20 000 cpm of cyclic [3H] 
GMP, is added and the solution is applied to a disposable column containing 1 
g of  dry alumina (activity grade I). Cyclic GMP is eluted by the addition of  2 
ml of  25 mM Tris • HC1, pH 7.6. The entire eluate is collected and counted in 
10 ml of  Instabray solution using a Nuclear Chicago liquid scintillation coun- 
ter. The amount  of  cyclic [32p] GMP produced is corrected for the recovery of  
cyclic [3H] GMP (approx. 70%). The product  eluted eluted from the alumina 
has been shown to be cyclic GMP on numerous chromatographic systems (thin- 
layer chromatography: silica with ascending ethanol/0.5 M ammonium acetate 
( 5 : 2 ,  v/v); DEAE-cellulose with ascending 0.2 M ammonium bicarbonate; 
polyethyleneimine-impregnated cellulose with ascending 0.2 M ammonium bi- 
carbonate; DEAE-ceUulose with ascen'ding 0.2 M ammonium formate;  paper 
chromatography on Whatman 3 MM with descending n-butanol/acetic acid/ 
water (74 : 19 : 50, v/v) or n-propanol/ammonia/water (6 : 3 : 1), v/v). Non- 
enzymatic blanks (sample boiled before additon to assay mixture) show ap- 



313 

prox. 200 cpm per 1 0  6 cpm of  [~.3~p] GTP added. Assays are conducted in du- 
plicate. Protein was determined by the method of Lowry et al. [ 2 8 ] .  

Results 

Localization of guanylate cyclase. In order to determine the cellular com- 
partmentalization of  calf uterus guanylate cyclase, uteri are fractionated using 
a slight modification of  the methods of  Widnell et al. [29] and Chauveau et al. 
[30 ] .  4 g of  fresh calf uterus is homogenized by three 10-s bursts of  a Polytron 
(Brinkman; setting No. 3) using 4 ml of  0 .25 M sucrose containing 25 mM 
Tris-HC1, pH 7.6, 3 mM MgCl~, and 1 mM dithiothreitol. After filtering 
through three layers of  cheesecloth, nuclei are prepared by centrifugation at 
1000  X g and the pellet is resuspended in the 0.25 M sucrose buffer. This sus- 
pension is layered on 2.2 M sucrose and centrifuged at 105 000 X g for 1 h. 
Such purified nuclei are used routinely *. Mitochondria are prepared by centri- 
fugation of  the 1000  X g supernatant at 10 000 X g, and microsomes by centri- 
fugation of  the 10 000 X g supernatant at 105 000 X g. The supernatant is used 
as the cytosolic fraction. 

Guanylate cyclase activity is found in each subcellular fraction (Table I). In 
the absence of  detergent, nearly all of  the guanylate cyclase activity is found in 
the cytosolic fractions. However, in the presence of  0.5% Lubrol PX, at least 
8%, and occasionally as much as 17%, of  the total activity is found in the puri- 
fied nuclei. This is the first report of  a nuclear localization of  guanylate cyclase. 

T A B L E  I 

S U B C E L L U L A R  L O C A L I Z A T I O N  OF G U A N Y L A T E  C Y C L A S E  A C T I V I T Y  IN C A L F  U T E R U S  
H O M O G E N A T E S  

4 g o f  fresh cal f  u terus  was  h o m o g e n i z e d  and frac t ionated  as descr ibed  in Resul ts .  Guany la te  cyc lase  act iv-  
i ty  in e a c h  subcel lular  f rac t ion  was  d e t e r m i n e d  in presence  and absence  o f  0 .5% Lubrol  PX as descr ibed  in 
Materials  and M e t h o d s .  The  GTP c o n c e n t r a t i o n  was  200  #M and the  Mn 2+ c o n c e n t r a t i o n  was  1 mM.  Mea- 
sured  in the  abs ence  ( - - )  or  presence  (+)  o f  0 .5% Lubrol  PX. n .d . ,  n o t  d e t e c t a b l e .  

Frac t ion  Guanylase  cyc lase  act iv i ty  

Tota l  ac t iv i ty  Percent  ac t iv i ty  Spec i f i c  act iv i ty  D N A  * 
( p m o l / m i n )  ( p m o l / m i n  per  rag) (btg) 

-- + -- + -- + 

H o m o g e n a t e  2310  17 712 - -  - -  19 .5  150 5136  
Nucle i  177 1 422  7.7 8.0 8.2 66 2246  
M i t o c h o n d r i a  73 2 210  3.2 12 .5  10.6 321 566 
M i c r o s o m e s  165  4 584  7.1 25.9 13.9 385  n.d.  
C y t o s o l  1328  4 275  57.5  24.1 15 .0  48 n.d.  

Tota l  75.5 70.5 

* D N A  present  in each  frac t ion  was  d e t e r m i n e d  b y  the  m e t h o d  o f  Burton ,  K. ( 1 9 6 8 )  M e t h o d s  in 
E n z y m o l o g y  ( G r o s s m a n n ,  L. and Moldave ,  K.,  eds.) ,  Vol .  XIIB,  pp .  1 6 3 - - 1 6 6 ,  A c a d e m i c  Press, 
N ew  York .  

* The  spec i f i c  ac t iv i ty  o f  the  nuc lear  guany la te  c yc la se  d o e s  n o t  change  u p o n  further  pur i f i ca t ion  o f  
ca l f  u terus  nucle i .  
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Guanylate cyclase activity is also found in similarly purified nuclei from 
Sprague-Dawley rat thymus,  liver, kidney, lung, and uterus. In rat uterus, for 
example, the nuclei contain approx. 15% of the total guanylate cyclase activity. 
Based on the recovery of  DNA in the nuclear fraction of calf uterus homogen- 
ates, approx. 17% of the total guanylate cyclase is nuclear. The purity of  the 
nuclear fraction of this preparation is indicated by the following evidence: 
when plasma membranes of slices of fresh calf uteri are labelled with ~2SI-label- 
led wheat germ agglutinin according to the method of  Chang et al. [31] ,  the 
nuclear pellet contains only 0.5% of the radioactivity (907 cpm) of  the total 
bound to the slices (194 520 cpm). The fact that  most  of  the counts are found 
in the cytosol  (78 060 cpm) indicates that there is little or no contamination of  
the nuclei by cytosol.  Moreover, the nuclei are not  significantly (less than 4%) 
contaminated by microsomes which bound 21 360 cpm of the ~2SI-labelled 
wheat  germ agglutinin. Comparison of these results to previously reported uter- 
ine-cell fractionations [29] indicates that  the contamination of  nuclei by mi- 
crosomes and cytosol  as determined by the ~2SI-labelled wheat  germ agglutinin 
method [31] is an overestimation as compared to the use of  marker enzymes. 

The specific activity of  the purified nuclei was 20% of that  of the micro- 
somal fraction and higher than the cytosol.  Since contamination of the isolated 
nuclei by microsomes or cytosol  is no more than 4 or 1%, respectively, the 
guanylate cyclase activity of  the purified nuclei is most probably due to an en- 
zyme originally localized in nuclei of calf uterus. Furthermore,  if this nuclear 
cyclase is solely the result of contamination by either cytosol  or microsomes, 
then the nuclear activity should exhibit  regulatory properties characteristic of  
those fractions. However,  as discussed below, this is not  the case. 

The mitochondrial pellet of  calf uterine homogenates contains approx. 10% 
of  the activity;, but  this fraction is highly contaminated with microsomes and 
has therefore not  been further investigated. Microsomes and cytosol  each con- 
tain about  30% of  the guanylate cyclase activity (Table I). 

The non-ionic detergent, Lubrol PX, stimulates the activity in nuclei approx. 
10-fold, in cytosol  3-fold and in microsomes 50-fold. In detergent the specific 
activity of the microsomal enzyme is the highest, followed by the nuclear and 
cytosolic enzymes. Homogenization and fractionation of  calf uterus in hypo- 
tonic medium rather than in 0.25 M sucrose, or in sucrose in the absence of 
Mg 2÷, or in sucrose and 0.15 M KC1 with and wi thout  Mg 2÷, reveals essentially 
the same subcellular distribution of guanylate cyclase activity. Similar subcel- 
lular distribution is found using frozen rather than fresh calf uterus. Enzymatic 
activity is stable to freezing, and fractions can be stored at --20°C for at least 
1 week with little or no loss of  enzyme activity. 

GTP dependence. The cytosolic and microsomal guanylate cyclase activities 
are linear for at least 5 min at 37°C and the nuclear enzyme activity is linear 
for more than 10 rain (data not  shown). For  each enzyme the activity is linear 
with increasing protein concentration up to 2 mg/ml (data no t  shown). 

The GTP concentration dependence of the nuclear, microsomal, and cyto- 
solic guanylate cyclases is shown in Fig. 1. The cytosolic enzyme exhibits a nor- 
mal hyperbolic pattern. This enzyme has an apparent K m for GTP of 70 pM 
and a V of 150 pmol of cyclic GMP/min per mg of protein. The shape of  the 
GTP concentration curve, and the Km for GTP, are similar in the presence or 
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Fig.  I .  E f f e c t  o f  G T P  on  the  ac t iv i t i e s  o f  calf  u t e r u s  g u a n y l a t e  cyclases .  G u a n y l a t e  cyc lases  ac t iv i t i e s  of  
subce l lu la r  f r a c t i o n s  o f  calf  u t e r u s  were  a s sayed  as d e s c r i b e d  in Mater ia ls  and Methods .  Assays  also con-  

r a ined  0 .5% L u b r o l  PX.  T h e  Mn 2+ c o n c e n t r a t i o n  was  2 m M  o o, cy toso l ;  • ~, nuclei;  
A, m i c r o s o m e s .  

absence of Lubrol PX for the cytosolic guanylate cyclase (not shown). On the 
other hand, the nuclear and microsomal enzymes exhibit a sigmoidal GTP con- 
centration dependence, as has been reported for other particulate guanylate 
cyclases [1,2]. Lineweaver-Burke [32] plots of the GTP dependence of the 
three enzymatic activities (Fig. 1, insert) reveal that while the cytosolic activity 
is linear, the particulate enzymes exhibit apparent positive cooperativity at low 
GTP concentrations. 

Hill plots [33] of the data for the particulate enzymes (Fig. 2) confirm co- 
operative behavior with respect to GTP; the Hill coefficients are 0.9, 1.4 and 
1.5 for the cytosolic, microsomal and nuclear guanylate cyclases, respectively, 
a significant difference between the cytosolic and particulate activities. Half- 
maximal activity occurs at about 100 pM GTP for the microsomal enzyme and 
at about 90/zM GTP for the nuclear one. The apparent maximal velocities are 
900 and 400 pmol of cyclic GMP/min per mg of protein for the microsomal 
and nuclear cyclases, respectively. 

Solubilization (greater than 80% as confirmed by centrifugation at 100 000 
X g for 1 h) of the particulate enzymes in 1% Lubrol PX prior to assay does not 
alter the sigmoidicity of the substrate curves or the concentration of GTP at 
which half-maximal activity is reached {data not shown). 
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Mn 2÷ dependence. The particulate and cytosolic enzymes exhibit  a hyper- 
bolic dependence on Mn 2÷ concentration (Fig. 3). However,  the nuclear and mi- 
crosomal enzymes are inhibited at high concentrations of free Mn 2÷ while the 
cytosolic enzyme is not.  The K a for Mn 2+ is 0.57 mM for the cytosolic,  0.71 
mM for the nuclear, and 0.75 mM for the microsomal enzyme. 

Detergent stimulation o f  activity. The non-ionic detergent,  Lubrol PX, stim- 
ulates the nuclear, microsomal and cytosolic guanylate cyclases {Fig. 4). In this 
experiment,  Lubrol PX stimulates the cytosolic enzyme about  2.5 times at a 
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scr ibed in Materials  and  Methods .  In  add i t i on  to  inc luding 0 .5% L u b r o l  PX,  r eac t i on  mixt t t res  co n t a in ed  
10 /~M GTP,  a d d e d  as the  GTP  : Mn 2+ (1 : 1) c o m p l e x ,  plus increas ing c o n c e n t r a t i o n s  of  f ree Mn 2+. 
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concentration of  0.1%, while 1% Lubrol PX activates the nuclear cyclase ap- 
prox. 6-fold and the microsomal enzyme about 50-fold. Half-maximal stimula- 
tion of  the particulate enzymes occurs at a detergent concentration of  0.3%. 

Effect of nucleotides. It has been reported that sea urchin sperm [2] guany- 
late cyclase is inhibited by ATP. In order to determine whether the regulation 
of  guanylate cyclase by nucleoside triphosphates is a c o m m o n  feature of  all 
these enzymes, the effect of  various nucleotides on the three guanylate cyclase 
activities of  calf uterus was investigated. 

The cytosolic enzyme is inhibited by most  of  the nucleotides tested, al- 
though ATP is the most  potent  inhibitor (Table II). On the other hand, the ef- 
fect of  nucleotides on the particulate enzymes differs markedly from that seen 
with the cytosolic cyclase. At low concentrations of  GTP, where the particulate 
enzymes exhibit positive cooperativity with respect to substrate (Figs. 1 and 2), 
nucleotides stimulate the microsomal and to a lesser extent the nuclear en- 
zymes. UTP and TTP appear to be the most  potent  activators of  the nuclear en- 
zyme, while ATP is the best stimulator of  the microsomal activity. However, 

T A B L E  II  

E F F E C T  OF N U C L E O S I D E  T R I P H O S P H A T E S  ON C A L F  U T E R U S  G U A N Y L A T E  C Y C L A S E S  

The guanyla te  cyc lase  a c t i v i t y  o f  subcel lulax fract ions  o f  calf  u terus  was  d e t e r m i n e d  in the  presence  o f  
0.5% L u b r o l  PX using 10/~M GTP  a nd  0 .4  m M  Mn 2+ as descr ibed  in Materials  and M e t h o d s .  The  e f f e c t  o f  
various  n u c l e o t i d e s  was  d e t e r m i n e d  by  assaying each  fract ion  in the  presence  o f  50/~M of  the  nuc l eos ide  
t r iphosphate  ind ica ted .  The  relat ive  e f f e c t i v e n e s s  o f  these  n u c l e o t i d e s  wa s  reproduc ib le  in s u b s e q u e n t  ex- 
p e r i m e n t s .  D u p l i c a t e s  w e r e  w i t h i n  2%. Values  are e x p r e s s e d  as spec i f i c  ac t iv i ty  ± S.D. 

A d d i t i o n  Fract ion  ( p m o l / m i n  per  m g  o f  pro te in )  

C y t o s o l  Nuc le i  M i c r o s o m e s  

N o n e  7 . 0 ± 0 . 1  1 2 . 2 ± 0 . 2  7 . 8 ± 0 . 1  
ATP  5 . 2 ~ 0 . 1  1 2 . 1 ± 0 . 2  5 1 . 5 ± 0 . 7  
UTP 7 . 0 ± 0 . 1  1 4 . 6 ± 0 . 2  3 1 . 0 ± 0 . 4  
ITP  5 . 1 ± 0 . 1  1 3 . 1 ± 0 . 2  4 6 . 5 ± 0 . 7  
CTP 5 . 7 ± 0 . 1  1 2 . 3 ± 0 . 3  3 3 . 6 ± 0 . 5  
T T P  6 . 1 ± 0 . 1  1 4 . 0 ± 0 . 2  3 6 . 1 ± 0 . 5  
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concentrations of  ATP greater than 300 t~M inhibit the particulate cyclases 
(data not  shown). 

Since ATP is both an inhibitor of the cytosolic guanylate cyclase and an ac- 
tivator of  the particulate cyclases, the effect  of this nucleotide on various kinet- 
ic parameters was investigated. 

Effect of  ATP on GTP concentration dependence. The cytosolic enzyme is 
inhibited by ATP at each concentration of GTP tested (Fig. 5a). The extent  of  
inhibition by 50 pM ATP decreases as the concentration of  GTP is increased. 
As expected from this observation, double-reciprocal plots (Fig. 5b) reveal that, 
for the cytosolic enzyme, ATP behaves approximately as a competit ive inhib- 
itor with respect to the substrate, GTP. 50 ttM ATP nearly doubles the appar- 
ent  Km for GTP. 

The slight activation of  the nuclear guanylate cyclase by ATP occurs at low 
and high GTP concentrations (Fig. 6a). This activation is very pronounced at 
high GTP concentrations because the control  activity is strongly inhibited by 
substrate while that  of  the stimulated enzyme is not. At low concentrations of 
GTP, where the nuclear enzyme exhibits positive cooperativity with respect to 
substrate (Figs. 1 and 2), ATP stimulation is also observed (Fig. 6b). In fact, 
in the presence of  ATP the apparent affinity for substrate is increased. If ATP 
were not  inhibitory at higher concentration, the GTP substrate curve would 
probably be hyperbolic in the presence of  the activator, ATP, while it is sig- 
moidal (Fig. 1) in its absence. 

The microsomal guanylate cyclase is stimulated by 50 pM ATP at all concen- 
trations of  GTP tested (Fig. 7a). This activation is more pronounced at low 
concentrations of  GTP (Fig. 7b), where the microsomal enzyme exhibits posi- 
tive cooperativity with respect to GTP (Figs. 1 and 2). As with the nuclear en- 
zyme, ATP reduces the apparent cooperativity towards GTP. The sigmoidal 
substrate curve approaches a hyperbolic plot  with increasing concentrations of  
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Fig.  5 .  E f f e c t  o f  A T P  o n  t h e  G T P  d e p e n d e n c e  o f  t h e  c y t o s o l i c  g u a n y l a t e  c y c h s e .  T h e  c y t o s o l i c  e n z y m e  
w a s  assayed  in 0 .5% L u b r o l  PX as d e s c r i b e d  in  M a t e r i a l s  a n d  M e t h o d s  in  t h e  a b s e n c e  ( i  ; )  a n d  p r e -  

s e n c e  (o o) o f  50/~M A T P ,  a d d e d  as  t h e  A T P  : Mn 2+ (1 : 1) c o m p l e x .  
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ATP. However, as in the nuclear enzyme, ATP at high concentrations inhibits 
the microsomal cyclase. In contrast to the nuclear enzyme, the microsomal en- 
zyme is not  inhibited by high concentrations of GTP. 

Effect  o f  A T P  on Mn 2÷ concentration dependence. The cytosolic nuclear, 
and microsomal guanylate cyclases exhibit hyperbolic kinetics with respect to 
Mn 2÷ (Fig. 3). ATP affects the Mn 2÷ dependence of  each of  these enzymes. In 
the presence of  50 #M ATP, the cytosolic enzyme is inhibited at all Mn 2+ con- 
centrations tested (Fig. 8a). Since ATP is added as ATP : Mn 2÷ (1 : 1), the ac- 
tivity observed in the absence of  excess Mn 2÷ appears elevated due to an in- 
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crease in total Mn 2* present relative to the control enzyme. Double-reciprocal 
plots (Fig. 8b) indicate that  ATP increases the apparent affinity of the cyto- 
solic cyclase for Mn 2. by about  2.3-fold while decreasing its V. This is, ATP is 
an uncompeti t ive inhibitor of the cytosolic enzyme with respect to Mn 2÷. 

ATP activates the nuclear (not  shown) and microsomal (Fig. 9a) guanylate 
cyclases in a similar fashion at all Mn 2. concentrations. The stimulation occurs 
by an increased apparent affinity for Mn 2. (Fig. 9b) wi thout  any apparent 
change in V. In contrast  to the cytosolic enzyme, both particulate enzymes ex- 
hibit inhibition by high concentrations of  divalent cation. ATP stimulation 
does not  reverse this inhibition. 
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Discussion 

Guanylate cyclase activity of calf uterus is localized in cytosolic, nuclear, 
and microsomal fractions of homogenates (Table I). While the presence of 
guanylate cyclase in cytosolic and microsomal fractions of various tissues has 
been reported [1--3],  no evidence of a nuclear enzyme has appeared previous- 
ly. In the present studies the occurrence of nuclear guanylate cyclase was also 
confirmed in various other tissues (thymus, liver, lung, kidney) in rats. How- 
ever, nuclear adenylate cyclase activity has been previously reported [34,35].  
Although some recent publications [ 1--3] have studied the particulate enzyme,  
most studies of guanylate cyclase have been confined to the cytosolic fraction 
[4--9].  It is clear that  when assayed in the presence of detergent,  approxi- 
mately half of  the enzymatic activity is found in particulate fractions of calf 
uterus (Table I). The non-ionic detergent, Lubrol PX, stimulates the micro- 
somal and nuclear enzymes more than 50- and 8-fold, respectively, thereby un- 
masking the high activity in these fractions (Table I and Fig. 4). This stimula- 
tion may be due to solubilization of the enzyme as well as increased substrate 
accessibility. The cytosolic enzyme is also stimulated by Lubrol PX, but  only 
3-fold. 

Evidence for the different nature of the three guanylate cyclases of calf 
uterus described here can be derived from their GTP concentrations depen- 
dence and from their regulation by nucleotides. The fact that  the cytosolic en- 
zyme exhibits a hyperbolic GTP curve while the particulate enzymes show posi- 
tive cooperativity with respect to this substrate (Fig. 1) is a distinguishing char- 
acteristic. Hill coefficients (Fig. 2) for the nuclear, microsomal, and cytosolic 
guanylate cyclases are 1.5, 1.4, and 0.91, respectively. The effects of  nucleo- 
tides on these enzymes further  supports the hypothesis that  the cytosolic and 
particulate cyclases are not  identical. Nucleotides inhibit the cytosolic and acti- 
vate the particulate enzymes (Table II). The stimulation of the particulate calf 
uterus guanylate cyclases by nucleotides is consistent with the ATP activation 
reported for the sea-urchin sperm guanylate cyclase [2] ,  but  contrast  with the 
inhibition observed with the rat-heart particulate enzyme [1].  Inhibition of the 
cytosolic enzyme by ATP is apparently competitive with respect to GTP (Fig. 
5) and uncompetit ive with respect to Mn 2÷ (Fig. 8). Stimulation of the particu- 
late guanylate cyclase by nucleotides is due to an increased affinity for Mn 2÷ 
(Fig. 9) and to a reduction in the apparent positive cooperativity observed with 
GTP (Figs. 6 and 7). That is, as the ATP concentration is raised, the Hill coef- 
ficients for the particulate enzymes approach 1. The particulate guanylate cy- 
clases, therefore, appear to have an allosteric activator site for nucleotides in 
addition to the GTP substrate site. Finally, the particulate enzymes are inhib- 
ited by high concentrations of Mn 2÷ (Fig. 9) while the cytosolic enzyme is not  
(Fig. 8). 

While the properties of the cytosolic and particulate guanylate cyclases con- 
trast markedly, the difference between the nuclear and microsomal enzymes 
are more subtle. The following evidence indicates that  the guanylate cyclase ac- 
tivity found in purified nuclei is not  a result of contamination by microsomal 
enzyme:  (1) the specific activity of the nuclear fraction cannot  be explained in 
the light of  the low contamination by microsomes indicated by the 12SI-labelled 
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wheat germ agglutinin marker or by previous reports using this method  of frac- 
t ionation [29 ,30] ;  (2) the non-ionic detergent Lubrol PX activates these en- 
zymes to different extents; (3) the nuclear enzyme is inhibited by high concen- 
trations of GTP (Fig. 6) while the microsomal enzyme is not  (Fig. 7); (4) there 
is a much higher nucleotide stimulation of the microsomal guanylate cyclase 
than that  observed with nuclear activity; (5) the apparent nucleotide specificity 
for activation of these enzymes (Table II) is intriguing, since UTP and TTP, the 
nucleotides uniquely involved in the pathways of  RNA and DNA biosyntheses, 
appear to be the most  po ten t  stimulators of  the nuclear guanylate cyclase, 
while ATP exhibits the most  pronounced activation of the microsomal enzyme. 
While this evidence supports the hypothesis that  the nuclear and microsomal 
guanylate cyclases of  calf uterus are different, definite conclusions cannot  be 
drawn without  further physical-chemical studies on the individually purified 
enzymes. This work is now in progress. 

It may be instructive to speculate regarding the possible involvement of the 
different guanylate cyclases in the response of tissues to different hormonal 
stimuli which may give rise to increased levels of cyclic GMP. Possibly the plas- 
ma membrane guanylate cyclase might be anticipated to respond to peptide 
hormones,  acetylcholine, and plant lectins [ 12] ,  while either the cytosolic or 
nuclear enzyme might be regulated by steroid hormones, which raise the level 
of  cyclic GMP in the uterus [13] .  Further  investigations into the possible regu- 
lation of  calf uterus guanylate cyclases by various hormones as well as nucleo- 
tides are in progress. 
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