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ABSTRACT
The objective of this research was to uncover possible regula
tory differences in comparable inductions of ornithine decarboxylase
(ODC) in two growth states.

ODC activity increases 4-5 fold prior

to DNA synthesis both in synchronous populations of continuously
dividing cells and in quiescent cells stimulated to proliferate.
The regulation of this particular enzyme activity in the two conditions
is distinct in three ways.
First, the addition of 2.0 mM hydroxyurea (HU) will block
ODC induction in continuously dividing cells, while having no effect
on ODC induction in stimulated quiescent cells.

ODC induction in

continuously dividing cells is remarkably sensitive to hydroxyurea,
whose major effect is in limiting dATP pools.

These data also indi

cate that ODC induction as a cell cycle event occurring previous
to DNA synthesis, is not essential for transit of cells from Gi into
S phase.

During a HU block, when ODC induction is prevented, cells

arrest in early S phase.

In addition, after HU is removed, 20% of

the cellular DNA is synthesized before ODC activity ever increases.
Experiments pursuing the mechanism whereby HU inhibits ODC
induction showed that HU added after the induction has no effect
on the enzyme activity.

Administration of HU one hour previous to

the induction prevents it.

Therefore, HU is acting to prevent the

process of ODC induction rather than simply effecting the enzyme
ix

X

activity.

The decrease in ODC induction is not the consequence of

a general cell cycle effect since another biochemical marker of the
cell cycle (the activity and isozyme forms of adenosine 3', 5'-monophosphate dependent protein kinase) is not inhibited.

In addition,

general RNA and protein synthesis rates are not altered during an
HU block.

The inhibition of ODC is not due to a direct effect of

HU on the enzyme, a diamine effect or an induction of the ODC antizyme.
Hydroxyurea inhibits ribonucleoside diphosphate reductase (RdPR) and
chelates ferrous ion.

Experiments with a hydroxyurea analog, a less

efficient inhibitor of RdPR, is less capable of inhibiting ODC activity.
Addition of dithiothreitol resulting in an increased ferrous ion
concentration, does not rescue ODC activity.

Therefore, the induc

tion of ODC in continuously dividing cells is presumably dependent
upon deoxyribonucleoside triphosphates or their metabolites.
The second distinct difference in ODC induction is that the
expression of ODC in quiescent cells stimulated to proliferate is
biphasic as these cells traverse G-j and enter S phase.

Only one peak

of activity is apparent in synchronous cycling G-j cells.

The time

interval between the first peak of ODC activity and the onset of
DNA synthesis is approximately five hours longer in non-dividing cells
stimulated to proliferate than in continuously dividing cells.

This

implies a different role of ODC in the two growth states.
The third difference is that the induction of ODC in cells
stimulated from quiescence toward DNA synthesis is sensitive to a
microtubule inhibitor, colcemid.
chalasin B has less of an effect.

A microfilament inhibitor, cytoIn contrast, ODC induction in

continuously cycling cells is not altered by colcemid.

The biological

half-life of ODC, when examined in both growth states was not different
The results presented here suggest that the regulation of an identical
enzyme activity intimately connected with proliferative processes
is different depending upon the growth state.

The induction of ODC

in continuously dividing cells occurs closer in time to DNA synthesis,
is dependent upon deoxyribonucleoside triphosphate metabolism and
independent of a microtubule inhibitor, colcemid.

Further, although

a temporal correlation between ODC induction and DNA synthesis exists,
ODC is not essential for cellular progression into S phase but is
required for the completion of DNA synthesis.

INTRODUCTION
A challenging and elusive area of cell biology is the regula
tion of eukaryotic cell grov/th and division.

The paradigm of regula

tion is especially intriguing since it connotes a potential for growth
control — to paraphrase Renato Baserga, understanding cell growth
and division, i.e. cellular pathology, is a molecular approach to disease
(Baserga 1976).
The control of eukaryotic cell division is a research area
which has beguiled investigators since the first investigations of
Rusconi (1826).

Cell division v/as studied by describing the segmen

tation of ova in frogs and salamanders.

These studies were followed

by cytological and histological descriptions and classifications of
mitosis — notably by Mayzel (1875) and Cowdry (1950).

The different

stages of chromosome condensation were a dramatic reproducible event
occurring previous to cell division.

Cell division was solely repre

sented at this time by a reproduction of cells or a "two-ness" (Mazia
1978) and cytokinesis was the major visible event before division.
At this point the cell cycle consisted simply of mitosis and interphase.
Subsequently, Hov/ard and Pelc (1951) introduced the concept of other
distinct phases in cellular metabolism within interphase which occur
as a cell advances toward mitosis.

Experimentally, DNA synthesis was

observed to occur in a discrete phase between mitoses.

1
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The Cel1 Cycle Model
The observations of Howard and Pelc (1951) represented the
first tangible evidence that an interphase event was related to divi
sion and marked the beginning of biochemical investigations into the
cell cycle.

In addition, Avery, MacLeod, and McCarty (1944) and Hershey

and Chase (1952) had just presented convincing evidence that DNA was
in fact the genetic material of the cell.

Consequently, the results

of Howard and Pelc (1951) could be extended to say that prior to divi
sion, the mammalian cell duplicates its genetic material in a discrete
period of time.

This observation of a distinct phase led to a model

of the cell cycle as a series of phases:
sis;

namely, M representing mito

as a gap in time betv;een M and S, or DNA synthesis, and

referring to a gap in time after DNA synthesis but occurring before
mitosis, or cell division.

This particular series of phases is repre

sentative of continuously dividing cells.

It is well known that quies

cent or non-dividing cells are also a biologically relevant cell type.
Cells which are quiescent but retain reproductive capacity, i.e. cells
which can divide if given the appropriate stimulus, are conveniently
referred to here as in a G

0

state.

In this dissertation, both cells

vjhich are continuously proliferating and those which are stimulated
to proliferation vnll be considered.
Biochemistry of the Cell Cycle
Generally, emphasis is placed upon studying biochemical events
previous to DNA replication since S phase is a prerequisite to mitotic
cell division.

The definition of S phase alone was useful but was the

3

start of a tacit assumption that the cell cycle was primarily a causitive, orderly array of events.

Descriptions of the temporal order

of selected biochemical events became the hallmark of the cell cycle.
A detailed cataloguing of particular temporal events culminating in
DNA synthesis can be found in a recent review (Pardee et al. 1978).
A representative example of this particular biochemical cell
cycle analysis was an article by Robert Tobey et al. (1974).

This

article describes biochemical events which occur previous to DNA syn
thesis and mitosis and presumably in preparation for DNA synthesis.
A patent criticism of this approach lies in the circumstantial nature
of the evidence — it is possible that the events measured are simply
coincidental to the transition of cells from
synthesis.

to S phase or DNA

In fact, little is known about the necessary order of

biochemical processes that reside in

.

Levine (1978) and Pringle (1978) have summarized and discussed
several models of ordered events which conceivably could exist.

For

example, a linear sequence of dependent events, or the existence of
two or more parallel pathways each involving a series of dependent
events could represent G-j.

Emphasis must now be placed upon asking

whether selected temporal events which occur during G-j are necessary
for cellular transit into S phase.

Several experimental designs are

available to decide which biochemical events are essential for tran
sition into S phase.

These protocols include the use of inhibitors

of selected events, inhibition of cell cycle progression and temperature

4

sensitive mutants.

One result of this dissertation is a consequence

of the use of hydroxyurea as a cell cycle blocking agent — namely,
that a particular cell cycle event is not absolutely required for cel
lular entry into S phase from G^.
Another attempt to order

biochemical events utilizes temper

ature sensitive mutants v;hich arrest at different points in G-j when*
grown at the non-permissive temperature.

These mutants were used to

ask whether hi stone H-1 phosphorylation is tightly linked to the pro
gression of cells from G^ into S phase (Pochron and Baserga 1979).
Previously, H-1 hi stone phosphorylation was shown to be a temporal
event which occurs in late G-j and throughout S phase (Hohmann, Tobey,
and Gurley 1976).

It was unknov;n v;hether this event was a requirement

for the G^/S transition, S phase, or both.

Their results showed that

H-1 was phosphorylated during late G^ in all these cell lines at both
permissive and non-permissive temperatures.

This suggests that hi stone

H-1 phosphorylation occurs independent and parallel with DNA synthesis.
Similar to hi stone H-1 phosphorylation, the activation and
expression of cAT-lP dependent protein kinases also occurs at the G^/
S boundary in continuously dividing CHO cells (Costa, Gerner, and Russell
1976a, Costa, Gerner, and Russell 1976b).

The following sequence is

generally observed after a growth stimulus, independent of whether
it is administration of a hormone, partial hepatectomy, or growth of
cells in culture:

elevation in cAf>]P, activation of protein kinases,

elevation of ODC and eventual DNA synthesis (Jungmann and Russell 1977).
Protein kinases dependent upon cAT-IP for activity are of interest in

•V

this work because of their purported role in the action of polypeptide
hormones and the G^/S phase transition in cultured cells.

The following

section is a synopsis of the current information defining cAMP depen
dent protein kinases, their regulation and contribution to the proli
ferative process.

Emphasis here is necessarily placed upon information

relevant to this work.
Protein Kinases Dependent Upon cAMP
Adenosine 3', 5'-monophosphate (cAMP) is known to be the "intra
cellular messenger" for polypeptide hormones.

It is also accepted

that cAMP dependent protein kinases are receptors for cAI'lP in several
tissues and species and are responsible for the various effects of
the nucleotide (Robinson, Butcher, and Sutherland 1971); a hypothesis
initially enunciated by Kuo and Greengard (1969).

In addition, hormones

which increase intracellular cAMP levels in liver and induce the syn
thesis of several hepatic enzymes will stimulate the phosphorylation
of histones (Langan 1969a, Langan 1969b).

Further, an increase in

RNA synthesis can be noted (for example, in the adrenal medulla) after
the addition of cAT^P kinase and the enhanced protein phosphorylation
in the cell nuclei.

The importance of these data is that the cAMP

kinase is strongly implicated in mediating the hormone signal and selec
tive transcription — in this particular case, the induction of tyro
sine hydroxylase (Chuang, Hollenbeck, and Costa 1977).
A Subunit Enzyme
cAT-IP dependent protein kinase is composed of cAI>1P binding regu
lating subunits (R) and catalytic ATP phosphotransferase subunits

CE.C.2.7.1.37) (C), which prefer histones as their substrate.
subunits are arranged into a ^2^2

These

which cAf<lP can induce

the dissociation of the complex into active C monomers and R dimers;
the R dimers are complexed with cAMP (Erlichman, Rubin, and Rosen 1973,
Beavo, Bechtel, and Krebs 1975, Brostrom et al. 1976).

The following

equation has been proposed to simplistically explain the mechanism
of action of cAMP on protein kinases (Brostrom et al. 1971):
R2C2 + 2 cAT^P

2R . cAI-lP + 2C

Ogez and Segal have extended this view to encompass many potential
equilibrium binding models (Ogez and Segal 1976).

A salient feature

of these models is simply that cAMP added in saturating amounts will
fully activate the holoenzyme.

Dissociation of cAMP from the regulating

subunit and reassociation of the holoenzyme is not well understood,
but it is known that modification of the regulatory subunit by phos
phorylation (autophosphorylation) will inhibit reassociation (Aldao
and Rosen 1976).

In addition since saturating amounts of cAI-lP are

present in many cells, the pools of the nucleotides as well as the
kinases are thought to be compartmentalized (Corbin et al. 1977).
Protein Kinase Activity Ratio
Estimation of the amount protein kinase activity attributable
to the cAT'lP dependent kinases is generally determined by an "activity
ratio".

The activity ratio is simply the ratio of kinase activity

in the absence to activity in the presence of cAMP (Corbin, Soderling,
and Park 1973).

An increased activity ratio indicates that more kinase

activity is being expressed v;ithout addition of exogenous cAIlP;

presumably more of the holoenzyme is in the dissociated form at the
time of the assay.

Alternatively, an increase in cAT'lP independent

kinases vrould yield the same result.

In other words, an increased

activity ratio could mean more dissociation of the cAMP dependent kinases
or the acquisition of cAMP independent kinases.

Indeed, many kinase

enzymes v;hich are active without cAMP are known (Kish and Kleinsmith
1974) and utilize histones preferentially as substrates (Shoemaker
and Chalkley 1978).

To overcome this difficulty, it is important to

know the amount of activity found in the presence of cAT-IP, and with
out cAI'lP, as well as the activation.

In this work, a reference to

protein kinase activity denotes kinases dependent upon cAI^P unless
otherwise noted.
Protein Kinase Inhibitor
Many cells contain a soluble heat stable inhibitory protein
which binds specifically to the catalytic subunit (K^ - 2 x 10~^M)
and not with the holoenzyme (Ashby and Walsh 1972).

The inhibitor

acts non-competitively toward both substrates of the kinase, i.e. pro
teins and Mg-ATP.

The inhibitor can be purified (Demaille, Peters,

and Fischer 1977) and used to distinguish activity due to the cAMP
dependent protein kinase catalytic subunit from other protein kinase
activities in cell extracts (Traugh, Ashby, and Walsh 1974).

The inhi

bitor is an acidic protein (pi = 4.24) of molecular weight 11,300.

s

Different Types of Protein Kinase
Two isozyme forms of protein kinase have been found in most
animal tissues (Reimann, Walsh, and Krebs 1971, Corbin, Keely, and
Park 1975).

Major differences in the enzymes totally reside in the

regulatory subunit (Hofmann et al. 1975, Corbin and Keely 1977).
The different types are generally distinguished by their differential
elution from DEAE cellulose.

Type I elutes at a salt concentration

of approximately O.IM and has a rapid rate of salt or substrate dis
sociation and a slow rate of reassociation.

Type II elutes at salt

concentrations between 0.15M and 0.25M, slowly dissociates and rapidly
reassociates.
to earlier.

Type II is also autophosphorylated v;hich was alluded
The catalytic subunits derived from the dissociation of

the holoenzyme forms are seemingly identical with respect to one dimen
sional denaturing gels and immunoprecipitation.

However, isoelectric

focusing has shown three forms of catalytic subunit activity with
slightly different pi values (6.72, 6.8, and 7.35) (Sugden et al. 1976).
In addition to different regulatory subunits and salt sensiti
vity, the kinase forms may be compartmentalized.

For example, in heart

tissue, type II protein kinase is primarily found in the particulate
fraction.

Upon stimulation by epinephrine, an increase in type II

protein kinase is observed in the soluble fraction (Corbin et al.
1977).

The implication here is that the regulatory subunits play an

important role in determining the location of the enzyme and the loca
tion can be changed upon dissociation.

This observation has also been

noted in human erythrocytes and it is suggested that the membrane
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bound enzyme may serve to position the kinase in preferential proxi
mity to protein substrates (Dreyfus, Schwartz, and Blout 1978).

The

dissociation of the catalytic subunit from the holoenzyme by the inter
action with cyclic AMP has been of interest in many physiologically
relevant growth systems, including regenerating liver, prostate and
adrenal medulla.

The temporal correlation between the stimulation

of hormone target organs, protein kinase activation, increased trans
cription, and protein synthesis has been well established; in effect,
the temporal link between hormone action and growth through a cAMP
mechanism.

In an attempt to study these events in more detail, kinase

activation has been described using cells in culture.
Protein Kinase in the Cell Cycle
Synchronized Chinese hamster ovary (CHO) cells show increases
in protein kinase activation during late
verse S phase (Costa et al. 1976a).

, decreasing as cells tra

Further, this increase is due

primarily to the type II form of protein kinase while type I is pre
dominantly elevated in mitosis (Costa et al. 1976b).

These data sug

gest that the two types of protein kinases may have some cell cycle
specific roles.

The use of cell culture extends previous studies which

also showed activation of kinases and differential expression of the
isozyme forms.

Synchronized cells in culture offer an easily manipu

lated simplistic growth model to investigate cAf<lP mediated biochemical
events.

cAI-lP dependent protein kinases are pertinent to this parti

cular study because they represent a well established growth associated

(
event, in effect providing an internal control to monitor cell cycle

dependent events other than ornithine decarboxylase (ODC),

Experimen

tal manipulations which change ODC activity specifically would not
be expected to alter other activities such as kinase activation and
differential expression of the isozyme forms.
Ornithine Decarboxylase as a Grov)th Marker
Ornithine decarboxylase (EC 4.1.1.17) (ODC) activity has been
extensively investigated because of its purported regulatory role in
cell proliferation (Tabor and Tabor 1976).

ODC is the rate limiting

enzyme in polyamine biosynthesis; decarboxylation of ornithine results
in the formation of putrescine (Russell and Snyder 1968).

The enzyme

activity is greatly increased in rapidly growing tissues, embryonic
tissues, some tumors and hormone target organs (Cohen 1971, Tabor and
Tabor 1972) and the apparent biological half-life is on the order of
minutes (Tabor and Tabor 1976).

In addition, ODC activity increases

in continuously dividing cell cultures in vitro, primarily during late
and in the G2 phases of the cell cycle (Fuller, Gerner, and Russell
1977, Heby et al. 1976) as well as when quiescent cells are stimulated
to proliferate (Hogan, Mcllhinney, and Murden 1973).
Stimulation of cell growth results in an increased rate of
polyamine biosynthesis and an increase in cellular polyamine (Heby
et al. 1975).

Again, the recurrent theme is whether polyamines are

essential for rapid growth or simply a metabolic pathway which parallel
DNA synthesis.

Inhibitors of polyamine biosynthesis in stimulated

lymphocytes have been used to ansv^er this question ^{Morris 1978).
Specifically, methylglyoxal bis (guanylhydrazone) (MGBG) is used which
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inhibits S-adenosylmethionine (SAM) decarboxylase (E.C.4.1.1.50) and
blocks the synthesis of spermidine and spermine.

In addition, a methyl

ornithine (a-MO) is a competitive inhibitor of ODC, thus inhibiting putrescine formation.

These two inhibitors are used in combination since a

previous study showed MGBG alone causes an anomolous increase in putrescine which can partially support DNA synthesis (Fullingame, Jorstad, and
Morris 1975).

If both inhibitors are used, a 75% inhibition of DNA syn

thesis is observed with no effect on RNA or protein synthesis rates or
the number of cells entering S phase (Morris 1978).

The simpliest inter

pretation of these results is that polyamine concentrations are important
for S phase but not essential for the G-j to S phase transition.

This

interpretation is substantiated by experiments utilizing a compound
structurally unrelated to MGBG (difluoromethyl ornithine) which will
result in a deficiency in polyamine concentrations and DNA synthesis
(Seyfried and Morris 1979).

Further, experiments using diamino propane

(which inhibits putrescine formation with no effect on the levels of
spermidine) have shown that putrescine is essential for the completion
of DNA synthesis (Sunkara, Rao, and Nishioka 1977).

These results are

consistent with those presented in this dissertation in that in the pre
sence of hydroxyurea (HU), ODC induction is blocked whereas entry into S
phase is not.

ODC activity is non-essential for the transition of

cells from G.j to S phase and more related to the progression of cells
through S phase.

An inhibition of ODC activity by an external agent

such as HU, is subject to many interpretations since the regulation
r
of this enzyme appears multifaceted. The following section describes
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what is known about attenuating ODC activity.

These various alterna

tives of regulation were investigated in this thesis as possible mecha
nisms whereby ODC activity was prevented by hydroxyurea.
Regulation of ODC Activity
We have seen that fluctuations in ODC activity occur as a
function of mammalian cell growth.

The regulation or control of parti

cular enzyme activities in general can result from inhibited synthesis,
increased degradation or increased levels of an inhibitor.

Enzyme

activities may also be decreased by a direct effect of a particular
experimental protocol or the result of cytotoxicity of the cells or
tissues being investigated.

These latter alternatives have been tested

in this work whenever a change in ODC activity was noted.
ODC activity conceivably can be attenuated by a change in one
or all of the regulatory characteristics to be described within this
section.
Biological Half-Life
The apparent biological half-life of this enzyme.is a general
yardstick to measure whether degradation of the enzyme is altered in
any growth situation.

For instance, an increase in enzyme activity

could be accounted for by decreased degradation of the enzyme coupled
to a constant enzyme synthesis.

Alternatively, an apparent constant

amount of enzyme activity could simply reflect no degradation of the
enzyme instead of an increased synthesis or induction of the enzyme.
r
In either case, the biological half-life is an important consideration
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when investigating fluctuations in enzyme activities.

The biological

half-life is routinely measured by inhibiting protein synthesis (suit
able translation inhibitors are puromycin or cyclohexamide) or RNA
synthesis (actinotnycin D or cordecypin) and observing the decline in
enzyme activity as a function of time.

For example, in normal or regen

erating rat liver half of the measureable ODC activity is lost 1020 minutes after protein synthesis is inhibited (Russell and Snyder
1969).

The peculiar short half-life of ODC has contributed to the

speculation that this enzyme could be involved in intricate, tightly
controlled functions (such as an initiation factor for RNA polymerase
I) as well as functioning as the rate limiting enzyme in the synthesis
of polyamines (Russell, Byus, and Manen 1976).

In a survey of mammalian

enzymes, those with the shortest half-lives are generally inducible
enzymes.

Comparatively, ODC has the shortest half-life reported for

any mammalian enzyme (Russell and Durie 1978).

The rapid synthesis

and degradation rate make ODC an attractive intracellular candidate
for mediating extracellular changes.
The importance of monitoring the half-life of ODC in different
growth situations is emphasized by Hogan (1971) showing that the ODC
half-life can fluctuate depending upon growth conditions.

Stimulation

of serum deprived cells with serum will result in an apparent induction
of ODC.

Induction in this context implies new synthesis of the enzyme.

Analysis of the half-life of ODC during the induction shows that the
biological half-life increases from five minutes prior to stimulation
to 90 minutes at two hours after stimulation.

In addition, amino acid
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supplementation in cell cultures will also increase the biological
half-life of ODC (Hogan and Murden 1974).

These data demonstrate that

an increase in enzyme activity can be due to an alteration in the
degradation rate as well as increased synthesis.
In this dissertation, two apparent induction systems are used
to study ODC regulation — synchronized CHO cells and cells stimulated
to proliferate from quiescence.

ODC activity increases approximately

six fold in both cases, reminiscent of the induction of ODC in regen
erating rat liver.

The biological half-life is used in this study

as one convenient probe to ask whether the regulation of ODC is depen
dent upon the growth signal.

Other apparent mechanisms to alter ODC

activity are known and will be elaborated upon in the next few sections.
ODC Inhibition by Diamines
A decrease in ODC activity conceivably can be due to a repres
sion type mechanism by its immediate product — putrescine, spermidine,
and other related amines.

For example, Kallio et al. (1977a) has

reported that one potent repressing agent is 1,3-diaminopropane (DAP).
Their results indicate that 20 minutes after administration of DAP
a decrease in ODC activity is measurable (Kallio et al. 1977b).

Further,

the inhibition is similar to the drop in activity when protein synthesis
is inhibited.

Their interpretation of these data is that the decrease

in ODC is a transcriptional event and ultimately results in a decreased
protein synthesis — regulation by direct feed-back inhibition.

The

exposure of cells to diamines interrupts the synthesis of ODC, resulting
in the rapid decrease in ODC activity.

Experimentally one can show
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a decreased amount of immunoreactive protein after a diamine is admin
istered (Kallio et al. 1977b).

Clark and Fuller (1975) have shown

that putrescine or spermidine added to 3T3 cells results in a rapid
specific reversible reduction of enzyme activity.

The conclusion drawn

from these results is that amines can selectively inhibit translation
since the recovery of the enzyme activity is dependent upon protein
synthesis.

An alternative explanation for a drop in a particular enzyme

activity is the appearance of an inhibitor protein — in the case
of ODC, the presence of the antizyme.

However, as the next section

will show, the induction of the antizyme generally requires more than
one hour to be expressed which does not coincide with the effect seen
here within minutes.

Although the decrease in ODC activity within

20 minutes is suggested to be primarily due to the inhibition of selec
tive protein synthesis, the decrease is biphasic.

The second decrease

in ODC activity occurs four hours after the administration of DAP and
may be attributed to the antizyme — a protein described in the next
section.
The Antizyme to ODC
The anitzyme to ODC has an apparent molecular weight of 26,500,
is heat labile, chymotrypsin sensitive, and non-competitive with respect
to ornithine.

In addition, the appearance of this protein activity

is dependent upon protein synthesis (Fong, Heller, and Canellakis 1976,
Heller, Fong, and Canellakis 1976).

The intracellular regulation of ODC

through an antizyme mechanism was first postulated by Beck and Canellakis
(1972).

Using cells in culture, a decrease in ODC activity is generally
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noted after at least a 90 minute exposure to spermine (Canellakis et al.
1978).

It has been speculated that the induction of the ODC antizyme is

mediated through interaction of the polyamine at the cell surface.
In addition to the regulation of ODC by its half-life, feed
back inhibition, and the antizyme, different
doxal phosphate have been discovered.

forms of ODC for pyri-

These different forms of ODC

have been described in detail by Mitchell, Campbell, and Center (1976)
and Fuller, Greenspan, and Clark (1978) but will not be discussed fur
ther here.

These different

forms v;ere not apparent in the growth

states studied in this work.
Model Growth Systems
Under optimal conditions for growth, Chinese hamster ovary
(CHO) cells will continuously divide and as such represent a model
for one physiologically relevant cell type, i.e. proliferating cells.
Likewise, under prescribed conditions, CHO cells can be reversibly
persuaded to become quiescent.

Stimulation out of quiescence in tissue

culture is a particularly relevant model of physiologically important
cell types which can also be stimulated to divide (Hahn and Little
1972).

Examples include liver cells after a partial hepatectomy, cell

recruitment in particular tumor types, and kidney cells after nephronectomy.

These cells have retained a reproductive capacity since they

can be stimulated to divide.
It is well documented that in both continuously dividing cells
and in cells stimulated toward division, ODC activity is induced pre
vious to DNA synthesis.

The purpose of these experiments is to
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determine if the regulation of this temporal biochemical marker is
different in the two induction systems.
CHO cells were used as the cells of choice for several reasons.
These include the ease of handling and synchrony, high colony forming
efficiency (90%) and stable chromosome number.

In addition, the CHO

cell line has been the subject of a number of investigations that'have
described the biochemical phenomenology of the eukaryotic cell growth
and division cycle — including the description of ornithine decarboxy
lase (ODC) induction which is the biochemical event discussed in this
dissertation.

Finally, CHO cells appear extremely flexible with respect

to their survival capacity, changes in growth conditions, and experi
mental manipulation such as being arrested in the cell cycle by an
agent like hydroxyurea.
Growth Inhibition by Hydroxyurea
Hydroxyurea (HU) is believed to exert its biological effects
primarily through inhibition of ribonucleoside diphosphate reductase,
an essential enzyme for production of all four DNA purines and pyrimidines (Lewis and Wright 1974).

Treatment of

-traversing cells with

HU, and thereby inhibiting the production of DNA precursors, generally
will block cells at the G-j/S boundary (Meyn, Hewitt, and Humphrey 1973),
although 1-4% of the total DNA can be replicated during the block
(Meyn et al. 1973, Walters, Tobey, and Hildebrand 1976).

Using [^H]

TdR of high specific activity, Walters et al. (1976) have further
suggested that cells traversing G-j in the presence of HU are able to
enter S phase since DNA (larger than 1x10^ daltons) made during the

block can be chased into bulk DNA within three hours after the
removal of HU.

Therefore, initiation of functional origins occurs

in the presence of HU.

HU appears to present a suitable method to

block bulk DNA synthesis exclusively, holding cells at the G-]/S boundary
or in very early S phase, perhaps by limiting the dATP (Walters,
Tobey, and Rati iff 1973) or the dCTP pools (Bjursell and Reichard
1973), but allowing continued RNA and protein synthesis (Cohen and
Studzinski 1967).

In addition, HU may act as a metal chelator and

limit the availability of ferrous ion (Moore 1969).

The established

mechanism of action of HU was explored as a possible means whereby
ODC was differentially effected in the two model growth states.
This Investigation
The conceptual theme implicit in this dissertation is that
growth control is mediated by intracellular biochemical signals trig
gered by extracellular conditions.

The regulation of the intracellular

events may be different depending upon the growth stimulus even when
the result (DNA synthesis) is identical.

In particular, ODC is used

as a growth marker to investigate whether its regulation is different
dependent upon the growth state.

The two growth states investigated

are synchronized cells moving toward DNA synthesis and cells stimulated
out of quiescence toward DNA synthesis.

ODC is, induced in both systems

at a reproducible point and investigated here with respect to sensiti
vity to a cell cycle blocker such as hydroxyurea, the biological halflife, dependence upon microtubules (O'Brien, Simsiman, and Boutwell
1976), and the temporal correlation to DNA synthesis.

The prevention
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of ODC induction in synchronized cells by HU is investigated in terms
of all the presently known regulatory mechanisms of ODC (antizyme
effect, cation effect, different

forms) since the effect is not

seen in quiescent cells stimulated to proliferate.

The known mechanism

whereby HU inhibits RdPR is also tested as a possible method to prevent
ODC induction (metal chelations; dATP depletion).

Further, the possi

bility of cytotoxicity and a direct effect of HU on the enzyme was
considered.
In the following pages, an attempt is made to describe the
apparent regulatory differences of an identical enzyme activity (ODC)
in two different growth models.

The major contributions of this work

are first, the knowledge that a general growth related enzyme acti
vity is differentially controlled depending upon whether the cells
are continuously dividing or stimulated toward division and second,
that a biochemical event occurring at the G-j/S boundary (ODC) is not
essential for the transition of cells from G-] into S phase.

MATERIALS AND METHODS
Cell Culture Techniques
Continuously Dividing Cells
Chinese hamster ovary (CHO) cells were grown in McCoy's 5A
Medium (Gibco, Inc.) in monolayer cultures at 37°C in a 5% C02/95%
air atmosphere incubator.

The medium was supplemented with 20% (v/v)

fetal bovine serum (FBS) (Gibco), 100 U/ml of penicillin, and 100 yg/ml
streptomycin.

Under these conditions, the cell culture doubling time

was 12-14 hours.

The specific cell cycle phase times were approximately

four to five hours for G-j, six to seven hours for S, one to two hours
for G2, and 0.5 hour for M (Costa et al. 1976a).

Synchronous cell

populations were obtained by selective detachment of mitotic cells
which were accumulated at ice-bath temperatures over a two hour period
to obtain desired cell numbers (Tobey, Anderson, and Peterson 1967)
or by treatment of cell cultures with 0.06 yg/ml colcemid for two hours
(Stubblefield and Klevecz 1965).

In all experiments, mitotic cells,

selected from either untreated controls or HU treated populations growing
in 32 ounce Owens prescription bottles, were plated onto 60 mm plastic
dishes (Falcon, Oxnard, CA) at 500,000 cells/dish in 5 ml of prewarmed
medium and allowed to proceed through the cell cycle.

The mitotic

index was checked by microscropic examination and was > 90% for all
experiments.
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Cells Stimulated From Quiescence
Plateau phase cultures were used as a model for quiescent cells
as described by Hahn and Little (1972) and are defined as cells grown
to a high density (250,000 cells/cm ), having a labeling and mitotic
index < 10% and a plating efficiency > 80% as previously described
(Gerner, Meyn, and Humphrey 1976).

Cells stimulated from quiescence

are plateau phase cultures which are harvested by trypsin and replated
into fresh prewarmed McCoy's 5A medium supplemented with 20% FBS, 100
U/ml of penicillin and 100 yg/ml streptomycin.
Measurement of CDC Activity
ODC activity was measured by the liberation of ^^COg from D,
L-[1-^^C] ornithine (New England Nuclear, Boston, MA, 40-60 Ci/mol).
The specific activity was changed to 5.2 mCi/mmol by the addition of
L-ornithine.

Cells were sonicated into 0.05M sodium potassium phosphate

buffer, pH 7.2 containing 0.1 mM EDTA, 1.0 mM dithiothreitol, 20 yM
pyridoxal phosphate, and 100 yM phenyl methyl sulfonyl floride and
centrifuged at 8,730 x g for 1.5 minutes at 4°C.

Two hundred yl of

the cell supernatant were incubated for 30 minutes at 37°C in the pre
sence of 0.5 yCi L-[1-^^C] ornithine.
X

10

6

cells per assay.

Minimum cell numbers were 5.0

Enzyme activity is expressed as pmol

14

COg

released/hour/10® cells.
Survival Experiments
Synchronous populations of cells selected in mitosis and allowed
to traverse G-j v^ere treated with 0.1 mM and 2.0 mM HU for up to 19 hours.
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In all cases, survival was determined by the ability of the cells to
form colonies.

Treated and untreated cells were washed twice with

warm medium and removed from the treatment dishes using trypsin (0.025%
in Puck's saline A and EDTA for five minutes).

Cell counts were

obtained with an electronic particle counter (Coulter Electronics,
Hialeah, FL) and known numbers of single cells were plated onto plastic
tissue culture dishes with fresh medium.

Three dilutions of the cell

number were made for each time point in triplicate and incubated for
colony growth at 37°C for ten days.

Colonies were fixed with 50% acetic

acid, stained with crystal violet and counted.

A cell was considered

to have retained reproductive capacity (viability) if it gave rise
to a colony of 50 or more cells.

Control plating efficiencies of 85-

95% were obtained.
DNA Replication Measurements
1st Generation
Cells were grown for 24 hours in medium containing 0.15 yCi/
ml [^^C] thymidine (Schwartz-Mann, 45 mCi/mnol) to uniformly label
normal density DNA (1.70 g/cc).

After mitotic selection and treatment

with HU, cells v;ere plated into medium containing 50 yg/ml 5-bromodeoxyuridine (BrdUrd) to provide a density label in newly replicated DNA
(hybrid density 1.75 g/cc), and 0.1 yg/ml 5-fluorodeoxyuridine (FdUrd)
to inhibit de novo thymidylate synthesis.

Samples were collected at

1, 3, 5, 7, and 9 hours after removal of the medium containing hydroxy
urea.

/

2nd Generation
Cells were initially synchronized by mitotic selection, treated
with either 0.1 or 2.0 mf^ HU for varying lengths of time and then incu
bated for six hours in fresh medium containing 0.15 yCi/ml [^^C] TdR.
Since Walters, Tobey, and Hildebrand (1976) have previously shown that
CHO cells replicate only 1-5% of their DNA during this block with HU,
this protocol should label at least 95% of the DNA replicated during
S phase.

During this six hour period, these cells traversed S and

Gg phases and v/ere then reselected in mitosis from six to eight hours
(see Cell Culture Techniques) after release from the HU block and plated
into medium with 50 yg/ml BrdUrd and 0.1 ]jg/ml FdUrd.

Samples were

collected at 3, 6, 9, 12, and 15 hours after plating.

Control cultures

were untreated exponentially growing cells which were labeled with
[^^C] TdR at the same time as cultures that had been exposed to HU.
Both the treated and control cultures were labeled for six hours v;ith
[^^C] TdR and then selected in mitosis over a tv;o hour period.

Both

control and HU treated cultures were simultaneously selected in mitosis
from six to eight hours after the beginning of labeling with [^^C]
TdR.

This experimental design ensures that both control and treated

cells selected will have been at a similar position in early S at the
start of the label period.

Thus, the results shown cannot be due to

differential labeling of early versus late replicating DNA.
The isolation of DNA, banding in CsCl gradients and further
manipulating have been previously described in detail (Meyn et al.
1973, Gerner, Meyn, and Humphrey 1974, Gerner et al. 1976).

Measurement of RNA and Protein Synthesis Rates
RNA synthesis rates were determined by incubating cells with
[^H] Urd (5.0 yCi/ml; 8.0 Ci/mmol, Schwartz-Mann) for 15 minutes.
O
Protein synthesis rates were measured by incubating cells with [ H]
leucine (2.5 yCi/ml; 15 Ci/mmol) for 15 minutes in McCoy's 5A medium,
modified to contain 10% the normal leucine concentration and supple
mented with 20% FBS.
Cells were harvested by scraping and the amount of acid insoluble
radioactivity measured.

Each sample point represents triplicate deter

minations of at least 2.0 x 10® cells.
Protein Kinase Activity
Protein kinase activity was measured by the incorporation of
Y [

op

P] ATP (0.05 mH, approximately 400 cpm/pmol, New England Nuclear

Corp.) into 1.25 mg/ml mixed histone (Sigma).

Incubation conditions

are 15 minutes at 30°C, in the presence and absence of 10 yM cyclic
AMP essentially identical to the method previously described (Costa
et al. 1976b).

Minimum cell numbers were 2.0 x 10® cells per assay

and the cells were sonicated into 0.4 ml/10® cells of a 10 mM sodium/
potassium phosphate buffer, pH = 6.5, containing 1.0 mM phenyl-methyl
sulfonyl flouride, 10 mM EDTA, and 5 mM NaF.

The cell homogenates

v/ere centrifuged at 8,730 x g for 1.5 minutes at 4°C and the resulting
supernatant used for the assay.

The reaction was terminated by the

addition of 50% TCA to a final concentration of 10%.

The precipitate

was collected on cellulose nitrate filters (HAWPO 2412, Millipore).
The filters were then counted in an Ominfluor-toluene (New England
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Nuclear Corp.) cocktail.

Enzyme activities are expressed in terms

of pmol/minutes/25 yl aliquot.

The amount of protein present in each

0.025 ml aliquot was found to be essentially the same.
Types I and II cAMP Dependent Protein Kinase
DEAE-52 chromatography was used to separate type I and type
I I protein kinase essentially the same as previously described (Costa
et al. 1976b).

Minimum cell numbers were 20.0 x 10® cells sonicated

into 1.0 ml of O.OIM sodium/potassium phosphate buffer, pH = 6.5,
containing 10 mM EDTA, 5 mM NaF.

The homogenate was centrifuged at

50,000 X g for ten minutes and the resulting supernatant was applied
to a 0.5 X 13 cm DEAE-52 column.

The column is pre-equilibrated with

O.OIM sodium potassium buffer, pH = 6.5, containing 1.0 mM EDTA.

After

loading the sample, the columns were washed with 15 mis of O.OIM potas
sium phosphate buffer and 1.0 mM EDTA.

A linear gradient (0.01 to

0.5M) was used to elute the kinase activity.

The flow rate was 0.5

ml/minute and fractions of 1.0 ml were collected.
Protein Determinations
Protein determinations were done according to the Bradford
technique (1976) utilizing Commaise brilliant blue-G.
albumin was used as a standard.

Bovine serum

RESULTS
Prevention of ODC Induction by Hydroxyurea (HU)
Figure 1, panel A illustrates a six fold increase in ODC acti
vity four hours after plateau release.

This peak of activity is tran

sient in that the levels are decreased to less than 20 pmol/10® cells/
hour by two hours.

In addition, ODC activity begins to increase again

six hours after plateau release, suggesting that ODC activity is biphasic
as quiescent cells traverse 6^ to S phase.

Incubation of these cells

in 2.0 mM HU during replating has no effect on the expression of ODC
activity.

DNA synthesis in these cells in the absence of 2.0 mM HU

begins at 10 hours, approximately six hours after the first peak in
ODC activity.

Ninety percent of the DNA is replicated by 18 hours.

In contrast, panel B of the same figure shows that the induction of
ODC observed five to six hours after mitosis in synchronous cells is
remarkably sensitive to 2.0 mM HU treatment.

Results to be presented

later in this dissertation show that HU inhibits DNA synthesis under
these conditions.

ODC activity increases to maximum levels prior to

the onset of DNA synthesis in untreated cultures, and then decreases
as cells replicate their DNA.
This apparent differential sensitivity of ODC activity to
hydroxyurea was intriquing since it suggested a potential difference
in the regulation of ODC induction based upon the growth state.
tigation into the mechanism of HU inhibition of ODC activity in
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Figure 1. ODC activity after release from plateau and in continuously
dividing cells after mitosis.
Panel A indicates ODC activity during the hours after cells were released
from plateau. Determinations were done in the presence (0—0) or absence
(•--•) of continuous 2.0 mM HU. In addition, DNA replication was
measured (W — * i ) in the absence of 2.0 mM HU. Panel B illustrates
ODC activity during the hours after cells were selected in mitosis in
the absence (•—•) and presence (0—0) of 2.0 mM HU. DNA replication
(00 — m ) is also shown in cells proceeding from mitosis without
2.0 mM HU.
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continuously dividing cells became the first priority.

The mechanism

of HU inhibition of ODC activity was used to probe the possible differ
ences in regulation of an identical enzyme activity in cells stimulated
toward DNA synthesis from different growth phases; in effect asking
how HU could inhibit ODC activity.

An initial consideration is the

effect of the drug simply on cell survival.
Survival of Cells to Hydroxyurea
Since HU can be cytotoxic and inhibits DNA synthesis, it was
important to determine the effect of the concentration and duration
of the HU treatment on cell viability.

Synchronous populations of

traversing cells (Figure 2) appear unaffected by 0.1 mM HU treat
ments of up to 19 hours.

Single cell survival in these populations

did decrease after 13 hours of treatment with 2.0 mM HU.
these results, most experiments were done using

Based on

-traversing cells

that were treated for only up to 13 hours in either 0.1 or 2.0 mM HU
in order that cell viability not be affected.

This establishes that

the block of ODC activity is not due to a cytotoxic effect.

The next

task was to establish that HU was blocking DNA synthesis and that after
the HU was removed, the resulting DNA replication kinetics were com
parable to untreated controls.
First Generation DNA Replication Kinetics
Cells selected in mitosis vjere allowed to progress through
G-j in the presence of HU.

The ability of the different concentrations

of HU to block DNA synthesis during a 13 hour treatment time was then

O.ImM

2.0mM

0.001
12

14

16

Hours

Figure 2.

CHO survival with hydroxyurea.

CHO cells were selected in mitosis and plated into 0.1 mM (•—•) and
2.0 mM (0—0) HU. At the indicated times, cells were washed twice with
medium, harvested, counted and known numbers plated into prewarmed
medium for colony formation.

determined.

The results in Figure 3 demonstrate that the kinetics

of semi-conservative DNA replication measured by CsCl gradient analy
sis after release from 13 hour treatments with either 0.1 or 2.0 mM
HU are similar.

In both cases, after release from the block, Ca) mea

surable DNA replication was evident by one hour; (b) rates of DNA rep
lication were similar; and (c) similar (greater than 90%) final levels
of DNA replicated were attained.

Figure 4 shows that 9, 13, or 15

hour treatments of 2.0 mM HU block cells at similar points at or near
the G^/S boundary.

In this case v/hen a fixed concentration (2.0 mM)

of HU is used for varying times, measurable DNA replication begins
and proceeds in a similar manner independent of the length of the HU
block.

Also, equivalent levels of DNA replicated are finally attained

in all three cases.

This occurs even in populations blocked for 15

hours in HU, in v/hich 70-80% of the cells will ultimately die.

These

figures indicate that the different HU treatment parameters used block
cells at essentially the same position at or near the G-j/S boundary.
Second Generation DNA Replication Kinetics
Figures 5, 6, and 7 describe the kinetics of DNA replication
in the cell generation following treatments of G^ traversing cells
with (a) differing concentrations of HU for a fixed time; (b) a fixed
concentration of HU for varying lengths of time.

In all cases, cells

were resynchronized in mitosis following the different HU blocks prior
to measuring the second, or next generation DNA replication kinetics.
Figure 5 demonstrates that when cells are blocked at or near the G^/
S boundary with a 0.1 mM HU treatment lasting nine hours, their viable
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Figure 3. First generation DNA replication kinetics after different
concentrations of HU.
CHO cells synchronized in mitosis were plated into prewarmed medium
containing 0.1 mM (•—•) and 2.0 mM (0—0) HU for 13 hours. The cells
were then released from HU, by washing off the medium and replacing
with warm fresh medium containing BrdUrd and FdUrd. The cells were
harvested at the indicated times after release and the percent of DNA
replicated v/as determined.
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Figure 4.

First generation DNA replication kinetics after HU.

CHO cells were selected in mitosis and plated into prewarmed medium
containing 2.0 mM HU. After 9 hours (•—•), 13 hours (0—0), and
15 hours ( a — a ), the cells were washed twice and the medium
was replaced with density label medium. The cells were harvested
at the indicated times after release from HU for CsCl gradient analys
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Figure 5.

Second generation DNA replication kinetics after 0.1 mM HU.

CHO cells initially synchronized in mitosis were treated with 0.1 mM
HU for 9 hours (0—0) washed, and then incubated with fresh medium
containing [^**0] TdR for 6 hours. These cells were then resynchronized
in mitosis from 6 to 8 hours after the release, and then plated into
medium containing BrdUrd and FdUrd. Cells were harvested at the indi
cated times after plating for CsCl gradient analysis. Control values
(f—I) were obtained after cells were selected in mitosis from untreated
exponentially growing cultures, as described in the text.
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Figure 6.

Second generation replication kinetics after 2.0 mM HU.

CHO cells selected in mitosis were treated with 2.0 mM HU for 9 hours
(0—0), incubated with [^"C] TdR-containing medium for 6 hours, resynchronized in mitosis, and then plated into medium containing BrdUrd
and FdUrd. Cells were harvested at the indicated times after plating
for CsCl gradient analysis. Untreated controls (•—•) were the same
as described earlier.
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Figure 7.
hours.

Second generation replication kinetics after 2.0 mM HU for 13

CHO cells initially selected in mitosis, were treated with 2.0 mM HU for
13 hours (0—0), incubated in [^**0] TdR-containing medium for 6 hours,
resynchronized in mitosis, and then plated into medium .containing BrdUrd
and FdUrd. Cells were harvested at the indicated times after plating
for CsCl gradient analysis. Untreated controls (•—•) were handled as
previously described.

daughter cells will exhibit a shortened

phase ( 1 to 1.5 hours less

measured at the 50% DNA replicated level) compared to controls having
no history of HU exposure.

Figure 6 shows that this reduction in the

length of G-j phase in daughter cells appears to be independent of HU
concentration used, since a similar nine hour block, now with 2.0 mM
HU also reduces the G^ in viable progeny by 1 to 1.5 hours, compared
to untreated controls which were selected in mitosis at the same time
as the treated cells.

It should be noted here that the kinetics of

DNA replication in the untreated controls, shown here using a six hour
labeling period with [^^C] TdR, are indistinguishable from results
obtained using longer labeling periods up to 30 hours (more than two
culture doubling times) (Gerner et al. 1976).

Thus, the differences

shown here between the HU and control cultures cannot be due to any
preferential labeling of early versus late replicating DNA.

Figure

7 describes results from experiments similar to those seen in the other
two panels of this figure which show that the HU-induced shortening
of G^ in daughter cells is independent of the duration of the HU block
in the parental G^ traversing populations.

A 13 hour block with 2.0

mM HU of the parental G^ traversing cells shortens G^ by 1 to 1.5 hours
in daughter cells, which is similar to the results shown in Figure
6, obtained after a nine hour block with 2.0 mM HU.

These data show

the effect of HU on a well established cell cycle parameter, DNA syn
thesis.

In all cases, the length of treatment or concentration of

HU does not adversely effect the rate or duration of DNA synthesis
when the cells are allowed to traverse S phase.

However, future
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generations of cells are affected in that the apparent length of the
preparation phase for DNA synthesis (G^) is shortened.
Although the timing of DNA replication is unaltered by HU,
we have seen that another cell cycle marker, ODC, is apparently not
induced (Figure 1).

In order to establish that this effect is not

a general affect" on G^/S biochemical events, cAMP dependent protein
kinase activity and the holoenzyme forms were monitored during and
after a hydroxyurea block.
Effect of 2.0 mM HU Blocks on cAMP Dependent Protein Kinase Activity
We have seen that HU differentially effects ODC depending on
the growth state.

Another cell cycle event (the activity of cAMP depen

dent protein kinase) is monitored in Figure 8.

This data shows the

activity of protein kinases dependent on cAI-IP during and after a hydroxy
urea block.

Mixed histone was used as a substrate.

Previous studies

have shown that the activity as well as the type II form of cAf-lP depen
dent protein kinases increase dramatically at the G^/S boundary in
cycling cells.

Figure 8 shows the kinase activity measured in the

presence of 10 yM cAf-lP, which is sufficient to activate the holoenzyme.
A particularly crucial point is that kinases independent of cAMP for
measurable activity as well as kinases dependent on cAI-IP are being
measured.

These data show that the total pool size of kinases in the

presence of 2.0 mM HU increases similar to controls at five hours after
mitosis.

This pool of total kinase activity remains elevated in the

blocked cells and only decreases when the drug is removed.

The results

indicate that when cell cycle progression is blocked, total kinase
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Figure 8.

Protein kinase activity measured in the presence of cAMP.

Synchronous CHO cells were treated for 13 hours with 2.0 mM HU and then
the HU v/as removed. Protein kinase activity was measured during and
ai'ter the HU block (0--0) or in untreated controls (•—I).

pools remain elevated and do not decrease appreciably until cells
are allowed to traverse S phase.

In addition, the increase of kinase

activity in the controls is biphasic, the second elevation presumably
reflecting an increase in G2.

However, the disparate synchrony of

cells at this point precludes suggesting that this is an actual ele
vation.
In analyzing protein kinase activity, it is important also
to assay in the absence of exogenous saturating amounts of cAMP, in
effect measuring the amount of free catalytic subunit and kinase acti
vity which is not dependent upon cAMP.

Figure 9 illustrates the change

in kinase activity measured in the absence of cAMP as a function of
time after mitosis, during and after an HL) block.

In untreated cells

as well as in cells blocked from DNA synthesis, kinase activity reaches
a maximum in late G-j (five hours after mitosis).

The fluctuations

in activity are similar in both cases although Figure 8 would argue
that the total pool size enlarges.

The regulation of the amount of

kinase activated appears unaltered by treatment of synchronized cells
with HU.
Figure 10 expresses the data from Figilres 8 and 9 in the clas
sical activity ratio format.

This standard analysis is usually a con

venient tool since an increased ratio would imply an increased acti
vation of the enzyme.

In this instance, it is included for completeness

only since it is misleading.

For example, after the hydroxyurea is

removed, the activation ratio increases dramatically which would gener
ally be interpreted as an activation of the kinase activity in the
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Figure 9. Protein kinase activity during and after a 2.0 mM HU block
measured without cAMP.
Synchronous CHO cells either were treated for 13 hours with 2.0 mM HU
and then released (0--0) or were untreated and allowed to progress
(•--0).
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Figure 10. Activity ratio of cAMP dependent protein kinase activity
during and after a 2.0 mM HU block.
Synchronous CHO cells were either untreated (•--•) or treated for 13
hours with HU (0—0).
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cells.

However, the activity ratio combined with the inspection of

Figures 8 and 9 reveals that the apparent increased activation is pri
marily due to a decreased total pool size of kinases rather than an
increase in kinase activity independent of cAMP.
Earlier it was stated that an additional cell cycle event was
the appearance of elevated levels of type II kinase at five hours after
mitosis.

Figure 11 illustrates a typical resolution profile of the

types of protein kinase using DEAE chromotography.

In this particular

example, cells which are four hours past a 13 hour HU block are used
as the kinase source.

The first major peak of activity elutes within

the range of salt concentration from 100 to 150 mM.

The second peak

of activity (termed type II) elutes within 250 to 300 mM NaCl.

The

column fractions are assayed in the presence and absence of 10

cAMP.

In this case, the amount of enzyme activity detected without the addi
tion of cAMP would be expected to represent primarily cAMP independent
kinases since the catalytic subunit probably reassociates to form the
holoenzyme.

Studies titrating the column fractions with the cAMP depen

dent protein kinase inhibitor protein substantiates this idea.
12 represents a column profile at each time point.

Figure

Similar to the

analysis of Corbin et al. (1973), the areas under the curves of the
two peaks of enzyme activity were estimated and illustrated in Figure
12.

It appears that the pool of type II preferentially increases as

cells are detained at the G^/S boundary.
the type I I holoenzyme decreases two fold.

As the cells are released,
This corresponds to the

information presented in Figure 8 v/hich shows a similar decrease in

Figure 11.

DEAE column chromatography of protein kinase isozymes.

Column fractions were assayed in the presence (•--•) and absence (0—0) of
10 mM cAMP. A linear gradient of NaCl (a ~ av) was used to differentially
elute the two isozyme forms.
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DEAE column chromatography of protein kinase isozymes.
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Protein kinase isozyme forms during and after a 2.0 mM HU

Synchronous CHO cells were treated with hydroxyurea and the amount of
type I (0--0) and type II (•--•) kinase determined by elution from
DEAE column chromatography.
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total kinase pools.

Type I kinase apparently does not increase signifi

cantly during the hydroxyurea block compared to the increase of type
II.

Both forms of the enzyme show a three fold increase after the

hydroxyurea is removed and the cells have progressed into S phase.
These data show that type I I kinase continues to increase in synchronized
cells blocked in G-i/S by hydroxyurea similar to synchronized cells
in late G-i.

Cells continue to synthesize type II kinase in the presence

of HU and this treatment preserves the dominance of type II over type I
during this point in the cell cycle.

The significance of this data

simply is that hydroxyurea treatment does not adversely effect the
appearance of kinase activity in G-i or the normal distribution of the
enzyme forms.

This suggests that the sensitivity of ODC to HU is not

a general effect on enzyme induction or activity.

The next series of

experiments describes in detail the effect of HU on the induction of
ODC exclusively utilizing continuously dividing cells.

The purpose here

is to ensure that HU effects the induction process of ODC.
ODC Induction and DNA Synthesis During and After HU
Panel A of Figure 13 shows the kinetics of DNA replication
for cells, synchronized in mitosis, either progressing through the
cell cycle in normal medium or moving through S phase following treat
ment with 2.0 mM HU for 13 hours.

Panel B of Figure 13 describes the

patterns of ODC activity observed in control cells and cells during
and after 2.0 mM HU treatment.

In the control cells, a peak of ODC

activity is observed approximately 4-5 hours after mitosis, before
DNA synthesis has begun.

An increase in ODC activity in these cells

Figure 13.

Effect of HU on DNA synthesis and ODC activity.

Panel A depicts the effect of 2.0 mM HU on DNA synthesis. CHO cells
were selected in mitosis, and either allowed to progress through S
phase (•—•) or incubated in 2.0 mM HU for 13 hours (0—0). Samples
for CsCl density gradient analysis (as described in methods section)
were collected at 1, 3, 5, 7, and 9 hours after the HU was removed.
Panel B illustrates the effect of HU on ODC activity. CHO cells were
selected in mitosis and allowed to traverse S phase (•--•) or incu
bated in 2.0 mM for 13 hours (0—0). ODC activity was measured at 2
hour intervals during the HU treatment and after the HU was removed.
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precedes DNA replication, with the enzyme activity then decreasing
as cells move into S phase.
throughout

In contrast, ODC activity remains low

phase in HU treated cells.

These cells are able to ini

tiate DNA synthesis (Walters et al. 1976) but are blocked from continu
ing bulk DNA replication.

ODC activity does increase after the HU

is removed from the culture medium.

This increase, however, does not

occur until after DNA synthesis is initiated and at least 20% of the
DNA has been replicated.
In order to investigate in more detail this increase in ODC
activity after removal of HU, this enzyme activity was measured at
1/2, 1, 2, 3, 5, and 7 hours after drug removal and correlated with
the amount of DNA replicated.

The results, shown in Figure 14, demon

strate that the increase in ODC activity parallels the amount of DNA
replicated as these cells traverse S phase.
HU Inhibition of ODC Induction
During the CHO cell cycle, ODC activity increases at the G^/
S boundary primarily due to induction (Fuller et al. 1977, Heby et
al. 1976).

The results presented here show that, in the presence of

HU for 13 hours, no increase in ODC activity is observed.

A concern

is whether the 13 hour treatment is actually inhibiting induction of
ODC or perhaps stimulating the synthesis of the ODC antizyme.

Figure

15 demonstrates that HU added to synchronized cells four hours after
mitosis can prevent the peak of ODC activity.

These data show that

HU can act within one hour to prevent this increase in ODC activity
suggesting that this effect is independent of the antizyme.

As stated
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ODC activity after removal of 2.0 mM HU.

CHO cells were selected in mitosis and incubated with 2.0 mM HU for 13
hours. ODC activity was measured after removal of the HU (O—O). The
DNA replication pattern (—) in this figure is taken from figure 13,
panel A for comparative purposes.
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Effect of 2.0 mM of HU on ODC activity.

ODC activity was measured in CHO cells which had been selected in mitosis
and either allowed to progress through S phase (•--•) or incubated with
2.0 mM HU (0—0). HU was added 4 hours after mitosis.
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earlier, a 90 minute exposure to spermine is required to induce the
antizyme (Canellakis et al. 1978).

It should be noted that the addi

tion of HU does not completely inhibit existing ODC activity, only
the induction.

In addition. Figure 16 shows that when 2.0 mM is added

at five hours after mitosis, when ODC induction has already occurred,
the drug has no effect on this enzyme activity.

These data further

suggest that HU prevents the process of ODC induction.

These data argue

against HU acting to decrease ODC via feed-back inhibition or induc
tion of the antizyme.
Concentration and Time Dependence of HU
on ODC Activity and DNA Synthesis
Asynchronous populations of CHO cells were treated with varying
concentrations of HU for nine hours.

Figure 17, panel A shows that

DNA synthesis and ODC activity decrease in a similar manner.

At

concentrations above 10~^M, DNA synthesis is effected to a greater
degree than ODC activity and may simply reflect the action of HU on
ODC induction rather than an affect on the enzyme itself.
of Figure 17 supports this result.

Panel B

These data demonstrate that HU

has no effect on ODC activity in asynchronous cells for up to two
hours of treatment.

After two hours, the activity does decrease,

probably due to accumulation of cells in cell cycle compartments where
ODC induction should occur, and hence, would be prevented by HU.
Normal Translation in the Presence of HU
If HU blocks only the induction of ODC in synchronous cells,
then normal translation, as probed by puromycin, should be observed
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Figure 16.

ODC induction in the presence of hydroxyurea.

ODC activity is measured here without HU in cells selected in mitosis
(0—0). ODC activity was also measured in cells in which 2.0 mM HU
was added at 5 hours after mitosis (•--•).
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Figure 17. Effect of various concentrations and exposure times of HU on
ODC activity and DNA synthesis.
Panel A: asynchronous CHO cells were incubated in various concentrations
of HU for 13 hours. ODC activity was measured (0—0) as well as [^H]
dThd incorporation (•--•). Panel B: asynchronous CHO cells were incu
bated with 2.0 mM HU for various times and ODC activity was measured
(O-O).

in cells treated five hours after mitosis.

Figure 18, panel A shows

that the addition of 50 yg/ml puromycin and 2.0 mM HU at five hours
after mitosis results in a comparable half-life of the enzyme activity
independent of whether HU is present.

Panel B of the same figure

shows that in plateau released cells, puromycin added during the increase
of ODC activity results in a similar biological half-life to that
seen in continuously dividing cells (panel A).

The data in panel

B also show a similarity between the drop in ODC activity normally
beginning at five hours after plateau release and the drop induced
by the translation inhibitor puromycin.

Under these conditions, puro

mycin (50 yg/ml) reduces radiolabeled leucine incorporation into acid
insoluble material by greater than 90 percent within 10 minutes (Costa
et al. 1976a).
Effect of HU on Protein and RNA Synthesis Rates and ODC Directly
Figure 2 showed that the treatment of CHO cells, selected in
mitosis and allowed to traverse G-j phase, with 2.0 mM HU for up to
13 hours is not cytotoxic.

This indicates that the prevention of ODC

induction by HU is not a reflection of cell death.

Table 1 illustrates

that synchronous CHO cells incubated with 2.0 mM HU do not have appre
ciably altered RNA synthesis rates.

CHO cells were incubated with ^h-

Urd for 15 minutes at the times indicated.

The cultures were then

harvested and the amount of acid insoluble material was determined
as described in the Materials and Methods Section.

The values in Table

1 represent the mean of triplicate determinations ± the standard error.
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Figure 18. Effect of puromycin on ODC activity with and without
hydroxyurea.
Panel A illustrates ODC activity measured after cells are selected in
mitosis (•—•) and in cells treated with 50 yg/ml puromycin at 5 hours
after mitosis (0—0). In addition, ODC activity is shown in cells
treated with 2.0 mM HU and 50 yg/ml puromycin at 5 hours after mitosis
(*—*). Panel B depicts ODC activity after cells are stimulated from
plateau phase {•—•) and when 50 yg/ml puromycin was added at 4 hours
after stimulation (0—0).

Table 1.

Effect of 2.0 mM HU on RNA synthesis rates in cells
traversing Gj into S phase.

Hours After Mitosis

[^H]Urd Incorporation
(cpm X IQ-" per 10" cells)
Control

HU Treated

2

7.01 ± 0.20

5.40 ± 0.24

4

4.82 ± 0.14

5.82 ± 0.38

6

7.05 ± 0,24

9.34 ± 0.06

8

10.97 ± 1.23

13.48 ± 0.27
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Enzyme induction generally implies a dependence on protein
synthesis, as well as RNA synthesis.

However, Table 2 indicates that

general protein synthesis rates are unaffected by 2.0 mM HU even though
this particular enzyme induction is blocked.

CHO cells were selected

in mitosis and then incubated at the indicated times with ^H-leucine.
Acid insoluble radioactivity was determined as described in the Materials
and Methods Section.

The values represent the mean of duplicate deter

minations ± the standard error.

In addition. Table 3 shows that HU

added to cell homogenates has no direct effect on the enzyme activity.
Various concentrations of HU were added to the enzyme reaction mixture
and ODC activity was measured.

The values represent the mean of tripli

cate determinations ± the standard error.

These results indicate that

the prevention of ODC induction by HU is not due to decreased trans
cription or translation or a direct effect of HU on ODC.
HU Does Not Act as a Diamine
The next task was to rule out the possibility that HU may be
acting similar to diamines in reducing ODC activity (Heller et al.
1976).

Figure 19 shows that asynchronous CHO cells treated with vary

ing concentrations of spermidine for 90 minutes will result in up to
a 75% reduction of the measurable ODC activity.

The inhibition of

ODC by spermidine is thought to be via stimulation of the antizyme.
In contrast, similar concentrations of HU do not effect ODC activity.
These results suggest that HU does not act similar to a diamine or
polyamine in inhibiting ODC induction.

These data further indicate

that the antizyme is not stimulated by HU.

Since hydroxyurea has been

Table 2.

Effect of 2.0 mM HU on protein synthesis rates in
cells traversing Gi into S phase.

\

Hours After Mitosis

pH] Leucine Incorporation
(cpm X 10-"* per 10^ cells)
Control

HU Treated

3

10.72

+

0.21

10.34

+

1.10

5

10.22

+

0.50

12.57

+

0.16

7

18.96

+

0.20

15.30

+

0.10

9

15.85

+

1.15

16.49

+

1.07
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Table 3.

Effect of HU on ODC activity in vitro.

HU Concentration (mM)

ODC Activity
Cpmol ^"^COa Released/Hr/lO" Cells)

0

133.7 ± 1.0

0.001

141.3 ± 0.7

0.01

149.0 ± 0.9

1.0

145.0 ± 1.9

2.0

146.7 ± 1.2
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Figure 19. Effect of various concentrations of spermidine and hydroxy
urea on ODC activity.
ODC activity is measured in asynchronous CHO cells treated for 90 minutes
with different concentrations of hydroxyurea (•--•) or spermidine (0—0).
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reported to have the ability to dimerize (Jacobs and Rosenkranz 1970),
i t became important to test whether dihydroxyurea would be a more effec
tive inhibition of ODC activity.
Dihydroxyurea (DHU) and ODC Activity
ODC activity in asynchronous CHO cells was assayed in the pre
sence and absence of 2.0 mM HU, 2.0 mM DHU and 1.0 mM DHU.

Figure

20 shows that 2.0 mM HU will decrease ODC activity to approximately
40% of the control values.
hour/10® cells.

Control values are routinely 100-120 pmol/

Both concentrations of DHU had less of an effect on

ODC than hydroxyurea suggesting again that HU probably does not act
as a diamine in decreasing ODC.

Further, the time course of inacti-

vation of ODC with DHU does not correspond to the inactivation pattern
reported using 1,3-diaminopropane (feed-back inhibition) and polyamines
which presumably act through the antizyme.

At this point, it can be

concluded that HU does prevent ODC induction, while having little or
no effect on general protein and RNA synthesis rates, or cAMP dependent
protein kinase activity (another cell cycle marker).

Further, the

prevention of ODC activity is not attributable to cytotoxicity, a direct
effect on ODC or any known regulatory mechanism (diamine inhibition
or antizyme).

The utility in investigating the mechanism of HU inhi

bition of ODC induction lies in the differential sensitivity of ODC
induction depending upon the growth state.

Since ODC induction is

sensitive to HU in continuously dividing cells and not in cells stimu
lated out of quiescence, analysis of the mechanism of HU inhibiting
ODC will provide clues to the differences in the regulation of these
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Effect of dihydroxyurea on ODC activity.

ODC activity is measured in asynchronous CHO cells exposed to either
2.0 mM DHU (A—A), 1.0 mM DHU (0—0) or 2.0 mM HU (I—#).

62

apparently similar enzyme activities.

The next series of experiments

are devoted to whether HU is inhibiting ODC induction via its reported
action on ribonucleoside diphosphate reductase (RdPR).
Thiourea and ODC Activity
Thiourea (TU) is a structural analog of hydroxyurea (HU) which
is a less efficient inhibitor of ribonucleoside diphosphate reductase
(Timson 1975).

If the decrease in ODC activity is due simply to the

structure of HU, then the inactivation of ODC with the same concentra
tions of HU and TU should be identical.

If, however, the decrease

in ODC is more related to ribonucleoside diphosphate reductase activity,
then TU should have a less profound effect on ODC than HU.

Figure

21 shows that incubation of asynchronous CHO cells with 2.0 mM TU result?
in a lesser inhibition of activity than if the cells are treated with
2.0 mM HU.
DTT and ODC Activity
Hydroxyurea is known to chelate ferrous ion (Moore 1969).

An

attempt was made to supply more ferrous ion by the addition of a suit
able reducing agent such as dithiothreitol (DTT).

Table 4 shows that

a range of molar concentrations had relatively little effect on the
loss of ODC activity in cells treated for 13 hours in 2.0 mM HU.

In

other words, ODC activity was unrecoverable in the presence of a reducing
agent.

An additional attempt was made to supply ferrous ion by the

addition of transferrin, which in a known biological carrier of reduced
iron.
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Figure 21.

Effect of thiourea and hydroxyurea on ODC activity.

This figure illustrates ODC activity in asynchronous CHO cells treated
with either 2.0 mM TU (0—0) or 2.0 mM HU (•--•) for up to 6 hours.

Table 4.

Effect of different concentrations of DTT on
ODC activity using asynchronous CHO cells.

DTT Molar Concentration

ODC Activity (pni6l ^'*C02/Hr/10^)
Controls

13H-HU Cells

zero

112

23

10-®

116

21

10-=

95

19

10-*^

98

20

10-3

116

17

10-2

44

10
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Transferrin Effect on ODC Activity
In Figure 22 asynchronous CHO cells were treated with 2.0
mM HU, 2.0 mM HU in the presence of 5 yg/ml transferrin or 5 yg/ml
transferrin alone.

The object of this experiment was to test whether
f

the decrease in ODC activity was eliminated by the exogenous supply
of iron or whether ODC was inducible in the presence of hydroxyurea.
Figure 22 shows that ODC activity is elevated approximately two fold
by transferrin alone and even in the presence of hydroxyurea.

If new

synthesis or induction is occurring, then HU does not impair transla
tion which is consistent with the data in Figure 18.

These results

must be interpreted cautiously, since the increase in ODC activity
could easily reflect an increased enzyme half-life resulting from the
action of a known growth factor such as transferrin.

In any event, ODC

activity is inducible in the presence of hydroxyurea although the induc
tion is somewhat muted.

An interesting implication here is that the

growth factor (transferrin) induced induction is similar to ODC induc
tion in quiescent cells stimulated to proliferate.
The results presented thus far have indicated that the most
probable reason hydroxyurea prevents ODC induction relates to the
depleted dNTP pools.

The regulation of ODC induction in continuously

dividing cells appears dependent upon dNTP pools, and occurs temporally
closer to DNA synthesis.

The inhibition of ODC induction by HU is

likely to be a post translational regulatory event since general protein
synthesis is unaffected by HU and a normal biological half-life of ODC

150-1
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Figure 22.

Effect of transferrin on ODC activity.

Asynchronous CHO cells were treated with 2.0 inM HU {§ t)j 2.0 mM HU
5 yg/ml transferrin (0—0), and 5 yg/ml transferrin (i—i).
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is observed when translation is inhibited.

It is interesting that in

quiescent cells stimulated to proliferate the proosed post translational
inhibition is not seen.
Polyamines purportedly act via a membrane sensitive site to
induce the antizyme and inhibit the expression of ODC activity.

Since

HU does not act via the antizyme, perhaps ODC activity in continuously
dividing cells is independent of the membrane regulation.

Further,

if the internal regulation of ODC is indicated by HU, then cells stimu
lated out of quiescence should be dependent upon the membrane.

To

test this possibility, inhibition of microtubule formation were used
to perturb membrane regulation in the two growth states.

Microtubules

are known to be important for the induction of ODC in mouse skin exposed
to a tumor promoting agent (O'Brien et al. 1976).
Microtubule Involvement in ODC Induction
The extent of the involvement of microtubule proteins in ODC
activity was probed by an inhibitor of microtubule formation (colcemid)
in the two growth states.

The model of continuously dividing cells

is approximated here by the use of asynchronous CHO cells.

Figure

23, panel A shows that 0.06 yg/ml colcemid has a miniscule effect on
ODC activity in asynchronous dividing cells.

Panel B of the same figure

indicates that in quiescent cells stimulated to proliferate, the induc
tion of ODC is arrested.

However, the decline of ODC activity appears

independent of microtubule formation.

These data suggest that the

induction of ODC in quiescent cells stimulated by fresh medium is depen
dent on microtubule synthesis.

This microtubular dependence is not
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Figure 23.

Effect of colcemid on ODC activity.

ODC activity was measured as a function of time of 0.06 yg/ml colcemid
treatment in asynchronous CHO cells (panel A; 0 0 treated; • • con
trol). Panel B describes the 0.06 yg/ml colcemid treatment of plateau
released cells at 3.0 hours after release (0—0) or in untreated con
trols (•—•).

apparent in continuously dividing cells.

These results were extended

to ask whether microfilaments were also involved.

At first glance.

Figure 24 shows that 50 yg/ml of cytochalasin B, which is known to
inhibit microfilament formation, cannot totally block the induction
of ODC in stimulated quiescent cells.

However, inspection of the con

trols containing only dimethyl sulfoxide (DMSO) imply that the inhibi
tion that is seen is simply due to the DMSO.

It is unlikely that the

cytochalasin B interferes with ODC induction at all.

The inference

here is that microfilaments are not as intimately involved in ODC induc
tion as microtubules.
The final element of ODC regulation that was investigated with
respect to the different growth states was the classic biological halflife of the enzyme.
Biological Half-Lives of ODC in the Two Growth States
It has been shown previously that a translation inhibitor,
puromycin, will prevent ODC induction in quiescent cells stimulated
to proliferate as well as in continuously dividing cells.

In Figure

25, cordecypin, which prevents messenger RNA processing, was used to
test whether it might be a suitable inhibitor of ODC induction for
a half-life study.

Figure 25 shows that 50 yg/ml of cordecypin will

prevent ODC induction in plateau released cells and could be used to
determine the half-life of ODC in the two growth states.

Figure 26

illustrates the effect of cordecypin on ODC activity, generating halflife estimates of 30-45 minutes of continuously dividing cells (panel
A) and stimulated quiescent cells (panel B) — indicating no astounding
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Figure 24.

Effect of 3.0 ]ig/ml cytochalasin B on ODC activity.

CHO cells released from plateau were either untreated (•—I) or treated
with cytochalasin B in DMSO (0—0) or DMSO alone (•§ — •§ ).
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Figure 25.

Effect of cordecypin on ODC induction.

CHO cells released from plateau were either untreated (•—•) or exposed
to 50 yg/ml cordecypin (0—0).
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Figure 26.

Effect of 50 yg/ml cordecypin on ODC activity.

Panel A shows the effect of 50 yg/ml cordecypin on ODC activity in
asynchronous CHO cells. Panel B indicates CHO cells released from
plateau untreated (•--•) or treated with 50 yg/ml cordecypin 3.5
hours after release (0—0).

differences.

Half-life differences, if they existed should be on the

order of hours, similar to the results of Hogan (1971).
In order to verify this result, puromycin was employed in an
otherwise identical study.

Figure 27, panels A and B, also indicates

that 50 yg/ml of puromycin, which inhibits 90% of general protein syn
thesis rates will yield similar half-life measurements.

An interesting

minor observation is that in panel B, cessation of translation approxi
mates the decline of ODC activity beginning at five hours after plateau
release.
is halted.

This implies that after five hours, the synthesis of ODC
The contribution of these half-life studies to this inves

tigation lies in the knowledge that a major regulatory characteristic
of ODC is independent of the two growth states.

o (0

\\
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I
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Figure 27.

Effect of puromycin on ODC activity.

Panel A describes the effect of 50 yg/ml puromycin on ODC activity in
asynchronous CHO cells. Panel B shows the effect of 50 yg/ml puromycin
added 4.0 hours after CHO cells have been released from plateau (0—0).
The normal induction of ODC is shown by (•—•).

DISCUSSION
Regulation of Different States of ODC Induction
The major general implication of this work is that the seem
ingly identical enzyme activities expressed in different growth states
may be differentially regulated.

This study shows that the induction

of ODC, the rate limiting enzyme in polyamine biosynthesis, is inhibited
by HU in continuously dividing cells but not in quiescent cells stimu
lated to proliferate.

This finding suggests that the preparation phase

for DNA synthesis (G^) in continously dividing cells is biochemically
different from the

of cells stimulated out of quiescence (G^) with

respect to the regulation of this enzyme induction.

The regulation

of ODC induction appears to be dependent upon the growth state and/
or the stimulus even when the endpoint (DNA synthesis) is identical.
This concept differs from a classical view of the cell cycle where
specific molecular events have delineated the cell cycle compartments
(Tobey et al. 1974).

These data are in direct conflict with a conse

quence of the theory proposed by Smith and Martin which implies that
there is no difference between a quiescent G^ state (G^) and the G^
state of continuously dividing cells (Smith and Martin 1973).

The

regulation of the induction of ODC, which occurs in G^ as well as G^,
is dependent upon the growth state since there is a differential sensi
tivity to HU, depending upon whether the cells are stimulated toward
DNA synthesis from quiescence or from mitosis.
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This also implies that

is different biochemically from

.

Others have shown a specific

biochemical difference in the cell cycle compartments by the apparent
preferential synthesis of actin during the G^ to S transit (Riddle,
Dubrow, and Pardee 1979).

GQ cells

stimulated out of quiescence also appear different

from continuously dividing cells with respect to a dependence upon
microtubule formation for ODC activity.

It is interesting that G^

cells which are stimulated toward DNA synthesis by exogenous factors
(fresh medium) depend upon microtubules for ODC activity and are not
effected by HU.

Cells already in the division cycle (in the presence

of optimal concentrations of growth factors) are independent of micro
tubule formation for the expression of ODC activity but are uniquely
sensitive to a dNTP inhibitor, hydroxyurea.

Interestingly, HU inhibits

ODC induction in these cells independent of induction of the antizyme,
which is also a membrane associated event.

These differences, coupled

to the fact that ODC is inducible by a growth factor in the presence
of HU, suggest either alternative routes for the induction of ODC acti
vity or that the expression of ODC activity at the G^/S boundary (after
synthesis of the enzyme) is somehow dependent upon dNTPs.

A useful

test of these possibilities would be to detect the amount of immunoprecipitable material in each growth state, similar to the experiments
of Kallio et al. (1977b).
One growth factor, transferrin, is an essential ingredient
in chemically defined medium for cells in culture.

Preliminary experi

ments indicate an approximate ten fold elevation of ODC under these

conditions compared to cells grown in medium supplemented with fetal
bovine serum (6. Sertich, personal communication).

One would predict

that if the elevation of ODC activity by growth factors is a true indue
tion and is analogous to cells stimulated from quiescence, then the
activity is dependent upon microtubule formation and independent of
nucleotide metabolism.
It is tempting to speculate that different regulation systems
exist to induce the selective synthesis of ODC — one in response
to stimulation into the division cycle and one in preparation for pro
gression within the division cycle.

Taken further, since continuously

dividing cells are in an environment characterized by limitless nutri
ents and growth factors, the signal for the induction of ODC at the
G^/S boundary might well be internal and a consequence of nucleotide
metabolism.

The utility of different regulation systems of ODC induc

tion may reflect different functions of the polyamines in the different
growth states.

In other words, the reported requirement for the poly

amines to maintain DNA synthesis is anticipated by the rate limiting
enzyme (ODC) through the dNTP pools.

It is important to note here

preliminary results which show that while cells are treated with HU,
putrescine levels are about half the concentrations of cells in which
ODC has been induced while spermine and spermidine concentrations are
similar.

The observed concentration of putrescine in HU treated cells

is sufficient to support DNA synthesis.

When the HU is removed, DNA

synthesis begins without the immediate induction of ODC.

However,

ODC induction and the resultant increased polyamine pools occur as
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more DNA is replicated — indicating that polyamine levels and ODC
induction are likely to be primarily concerned with the maintenance
of S phase.

These considerations make the speculation of a link between

polyamine biosynthesis and DNA replication more plausible.
ODC Induction Dependent Upon Deoxyribonuclebside Triphosphates
The sensitivity of ODC to hydroxyurea suggests that the differ
ence in ODC activity regulation involves a deoxyribonucleoside triphos
phate dependent step in continuously dividing cells, but not in quies
cent cells stimulated to proliferate.

One can imagine several differ

ent ways ODC activity could be reduced by HU other than as a consequence
of dNTP depletion.

These various other alternatives were explored

and eliminated as possible causes for the reduction of ODC activity
and are listed below.
1.

cell cytotoxicity

2.

reduced RNA synthesis rates

3.

reduced protein synthesis rates

4.

direct effect on the enzyme

5.

general cell cycle effect

6.

biological half-life

7.

impaired translation after the induction

8.

scavaging of ferrous ion

9.

diamine effect

10.

ODC antizyme

The major consequence of HU is to limit primarily dATP and
dCTP pools through the inhibition of RdPR (Lewis and Wright 1974, Walters

et al. 1973, Bjursell and Reichard 1973).

The initiation of the induc

tion of ODC at the G^/S phase boundary may be dependent upon a full
complement of DNA purines and pyrimidines since the induction is sensi
tive to HU.

Therefore, thiourea was used to test whether a similar

inactivation of ODC could be observed with an agent other than HU.
TU is known to inhibit RdPR but to a lesser extent than HU (Timson
1975).

TU also decreases ODC activity similar to the inactivation

seen with HU.

These data, coupled with the data eliminating other

inhibitory routes, strengthen the view that ODC induction at the G-j/
S phase boundary is probably dependent upon deoxyribonucleoside tri
phosphates.

An appropriate experiment would have been to use an anti

metabolite structurally unrelated to HU which would also effect DNA
precursor metabolism and test whether ODC induction was inhibited.
Unfortunately, other drugs also reduce RNA and protein synthesis rates
which would result in a predictable decrease in ODC activity.

Again,

the ODC induction in G^ cells is apparently regulated differently from
the induction seen in G^ since a suggested differential requirement
exists for deoxyribonucleoside synthesis.
Clearly, the plausibility of this suggestion rests upon whether
the major action of hydroxyurea involves RdPR.

One might point out

here that the effects of hydroxyurea are fully reversible, with normal
cell cycle progression into S phase and DNA synthesis rates.

Further,

permeabilization of cells to add back dNTPs in the presence of HU will
result in normal DNA synthesis (Castellot, Miller, and Pardee 1978).
These data further support the contention that HU primarily effects

RdPR and inhibits ODC induction by that route.

In addition, a number

of plausible alternative ways known to inhibit ODC were explored and
eliminated.

Permeabilization of CHO cells and the addition of dNTPs

were tried in an attempt to restore ODC activity — analogous to the
restoration of DNA synthesis described earlier.

Unfortunately, the

permeabilization procedure alone was'found to destroy ODC activity.
As discussed earlier, the difference in regulation may reflect
a dependence upon dNTPs for initiating new synthesis of ODC in cells
preparing to synthesize DNA.

Alternatively, new synthesis of ODC may

in fact be quite normal but the enzyme synthesized at the G^/S border
may require dNTPs for activity.

Again, distinquishing these possibi

lities might be achieved with an antibody to ODC.

The same amount

of precipitable protein found in the two growth states with hydroxyurea
would strengthen the idea that ODC might be synthesized in continuously
dividing cells but is enzymatically inactive without dNTPs.

Alterna

tively, incubation of purified ODC synthesized by continuously dividing
cells with various dNTPs would be expected to increase the activity
of the enzyme.

Preliminary results incubating partially purified ODC

with various dNTPs at different concentrations did not show any increase
in activity (M. Haddox, personal communication).

It is possible that

the correct combination of dNTPs at the appropriate concentration was
simply not found.

However, the data do imply that a straight forward

in vitro dependence of ODC on dNTPs does not exist.

Alternatively,

dNTPs may be important in inducing ODC as mentioned earlier.

The
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increase in dNTP pools in preparation for DNA synthesis may be a fac
tor in inducing the synthesis of polyamines which are also required
for DNA synthesis.
Ornithine Decarboxylase is not Essential for
Cel1ular Progression into S'Phase
ODC activity in
to DNA replication.

traversing cells generally increases prior

The possibilities exist that ODC induction may,

therefore, be functionally related to entry into, or maintenance of,
S phase.

In the presence of HU, cells are allowed to enter S phase

but bulk DNA synthesis is prevented (Walters et al. 1976).
conditions, ODC is not induced.

Under these

This enzyme activity remains low until

HU is removed from the culture medium and, subsequently, greater than
20% of the DNA has replicated.

These data show that ODC induction

is not a strict requirement for cellular entry into S phase since
a substantial amount of DNA can be synthesized without a previous
increase in ODC activity.

The second possibility, that ODC activity

is important for the maintenance of S phase, is supported in this thesis
by the observation that ODC activity increases in a similar manner
to the amount of DNA replicated after the HU is removed.

As stated

earlier, preliminary results indicate that the polyamine levels are
adequate after an HU block to support DNA synthesis.

This shows that,

although ODC activity is not immediately induced when DNA synthesis
resumes, polyamine concentrations probably are sufficient to uphold
DNA synthesis.
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Conclusion
The regulation of ODC activity differs in two different growth
states by the sensitivity of the induction to HU and colcemid and
the timing of the induction with respect to DNA synthesis.

Specifi

cally, ODC induction in continuously dividing cells is dependent
upon production of dNTPs and independent of microtubule formation,
while the opposite is t r u e o f c e l l s stimulated out of quiescence.
The biological half-lives of the enzyme activities in the two growth
states are similar.
HU by growth factors.

ODC activity is inducible in the presence of
These results imply that different regulation

routes for the induction of ODC probably exist in the two growth states.
The dependence of the expression of ODC activity on the dNTPs may
be as a cofactor for the enzyme or as an internal signal for the enzyme
induction (note also that the activity is independent of microtubules).
In the latter case, a link between polyamine and DNA metabolism is
suggested.
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