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SUMMARY

Cultured Novikoff rat hepatoma, human HeLa, and mouse
L cells contain 2 cyclic 3',5'-nucleotide phosphodiesterases, 1

with a low apparent Km of 1 to 2 /LfM for cyclic
3',5'-monophosphate and another with an apparent Km of 100

to 400 Â¿/M.Tliehigh-Km phosphodiesterases are inhibited by
theophylline in a simple, competitive manner, whereas the
low-Km enzymes are inhibited in a noncompetitive manner,
although the KÂ¡'sof inhibition are similar for both activities

(1 to 7 mM). For cell extracts from all 3 cell lines, specific
activities for the low-K^ phosphodiesterase are similar,
although there is slightly higher activity in extracts of the
fastest-growing Novikoff cells than in extracts from the other
cell lines. In contrast, the specific activity for the high-Km
phosphodiesterase is 30 to 40 times higher in L than in
Novikoff cell extracts and intermediate in HeLa cell extracts,
and in Novikoff cells there is only 5 to 10% as much activity as
in rat liver. The specific activities for the 2 phosphodiesterases
do not change significantly during the growth cycle in
suspension culture.

INTRODUCTION

The regulation of many cellular processes of bacteria or
mammalian cells seems to be mediated by cyclic 3',5'-AMP

(11, 23). It has also been suggested that the unregulated
growth of tumor cells might be related to a depressed
intracellular level of cyclic 3',5'-AMP (5, 6, 24). This

hypothesis was based on the finding that the growth of cells of
a number of malignant cell lines in culture (mouse L, H.Ep.-2,
HeLa) but not that of a nonmalignant cell line is inhibited by
0.3 mM cyclic 3',5'-AMP in the medium (6, 24). Also, the level

of adenyl cyclase is less than half as high in polyoma
virus-transformed as in untransformed BHK cells (5). More
recently, it has been shown that treatment of Rous sarcoma
virus-transformed cells with cyclic 3',5'-AMP restores several

morphological properties characteristic of normal fibroblasts
(10). Similar morphological changes are observed in cultures of
Chinese hamster ovary cells after treatment with cyclic
3',5'-AMP (8).
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On the other hand, there is higher adenyl cyclase activity in
several rat hepatomas than in normal liver (3, 4, 17), and the
growth of transformed and untransformed BHK cells is
inhibited to about the same extent by 0.1 to 0.3 mM cyclic
3',5'-AMP (5). In previous studies (25), we found that the

replication of Novikoff rat hepatoma, mouse L, and HeLa cells
in suspension culture is not affected by cyclic 3',5'-AMP, even

at concentrations up to 5 to 12 mM, and that the cells fail to
take up significant amounts of cyclic 3',5'-AMP. Preliminary
results (25) also indicated that the level of cyclic 3',5'-AMP in

Novikoff cells is comparable to that of rat liver. The
concentration of cyclic 3',5'-AMP in cells is probably
controlled by both adenyl cyclase and cyclic 3',5'-AMP

phosphodiesterase (11). Therefore, in attempts to obtain
further information on the possible role of cyclic 3',5'-AMP in
growth regulation, we studied the levels of cyclic 3',5'-AMP

phosphodiesterase activities, in the cell lines already
mentioned, during propagation in suspension culture. For each
cell line there were 2 cyclic 3',5'-AMP phosphodiesterase

activities, 1 with a low apparent K^ and 1 with a high Km for
cyclic 3',5'-AMP, which were further distinguishable by their

response to theophylline. The level of the low-Km
phosphodiesterase activity was similar in all cell lines, whereas
the level of high-Km activity differed markedly among the cell
lines and in a manner unrelated to the growth rates of the
cells.

MATERIALS AND METHODS

Unlabeled and 3H-labeled cyclic 3',5'-AMP were purchased

from Schwarz BioResearch, Inc., Orangeburg, N.Y. Both
preparations were approximately 95% pure (25).
Approximately 1% of the unlabeled cyclic 3',5'-AMP

preparation was AMP, and 3% was adenosine. Approximately
2% of the 3H of the 3H-labeled cyclic 3',5'-AMP preparation

was associated with AMP, and approximately 4% was
associated with adenosine (25). The solution of 3H-labeled
cyclic 3',5'-AMP was supplemented with unlabeled cyclic
3',5'-AMP for preparation of solutions of varying specific
radioactivity. 5'-Nucleotidase from Cro talus adamant eus and

Dowex-AG 2-X8 chloride (200 to 400 mesh) were purchased
from Sigma Chemical Co., St. Louis, Mo.

Cell Cultures. Novikoff rat hepatoma cells (subline
N1S1-67), mouse L cells (sublines LB-67 and LG-67), and
HeLa cells (subline HeLa-S3-67) were propagated in Swim's
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Medium 67 in suspension culture, and the cultures were
monitored for cell concentration and size distribution of the
cells by tabulation in a Coulter counter as described in Refs.
21 and 29. The mouse L cell sublines LB-67 (18) and LG-67
(27) were derived from cultures originally obtained from Dr.
K. G. Brand and Dr. A. F. Graham, respectively.

Preparation of Cell Fraction. All steps were conducted at
0â€”4Â°.If not indicated otherwise, cells were collected by

centrifugation from cultures in the exponential phase (see
Chart 3) and washed once in basal salt solution (20). The cells
were suspended in a solution (B2) composed of 10 mM
Tris-HCl (pH 7.4), 10 mM NaCl, and 1.5 mM MgCl2 at the
following concentrations per ml: NISI-67, 2X IO8;
HeLa-S3-67, 3 X IO7 ; LG-67 and LB-67, 1 X IO7. Then, either

of 2 methods was used to prepare cell fractions. In Method 1,
the suspension was treated with a 20-kc MSE sonic oscillator
for 5 sec (22). The lysate was centrifuged at 18,000 X g for 15
min. The supernatant fluid was removed and referred to as
"cell extract." In Method 2, the cell suspension was allowed to

stand for 15 to 20 min, and the cells were then disrupted by
20 strokes with a Dounce homogenizer (21). The suspension
was centrifuged at 600 X g for 5 min, and the pellet was
suspended to the original volume of cell suspension in B2
(nuclear fraction). Where indicated, samples of the supernatant
fluid (postnuclear fraction) were centrifuged at 104,000 X g
for 1 hr, and the pellet was suspended in B2 to the volume of
postnuclear fraction centrifuged (mitochondrial-microsomal
fraction). The supernatant fluid was referred to as "cell sap."

Cell extracts were prepared from fresh mouse and rat liver as
described for cultured cells. Pieces of liver were rinsed several
times in basal salt solution before sonic extraction in B2.
Protein concentrations of the fractions were estimated by the
method of Lowry et al. (13).

Assay for Cyclic 3',5'-AMP Phosphodiesterase Activities.

Activity was measured as described in Ref. 25. In the standard
assay, enzyme fractions were mixed with an equal volume of a
solution composed of 80 mM Tris-HCl (pH 8.0), 4 mM MgCl2,
and 0.8 mM 3H-labeled cyclic 3',5'-AMP (4 Â¿ÃCi/Aimole)for
measurement of the activity of the high-Km cyclic 3',5'-AMP
phosphodiesterases (see Chart 1) or 5 AIM3H-labeled cyclic
3',5'-AMP (1000 /LÃCi/Ã/mole)for measurement of the activity

of the low-Km phosphodiesterases. Other substrate
concentrations were used as indicated in the appropriate
experiments. The reaction mixtures of 0.2 ml were incubated
at 37Â°,and 50-jul samples were removed at appropriate time

intervals. The reaction products were analyzed by either of the
following 2 methods.

In Method 1, the various adenosine nucleotides and
adenosine were separated by ascending paper chromatography
as described in Ref. 25 (see Table 2). The paper was developed
with IM ammonium acetate (pH 5.0): 95% ethanol (3:7, v/v)
at 30Â°for 18 hr. After chromatography, the chromatograms

were cut into 1-cm segments at right angles to the direction of
migration. The segments were eluted with H2O, and the
eluates were analyzed for radioactivity. The amounts of cyclic
3'5'-AMP degraded during incubation with enzyme fractions

were estimated from these radioactivity values after
subtraction of the radioactivity associated with ATP plus ADP,
AMP, and adenosine at 0 time (25).

In Method 2, the released AMP was further hydrolyzed to
adenosine by 5'-nucleotidase from Crotalus adamanteus

included in the reaction mixture, and the remaining cyclic
3',5'-AMP was absorbed to Dowex resins as described by
Monard et al. (15). The amount of cyclic 3',5'-AMP degraded

was estimated from the amount of unadsorbed radioactivity
after subtraction of the value of the appropriate blank (15).
Both methods yielded comparable results. The degradation of
cyclic 3',5'-AMP by cell fractions of all 4 types of cells was
linear with time of incubation at 37Â°until at least 50% of the
cyclic 3',5'-AMP was degraded (see Table 2). Enzyme activity

was estimated from the linear portion of the degradation
curve. One milliunit of cyclic 3',5'-AMP phosphodiesterase was

defined as the amount of enzyme degrading 1 nmole of cyclic
3',5'-AMP per min. Cell fractions were assayed for enzyme

activity within 1 to 2 hr of their preparation, but additional
studies showed that less than 10% of the activity was lost
during storage of various cell fractions at 4Â°or â€”¿�15Â°for 2

weeks.
Radioactivity Measurements. Radioactivity was measured

by liquid scintillation counting with a modified Bray's solution

(21).

RESULTS

Preliminary tests showed that, at 0.4 mM cyclic 3',5'-AMP

in the reaction mixture, freshly prepared cell extracts from
cultured Novikoff rat hepatoma, HeLa, and mouse L cells
exhibited markedly different levels of cyclic 3',5'-AMP

phosphodiesterase activities (Table 1). Mouse L cells contained
20 to 40 times more activity than did NISI-67 cells. The
specific activity of NISI-67 cell extracts was only 5 to 10% of
that of similar extracts from rat liver. The value for rat liver
was similar to that reported for rat liver by Menahan et al.
(14). In contrast, the activity of mouse L cells was 3 to 4 times

Table 1
Cyclic 3',5'-AMP phosphodiesterase activities of cultured cells and

rat and mouse liver
Cell extracts were prepared from exponential phase cells and mouse

and rat liver as described in "Materials and Methods." Samples of 0.1 ml

of extract were incubated with 0.1 ml of reaction solution containing
80 mM Tris-HCl (pH 8.0), 4 mM MgCl2, and 0.8 mM3H-labeled cyclic
3',5'-AMP (170,000 cpm) at 37Â°.At various times of incubation, 50-Ml
samples were removed and heated at 100Â°for 1 min. The samples were

centrifuged, and adenosine and the various adenine nucleotides in the
supernatant fluid were separated chromatographically as described in
"Materials and Methods." Phosphodiesterase activity was estimated
from the linear portion of a plot of the amount of cyclic 3',5'-AMP

degraded as a function of time of incubation (see Table 2). The stated
ranges of activity values for each cell type encompass measurements
with at least 3 different extracts.

Cell extract Milliunits/mg protein

N1S1-67HeLa-S3-67LG-67LB-67Rat

liverMouse
liver0.4-0.62-48-158-166-73-4
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higher than that of extracts from mouse liver. Further,
Chromatographie analyses of the reaction mixtures showed
that the relative proportion of products formed from cyclic
3',5'-AMP by the extracts from the different cells differed

markedly. As indicated in Table 2, 20 to 30% of the cyclic
3',5'-AMP converted to AMP by extracts from NISI-67 cells

was further degraded to adenosine. Little or no such further
degradation was observed with extracts from either of 2
sublines of mouse L cells, whereas the conversion was almost
quantitative with HeLa cell extracts. These results indicate
that in HeLa cells there is a high level of 5'-nucleotidase,

whereas such activity is very low in L cells. In reactions with
extracts from N1S1-67, LG-67, or LB-67 cells, small amounts
of AMP formed from cyclic 3',5'-AMP were also converted to

ATP plus ADP (Table 2). Results similar to those shown in
Table 2 were obtained with various concentrations of cyclic
3',5'-AMP between 0.05 and 1.5 mM, and similar results were

obtained with extracts prepared from exponential or
stationary phase cells (see Chart 3).

However, kinetic studies of the phosphodiesterase activities
of the cell extracts over a concentration range from 0.25 juM
to 1 mM cyclic 3',5'-AMP indicated that in each cell line there

were 2 phosphodiesterase activities, 1 with a low apparent Km
(1 to 2 MM) and 1 with a high apparent Km (0.1 to 0.4 mM).
Thus, it was clear that measurements at 0.4 mM cyclic
3',5'-AMP reflected the activity of the high-Km enzyme.
Representative Lineweaver-Burk plots for the cyclic 3',5'-AMP

phosphodiesterase activities from NISI-67 and LG-67 cells are
illustrated in Chart 1. The ranges of apparent Km and Vmax
values obtained in a number of experiments are summarized
for all 4 cell lines in Table 3. The apparent Km's for either the

low or the high-Km phosphodiesterase activities were very
similar for all 4 cell lines, indicating similar phosphodiesterases
in these cell lines despite their diverse origin. However, as
anticipated from the preliminary results mentioned already,
the Vmax values for the high-F^ enzyme were approximately
30 times higher in L cell extracts than in NISI-67 extracts,
and HeLa cell extracts gave intermediate values. In contrast,

Table 2
Distribution of radioactivity among adenosine nucleotides and adenosine as a function of time

of incubation of cyclic 3',5'-AMP phosphodiesterase reaction mixture

with extracts from various eel! lines
The details of the experiment are described in the legend to Table 1.

% of totalb

CellextractN1S1-67HeLa-S3-67LG-67LB-67Time(min)204020401020510Total
3HÂ°

(cpm)15,96015,36014,55016,67014,95015,89014,89014,080ATP
+

ADP1.91.61.10.52.92.72.82.3AMP22.543.55.33.545.571.615.332.8Adenosine6.615.121.147.61.10.700.1Cyclic

3',5'-AMP

degraded(%)31.060.227.551.649.575.018.135.2

0 Total ' H recovered from each chromatogram.
Percentage of total 3H recovered in these components after correction for small amounts

of radioactivity associated with these components at 0 time (see Ref. 25).

Chart 1. Lineweaver-Burk plots of the cyclic
3',5'-AMP phosphodiesterase activities of extracts

from N1S1-67 (A) and LG-67 cells (fi). The 0.2-ml
final reaction mixtures contained 50 ng
5'-nucleotidase; 40 mM Tris-HCl (pH 8.0); 2 mM

MgCl2; 0.33, 1, 2, 4, 10, 40, 100, 200, 400, or
1,000 MM 3H-labeled cyclic 3',5'-AMP (100,000

cpm); and 50 Mgprotein of N1S1-67 cell extract or
20 jugprotein of LG-67 cell extract. At appropriate
time intervals of incubation at 37Â°,50-yil samples

were removed and analyzed by Method 2 for the
amount of cyclic 3',5'-AMP degraded (see "Assay
for Cyclic 3',5'-AMP Phosphodiesterase
Activities"). The initial velocities were estimated

from the linear portions of the degradation curves.
The apparent and V values for the
high-Km phosphodiesterases were estimated from
extended plots of the low I/cyclic 3',5'-AMP

values (see Chart 2A). CYCLIC AMP, cyclic
3',5'-AMP.

I/CYCLIC AMP(,iM)
I 2

I/CYCLIC AMP(^M)
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extracts from all 4 cell lines exhibited similar Vmax values for
the low-K,,, cyclic 3',5'-AMP phosphodiesterases (Table 3).

The Vmax for the high-Km phosphodiesterase of N1S1-67
cells was only about twice as high as that for the low-Km
enzyme of these cells, whereas the differences were much
greater for the other cell lines (Table 3).

Both the low and high-K^ phosphodiesterase activities of
all 4 cell lines were similarly distributed among various cell
fractions. Upon fractionation of the cells (see "Materials and
Methods"), over 90% of both activities, as measured in the
presence of 2.5 and 400 Â¿iMcyclic 3',5'-AMP, respectively,

were recovered in the postnuclear fraction; most (60 to 70%)
of both activities in each postnuclear fraction were present in
the cell sap, and the remainder were present in the
mitochondrial-microsomal fraction.

Other studies showed that the low and high-Km
phosphodiesterases could be further distinguished by their
response to inhibition by theophylline. Both enzymes from all
3 types of cells were inhibited by theophylline with similar
apparent Kj's (1 to 7 mM). However, the high-Km enzymes

were inhibited in an apparently simple, competitive manner,
whereas the low-K enzymes were inhibited in a non-

Table 3
Kinetic constants for the cyclic 3',5'-AMP phosphodiesterases from

various cell lines and for their inhibition by theophylline
The Km, Vmax, and KÂ¡values were estimated as indicated in Charts

1 and 2. The stated ranges of values encompass results from a number
of experiments with cell extracts or cell saps from each cell line. Those
for the high-K phosphodiesterases include results from experiments in
which cyclic 3 ,5'-AMP degradation was analyzed by either Method 1 or
Method 2 (see "Assay for cyclic 3',5'-AMP Phosphodiesterase
Activities").

Theophilline inhibition

CellsN1S1-67HeLa-S3-67LG-67LB-67Km(^M)100-2001.0-1.580-1701.0-1.5150-4001-2100-1501.0-1.5VÂ°
max0.5-0.70.2-0.33-40.1-0.1510-120.1-0.1510-160.1-0.16TypeCompetitiveNoncompetitiveCompetitiveNoncompetitiveCompetitiveNoncompetitiveKÂ¡(mM)5-74-53-61-21-22-4

" In nmoles cyclic 3',5'-AMP degraded per min per mg protein of cell

extract.

competitive manner (Table 3). Representative Lineweaver-
Burk plots with an extract from N1S1-67cells are illustrated in
Chart 2. Results from additional studies failed to reveal any
significant differences between the phosphodiesterase activities
in the cell sap and the mitochondrial-microsomal fraction of
the various cell lines with respect to their apparent Km's and

the type and KÂ¡of inhibition by theophylline.
The population-doubling times of the cell lines differed

markedly, ranging from 12 hr for NISI-67 cells to
approximately 32 hr for LB-67 cells (Chart 3). We determined
the phosphodiesterase activities of the cells at various stages
during the growth cycle (Chart 3, a to d). The specific
activities for both the low and high-Kj,, enzymes were
approximately the same at the various stages of growth and
characteristic for each cell line (see Table 3).

Glucagon and insulin cause an increase or decrease,
respectively, in the cyclic 3',5'-AMP concentration of some

mammalian tissues (11, 23). It has been reported that insulin
affects both the synthesis and activity of cyclic 3',5'-AMP

phosphodiesterase (12, 26), but this finding has not been
confirmed by other investigators (2, 7,14, 16). Nevertheless, it
seemed possible that the low level of high-Km cyclic 3',5'-AMP

phosphodiesterase in NISI-67 cells might be related to an
absence of hormones in the growth medium. This seems not to
be the case, since incubation of NISI-67 cells in growth
medium supplemented with 10 or 100 milliunits/ml of insulin
or 5/LÃMglucagon for 3 or 6 hr produced no effect on the cyclic
3',5'-AMP phosphodiesterase activities of the cells.

Furthermore, the hormones do not affect the growth of
N1S1-67 cells or their amino acid or nucleoside transport (25).

DISCUSSION

The results indicate that in cultured Novikoff rat hepatoma,
human HeLa, and mouse L cells there are 2 cyclic 3',5'-AMP

phosphodiesterase activities, 1 with a low apparent Km
between 1 and 2 Â¿tMand another with an apparent Km of 100
to 400 (iM. The latter seems to be simUar to the cyclic
3',5'-AMP phosphodiesterases known for some time to exist in

mammalian tissues (11, 23), whereas the low-Km cyclic
3',5'-AMP phosphodiesterases have been detected only
recently (1, 9, 28). The apparent Km's of the cyclic 3',5'-AMP

phosphodiesterases from the cultured cells are similar to those
of the 2 corresponding enzymes found in homogenates of
bovine heart by Beavo et al. (1), except that the Km's of the

Chart 2. Inhibition of cyclic 3',5'-AMP phosphodiesterase

activities of NISI-67 cells by theophylline. The conditions and
procedures were the same as described in the legend in Chart 1,
except that the reaction mixtures were supplemented with 10
mM theophylline where indicated. The reaction mixtures
contained 0.33, 1, 2, 4, or 10 MM3H-labeled cyclic 3',5'-AMP in
A or 40, 100, 200, 400, or 1,000 MM 3H-labeled cyclic
3',5'-AMPinfl. CYCLIC AMP, cyclic 3',5'-AMP.

002 0

I/CYCLIC AMP(MM)
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DOUBLING
TIME t HOURS)

o- NISI-67 12
â€¢¿�-L6-67 19
u- HeLo-67 26
â€¢¿�rLB-67 32

40 80 120 160

TIME (HOURS)

200 240

Chart 3. Growth curves of NISI-67, LG-67, HeLa-S3-67, and LB-67
cells in Suspension culture in Swim's Medium 67. The cultures were

initiated by inoculation of Medium 67 with cells from late exponential
phase cultures. The cultures were incubated on a gyratory shaker at 37"

and monitored for cell concentration. At the indicated times (a to d),
samples of cells were assayed for cyclic 3',5'-AMP phosphodiesterase
activity at 2.5 and 400 MMcyclic 3',5'-AMP. Numbers on the ordinate
must be divided by IO"5 to obtain correct cell concentrations.

high-Km enzymes from cultured cells are 4 to 16 times higher
than those of the corresponding bovine heart enzyme. Two
activities with similar kinetic properties have been separated
physically from various rat tissues and frog bladder (9, 28),
and the Km of the high-Km rat brain enzyme is approximately
the same as that of the corresponding enzyme from the
cultured cells. The 2 activities could also be distinguished by
their specificity for cyclic 3',5'-AMP and cyclic 3',5'-GMP (1,

28). We have not tested the substrate specificities of the 2
activities of the various cell lines, but we have found that the
type of inhibition of the enzyme activities by theophylline
differs for the low and high-Km cyclic 3',5'-AMP phosphodies-

terases, although the apparent KÂ¡values are very similar for
both activities (Table 3). These findings may explain some of
the variant results reported for the inhibition by theophylline
of cyclic 3',5'-AMP phosphodiesterases from various sources

(11, 23). The molecular basis for the different response of the
2 enzymes to theophylline is not known. It is also unclear
whether the inhibition by theophylline reflects some physio
logical regulatory control of the enzymes. The physiological
significance ofthehigh-K,,, phosphodiesterase is also uncertain,
since its apparent Km is more than 2 orders of magnitude
higher than the cyclic 3',5'-AMP concentrations of cells.
However, the absolute concentration of cyclic 3',5'-AMP in

various regions of the cell may be appreciably higher than
indicated by the average values because of a possible
compartmentalization of cyclic 3',5'-AMP in cells. No

information is available on this point. Nevertheless, the Km of
the low-Km phosphodiesterase is more likely to fall within the
range of cyclic 3',5'-AMP concentrations present in cells and
thus could play a role in the regulation of cyclic 3',5'-AMP

levels in cells. It is therefore of interest that the specific
activities of the low-Km phosphodiesterase are similar for
extracts of all 4 cell lines. Although a direct correlation does
not seem to exist between the growth rates of the cell lines
and their specific activities of low-Km cyclic 3',5'-AMP

phosphodiesterase, the highest specific activity is in the
fastest-growing cell Une (NISI-67), which also contains the
lowest specific activity of the high-Km cyclic 3',5'-AMP

phosphodiesterase. The specific activities of the high-Km
phosphodiesterases are clearly unrelated to the growth rates of
the various cell lines. The specific activities of neither of the 2
enzymes seem to change significantly during the growth cycle.
Thus the cyclic 3',5'-AMP phosphodiesterases, like lactic

dehydrogenase (29), appear to belong to a group of enzymes
of NISI-67 cells that remain at a relatively constant level
throughout the growth cycle, whereas the activities of another
group of enzymes, including uridine (22), choline kinase (19),
and RNA polymerase (29) decrease markedly towards the end
of the growth cycle.

Our finding that the high and low-Km enzymes are similarly
distributed between the particulate components of the cell and
the cell sap is in agreement with reports of the 2 activities in
various animal tissues (1,9, 28). However, it is uncertain
whether this finding represents the true in vivo distribution of
the enzymes or reflects some artifact introduced during
preparation of the cell fractions.
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