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SUMMARY

BYUS, CRAIG V., KLIMPEL, GARY R., LUCAS, DAVID 0. & RUSSELL, DIANE HADIJOCK

(1978) Ornithine decarboxylase induction in mitogen-stimulated lymphocytes is
related to the specific activation of type I adenosine cyclic 3’,5’-monophosphate-
dependent protein kinase. Mol. Pharmacol., 14, 431-441.

The induction of ornithime decarboxylase was studied following the stimulation of human
peripheral blood lymphocytes with concanavalin A (ConA) (10 �tg/m1). Following treat-

ment with ComA, ornithine decarboxylase activity increased 4-5-fold between 6 and 12 hr

of incubation and reached a peak level 10-12-fold above control (unstimulated) values by
48 hr. Increases in incorporation of [3H]uridine into acid-insoluble material followed a

similar time course after the addition of ComA to lymphocytes. The rate of incorporation
of [3H]thymidine into acid-insoluble material was maximal at 72 hr. The degree of
activation of soluble cyclic 3’,S’-AMP-depemdent protein kinase(s) was determined at
various times following ComA stimulation. Between 1 and 2 hr after mitogen administra-

tion, the cyclic AMP-dependent protein kinase activity ratio increased markedly and was
0.23 unit above control values by 4 hr. The activity ratio decreased between 4 and 8 hr

and returned to higher values after incubation with the mitogen for 12, 24, and 48 hr.
Separation of the free catalytic subunit from type I and type II protein kinase holoenzyme
isozymes via C6-aminoalkyl agarose chromatography revealed that only type I protein

kinase was activated 4 hr following incubation of lymphocytes with a mitogenic concen-
tration of ComA (10 �tg/mi). The addition of dibutyryl cyclic AMP at the same time as
ComA (10 �tg/ml) resulted in nearly total activation of both type I and type II protein
kinases at 4 hr but was inhibitory to the later induction of ornithine decarboxylase and to
increased synthesis of RNA and DNA. A high concentration of ConA (100 �ig/ml), which
also activated both isozyme forms of the kinase at 4 hr, produced only a small increase in

ornithine decarboxylase activity and RNA synthesis at later times and no elevation in
DNA synthesis. The data suggest that while the early activation of type I cyclic AMP-
dependent protein kimase may mediate in a positive manner the induction of ormithine

decarboxylase and the mitogenic response of lymphocytes to ComA, concomitant activa-

tion of type II protein kimase may inhibit this process.
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INTRODUCTION

The magnitude of the induction of orni-

thime decarboxylase in tissues stimulated
by trophic hormones (1-4) and analogues
of cyclic 3’,S’-AMP and/or phosphodiester-
ase inhibitors (5-7) closely parallels the ex-
tent of the activation of cyclic AMP-de-

pendent protein kimase. Therefore we have
previously postulated that the induction of

ornithime decarboxylase is a mandatory and
intermediate step in the trophic response

generated by increased cyclic AMP levels
and the activation of cyclic AMP-depend-
ent protein kinase (3).

Kuo and Greengard (8) suggested that all
the effects of cyclic AMP upon the cell were
a result of the activation of cyclic AMP-
dependent protein kinases. Studies in many
laboratories now suggest that the state of
activation of this kimase(s), rather than the
actual intracellular level of cyclic AMP,

may be a more sensitive and accurate mea-
surement of the degree to which cyclic
AMP controls a variety of cellular func-
tions, which include ACTH stimulation of

steroidogemesis (9), FSH stimulation of Ser-
toli cells (10), LH stimulation of testoster-

one production in Leydig cells (11), and the
induction of such enzymes as tyrosine hy-
droxylase (12) and tyrosine amimotrams-
ferase (13, 14), in addition to ornithine de-
carboxylase (1, 5, 15). This may be due to
the rapid turnover rate of cyclic AMP pro-
duced by phosphodiesterases and cellular

excretion (16-18) or to the ability of ionic
fluxes to alter the effect of a given concen-
tration of cyclic AMP on the activation of
cyclic AMP-dependent protein kimases (19,
20).

There are two isozymic forms of soluble
cyclic AMP-dependent protein kimase in
mammalian tissues, remarkably constant in

characteristics, and referred to as type I
and type 11(21, 22). Type I and type II

holoenzymes are believed to have different
regulatory subunits but identical catalytic

subunits (20). The significance of the het-
erogeneity of the kinase has been difficult
to understand in view of the similar bio-
chemical properties of the catalytic sub-
units. While ornithine decarboxylase induc-

tion during cell cycle progression appears
to be related to the specific activation of
type I protein kinase (23, 24), no such Se-
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lective intracellular activation has been as-

sociated with the action of a hormone or
other membrane-active agent believed to
exert at least part of its effects through
cyclic AMP.

The role of cyclic AMP as a possible
mediator of lymphocyte mitogenesis in re-
sponse to plant lectins has been particularly
difficult to evaluate. Slight increases in
cyclic AMP have been reported in lympho-

cytes shortly after stimulation with concan-

avalim A (25, 26). However, the admiistra-
tiom of dibutyryl cyclic AMP simultame-

ously with the lectin inhibited both in-

creased nucleic acid synthesis and mitosis
(25, 26). Using a technique which allows for
the rapid determination of the activation
state of each type of cyclic AMP-dependent
protein kinase, we have assessed the in-
volvement of the kimase isozymes concern-

ing these apparently conflicting roles of

cyclic AMP (27). We report that the early
activation of type I cyclic AMP-dependent
protein kinase and the induction of orni-
thine decarboxylase appear to be integral
parts of the mitogeic response of lympho-
cytes to plant lectins, while activation of

both types of cyclic AMP-dependent pro-
tein kinases within 4 hr inhibits subsequent

ornithime decarboxylase induction, in-
creased RNA and DNA synthesis, and mit-
ogenesis.

MATERIALS AND METHODS

Peripheral blood lymphocyte culture.

Fifty to 100 ml of venous blood from
healthy male donors were collected in hep-
arinized tubes. Lymphocytes were isolated
under sterile conditions by flotation in Fi-
coll-Hypaque (Litton Biometic Laboratory
Products, Kensington, Md.), and were
washed three times using phosphate-

buffered NaC1. The resulting lymphocytes
were cultured in disposable plastic culture

tubes at a density of 2 x 106/ml in Eagle’s
minimal essential medium with Earle’s salts
(Flow Laboratories, Los Angeles) supple-
mented with 10% fetal calf serum, penicillin

(100 units/ml), streptomycin (100 �zg/ml),
and Fungizone (0.25 �tg/ml). Lymphocytes
were routinely placed into culture in the

afternoon and incubated overnight, and
mitogem was added on the following morn-

ing. Cultures were maintained at 37#{176}for 72
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3The abbreviation used is: ConA, concanavalin A.

hr in a humidified atmosphere containing
5% CO2 in air. ComA3 was obtained from

Sigma Chemical Company.

Assay for ornithine � decarboxylase.
Tubes containing 40 x 106 cells were cen-

trifuged at 500 x g for 10 mm. The culture
medium was gently decanted, the tube was
wiped free of remaining medium, and the
cells were suspended in 350 il of ice-cold
homogenizing buffer consisting of 50 mrvi
potassium phosphate (pH 72), 1 mr�i dithi-
othreitol, 0.1 mM EDTA, and 40 /zM pyn-

doxal phosphate. The lymphocytes were
then sonicated for 5 sec using an E/MC

sonicator (Kontes, Berkeley, Calif.) fitted
with a 5-in. microprobe at a power setting
of 6. Microscopic examination of the cells
revealed that greater than 95% were broken

following this procedure. The sonic extract
was centrifuged at 10,000 x g for 10 mm at

0#{176},and the resulting supernatant was used
as the source of enzyme activity. Three 100-
�tl aliquots were removed from each sample

and assayed individually for ornithime de-
carboxylase activity in a total volume of

200 jLl. Ormithine decarboxylase activity was
determined as the amount of 14C02 released

from 1.0 �tCi of DL-[’4C]ormithime (4.0
mCi/mmole; New England Nuclear) at 37#{176}
during a 60-mm assay. The assay was per-
formed in 15-ml tapered centrifuge tubes
fitted with special stoppers and center wells
(Kontes). The ‘4C02 was trapped in 0.2 ml
of ethanolamine-methoxyethanol (2:1) con-
tained in the center well, following injection
of 0.5 ml of 1 M citric acid into the mixture
after the 60-mm incubation. The stoppers
were then removed, and the center wells
were counted in 10 ml of toluene-ethanol

scintillation fluid.
Estimation of RNA and DNA syntheses.

RNA and DNA syntheses were estimated
by the amounts of [3H]uridine (10 mCi/
mmole) and [tHJthymidine (12 mCi/
mmole; New England Nuclear), respec-
tively, incorporated into acid-insoluble ma-

terial. Control and mitogen-stimulated cul-
tures in 96-well microtiter plates containing
4 X iO� cells/well in 0.2 ml of culture me-
dium were pulsed with 2.0 �Ci of [3HJuri-
dime for 30 mm (RNA) or 0.2 ,zCi of
[3H]thymidine for 4 hr (DNA) per well.

Cells from microcultures were harvested
onto glass filter paper with a multiple-sam-
ple harvester, followed by precipitation of
incorporated label with cold 10% trichlora-
cetic acid. The glass paper discs were dried
in air and counted in 15 ml of a toluene-

based scintillation fluid to a previously set
error of 2%. Incubation oflymphocytes with
ComA or dibutyryl cyclic AMP did not alter

the uptake of [�H]thymidine or [3H]uridine

by the cells, since these cultures had the
same acid-soluble tritium label as control
cultures.

Supernatant protein � kinase activity.

Lymphocytes (20 x 106) in culture were
centrifuged at 1000 x g for 5 mm. The
culture medium was rapidly decanted, and
the pelleted cells were suspended in 350 �d

of 25 mM potassium phosphate (pH 6.8),
0.5 mM isobutylmethylxanthine, 5 mM
EDTA, 20 mM NaF, 125 mM KC1, and 5
mM 2-mercaptoethanol and sonicated at 0#{176}
as described above. The sonic extract was
rapidly transferred to a minicentrifuge tube
and centrifuged at 4#{176}for 30 sec in a Beck-
man model B Microfuge. Then 25-�zl ali-
quots of the supernatants were assayed for
protein kinase activity in the presence and
absence of saturating amounts of cyclic

AMP (5 zM) in a total volume of 75 �tl of
the same buffer with 25 m� magnesium

acetate, 200 �tg of mixed calf thymus histone
(Sigma), and 0.5-1.0 iCi of [y-32PJATP (7
mCi/mmole; New England Nuclear), plus
sufficient nomradioactive ATP to bring the
total substrate concentration to 0.1 mM.
The assay was initiated by the addition of

the supernatant and allowed to proceed for
5 mm at 30#{176},and then 50 j�l of reaction
mixture were spotted on Whatman No. 3

MM paper filters. The filters were washed
for 20 mm in cold 15% trichloracetic acid,
followed by two 15-mm washes in 5% tri-
chloracetic acid and a 2-mm wash in 95%
ethanol. The discs were then air-dried and
counted in 5 ml of a toluene-based scintil-
lation fluid. The ratio of protein kinase
activity in the absence of cyclic AMP to
activity in the presence of cyclic AMP was
determined as described by Corbin and Rei-
mann (28) from the amount of 32P incor-
porated into acid-insoluble material with-

out and with cyclic AMP. Under these con-

ditions the assay was linear for 5 mm in the
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presence and absence of cyclic AMP, and
the addition of activated charcoal to the

cells prior to sonication did not alter the
activity ratio from control or stimulated
lymphocytes.

C6-aminoalkyl agarose chromatogra-

phy. C--amimoalkyl agarose chromatogra-
phy was performed as described by Rangel-
Aldao and Rosen (29) with minor modifi-
catioms. The resin was prepared according
to Shaltiel and Er-El (30) from CNBr-acti-
vated Sepharose 4B (Pharmacia) and 1,6-
diaminohexane (Aldrich). Each batch of
resin was calibrated in terms of the amount
of supernatant protein that could be bound
per milliliter of resin and for the initial
NaC1 concentration required to separate
the free catalytic subunit in the flow-
through fractions from type I holoenzyme.
For lymphocytes, an initial concentration

of 50 mM NaCl and up to 15 mg of protein
per milliliter of resin gave excellent sepa-
ration without any reassociation of cata-

lytic and regulatory subunits on the col-
umn. Catalytic subunit purified by Sepha-
dex G-100 chromatography (7) and type I
kinase holoenzyme purified approximately
20-fold from rat heart via DEAE-cellulose
chromatography were used to calibrate the
column (22) (Fig. 1). Chromatography of
type I and type II holoenzymes incubated
with cyclic AMP (Fig. 1D and E) had only

one peak, which chromatographed in the
same fraction as purified catalytic subunit

(Fig. 1C). Since each C- resin preparation
differed in its capacity to bind the catalytic
subunit at low ionic strength, determina-
tion of the appropriate initial NaCl concen-

tration for each batch was critical to allow
for rapid elution of the catalytic unit in the

flow-through fractions and retention of
type I holoenzyme by the resin and to pre-
vent reassociation of the catalytic and reg-

ulatory subunits during chromatography.
Type II holoenzyme, purified from beef
heart (28), was found to bind well to C-
agarose and was easily separable from type
I enzyme with a linear NaCl gradient (elut-
ing at 0.25 M NaCl) (Fig. 1).

Resin (1.5 ml) was packed in a disposable
plastic syringe and equilibrated with 15 mM
potassium phosphate (pH 6.8), 0.5 mM iso-
butylmethylxanthine, 20 mM NaF, 5 mM 2-
mercaptoethanol, 1 mM EDTA, and 30-75

mM NaCl (depending upon the particular
batch of resin). Then 50 x 10� lymphocytes
were sonicated in 300 �tl of the above buffer
and centrifuged for 30 sec as described pre-
viously. The supernatant (250 z1) was ap-
plied to the column and washed with 5-10

ml of buffer. A linear gradient of 10 ml each
of 0.05-0.35 M NaCl was used, and fractions

were collected; 50 �zl of each fraction were
assayed for protein kimase activity in the
presence of 5 ,zM cyclic AMP in a total

volume of 75 jzl as described above. Exper-
imemts in which semipurified catalytic and
regulatory subunits from type I or type II
kimase were mixed revealed minimal reas-
sociation under these conditions. Recovery
of activity was greater than 85% in all in-
stances.

RESULTS

Ornithine decarboxylase activity and

nucleic acid synthesis in lymphocytes after

administration of ConA. Temporal altera-
tions in the activity of ornithine decarbox-
ylase and rates of RNA and DNA synthesis
following the addition of ComA (10 �g/ml)
to resting lymphocytes in culture are illus-

trated in Fig. 2. These parameters were
dependent upon the concentration of ComA
utilized in the experiment (data not shown).
ComA (10 �zg/ml) produced maximal in-
creases in the activity of ornithine decar-
boxylase and in the incorporation of
[3H]uridine and [3H]thymidine. No detect-

able increase in ormithine decarboxylase ac-
tivity occurred in lymphocytes during the
first 6 hr after initiation of lectin treatment
(Fig. 2). The activity of ornithine decarbox-

ylase was elevated within 12 hr and reached
a level 16-18-fold above control values

within 48 hr. Increases in the incorporation
of [3H]uridine into acid-insoluble material
always occurred after the increase in orni-

thine decarboxylase activity. The changes
in RNA synthesis between 12 and 72 hr
after the addition of ComA paralleled the

alteration in ornithine decarboxylase activ-
ity. The rate of DNA synthesis was maxi-
mal at 72 hr (Fig. 2).

Activation of cyclic AMP-dependent
protein kinase after administration of
ConA. The degree of activation of soluble

cyclic AMP-dependent protein kinase was
determined at various times following
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cyclic AMP in a total volume of 2SOpl at 30#{176}for 2 min

and chromatographed on the C6-agarose column.

0

a

6- BTypeI(R1C)

C Free Catalytic (C)

�

o Type I(R1C)+cAMP

E Typ� � (R5C)+cAMP

�_
Fraction Number

FIG. 1. C6-aminoal.kyl agarose chromatography of

purified t�We I and t,pe II cyclic AMP-dependent

protein kinases

Columns containing 1.5 ml of resin were prepared

and equilibrated at 4#{176}with 5 mi.i potassium phosphate

(pH 6.8), 5 mitt 2-mercaptoethanol, 1 m�i EDTA, and

50 mM NaCI as described in MATERIALS AND METH-

ons. The tot.al amount of protein applied to the col-

umn was between 0.3 and 0.5 mg. A. Type I holoen-
zyme (R,C) purified approximately 20-fold from rat

heart via DEAE-cellulose chromatography (22) was

applied to the column, which then was washed with

10 ml of equilibration buffer followed by a linear

gradient of 10 ml each of 0.05-0.35 M NaCL in the same

buffer. Fractions were collected and assayed for pro-
tein kinase activity in the presence of saturating levels

of cyclic AMP (5 pM) as described in MATERIALS AND

METHODS. B. Type II holoenzyme (R,,C) purified ap-
proximately 20-fold from beef heart via DEAE-cellu-
lose chromatography (28) was chromatographed on
the C6-agarose column in a similar manner. C. C6-
aminoalkyl agarose chromatography of the catalytic

subunit (C) separated from type I holoenzyme of rat
heart by Sephadex G-100 chromatography (7). The
catalytic subunit purified in the same manner (7) from
type II holoenzyme was also eluted in the flow-through
fractions. D. Type I protein kinase from rat heart (as
shown in Fig. 1A) was incubated with 50 pmoles of

cyclic AMP in a total volume of 250 p1 at 30#{176}for 2 min

prior to chromatography. E. Type II holoenzyme pur-
ifled from beef heart was incubated with 50 pmoles of

ConA stimulation (Fig. 3). The protein ki-
nase activity ratio of the unstimulated lym-

phocytes from a variety of donors was 0.36
± 0.17 (mean ± SE; n = 17). Because of the
variation between lymphocyte preparations

from individual donors, the data in Fig. 3
are represented as the difference in the
cyclic AMP-dependent protein kinase ac-
tivity ratios between control (unstimu-
lated) lymphocytes and cultures from the

same donor incubated in the presence of
ComA. Unstimulated lymphocytes prepared
from a single individual had similar protein

kinase activity ratios throughout the 48-hr
culture period (SE = ±0.04).

The addition of ComA (10 �g/ml) to lym-

phocyte cultures resulted in a small in-
crease in the protein kinase activity ratio
(less than 0.07) during the initial hour of
incubation (Fig. 3). One to two hours after
ComA administration, the activity ratio in-
creased markedly and was 0.23 above the

control value 4 hr after mitogen stimula-
tion. The activation of protein kinase by
ConA appeared to be biphasic, as the activ-
ity ratio consistently decreased between 4

and 8 hr and returned to higher values after
incubation with the mitogen for 12, 24, and
48 hr (Fig. 3). The increase in the activity
ratio of lymphocytes treated with ComA
(Fig. 3) was due to an increase in protein
kimase activity assayable in the absence of
cyclic AMP (Table 1). Total cyclic AMP-
dependent protein kinase activity did not

change significantly during the 48-hr incu-
bation period (Table 1).

Inhibition of ornithine decarboxylase in-

duction and RNA and DNA synthesis by
dibutyryl cyclic AMP and high levels of
ConA. The effects of dibutyryl cyclic AMP
and a high concentration of ComA (100
jzg/ml) on protein kinase activation, orni-
thine decarboxylase activity, and the rates
of RNA and DNA synthesis are shown in
Table 2. The addition of a high concentra-
tion of ConA (100 �tg/ml) to unstimulated
lymphocytes resulted in a further increase
(0.2) in protein kinase activity ratio com-
pared with the values obtained using a low
concentration of ComA (10 �tg/ml) (Table
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Ftc;. 2. Changes in ornithine decarboxylase activity and RNA and DNA synthesis following incubation of

lymphocytes with concanavalin A

Lymphocytes were purified from human peripheral blood and cultured overnight as described in MATERIALS

AND METHODS prior to the addition of ConA (10 pg/nil). The activity of ornithine decarboxylase (ODC)

(#{149} #{149};picomoles of ‘4C02 per hour per 15 x lOb cells) and the incorporation of [‘H]uridine (O-O; counts

per minute per 30 mm per 4 X 10� cells) and [‘H]thymidine (A-A; counts per minute per 2 hr per 4 x iO�

cells) into acid-insoluble material was determined at the times indicated following the addition of ConA. The

values from unstimulated cultures (shown as zero time) did not change throughout the 72-hr incubation period.

The data are represented as the averages of duplicate determinations of five separate time courses not differing
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by more than ± 15%.

2). However, this additional activation of
cyclic AMP-dependent protein kinase pre-
ceded significant inhibition of the induction
of ornithime decarboxylase and of the syn-
thesis of RNA and DNA (Table 2) as com-
pared with the mitogemic response elicited
by ComA at 10 �tg/ml.

Dibutyryl cyclic AMP (0.1 mM) added to
lymphocytes resulted in nearly total acti-
vation of soluble protein kimase within 4 hr

(Table 2). The activity of ornithine decar-
boxylase and the incorporation of radioac-
tive precursors into RNA and DNA in the
cyclic nucleotide-stimulated cultures were
unchanged compared with the control cul-

tures. Incubation of lymphocytes with both
a mitogemic concentration of ComA (10

�g/ml) and dibutyryl cyclic AMP (0.1 mM)
totally activated protein kimase by 4 hr, as
evidenced by an activity ratio of 1.0, but

inhibited the large increases in ormithine
decarboxylase activity and in the synthesis
of RNA and DNA that occurred when

ComA (10 j�g/ml) alone was added to the
cultures (Table 2).

C6- aminoalkyl agarose chromatography

of lymphocyte protein kinase. The specific
activation of type I and type II cyclic AMP-
dependent protein kinase isozymes was de-
termined in lymphocytes incubated for 4 hr

with ComA (10 or 100 �tg/ml), dibutyryl
cyclic AMP (0.1 mM), and ComA (10 �g/ml)

plus dibutyryl cyclic AMP (0.1 mM) by
rapid chromatography of supernatant prep-
arations on C--aminoalkyl agarose columns
(Fig. 4). Under the column chromatography
conditions in MATERIALS AND METHODS,

the free catalytic subunit was eluted from
the column in the initial flow-through frac-
tions. Type I (R1C) and type II (R11C) ho-
loenzymes bound to the column and were
eluted at NaCl concentrations of 0.12 and

0.27 M, respectively (Fig. 4A). The free reg-
ulatory subunits from both type I and type
II protein kimases (R1 and R11) were eluted

from the column with 0.20 M NaCl (data
not shown).

The amount of protein kimase detected
as the free catalytic subunit by C--amimoal-
kyl agarose chromatography relative to the

total cyclic AMP-dependent protein kinase
corresponded closely to the activity ratio
calculated from assaying lymphocyte su-
permatants in the absence and presence of
cyclic AMP at all times assayed. C--ami-
noalkyl agarose chromatography of kinase

from lymphocytes incubated with ComA (10
�tg/ml) for 4 hr (time of maximal protein
kinase activation; Fig. 3) indicated a spe-

cific decrease in type I holoemzyme concom-
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FIG. 3. Activation of lymphocyte cyclic AMP-de-

pendent protein kinase(s) following incubation with

concanavalin A

ConA (10 pg/mi) was added to lymphocyte cultures

after an overnight preliminary incubation period. The

cyclic AMP-dependent protein kinase activity ratio

was determined in control (unstimulated) and ConA-
stimulated cultures as described in MATERIALS AND

METHODS at the times indicated following the addition

of the mitogen. The data are represented as the dif-

ference in the protein kinase (PK) activity ratio be-

tween control lymphocytes and cultures incubated

with ConA. Each point is the average of at least 10

determinations not differing by more than ±10% in

experiments with lymphocytes purified from at least

five donors. The activity ratio of unstimulated lym-
phocytes was 0.36 ± 0.17 (mean ± SEM; n = 17),

depending upon the donor. The protein kinase activity

ratio of unstimulated lymphocytes from an individual

donor did not change significantly during a 48-hr cul-

ture period.

itant with increased free catalytic unit (Fig.

4B) in the flow-through fractions. There
was no decrease in type II holoemzyme after
ComA stimulation.

Since increased activation of cyclic AMP-
dependent protein kinase above that ob-
served with a mitogenic dose of ComA (10

�zg/m1) seemed to result in inhibition of the
induction of ornithine decarboxylase and of
the subsequent increase in RNA and DNA
synthesis (Table 2), we wished to determine
whether this additional protein kinase ac-

tivation was associated with a particular
isozyme of the kinase. After a high concen-
tration of ComA (100 �&g/ml) was added to
the lymphocyte cultures, there was almost
total activation of type I and type II hol-
oenzymes (Fig. 4C). Similarly, after dibu-
tyryl cyclic AMP (0.1 mr�) treatment, both
type I and type II isozymes were activated.
Essentially all the kinase activity was
eluted from the agarose column as the free

catalytic subunit (Fig. 4D). Incubation of
the lymphocytes with ComA (10 ��g/ml) and
dibutyryl cyclic AMP (0.1 mM) also acti-
vated both type I and type II kinases (Fig.
4E) compared with the cultures incubated
with ComA (10 �g/ml) alone, in which only
type I isozyme was activated (Fig. 4B).

DISCUSSION

There have been conflicting reports re-
garding the involvement of cyclic AMP in
the regulation of proliferative effects of mi-

togens on lymphocytes (25, 26). A major
argument against a positive role of cyclic

AMP in this process has been the observa-
tion that while maximal increases in cyclic
AMP occur 5-20 mm following the addition

of ComA or phytohemagglutinin, the pres-
ence of the mitogen is required on the cell

surface for 8-20 hr to affect DNA synthesis
(31-33). The data presented in Fig. 3 show
that cyclic AMP-dependent protein kinases

remained activated for many hours in the
presence of ComA. Sons et al. (34) have

TABLE 1

Alterations in supernatant cyclic AMP-dependent

protein kinase activity following incubation of

lymphocytes with concanavalin A

Peripheral blood lymphocytes were purified on Fi-

coll-Hypaque gradients from an individual donor. The

protein kinase activity from supernatant preparations

was determined in the absence and presence of 5 pM

cAMP at the times indicated following the addition of

ConA (10 pg/mi) as described in MATERIALS AND

METHODS. The activity of unstimulated lymphocytes

is shown at zero time and did not change significantly

throughout a 48-hr culture period. Protein kinase ac-

tivity is expressed as 32P incorporated into histone in

5 mm per 25 pl of supernatant and is the average of

three assays not differing by more than ±5%.

Time after Protein kinase ac- Protein kinase
ConA tivity activity ratio

(-cAMP
-cAMP +cAMP +cAMP)

hr pmoles/5 min/25 p1

0 3.9 11.2 0.35

1 4.5 11.0 0.41

2 5.3 10.8 0.49

4 6.2 11.2 0.55

6 6.0 11.6 0.51

8 5.7 11.5 0.49

12 5.5 11.1 0.50

24 6.2 12.1 0.51

48 6.8 11.8 0.57
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TABLE 2

Inhibition of ornithine decarboxylase induction and RNA and DNA synthesis by dibutyryl cyclic AMP and

high concentrations of concanavalin A

Lymphocytes were purified and cultured overnight prior to the addition of ConA and dibutyryl cyclic AMP

as indicated. The cyclic AMP-dependent protein kinase activity ratio (mean ± standard error) was determined

after a 4-hr culture period in supernatants from lymphocytes prepared from three separate donors as described

in MATERIALS AND METHODS. Ornithine decarboxylase activity (picomoles of ‘4CO2 per 60 mm per 15 x 106

cells; mean ± SEM; n = 9) was determined following 24-hr and 48-hr incubations with ConA and dibutyryl

cyclic AMP. RNA synthesis is shown as counts per minute of [1H]uridine per 30 mm per 4 x i05 cells

incorporated into acid-insoluble material (mean ± SEM; n = 9) and was measured at 24 and 48 hr. DNA

synthesis is represented as counts per minute of [1H]thymidine per 4 hr per 4 x 1O� cells incorporated into acid-

insoluble material (mean ± SEM; n = 12) and was determined after 72 hr as described in MATERIALS AND

METHODS.

Additions 4 hr 24 hr 48 hr 72 hr

Protein kinase Ornithine RNA Ornithine RNA DNA
activity ratio decarboxyl- decarboxyl-

ase ase

Control 0.31 ± 0.02 19 ± 3 200 ± 75 23 ± 2 400 ± 70 620 ± 150

ConA (10 pg/mI) 0.55 ± 0.04 124 ± 12 950 ± 83 322 ± 25 8,000 ± 500 27,060 ± 3,000

ConA (100 pg/mI) 0.75 ± 0.06 41 ± 7 390 ± 24 22 ± 4 920 ± 160 540 ± 130

Dibutyryl cyclic

AMP (0.1 mM) 0.89 ± 0.10 18 ± 2 173 ± 82 24 ± 5 341 ± 91 545 ± 120

ConA (10 pg/mI) +

dibutyryl cyclic

AMP (0.1 mM) 1.00 ± 0.05 20 ± 5 185 ± 50 31 ± 2 575 ± 100 1,320 ± 200

recently reported am early peak in the phos-
phorylation of both histone and nonhistone

chromatim proteins occurring 4-8 hr after
addition of ComA to cultured lymphocytes.
Allfrey, Inoue, and Johnson (35) also have

shown that phosphorylation of some cyto-
plasmic proteins that migrate to the nu-

cleus occurs during this period. We suggest
that the mitogen may be required for sev-
eral hours in order to maintain the activa-
tion of protein kimase required for the phos-
phorylation of these proteins.

In addition, no detectable increase in or-
nithine decarboxylase activity occurred
prior to a 6-hr incubation of lymphocytes
with ComA (Fig. 2). The rapid induction of

this enzyme has been shown to be mediated

by cyclic AMP and cyclic AMP-dependent
protein kinase in a wide variety of growth
systems (1,3). A transcriptional mechanism
has been implicated in the control of ormi-
thine decarboxylase in most of these in-
stances (1, 3), including mitogen stimula-
tion of lymphocytes (36,37). The prolonged
activation of protein kinase demonstrated
here may be required for the regulation of
the gene responsible for the increase in
ornithine decarboxylase activity as well as

for the synthesis of other specific mitogen-

induced proteins.
The induction of ormithine decarboxylase

has proven to be an early and marked event

in the trophic response of many different
tissues and cells to hormonal stimulation
(1-7). The induction of this enzyme is tem-

porally related to the prior activation of
cyclic AMP-dependent protein kimase (1,
3), while the extent of ornithine decarbox-

ylase induction appears to be related to the
degree of protein kimase activation (1, 5).
The addition of a mitogemic concentration
of ComA (10 �tg/ml) to cultured lympho-
cytes led to a large increase in ornithine
decarboxylase activity, followed by in-
creased synthesis of RNA and DNA (Fig.
2). The induction of ormithine decarboxy-

lase in this instance was preceded by the
specific activation of the type I isozyme of
cyclic AMP-dependent protein kinase (Fig.
4A and B). ComA (10 �tg/ml) did not acti-
vate type II isozyme during this early pe-

riod. There are numerous reports that the
nonspecific elevation of intracellular cyclic
AMP levels in mitogen-stimulated lympho-
cytes by cyclic AMP analogues (38-40),
phosphodiesterase inhibitors (38), or pros-
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FIG. 4. C.3-aminoal.kyl agarose chromatography of

lymphocyte cyclic AMP-dependent protein kinase iso-

zymes

Columns containing C6-aminoalkyl agarose were

prepared and calibrated for the initial concentration

of NaCI required to elute the free catalytic subunit as
described in MATERIALS AND METHODS. Lymphocytes
(50 x 1O�) were sonicated in 300 pl of 5 m� potassium

phosphate (pH 6.8), 5 mM 2-mercaptoethanol, 1 mM

EDTA, and 0.05 M NaCl and centrifuged for 30 sec,

and 250 p1 of the supernatant were rapidly applied to

a C6-agarose column (1.5 ml) equilibrated with the
same buffer. Free catalytic subunit was eluted in the

flow-through fractions with 5 ml of buffer. A linear

gradient of 10 ml each of 0.05-0.35 M NaCl was applied

to elute type I (R1C) and type II (R11C) holoenzymes.
A 50-pl aliquot of each fraction was assayed in the
presence of 5 pM cyclic AMP. Purified free catalytic
subunit from bovine heart (C), type I holoenzyme
from rat heart (R1C), and type II holoenzyme from
bovine heart (R11C) were eluted from the C6-agarose

column where indicated. Supernatants were applied
to the columns from unstimulated lymphocytes cul-

tured for 4 hr (A), lymphocytes stimulated with ConA
(10 pg/mi) for 4 hr (B), lymphocytes stimulated with
ConA (100 pg/mi) for 4 hr (C), cultures incubated with

dibutyryl cyclic AMP (DB cAMP) (0.1 mM) for 4 hr

(D), and cultures incubated with ConA (10 pg/mi) and

dibutyryl cyclic AMP (0.1 mM) for 4 hr (E).

taglandims (41) results in the inhibition of

RNA and DNA synthesis and eventual cell
division. Similarly, Hadden et al. (42)
showed that high concentrations of ComA
(100 jig/mi) elevated cyclic AMP levels
above those found in lymphocytes incu-
bated with smaller amounts of ComA (10

�tg/ml) and also inhibited the mitogemic
process. Our data indicate that whereas

early activation of type I protein kinase
appears to be correlated in a positive man-
ner with the mitogenic response elicited by

ComA (10 jzg/ml), either dibutyryl cyclic
AMP or a high concentration of ComA,
which resulted in the early activation of

both type I and type II isozymes, was inhib-
itory to mitogenesis (Fig. 4C-E and Table
2). At 100 �g/ml, ComA produced nearly
total activation of type I and type II ki-
nases, a slight increase in ornithine decar-
boxylase activity and in RNA synthesis,
and no change in the basal incorporation of
[3H]thymidine into DNA. The stimulatory
effects of ComA (10 �tg/ml) upon ornithine
decarboxylase and on RNA and DNA
syntheses, which were preceded by the spe-

cific activation of type I kinase, were totally
inhibited by the addition of dibutyryl cyclic
AMP, which activated both kinases.

The addition of dibutyryl cyclic AMP did
not appear to be toxic to lymphocytes, since
the recovery of viable cells, determined by
trypan blue exclusion, was greater than 90%
following 24, 48, and 72 hr of incubation
with ComA (10 /Lg/ml), dibutyryl cyclic

AMP (0.1 mM), or ComA (10 �g/ml) plus
dibutyryl cyclic AMP (0.1 mM), as well as
in control cultures (data not shown). Incu-
bation of lymphocytes with 100 �g/ml of
ComA for 24, 48, and 72 hr resulted in re-

coveries of viable cells of 93%, 72%, and

36%, respectively (data not shown). There-
fore the effects of high concentrations of
ComA are difficult to interpret because of
their toxic effects on the cells. The inhibi-
tion of ornithine decarboxylase and RNA
synthesis by 100 zg/ml of ComA at 24 hr
(Table 2) would appear, however, to be
related to the activation of type II cyclic
AMP-dependent protein kinase, since the
lymphocytes are viable at this time.

The mechanism by which the simulta-
neous activation of type I and type II cyclic
AMP-dependent protein kinases may lead
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to this inhibition is not known. It is becom-
img increasingly evident, however, that the
two isozymes of cyclic AMP-dependent
protein kinase have different functions in

the cell. In addition to being present in
different molecular proportions in a wide
variety of tissues, type I and type II kimases
appear to have different rates of synthesis
and turnover during the cell cycle (23), after
viral transformation (43), during testicular

development (44), and during cardiac hy-

pertrophy (45). Rosen and co-workers (29)
have shown that the regulatory subunit of
the type II isozyme can be phosphorylated,

altering its affinity for cyclic AMP and sug-
gestimg a unique cellular role for this iso-
zyme.

A number of early biochemical changes
occur following the addition of a mitogen to
cultured lymphocytes. These include in-
creased transport of divalent cations, amino
acids, carbohydrates, nucleosides, lipid pre-

cursors, and serum factors; new protein syn-
thesis and protein phosphorylation; mew
synthesis of RNA; and increased levels of

cyclic GMP (25). All these events may be
essential for mitosis and subsequent differ-

entiation of the cells, and any or all of these
parameters may be blocked by the activa-
tion of type II cyclic AMP-dependent pro-
tein kimase at a time during the mitogenic
response when only the type I isozyme is
normally activated.

The potential for selective activation of

the two isozymes of cyclic AMP-dependent
protein kinase suggests that analogues of
cyclic AMP added exogenously may not

always mimic the action on cellular metab-
olism of the hormone or agent that requires
cyclic AMP as a second messenger. The
appropriate response would be promoted
only if the added cyclic AMP analogue tem-

porally activated the same forms of the
kimase as the hormone or specific agent.
For example, incubation of lymphocytes

with dibutyryl cyclic AMP activated both
forms of the kinase and did not mimic the
action of the mitogen on ornithine decar-

boxylase and RNA and DNA synthesis
(Table 2).

Cyclic AMP and cyclic AMP-dependent
protein kinases have been shown to play am
important role in the regulation of new

protein synthesis and the induction of spe-
cific enzymes (46). The control mechanisms
involved in this process may involve regu-

lation at the levels of both transcription (1,
46, 47) and translation (48). Continued in-
vestigatiom of the specific activation pat-

terms of type I and type II cyclic AMP-
dependent protein kinases in relation to

cyclic AMP-mediated enzyme induction
may lead to a better understanding of the
mechanisms by which protein kimase(s) reg-

ulates protein synthesis and cell growth and

differentiation.

REFERENCES

1. Byus, C. V. & Russell, D. H. (1976) Biochem.

Pharmacol., 25, 1595-1600.
2. Byus, C. V., Hedge, G. A. & Russell, D. H. (1977)

Biochim. Biophys. Acta, 493, 39-45.

3. Russell, D. H., Byus, C. V. & Manen, C. A. (1976)

Life Sci., 19, 1297-1306.

4. Richman, R., Dobbins, C., Voina, S., Underwood,

L., Mahaffee, D., Gitelman, H. J., VanWyk, J.
& Ney, R. L. (1973) J. Clin. Invest., 52,
2007-2015.

5. Byus, C. V., Wicks, W. D. & Russell, D. H. (1976)

J. Cyclic Nucleotide Res., 2, 24 1-250.
6. Byus, C. V. & Russell, D. H. (1974) Life Sci., 15,

1991-1997.

7. Costa, M., Manen, C. A. & Russell, D. H. (1975)

Biochem. Biophys. Res. Commun., 65, 75-81.

8. Kuo, J. G. & Greengard, P. (1969) Proc. Natl.

Acad. Sci. U. S. A., 64, 1349-1353.

9. Beal, R. J. & Sayers, G. (1972) Arch. Biochem.

Biophys., 148, 70-76.

10. Means, A. B. (1974) Life Sci., 15, 371-389.
11. Cooke, B. A., Lindh, M. L. & Janszen, F. H. A.

(1976) Biochem. J., 160, 439-446.

12. Guidotti, A., Kurosawa, A., Chung, D. M. & Costa,

E. (1975) Proc. Nati. Acad. Sci. U. S. A., 73,
1152-1156.

13. Wicks, W. D., Koontz, J. & Wagner, R. (1975) J.

Cyclic Nucleotide Res., 1, 49-58.

14. Wimalasena, J., Leichtling, B. H., Su, M. Y. F. &

Wicks, W. D. (1977) Fed. Proc., 36, 737.

15. Byus, C. V. & Russell, D. H. (1976) Fed. Proc., 35,

584.

16. Appleman, M. M., Thompson, W. J. & Russell, T.

R. (1973) Adv. Cyclic Nucleotide Res., 3, 65-98.

17. Cambell, M. T. & Oliva, I. T. (1972) Eur. J. Bio-

chem., 28, 30-35.
18. Thompson, W. J. & Appieman, M. M. (1971) J.

Biol. Chem., 246, 3145-3152.
19. Beavo, J. A., Bechtel, P. J. & Krebs, E. G. (1975)

Proc. NatI. Acad. Sci. U. S. A., 71, 3580-3584.

20. Hofmann, F., Beavo, J. A., Bechtel, P. J. & Krebs,
E. G. (1975) J. Biol. C/tern., 250, 7795-7799.



ORNITHINE DECARBOXYLASE AND TYPE I PROTEIN KINASE 441

21. Reimann, E. M., Walsh, D. A. & Krebs, E. G.

(1971) J. Biol. C/tern., 246, 1986-1995.

22. Corbin, J. D., Keely, S. L. & Park, C. R. (1975) J.

Biol. Chem., 250, 218-225.

23. Costa, M., Gerner, E. W. & Russell, D. H. (1976)

J. Biol. Chem., 251, 3313-3319.

24. Russell, D. H. & Stambrook, P. J. (1975) Proc.

NatI. Acad. Sci. U. S. A., 72, 1482-1486.
25. Wedner, J. H. & Parker, C. W. (1976) Progr.

Allergy, 20, 195-300.
26. Friedman, D. L. (1976) Physiol. Rev., 56, 652-708.

27. Byus, C. V., Klimpel, G. R., Lucas, D. 0. & Russell,
D. H. (1977) Nature, 268, 63-64.

28. Corbin, J. D. & Reimann, E. M. (1974) Methods

Enzymol., 38C, 287-289.

29. Rangel-Aldao, R. & Rosen, 0. M. (1976) J. Biol.

C/tern., 251, 3375-3380.
30. Shaltiel, S. & Er-El, S. (1973) Proc. Natl. Acad.

Sci. U. S. A., 70, 778-781.
31. Jones, G. (1972) J. Irnrnunol., 110, 1262-1270.

32. Lindahl-Kiessling, K. (1972) Exp. Cell Res., 70,
17-26.

33. Sell, S. & Sheppard, H. W. (1974) Exp. Cell Res.,

84, 153-161.
34. Sons, W., Unsold, H. J. & Knippers, B. (1976) Eur.

J. Biochem., 65, 263-269.

35. Allfrey, V. G., Inoue, A. & Johnson, E. M. (1975)

in Chromosomal Proteins and Their Role in

the Regulation of Gene Expression (Stein, G. S.

& Kieinsmith, L. J., eds.), pp. 265-300, Academic

Press, New York.
36. Kay, J. E. & Cooke, A. (1971) FEBS Lett., 16,

9-12.

37. Kay, J. E. & Lindsay, V. J. (1973) Exp. Cell Res.,

77, 428-436.

38. Hirschhorn, R., Grossman, J. & Weissman, G.

(1970) Proc. Soc. Exp. Biol. Med., 133,

1361-1365.

39. Smith, J. W., Steiner, A. L. & Parker, C. W. (1971)

J. Cliii. Invest., 50, 432-441.

40. Jegasothy, B. V., Packner, A. R. & Waksman, B.

H. (1976) Science, 193, 1260-1262.

41. Novogrodsky, A. & Katchalsky, E. (1970) Biochirn.

Biophys. Acta, 215, 291-296.

42. Hadden, J. W., Hadden, E. M., Saklik, J. B. &

Coffey, B. G. (1976) Proc. NatI. Acad. Sci. U. S.

A., 73, 1717-1721.
43. Gharrett, A. J., Malkinson, A. M. & Sheppard, J.

R. (1976) Nature, 265, 673-675.
44. Lee, P. C., Radloff, D., Schweppe, J. J. & Jung-

mann, R. A. (1976) J. Biol. C/tern., 251,914-921.

45. Byus, C. V., Chubb, J. M., Huxtable, B. J. &

Russell, D. H. (1976) Biochern. Biophys. Res.

Commun., 73, 694-702.
46. Wicks, W. D. (1974) Adv. Cyclic Nucleotide Res.,

4, 335-438.
47. lynedjian, P. B. & Hanson, R. W. (1977) J. Biol.

C/tern., 252, 655-662.

48. Wicks, W. D., Barnett, C. A. & McKibbin, J. B.

(1974) Fed. Proc., 33, 1105-1111.




