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tance and Dr. Richard Vandlen for a sample of purified 
acetylcholine receptor from Torpedo californica electro- 
plax. 
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The Subcellular Distribution of Adenylate and Guanylate 
Cyclases in Murine Lymphoid Cells? 

James Watson,* Marit Nilsen-Hamilton,! and Richard T. Hamilton* 

ABSTRACT: Membrane vesicles can be prepared from mu- 
rine lymphoid cells by nitrogen cavitation and fractionated 
by sedimentation through nonlinear sucrose density gradi- 
ents. Two subpopulations of membrane vesicles, PMI and 
PMII, can be distinguished on the basis of sedimentation 
rate. The subcellular distribution of adenylate and guany- 
late cyclases in these membrane subpopulations have been 
compared with the distribution of a number of marker en- 
zymes. Approximately 20-30% of the total adenylate and 
guanylate cyclase activity is located at  the top of the su- 
crose gradient (soluble enzyme), the remainder of the activ- 
ity being distributed in the PMI and PMII fractions (mem- 
brane-bound enzyme). More than 90% of the 5’-nucleotid- 
ase and NADH oxidase activities detected in lymphoid cell 
homogenates are located in PMI and PMII fractions, 

T h e  experiments described here are preliminary to devel- 
oping methods to study how lymphocyte mitogens interact 
with cell surface membranes and initiate the intracellular 
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whereas succinate cytochrome c reductase activity is detect- 
ed only in the PMII fractions. In addition, @-galactosidase 
activity is distributed in the soluble and PMII fractions of 
the sucrose density gradients. On the basis of the fraction- 
ation patterns of these various enzyme activities, it appears 
that PMI fractions contain vesicles of plasma membrane 
and endoplasmic reticulum, whereas PMII fractions con- 
tain mitochondria, lysosomes, and plasma membrane ves- 
icles. Approximately 30-40% of the adenylate and guany- 
late cyclase activities in PMII can be converted to a PMI- 
like form following dialysis and resedimentation through a 
second nonlinear sucrose gradient. Adenylate and guanylate 
cyclases can be distinguished on the basis of sensitivity to 
nonionic detergents. 

biochemical changes that lead to DNA synthesis and cell 
division. A large number of agents have now been shown to 
exert selective mitogenic activity on murine bone-marrow- 
derived (B’) (Anderson et al., 1972; Coutinho et al., 1974; 

I Abbreviations used: B and T lymphocytes, bone-marrow-derived 
and thymus-derived lymphocytes, respectively; LPS, bacterial iipopol- 
ysaccharide; cyclic GMP, guanosine 3’:5’-monophosphate; PBS, phos- 
phate buffered saline; Hepes, N-2-hydroxyethylpiperazine-N’-2-eth- 
anesulfonic acid; PMI and PMII, the first and second plasma mem- 
brane fractions, respectively; NADH, nicotinamide adenine dinucleo- 
tide reduced form. 
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Diamantstein et al., 1974; Strong et al., 1974; Watson and 
Riblet, 1974) and thymus-derived (T) (Janossy and 
Greaves, 197 1; Greaves and Bauminger, 1972) lympho- 
cytes. Several lymphocyte mitogens have been reported to 
retain their stimulatory activity when conjugated to Sepha- 
rose beads (Greaves and Bauminger, 1972; Moller et al., 
1975) indicating the mitogens interact with the surface 
membranes of lymphocytes to exert their physiological ac- 
tivity. Any agent that interacts with the surface membrane 
of lymphocytes and stimulates the initiation of DNA syn- 
thesis and cell division must activate a coordinated se- 
quence of biochemical changes that allow a cell to progress 
through a division cycle. It is evident that binding of mito- 
gens to lymphocytes is insufficient for physiologic activity 
since mitogens appear to bind to most cell types but activate 
only selective classes of lymphocytes to cell division (Yaha- 
ra and Edelman, 1972; Gronowicz et al., 1974; Watson and 
Riblet, 1975). How the binding of the mitogen to cell sur- 
face components results in the transmission of signals to the 
interior of the cell or which intracellular biochemical events 
are modified by mitogen are not known. The addition of 
concanavalin A (Hadden et al., 1972) or bacterial lipopol- 
ysaccharide (LPS) (Watson, 1975) to lymphocytes has 
been reported to cause rapid increases in the intracellular 
levels of guanosine 3':5'-monophosphate (cyclic GMP). 
Since cyclic G M P  itself is mitogenic for B lymphocytes 
(Watson, 1975), it has been suggested that the changes in 
the levels of this cyclic nucleotide may be involved as an in- 
tracellular mediator of a mitogenic signal delivered to cells 
by LPS (Watson, 1975). However, the interaction of anti- 
gen-sensitive B lymphocytes with antigen has revealed sev- 
eral aspects of the developmental commitment of these 
cells: these cells are either induced to mature to antibody- 
forming cells or rendered noninducible (paralyzed) by anti- 
gen (Walters et al., 1972; Chiller and Wiegle, 1973; Katz et 
al., 1974). In view of the mitogenic properties of cyclic 
G M P  and also the observation that agents that elevate cy- 
clic A M P  levels in B lymphocytes inhibit the effects of cy- 
clic GMP, it has been suggested that the intracellular ratio 
of cyclic A M P  to cyclic G M P  may regulate the inductive 
and paralytic pathways of antigen-sensitive cells (Watson et 
al., 1973; Watson, 1975). In addition to mitogens, the ex- 
ternal stimuli that are associated with the physiological ac- 
tivation of lymphocytes probably also result from interac- 
tions at the cell surface membranes. If these signals directly 
affect cyclic nucleotide levels in cells, then the enzymes in- 
volved in their synthesis, adenylate and guanylate cyclases, 
may be located in the plasma membranes linked in some 
manner to cell surface receptors. It is these enzymes that 
may be important in the delivery of signals from the exteri- 
or to the interior of cells. While there is considerable evi- 
dence that adenylate cyclases exist in mammalian cells pre- 
dominantly in a membrane-bound form, guanylate cyclases 
have been detected in both soluble and membrane-bound 
forms (Hardman and Sutherland, 1969; White and Aur- 
bach, 1969; Hardman et al., 1971; Robison et al., 1971). 

The surface membrane and endoplasmic reticulum of 
mammalian cells can be converted into vesicles by nitrogen 
cavitation (Kamat and Wallach, 1966; Graham, 1972). In 
this paper we describe the fractionation of vesicles prepared 
from murine lymphoid cells by density gradient centrifuga- 
tion. A number of enzyme activities with known subcellular 
distributions have been used to analyze the cellular origin of 
the various membrane fractions detected. Most of the ade- 
nylate and guanylate cyclase activity is located in a mem- 

brane-bound form. Since the membrane preparations retain 
enzymatic activities characteristic of intact cells, the plas- 
ma membrane vesicles may provide a system for examining 
the mechanisms involved in the delivery of membrane-me- 
diated signals to lymphocytes. 

Materials and Methods 
Mice. Balb/c mice were bred a t  The Salk Institute, San 

Diego. C3H/HeJ, C3HeB/FeJ, and C57BL/6 mice were 
purchased from Jackson Laboratories, Bar Harbor, Maine. 

Plasma Membranes. Mouse spleen cells were prepared in 
the following way. Thirty spleens from 6-8 week old mice 
were teased apart in 20 ml of a balanced salt solution 
(Mishell and Dutton, 1967). All subsequent steps were per- 
formed a t  4 "C. The cells were then filtered through a wire 
mesh to break up cell clumps and then collected by centrif- 
ugation (800g, 5 min). Erythrocytes were removed from the 
spleen cells by NH&I treatment (Shortman et al., 1972). 
The spleen cell pellet (-3 X lo9 nucleated cells) was resus- 
pended in 60 ml of 0.17 M NH4CI. After 10 min a t  4 "C, 
the cell suspension was divided into two portions in glass 
centrifuge tubes and 10 ml of 50% fetal calf serum in a 
phosphate buffered saline (PBS) solution was layered under 
each suspension. The cells were collected by centrifugation 
(800g, 5 min) and washed twice with PBS. The cell pellet 
was then suspended a t  a ratio of 1 volume of pellet to 9 vol- 
umes of buffer described by Ferber et al. (1972) containing 
0.02 M Hepes (pH 7.4), 0.13 M NaC1, and 0.0005 M 
MgCl2 and was dispersed by drawing the cells up and down 
through a 5-ml pipet. The cells were homogenized by nitro- 
gen cavitation in an Artisan instrument, using a nitrogen 
pressure of 800 psi. After the cell suspension had been 
under pressure for 5 min, the suspension, still under pres- 
sure, was delivered to the atmosphere dropwise from the ho- 
mogenizer, and the solutions were returned to isotonicity by 
adding an equal volume of 0.5 M sucrose. At this time, ED- 
TANa2 (pH 7.0) was added to a final concentration of 
0.002 M.  

After homogenization, the broken cell suspension was 
centrifuged a t  3200g for 5 min to remove nuclei and unbro- 
ken cells. The post-nuclear supernatant (3-5 ml containing 
10-50 mg of protein) was then layered on top of a nonlinear 
sucrose gradient consisting of a 10-ml linear 60-30% gradi- 
ent, a 10-ml barrier of 30% sucrose, and a 12-ml linear 30- 
10% sucrose gradient. The gradient contained 0.005 M 
Tris-HCI (pH 7.2) and 0.001 M EDTANa2. 

The gradient was centrifuged for 90 min a t  82 5OOg 
(25 000 rpm in a Beckman SW27 rotor). Gradient fractions 
of 1.2 ml were collected in an Isco fraction collector, Model 
640, by upward displacement with a solution of 32% sucrose 
and 23% KI (w/w) and stored a t  4 "C. Two plasma mem- 
brane populations were resolved in this sucrose gradient. 
The first plasma membrane fraction (PMI) peaked a t  28- 
30% sucrose, and the second plasma membrane fraction 
(PMII) having moved through the 30% barrier is located a t  
40-42% sucrose. It should be noted that these two plasma 
membrane populations also contained endoplasmic reticu- 
lum, (PMI) lysosomes, and mitochondria (PMII). 

Adenylate and Guanylate Cyclase Assays. Each gradient 
fraction was analyzed for adenylate and guanylate cyclase 
activities by conversion of a nonradioactive nucleoside tri- 
phosphate to the cyclic nucleotide which was then measured 
by a radioimmune assay (Steiner et al., 1972). Adenylate 
cyclase assays were performed in 0.1-ml volumes and con- 
tained a mixture of 0.05 ml of gradient fraction and 0.05 ml 
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of reaction mixture. The reaction mixture contained 0.08 M 
Hepes-Na (pH 7.6), 0.006 M MgC12, 0.002 M ATP, 0.001 
M dithiothreitol, 0.02 M theophylline, 0.01 M caffeine, 
0.03 M creatine phosphate, and 4 pg of creatine phosphoki- 
nase. Reactions were incubated for 15 min a t  37 OC and 
then terminated by addition of 0.1 ml of ice-cold 0.05 M so- 
dium acetate (pH 6.2) and subsequent boiling for 2 min. 
The extracts were centrifuged for I O  min at 5000g, and du- 
plicate samples (0.075 ml) were removed from the superna- 
tant for the radioimmune assay. 

Guanylate cyclase assays were also performed in 0.1-ml 
volumes, containing a mixture of 0.05 ml of gradient frac- 
tion and 0.05 ml of reaction mixture. This reaction mixture 
contained 0.08 M Hepes-Na (pH 7.6), 0.006 M MnC12, 
0.0004 M GTP, 0.001 M dithiothreitol, 0.02 M theophyl- 
line, 0.01 M caffeine, and 0.1% Triton X-100. In some ex- 
periments 0.03 M creatine phosphate and 4 pg of creatine 
phosphokinase were also added. Reactions were incubated 
for 15 min at 37 OC. To avoid the problem of nonenzymatic 
conversion of GTP to cyclic GMP during a subsequent boil- 
ing step (Kimura and Murad, 1974), reactions were termi- 
nated by the addition of 0.01 ml of 10% perchloric acid and 
0.1 ml of ice-cold 0.05 M sodium acetate (pH 6.2). The 
samples were then boiled for 2 min and centrifuged for 10 
min at  5000g, the supernatants removed and neutralized 
with 1 M KHCOs, and duplicate samples (0.075 ml) re- 
moved for the radioimmune assay. 

Cyclic AMP and cyclic GMP measurements were made 
using the radioimmune assay of Steiner et al. (1972), pur- 
chased in assay kits from Collaborative Research, Boston, 
Mass. Negligible cross-reaction was observed with ATP 
using the antiserum against cyclic AMP ( IO5 pmol of ATP 
were recorded as 0.2-0.5 pmol of cyclic AMP). It should be 
noted that occasional antisera against cyclic AMP from 
Collaborative Research have shown higher cross-reactivity 
with ATP, but these were not used. However, GTP cross- 
reacted with the antiserum against cyclic G M P  such that 
lo5 pmol of GTP were recorded in the range of 2-4 pmol of 
cyclic GMP. To avoid high backgrounds in the radioim- 
mune assay, it was not possible to use more than 0.0002 M 
GTP in the final reaction volumes. In experiments where 
the effect of various cations were examined, these cations 
were added directly to the final assay mixture. The back- 
ground values determined in assays containing nucleotide 
triphosphates but no enzyme source have been subtracted 
from the data presented. Results have been recorded as pi- 
comoles of cyclic nucleotide synthesized per 15 min per mil- 
liliter of gradient fraction. The synthesis of cyclic nucleo- 
tides increased linearly in these assay conditions up to 15 
min of incubation using 10-200 pg of protein. The products 
synthesized and measured as cyclic AMP and cyclic G M P  
were authentic as shown by digestion with cyclic 3’,5’-phos- 
phodiesterase after separation from caffeine by chromatog- 
raphy over Dowex resin (Bio-Rad AG 1-X8, 200-400 mesh, 
formate form) as detailed elsewhere (Watson, 1975). In 
these experiments theophylline was left out of the assay 
mixture. The determination of the amount of protein in su- 
crose gradient fractions was made using the method of 
Lowry et al. (1951). 

Adenylate and guanylate cyclases were also assayed by 
conversion of [ ( Y - ~ ~ P I A T P  or [ c Y - ~ ~ P I G T P  to the corre- 
sponding 32P-labeled cyclic nucleotide. Reaction mixtures 
were identical with those above except that 3 X 10’ counts/ 
min of 0.01 mM [CY-~’P]ATP or [CX-~~PIGTP replaced the 
nonradioactive nucleoside triphosphates. At the end of the 

reaction period, each incubation mixture was boiled and 
centrifuged, and the supernatant was layered on an alumi- 
num oxide column (0.4 X 4 cm) equilibrated with 0.06 M 
Tris-HC1 (pH 7.5) buffer. The cyclic nucleotides were elut- 
ed with 6 ml of 0.6 M Tris-HC1 (pH 7.5) buffer directly 
onto a Dowex Ag 1-X8 column (0.4 X 4 cm) (formate 
form) equilibrated with H20. Each column was washed 
with 10 ml of H 2 0  and the cyclic AMP eluted with 10 ml of 
2 N formic acid while cyclic GMP was eluted with 10 ml of 
4 N formic acid. Samples were lyophilized and radioactive 
measurements made using a toluene-terphenyl mixture in a 
scintillation counter (Watson, 1975). Starting with 3 X lo7 
counts/min of 32P-labeled nucleoside triphosphate, less 
than 100 counts/min of nucleoside triphosphate was found 
in the final 2 or 4 N formic acid eluant. 

To determine if the radioactivity eluted in the 2 or 4 N 
formic acid fractions was contained in cyclic AMP and cy- 
clic GMP, respectively, the lyophilized samples were redis- 
solved in 0.05 ml of H2O and chromatographed on poly- 
(ethylenimine) thin-layer plates (Brinkman Instrument Co., 
Polygram Cell 300 PEI)  in a solvent of 0.2 M LiCl by as- 
cending chromatography. The positions of the cyclic nu- 
cleotides were located by ultraviolet adsorption of marker 
samples, and the corresponding areas for the 32P-labeled 
samples were cut out, eluted with 1 ml of 0.06 M Tris-HC1 
(pH 7.4), and counted directly with a scintillation fluid. 

Other Enzyme Assays. 5’-Nucleotidase (5’-ribonucleo- 
tide phosphohydrolase, EC 3.1.3.5) was assayed by the 
method of Avruch and Wallach (1971), with the modifica- 
tion that the reaction mixture was pH 7.5 and contained 
0.001 M Tris-HC1 buffer, and the concentration of AMP 
was 0.02 mM. Succinate cytochrome c reductase (succi- 
nate:(acceptor) oxidoreductase, EC 1.3.99.1) was also as- 
sayed using the methods of Avruch and Wallach (1971). 
NADH oxidase (reduced NAD:(acceptor) oxidoreductase, 
EC 1.6.99.3) was assayed in a 1-ml volume containing 0.01 
M Tris-HC1 buffer, pH 7.4, and 0.007 M KFeCN6 and the 
appropriate amount of enzyme. The reaction was started by 
adding 0.0001 mol of NADH (Sigma Chemicals) and the 
initial rate of the reaction determined at 340 nm. 6-Galac- 
tosidase (P-D-galactoside galactohydrolase, EC 3.2.1.23), a 
lysosomal enzyme, was determined using methyl umbelli- 
feryl-P-D-galactoside as substrate according to the method 
of Ho et al. (1972) using 0.022 ml of sucrose gradient frac- 
tion per determination and with the inclusion of 0.1% Tri- 
ton X-100 for full enzyme expression. 

Results 
Subcellular Distribution of Adenylate and Guanylate 

Cyclases. When guanylate cyclase activity was originally 
detected in a variety of tissues, it was located in membrane- 
free extracts prepared from cells (Hardman and Suther- 
land, 1969; White and Aurbach, 1969). A large increase in 
guanylate cyclase activity was obtained after treatment of 
membrane-containing cell fractions with nonionic deter- 
gents (Hardman et al., 1971). This is revealed in our data 
presented in Figure 1A. When sucrose-gradient fractions, 
prepared as described above, were assayed for guanylate cy- 
clase activity in the absence of Triton X-100, most of the 
activity detected was located at the top of the sucrose gradi- 
ent. However, when 0.2% Triton X-100 was included in  the 
assay mixtures, two additional regions of guanylate cyclase 
activity were detected, in the positions of PMI and PMII 
(see later), and these activities were maximal at 28 and 40% 
sucrose (Figure 1 A). 
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F I G U R E  1: The distribution of adenylate and guanylate cyclase activi- 
ty in sucrose density gradient fractions. The post-nuclear supernatant 
from spleen cell homogenates was fractionated by sucrose gradient 
centrifugation and assayed for adenylate and guanylate cyclases as de- 
tailed in Methods. Each gradient fraction was assayed in the presence 
and absence of 0.2% Triton X-100. Enzyme activities are expressed as 
picomoles of cyclic nucleotide per 15 min per milliliter of gradient frac- 
tion. ( A )  Guanylate cyclase activity; (B) adenylate cyclase activity. 

I n  contrast, adenylate cyclase activity has been located 
mainly in plasma membrane fractions in other cell types 
(Robison et al., 1971). When homogenates prepared from 
murine lymphoid cells are fractionated by sucrose-gradient 
sedimentation, three regions of adenylate cyclase activity 
are observed (Figure 1B).  The first is the upper (less dense) 
region of the gradient and is designated the “soluble” frac- 
tion: the second activity (PMI) is maximal a t  28-30% su- 
crose and the third (PMII) a t  40% sucrose. The presence of 
0.2% Triton X-100 in the adenylate cyclase assay inhibits 
the enzymatic activity detected in PMI and PMII regions of 
the gradient. The positions of adenylate and guanylate cy- 
clase activities in these sucrose gradients are virtually iden- 
tical. 

The experiment described in Figure 2 shows the effect of 
different concentrations of Triton X-100 on adenylate and 
guanylate cyclase activity in the PMI region of the sucrose 
gradient. Adenylate cyclase is extremely sensitive to Triton 
X-100; concentrations of more than 0.01% markedly de- 
crease enzyme activity. However, guanylate cyclase activity 
is generally increased 5-  to 20-fold in the presence of 0.05- 
0.5% Triton X-100 (Figure 2). Similar results were ob- 
tained using the PMII region of the sucrose gradient (data 
not shown). However, adenylate and guanylate enzyme ac- 
tivities in the soluble region (Figure 1 )  were not markedly 
affected by Triton X-100 concentrations in the range of 
0.01 to 0.5% (data not shown). 

The data expressed in Figure 1 show the total enzyme ac- 
tivities detected in 1 ml of each sucrose gradient fraction. 
When the specific activities of adenylate and guarrylate cy- 
clases are determined in each gradient fraction (picomoles 

-.o- _ _  - - 0  

0 ,005 0.01 0.05 0.1 0.5 

% TRITON X-100 

FIGLRE 2. Effect of Triton X-100 on adenylate and guanylate cyclase 
activities in  PMI sucrose gradient fractions. 

of cyclic nucleotide synthesized per milligram of protein per 
15 min), it can be seen that these are highest in the PMI 
and PMII regions of the sucrose gradients (Figure 3). The 
specific activity of both of these enzymes is generally at 
least tenfold greater than that of the same enzyme activity 
in the soluble fraction. The apparent division of adenylate 
and guanylate cyclase specific activities into two peaks at 
40% sucrose (PMII) is due to the decline in enzyme specific 
activity (fraction 24, Figure 3). This decline is caused by a 
large increase in protein concentration (Figure 1 B), proba- 
bly a result of the large mitochondrial contribution to this 
fraction (see Figure 6). 

The kinetics of synthesis of cyclic AMP and cyclic G M P  
by the plasma membrane fractions were assayed by the con- 
version of [a-32P]nucleoside triphosphate to the correspond- 
ing cyclic nucleotide. The synthesis of 32P-labeled cyclic 
G M P  or 32P-labeled cyclic A M P  is linear for 15  to 20 min 
in reaction mixtures containing either the soluble fraction, 
PMI or PMII (data not shown). 

Characteristics of PMI and PMII. When PMI is pooled, 
dialyzed against 0.04 M Hepes (pH 7.6) buffer, and resedi- 
mented in a second, identical nonlinear sucrose gradient, 
65-80% of the adenylate and guanylate cyclase activities 
are located in their original positions (Figure 4B), the re- 
mainder being located in the soluble region of the gradients. 
When PMII is pooled, dialyzed against the same buffer, 
and then resedimented in a second gradient, some 30-40% 
of the PMII is converted to a fraction that sediments in the 
PMI region of the sucrose gradient (Figure 4C), the re- 
mainder sedimenting in the original PMII position. 5’-Nu- 
cleotidase is distributed in a pattern similar to those of the 
cyclases after dialysis (data not shown). 

When the total adenylate and guanylate activity is deter- 
mined in the post-nuclear supernatant from a lymphoid cell 
homogenate before layering on a sucrose density gradient 
and compared with the total activity recovered from gradi- 
ent fractions following sedimentation, there are approxi- 
mately a twofold increase in total guanylate cyclase activity 
and a threefold increase in total adenylate cyclase activity 
(Table I) .  This may be due to a variety of reasons, for ex- 
ample, the removal of inhibitors from the PMI and PMII 
enzymes, or a decrease in phosphodiesterase (PDE) activi- 
ty, although PDE inhibitors were included in the assays. 
The specific activity of guanylate cyclase (picomoles per 15 
min per milligram of protein) for the PMI enzyme repre- 
sents an increase of approximately 20-fold over that in the 
original post-nuclear supernatant (Table I) .  There is a simi- 
lar large increase in the specific activity of adenylate cy- 
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FIGURE 3: The specific activities of adenylate and guanylate cyclase 
in sucrose density gradient fractions. The data are expressed in pico- 
moles of cyclic nucleotide per 15 min per milligram of protein for each 
gradient fraction. 

clase in PMI. In contrast, there is only a seven- to ninefold 
increase in adenylate and guanylate cyclase specific activi- 
ties in PMII. The data presented in Table I1 summarize the 
distribution of adenylate and guanylate cyclase activities in 
the soluble, PMI and PMII regions of sucrose gradients. 
These data are assessed from three separate experiments, 
using either BALB/c, C3H/HeJ, or C57BL/6 spleen cells 
as a source of lymphocytes. Finally, the data presented in 
Table I1 summarize the variation in specific activity of ade- 
nylate and guanylate cyclases in soluble, PMI and PMII 
fractions from three separate experiments. Both the distri- 
bution of adenylate and guanylate cyclase activities in these 
sucrose density gradients, as well as their specific activities, 
are reasonably constant in different experiments. 

Subcellular Distribution of Other Enzyme Activities. 
The sucrose gradient fractions prepared from lymphocyte 
homogenates were assayed for other enzyme activities with 
known subcellular distributions. 5’-Nucleotidase has been 
located on the plasma membrane of many mammalian cells 
(Essner et al., 1958; Avruch and Wallach, 1971; DePierre 
and Karnovsky, 1974; Misra et al., 1974; Trams and Lau- 
ter, 1974) and has been shown to exclusively reside on the 
plasma membrane of lymphocytes (Misra et al., 1974, 
1975). NADH oxidase is located on the endoplasmic reticu- 
lum and the outer mitochondrial membrane (Wallach and 
Winzler, 1974); succinate cytochrome c reductase is located 
on the inner mitochondrial membrane (de Duve et al., 
1955). 

5’-Nucleotidase activity was found in two peaks, the ac- 
tivities being maximal at  28-30% and 40-42% sucrose (Fig- 
ure 5), coincident with the adenylate and guanylate cyclase 
activities in the fractions designated as PMI and PMII 
(Figure 1). No 5’-nucleotidase activity is observed in the 
upper portion of the gradient. These data suggest that 5’- 
nucleotidase is in a membrane-bound rather than a soluble 
form. NADH oxidase activity was also located only in the 
PMI and PMII regions of the sucrose gradient (Figure 5). 
Maximal NADH oxidase activity in PMI was not coinci- 
dent with 5’-nucleotidase activity in the same region of the 
gradient. 

In contrast, succinate cytochrome c reductase activity 
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FIGURE 4: The sucrose gradient fractionation of membrane vesicles 
and the resedimentation of PMI and PMII gradient fractions. (A) 
Fractionation of the post-nuclear supernatant. The gradient fractions 
were assayed for adenylate and guanylate cyclase activities and then 
the gradient fractions under PMI and PMII marked with the solid bars 
were separately pooled and dialyzed against 0.04 M Hepes (pH 7.4). 
(B) The pooled and dialyzed PMI fractions were resedimented in a sec- 
ond sucrose density gradient. Fractions were then assayed for adenyl- 
ate and guanylate cyclase activity. (C) The pooled and dialyzed PMII 
fractions were resedimented in  a second sucrose density gradient and 
the gradient fractions assayed for adenylate and guanylate cyclase ac- 
tivity. All guanylate cyclase assays were performed using 0.2% Triton 
x- 100. 

was detected only in the PMII region, maximal activity be- 
tween 40 and 42% sucrose (Figure 6). @-Galactosidase, the 
lysosomal marker (de Duve et al., 1955), was found both in 
the soluble and PMII regions of the sucrose gradient (Fig- 
ure 6). 

Discussion 
Nitrogen cavitation of cells results in the conversion of 

the surface membrane and endoplasmic reticulum into ves- 
icles (Kamat and Wallach, 1966; Graham, 1972). Using 
the conditions described in this paper, murine splenic lym- 
phocytes were lysed, leaving nuclei and mitochondria rela- 
tively intact, and, following removal of the nuclei, the ho- 
mogenates containing the membrane vesicles and mitochon- 
dria were fractionated by sucrose gradient sedimentation. 
Two membrane-containing regions (PMI and PMII) were 
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Table I :  Subcellular Distribution of Adenylate and Guanylate Cyclase Activities Following Sucrose Density Gradient Sedimentation 

Total Cyclase Percent Total Specific Activity Enhancement 
Activity Cyclase of Cyclases Cyclase 

Fractions Protein (pmol/ 15 min) Activity (pmol/l5 min/mg) Activity" 
Assayed (mg) Guanylate Adenylate Guanylate Adenylate Guanylate Adenylate Guanylate Adenylate 

Post-nucle- 67.2 1120 4160 100 100 16.6 62.0 1 .o 1 .o 
ar sup- 
ernatant 

gradient 
Total recovered 67.2 2740 14184 100 100 40.7 21 1.0 2.4 3.4 

Soluble 60.2 1013 5520 36.9 38.9 16.8 91.6 1.01 1.41 
PMI 2.2 856 4536 31.2 31.9 389 2061 23.4 33.2 
PMll  6.8 871 4128 31.7 29.1 128 607 1.7 9.7 

The enhancement of cyclase activity refers to the increase observed above the activity of the postnuclear supernatant, which has been given a 
relative index value of I .O.  

Table 11: Distribution of Adenylate and Guanylate Cyclase Activities 
in Sucrose Density Gradients. 

Specific Activity 
Percent of of Cyclases 

Fraction Total Cyclase pmol/ 15 
of Activity min/mg 

Sucrose Guanyl- Adenyl- Guanyl- Adenyl- 
Strain Gradient ate ate ate ate 

BALB/c Soluble 
PMI 
PMII 

PMI 
PMII 

PMI 
PMII 

C3H/HeJ Soluble 

C57BL/6 Soluble 

24 
37 
39 
28 
38 
34 
30 
35 
35 

21 
38 
41 
25 
35 
40 
25 
39 
36 

50 90 
8 50 1500 
325 640 

1 1  105 
200 1200 
100 560 
43 108 

550 1300 
171 800 

separated on the basis of sedimentation rate. PMI was 
found between 28 and 30% sucrose, and PMII was found 
between 40 and 42% sucrose. The physical characteristics of 
the vesicles in these membrane-containing gradient frac- 
tions isolated from murine cells will be described elsewhere 
(Nilsen-Hamilton and Hamilton, 1976). Two aspects of 
these membrane preparations are described here: first, the 
distribution of adenylate and guanylate cyclase activities 
following sucrose gradient fractionation; second, the distri- 
butions of various other enzymatic activities have been ana- 
lyzed to determine the origins of the membrane vesicles lo- 
cated in the sucrose density gradient fractions designated as 
PMI or PMII. 

The enzymatic activities associated with PMI and PMII 
reveal several features concerning their membrane content. 
5'-Nucleotidase activity is detected only in PMI and PMII, 
and not in  the less dense (soluble) fractions from the su- 
crose gradients (Figure 5). The enzyme has been shown to 
exist as an ectoenzyme (with its catalytic site external to the 
cell) on the surface of guinea pig polymorphonuclear leuko- 
cytes (DePierre and Karnovsky, 1974), L cells, mouse neu- 
roblastoma, guinea pig hepatocytes, and HeLa cells (Trams 
and Lauter, 1974). In addition, cytochemical techniques 
have been used to show 5'-nucleotidase is restricted to the 
cell surface of rat splenic and thymic lymphocytes (Misra et 
al., 1974). Thus, PMI and PMII from mouse lymphocytes 
may contain most, if not all, of the plasma membrane from 
the cell homogenates. Succinate cytochrome c reductase ac- 
tivity, known to be located on the inner mitochondrial mem- 
brane in animal cells (de Duve et al., 1955), is detected only 
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FIGURE 5: S'-Nucleotidase (A) and NADH oxidase (0) activities in 
sucrose density gradient fractions. 

FRACTION NUMBER 

FIGURE 6: Succinate cytochrome c reductase (0) and @-galactosidase 
(A) activities in sucrose density gradient fractions. 

in PMII. Thus, the mitochondria appear to sediment be- 
tween 40 and 42% sucrose in these gradient conditions. 
NADH oxidase activity, known to be associated with the 
endoplasmic reticulum and the outer mitochondrial mem- 
brane in mammalian cells (Wallach and Winzler, 1974), 
was detected in both PMI and PMII. The finding of 
NADH oxidase in PMII was expected. However, what was 
interesting was the apparent separation of NADH oxidase 
and 5'-nucleotidase activity in PMI. This suggests that the 
two enzyme activities are on separate vesicle populations, 
most likely endoplasmic reticulum and plasma membrane. 
Finally, @-galactosidase, the lysosomal marker (Ho et al., 
1972), was found both in the upper "soluble" region of the 
gradient, and in PMII. We interpret this to mean that in- 
tact lysosomes sediment with the mitochondria in PMII, 
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and that @-galactosidase activity in the soluble fraction re- 
sults from the breakage of the lysosomes during the prepa- 
ration of the cell homogenate due to the very high nitrogen 
pressure required to open these cells. In murine fibroblasts 
there appears to be a positive correlation between pressure 
during cell breakage and the percentage of @-galactosidase 
in the soluble fraction (unpublished results). 

Adenylate (Robison et al., 1971) and guanylate (Hard- 
man and Sutherland, 1969; Ishikawa et al., 1969; White 
and Aurbach, 1969; Hardman et al., 1971; Chrisman et al., 
1974; Garbers et al., 1974; Nakazawa and Sano, 1974; 
Pannbacker, 1974) cyclase activities have been detected in 
a wide variety of tissues. Whereas adenylate cyclase activity 
has been generally reported to be located in a membrane- 
bound form, the subcellular distribution of guanylate cy- 
clase activity remains largely unknown. Both ‘‘soluble” and 
“membrane-bound’’ forms of guanylate cyclase have been 
detected. Membrane-associated guanylate cyclase has until 
recently remained undetected because of the chemical 
treatments that are required in order to reveal enzyme ac- 
tivity. When assayed in the absence of a nonionic detergent, 
most guanylate cyclase activity is located in the membrane- 
free cytoplasm of animal tissues (Hardman and Sutherland, 
1969; Aurbach and White, 1969). However, in the presence 
of low concentrations of nonionic detergents, a membrane- 
bound guanylate cyclase is activated (Hardman et al., 
1971). 

When sucrose gradient fractions were assayed for guany- 
late cyclase activity in the absence of a nonionic detergent, 
more than 90% of the activity detected was found at the top 
of the gradient (Figure 1A). This has been termed the “sol- 
uble” enzyme fraction. However, when assays were per- 
formed in the presence of 0.2% Triton X-100, guanylate cy- 
clase activity was observed in the PMI and PMII regions of 
the sucrose gradient, coincident with S’-nucleotidase activi- 
ty (Figure 1A). The percentage of the total guanylate cy- 
clase activity detected in the soluble, PMI and PMII frac- 
tions was reasonably consistent in different experiments and 
appeared similar when using cell homogenates prepared 
from different strains of mice (Tables 1-11). In general, 
25% of the total guanylate cyclase activity detected is found 
in a ‘‘soluble’’ enzyme form, and the remaining 75% is gen- 
erally distributed equally between PMI and PMII (Table 
11), as revealed by the presence of Triton X-100. 

No detergent is required to reveal adenylate cyclase ac- 
tivity. This enzyme was also located in “soluble”, PMI and 
PMII fractions, coincident with guanylate cyclase activity 
(Figure 1B). There are minor differences in the distribution 
of adenylate and guanylate cyclases. A slightly higher per- 
centage of the total adenylate cyclase activity is generally 
found in PMI plus PMII than that observed for guanylate 
cyclase (Table 11). 

The effects of Triton X-100 on adenylate and guanylate 
cyclase activities raise several interesting questions. First, 
why does guanylate cyclase require the detergent for activi- 
ty? Second, are the activities observed for both adenylate 
and guanylate cyclases in the soluble, PMI and PMII frac- 
tions due to one or several types of each of these enzymes? 
Concentrations of more than 0.01% Triton X-100 inhibit 
adenylate cyclase, but stimulate guanylate cyclase activity 
in PMI (Figure 2) and PMII fractions (data not shown). In 
contrast the “soluble” forms of these two enzymes are not 
markedly affected by similar concentrations of Triton 
X-100 (Figure 1 ) .  These data imply that the “soluble” and 
“membrane-bound” forms of each of these enzymes have 

different requirements for the expression of activity; wheth- 
er these data are due to different types of enzymes is not 
clear. The “soluble” form of guanylate cyclase does not re- 
quire Triton x-100  for activity. The relevance of this is not 
clear with respect to the in vivo functioning of guanylate cy- 
clase. The enzyme may, for example, exist in vivo in an in- 
active state when it is membrane bound, and may require 
dissociation from the membrane to convert it to an active 
enzyme. One of the obvious reasons why “soluble” forms of 
adenylate and guanylate cyclases are found may be that cell 
homogenization procedures disrupt membrane-bound en- 
zymes yielding an apparently ‘‘soluble’’ form. No 5’-nucleo- 
tidase or succinate cytochrome c reductase activity is found 
in a soluble form when the post-nuclear supernatant is re- 
solved on the sucrose gradients (Figure 5).  After dialysis of 
PMI similar proportions (22-33%) of adenylate and guany- 
late cyclase are released to the soluble fraction (Figure 5). 
A similar proportion of S’-nucleotidase is also released into 
the soluble fraction (data not shown). This may indicate 
that these three enzymes are intercalated in the membrane 
to approximately the same extent. If this is the case then 
the fact that 5’-nucleotidase does not appear in the soluble 
fraction of the post-nuclear supernatant suggests that the 
soluble forms of guanylate and adenylate cyclases found in 
this fraction represent in vivo forms. 

It should also be noted that PMI contains both plasma 
membrane and endoplasmic reticulum (Figure 6). There- 
fore, until vesicles arising from these subcellular structures 
are further separated, it is not possible to determine with 
certainty whether the guanylate cyclase is bound to be the 
plasma membrane, endoplasmic reticulum, or both. Guany- 
late cyclase activity in rat liver tissue has also been found 
associated with plasma membranes and possibly the endo- 
plasmic reticulum (Kimura and Murad, 1975). By contrast, 
it appears likely from other reports that adenylate cyclase 
exists predominantly bound to the plasma membrane (Ro- 
bison et al., 1971), although it is not possible to exclude the 
endoplasmic reticulum as a source of adenylate cyclase. 

Resedimentation of PMI did not result in a change in the 
sedimentation rate of this membrane-containing fraction 
(Figure 4). However, when PMII was resedimented in a 
second gradient, some 30-40% of the adenylate and guany- 
late cyclase activity in PMII is converted to a fraction in the 
PMI region of the sucrose gradient. This suggests that the 
PMII fractions may contain vesicles convertible to PMI. 
This is most likely due to loss of peripheral or internalized 
proteins by these vesicles during dialysis. 

The adenylate and guanylate cyclase activity in PMI and 
PMII isolated from murine lymphocytes remains stable 
when stored at 4 O C  over a period of 3 weeks (unpublished 
observations). The finding that guanylate cyclase activity is 
found in a membrane-bound form is of major interest in 
view of the findings that the interaction of bacterial lipopol- 
ysaccharides with murine spleen cells (Watson, 1975) and 
concanavalin A with human peripheral lymphocytes (Had- 
den et al., 1972) both stimulate cyclic G M P  synthesis. If 
guanylate cyclase is retained in a membrane-bound form in 
plasma membrane vesicles, it may be possible to examine 
how the interaction of mitogens, in general, initiates trans- 
membrane signals, by examining whether mitogens lead to 
specific enzyme activation in plasma membrane vesicles. 
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