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Summary 

Guanylate cyclase (GTP pyrophosphate-lyase (cyclizing), EC 4.6.1.2)activi-  
ty was examined in preparations from normal rat liver and a series of  Morris he- 
patomas. Homogenate  guanylate cyclase activities were 3.2, 1.6 and 1.2 nmol 
cyclic GMP formed per min/g tissue in normal liver and in two fast-growing he- 
patomas, 3924A and 9618A2,  respectively. Enzymatic activity was found in all 
particulate fractions and in the supernatant fraction of  all tissues examined. 
Liver had a particulate:soluble guanylate cyclase ratio of  0.24. Five hepatomas 
displayed particulate :soluble enzymatic ratios greater than one. 

Particulate and soluble guanylate cyclase from hepatoma 3924A and hepato- 
ma 9618A2 were examined in greater detail and compared to normal liver. Tri- 
ton X-100 stimulated particulate guanylate cyclase 11-, 5-, and 2-fold in prepa- 
rations from liver and hepatomas 3924A and 9618A2,  respectively. Liver and 
hepatoma particulate and soluble guanylate cyclase preferred Mn ~÷ as the sole 
cation. While liver preparations could utilize Mg :÷ when Mn 2÷ was present in 
low concentrations, the tumor  enzymes did not  utilize Mg :÷in the presence of  
Mn 2.. Calcium inhibited all particulate and stimulated all soluble preparations. 
ATP inhibited all preparations of  guanylate cyclase. Sodium azide stimulated 
the particulate and soluble enzyme from liver 5- and 6-fold, respectively. Sodi- 
um azide did not  alter guanylate cyclase activity from tumor  preparations. 

Introduction 

Guanylate cyclase activity (GTP pyrophosphate-lyase (cyclizing), EC 4.6.1.2) 
has been found to be soluble and associated with membrane fractions in most  
mammalian tissue homogenates [1--6].  The soluble and particulate enzymes 
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differ with respect to activation and inhibition by Triton X-100, ATP, Ca :+, p- 
chloromercuriphenylsulfonic acid, maleate, and sodium azide, and have differ- 
ent molecular sizes upon gel-filtration [3,5--7 ]. The basal activities and subcel- 
lular distribution of both  forms of guanylate cyclase vary from tissue to tissue 
within the same animal [1--6]. Ratios of particulate to soluble guanylate cycla- 
se activity were altered in liver during regeneration and development  [4 ]. These 
studies describe an altered subcellular distribution of  guanylate cyclase activity 
in various Morris hepatomas compared to normal liver. The properties of  guan- 
ylate cyclase in these transplantable tumors  were also different. Some of these 
studies were reported in abstract form [8]. 

Materials and Methods 

Buffalo and ACI rats were inoculated subcutaneously with hepatoma minces 
in Washington and shipped to Charlottesville for study.  Non-inoculated Buffalo 
and ACI littermates were also shipped to Charlottesville and were used as con- 
trols for the normal liver tissue studies. All animals were fed ad libitum, and 
were sacrificed by ether anesthesia or by decapitation when tumors  were 2--5 
cm in diameter. Tissues were quickly removed and placed in a cold solution of  
0.25 M sucrose, 5 mM Tris • HC1 buffer  at pH 7.5, 1 mM dithiothreitol, and 1 
mM EDTA. Liver and tumors cleaned of  necrotic tissue were weighed and ho- 
mogenized in 10 vols. of the same buffer in a glass homogenizer with a motor-  
driven Teflon pestle. Homogenates were filtered through two layers of gauze 
and centrifuged to obtain the various particulate fractions indicated. The 
0--750 X g, 750--10 000 X g and 10 000--105 000 X g fractions were prepared 
with sequential centrifugation of  preparations for 10, 20, and 90 min, respec- 
tively. All procedures were carried out  at 4 ° C. All particulate fractions were re- 
suspended in fresh sucrose/Tris buffer. 

Assays for guanylate cyclase activity were performed at 37°C for 10 or 15 
min with 50 mM Tris • HC1 (pH 7.6), 10 mM theophylline, 0.1 mM dithiothrei- 
tol, 0.1 mM EDTA, 15 mM creatine phosphate,  20 pg creatine phosphokinase 
(120 units per mg), 1 mM GTP, 4 mM MnCl: (unless otherwise noted) and 
10--20 pl of appropriately diluLed enzyme in a final volume of 100 pl. Reac- 
tions were terminated by adding 1 ml of  50 mM sodium acetate buffer  (pH 4.0) 
and immersion in ice. Reaction mixtures were heated at 90°C for 3 min and 
centrifuged; 50--150-pl aliquots of  the supernatant fractions were used for ra- 
dioimmunoassay of cyclic GMP formed [3--11].  With these conditions the 
amount  of cyclic GMP formed was linear with enzyme concentrat ion (5--30 pg 
of protein per 100 pl reaction mixture) and time (5--30 min) of  incubation. 
Under these assay conditions with 10 mM theophylline less than 5--10% of ad- 
ded [3H]cyclic GMP was degraded [3,7,11]. 

For the determination of  in situ levels of  cyclic GMP, rats were anesthetized 
with ether and liver or hepatomas were quickly removed and homogenized in 
6% trichloroacetic acid. Samples were extracted, purified, and assayed as de- 
scribed previously [ 10,12].  

Radioimmunoassay was accomplished with newly synthesized [12sI]tyrosine 
methyl  ester succinyl cyclic GMP that was purified by Sephadex G-10 column 
chromatography and cellulose thin layer chromatography [10,13].  The lower 
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limit of sensitivity of the cyclic GMP assay was 0.01--0.05 pmol [10,13].  Pro- 
tein was determined by the method of  Lowry et al. [14]. 

GTP, creatine phosphate, creatine phosphokinase, sodium azide and Triton 
X-100 were purchased from Sigma Chemical Company. Sephadex G-10 was ob- 
tained from Pharmacia Fine Chemicals. Other reagents were obtained as previ- 
ously described [3--11].  

Results 

Guanylate cyclase activity was distributed in both  particulate and soluble 
fractions from normal rat liver and five Morris hepatomas of  varying rates of  
growth (Table I). Normal liver had a ratio of  particulate guanylate cyclase to 
soluble guanylate cyclase of  0.24. Slow-growing, intermediate-growing and fast- 
growing hepatomas had particulate:soluble guanylate ratios greater than one. 

Homogenate  guanylate cyclase activities were 3.25, 1.64 and 1.21 nmol cy- 
clic GMP formed per min/g tissue in normal liver and two fast-growing hepa- 
tomas, 3924A and 9618A2,  respectively {Table II). Guanylate cyclase activity 
was associated with all crude particulate and soluble fractions in all tissues ex- 
amined. Highest specific activities were observed in liver cytosol  (43 pmol  cy- 
clic GMP per min/mg protein) and in the various particulate and soluble frac- 
tions of  the two hepatomas (range 6--31 pmol cyclic GMP per min/mg pro- 
rein). 

Pretreatment of enzyme with 1% Triton X-100 increased particulate guanyl- 
ate cyclase 11-, 5-, and 2-fold from liver, hepatoma 3924A and hepatoma 
9618A2, respectively (Table III). Triton X-100 increased soluble guanylate cy- 
clase activity from liver and hepatoma 3924A 50--60% and had no effect with 
soluble guanylate cyclase from hepatoma 9618A2. Therefore, significant 
amounts of  latent activity in particulate fractions were apparent only after so- 
lubilization and activation with Triton X-100. As with other tissues, the ap- 
parent distribution of activity in subcellular fractions was altered with deter- 
gent [3,6]. 

Guanylate cyclase in all soluble and particulate fractions examined preferred 
Mn 2÷ as the sole cation (Table IV). Mg 2÷ was 5--20% as effective as Mn 2+. How- 
ever, with normal liver, Mg :+ was quite effective in the presence of  a low con- 
centration of  Mn :÷ (0.1 mM) as reported previously [6,11].  This was not  the 
case with the hepatoma fractions studied; Mg 2÷ was not  effective as either sole 
cation or with low concentrations of  Mn 2÷ (Table IV). 

At less than optimal concentrations of Mn 2÷ (0.4 mM MnC1 and 1 mM GTP) 
calcium chloride inhibited particulate guanylate cyclase from liver and both he- 
patomas. 80--90% inhibition was observed with 10 mM CaC12 (not  shown). 
However, soluble fractions from liver and hepatomas were stimulated by 1 to 5 
mM Ca 2+, and up to 3-fold stimulation of  soluble guanylate cyclase was observ- 
ed. At 4 mM Mn 2÷ the inhibitory and st imulatory effects of Ca2+were diminish- 
ed. Thus, the effects of Ca 2÷ on soluble and particulate guanylate cyclase from 
hepatomas were qualitatively similar to those with liver preparations [11]. 

ATP (0.2 to 5 mM) inhibited all guanylate cyclase activities examined (not  
shown). However, soluble guanylate cyclase from hepatoma 3924A and 
9618A2 was more sensitive to ATP inhibition than the particulate activity. Sol- 
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T A B L E  I I I  
E F F E C T  O F  T R I T O N  X-100  O N  G U A N Y L A T E  C Y C L A S E  A C T I V I T Y  

1 0 5  00  X g so luble  and  pa r t i cu l a t e  f r a c t i o n s  were  p r e i n c u b a t e d  w i t h  1% T r i t o n  X-100  a t  4 °C  f o r  60  m i n  

p r i o r  to  assay.  Ac t iv i t i e s  are m e a n s  + S.E. o f  2--3  e x p e r i m e n t s .  

T issue  f r a c t i o n  Cycl ic  G M P  f o r m e d  R a t i o  
( p m o l  pe r  m i n / m g )  + t r i t o n / - - t r i t o n  

- - T r i t o n  + T r i t o n  

X-100  X-100  

N o r m a l  l iver  4.7 ± 0 .4  53.1 ± 2.8 11.3 

(pa r t i cu l a t e )  

N o r m a l l i v e r  40 .0  ± 0 .8  64.7  ± 2.9 1.6 

(soluble)  

H e p a t o m a  3 9 2 4 A  46 .2  ± 2 .7  231 .6  ± 17.1 5.1 
(p a r t i cu la te )  

H e p a t o m a  3 9 3 4 A  19.4  ± 1.7 31.6  ± 1.6 1.5 
(soluble)  

H e p a t o m a  9 6 1 8 A 2  30 .5  ± 1.2 59.9 ± 3.1 2.0 
(pa r t i cu l a t e )  

H e p a t o m a  9 6 1 8 A 2  26.1  -+ 1.O 24.7  ± 1.1 0.9 

(so luble)  

T A B L E  IV 

E F F E C T  OF  C A T I O N S  ON G U A N Y L A T E  C Y C L A S E  A C T I V I T Y  

105  0 0 0  X g soluble  and  pa r t i cu l a t e  f r a c t i o n s  were  a s sayed  for  g u a n y l a t e  eyclase  ac t iv i ty  w i t h  the  concen-  

t r a t i o n s  of  Mn  2+ a n d / o r  Mg 2+ i nd i ca t ed .  G T P  was  1 m M  in all i n c u b a t i o n s .  Va lues  r e p o r t e d  are m e a n s  ± 
S . E .  of  2--3  p r e p a r a t i o n s .  

T issue  f r a c t i o n  Ca t ion  c o n c e n t r a t i o n  Cycl ic  GMP f o r m e d  p m o l  per  

r a in / r ag  p r o t e i n  

L ive r  (pa r t i cu l a t e )  0.1 m M  Mn 2+ 0.8  -+ 0 .1  

4 .0  m M  Mn 2+ 5.4 ± 0 .3  

4 .0  m M  Mg 2+ 0.7  + 0.1 
4 m M  Mg 2+ + 0.1  m M  Mn 2+ 3.4 ± 0 .2  

4 m M  Mg 2+ + 4 m M  Mn 2+ 5.5 ± 0 .3  
L ive r  ( so luble)  0.1 m M  Mn 2+ 2.1 ± 0 .2  

4 .0  m M  Mn 2+ 36.1  -+ 1.0 

4 .0  m M  Mg 2+ 2.2 ± 0 .2  

4 m M  Mg 2+ + 0.1 m M  Mn 2+ 19.6 ± 0 .8  

4 m M  Mg 2+ + 4 m M  Mn 2+ 35.7  ± 1.1 

H e p a t o m a  3 9 2 4 A  (pa r t i cu l a t e )  0.1 m M  Mn 2+ 7.7 ± 0 .6  

4 .0  m M  Mn 2+ 50.6 ± 2.1 
4 .0  M m  Mg 2+ 6.1 ± 0 .4  

4 m M  Mg 2+ + 0.1  m M  Mn 2+ 7.0 ± 0 .4  

4 m M  Mg 2+ + 4 m M  Mn 2+ 52.0  ± 1.7 
H e p a t o m a  3 9 2 4 A  (so luble)  0.1 m M  Mn 2+ 2.6 ± 0 .2  

4 .0  M m  Mn 2+ 17.6 ± 1.1 

4 .0  m M  Mg 2+ 2.2 ± 0 .2  
4 m M  Mg 2+ + 0.1  m M  Mn 2+ 2.5  ± 0 .3  

4 m M  Mg 2+ + 4 m M  Mn 2+ 16.7  ± 0 .9  
H e p a t o m a  9 6 1 8 A 2  ( p a r t i cu l a t e )  0.1 m M  Mn 2+ 3.6 ± 0 .4  

4 .0  m M  Mn 2+ 29 .1  ± 1.2 
4 .0  m M  Mg 2+ 3.8 ± 0 .4  

4 m M  Mg 2+ + 0.1  m M  Mn 2+ 3.9 ± 0 .5  
4 m M  Mg 2+ + 4 m M  Mn 2+ 31.6  ± 1.1 

H e p a t o m a  9 6 1 8 A 2  (so luble )  0.1 m M  Mn 2+ 3.9 ± 0.3 

4 .0  m M  Mn 2+ 20.6  ± 1.1 
4 .0  m M  Mg 2+ 4.1 ± 0 .3  
4 m M  Mg 2+ + 0 . 1  m M  Mn 2+ 3.9 ± 0.3 
4 m M  Mg 2+ + 4 m M  Mn 2÷ 21.1  ± 0.9 
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T A B L E  V 

E F F E C T  O F  S O D I U M  A Z I D E  ON G U A N Y L A T E  C Y G L A S E  A C T I V I T Y  

105  000  × g soluble  and pa r t i cu l a t e  f r ac t i ons  were  p r e i n c u b a t e d  wi th  1 m M  N a N  3 for  10 ra in  at  3 7 ° C  
p r io r  to  assay as desc r ibed  in Mater ia ls  and  Methods .  Values  are m e a n s  ± S.E. o f  3 - -5  e x p e r i m e n t s .  

T issue  f r a c t i o n  Cycl ic  GMP f o r m e d  Ra t io  

( p m o l  per  m i n / m g )  N a N 3 / - - N a N  3 

--NAN 3 + N a N  3 

Normal l iver  (particulate) 
Normal liver (soluble) 
Hepatoma 3924A (particulate) 
Hepatoma 3924A (soluble) 
Hepatoma 9618A2 (particulate) 
Hepatoma 961SA2 (soluble) 

5 . 1 ± 0 . 4  2 7 . 0 ± 0 . 2  5.3 

4 2 . 0 ± 0 . 9  2 8 0 . 7 ± 9 . 4  6.7 

5 1 . 1 ± 2 . 8  5 4 . 1 ±  3.4 1.0 

2 2 . 6 ± 1 . 7  2 7 . 0 ± 1 . 9  1.2 

3 3 . 4 ± 1 . 4  3 7 . 6 ± 1 . 7  1.1 

2 3 . 2 ± 1 . 3  2 5 . 4 ±  1.3 1.1 

uble guanylate cyclase from liver [11] and other tissues [3,5] is also more sen- 
sitive to ATP inhibition. With hepatomas, seventy to ninety percent inhibition 
was observed with 5 mM ATP. 

Sodium azide, a potent nucleophile and metabolic inhibitor, markedly in- 
creased guanylate cyclase activity from soluble and particulate fractions of nor- 
mal liver (5--7-fold, Table V) as reported previously [7,15]. However, soluble 
and particulate activities from hepatoma 3924A or 9618A2 were not altered 
with 1 mM NaNa. 

Discussion 

Cyclic GMP has been postulated to act in an opposing direction to cyclic 
AMP in mammalian tissues [16--18], and the cyclic GMP:cyclic AMP ratio has 
been reported to be increased in liver neoplasia [19,20], in transformed cells 
[21,22], and in proliferating epidermal tissues [23]. The levels of both of these 
nucleotides are influenced by hormones and numerous pharmacological agents. 
Regulation of the in vivo levels of the nucleotides may occur through altera- 
tions of synthesis, hydrolysis, and cellular excretion. Studies with the prolifer- 
ating cell systems of lymphocytes [16], epidermal tissues [23], fibroblasts 
[ 16,21,22 ], and plants [ 24] support the concept that the two cyclic nucleotides 
promote opposing regulatory influences that may involve cellular growth. Some 
reports, however, have not supported this concept [25], and it is obivous that 
regulatory effects of these nucleotides on growth, if they indeed exist, must be 
quite complex. 

Further, the complexity of the regulation of cyclic GMP levels in tissues is 
apparent from these hepatoma studies. In situ levels of cyclic GMP are 0.1 and 
21.3 pmol/mg protein in liver and hepatoma 3924A, respectively (Table I). Ex- 
periments with tissue slices indicate that hepatoma 3924A can maintain basal 
levels of cyclic GMP that are 5--20 times higher than normal liver (unpublished 
observations). Yet the activities of guanylate cyclase are 22 and 15 pmol cyclic 
GMP formed per min/mg protein in homogenates of liver and hepatoma 3924A, 
respectively. Although the total basal activity of guanylate cyclase is less in the 
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hepatomas examined, the apparent properties and subcellular distribution of 
the enzyme are somewhat  different than liver. In all hepatomas examined gu- 
anylate cyclase is predominantly in particulate fractions. This has also been ob- 
served in regenerating liver, fetal liver [4],  and two renal tumors [26].  Thus, the 
localization of  enzyme in particulate fractions seems to correlate best with the 
elevated levels of cyclic GMP observed in hepatomas (Table I and ref. 19) and 
renal tumors [26]. The greater susceptibility of  the soluble enzyme to ATP 
inhibition also suggests that the particulate enzyme could be m ore important  in 
regulating cyclic GMP synthesis and levels. Enzyme from hepatoma is less able 
to utilize Mg ~÷ in the presence of low concentrations of Mn 2*. The stimulatory 
effects of Triton X-100 were less with preparations from hepatomas. We have 
reported previously that NaN3 increases cyclic GMP synthesis in preparations 
from liver and some other tissues and its effect on cyclic GMP accumulation is 
not  due to altered cyclic GMP or GTP hydrolysis [7]. Guanylate cyclase from 
hepatomas is not  stimulated by sodium azide. In other experiments (not 
shown) this appears to be due to the absence of a protein activator factor in hep- 
atomas required for the azide response [15]. Analogous to the studies reported 
here with liver and hepatomas, sodium azide also increases soluble and particu- 
late guanylate cyclase activity from rat kidney but  not  from renal tumors  MK2 
and MK3 [7,26].  The effects of Ca 2÷ and ATP wi th  guanylate cyclase from he- 
patomas are qualitatively similar to normal liver. 

It remains to be established whether or not  the altered properties of guanylate 
cyclase in hepatomas are in part or solely responsible for the increased levels of  
cyclic GMP observed in these tumors. Equally important  would be the exami- 
nation of  cyclic GMP hydrolysis by phosphodiesterase in these preparations. 

This s tudy does not  address the question of cellular heterogeneity and its al- 
teration in hepatomas. This may account  for the altered cellular distribution of 
guanylate cyclase and its properties in hepatomas. It seems unlikely, however, 
that this could explain the loss of  the NaN3 activation of  guanylate cyclase in 
tumors. 
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