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ABSTRACT 

The major findings of this investigation are that polyamine 

biosynthetic enzymes and polyamine levels are regulated by specific 

cellular growth factors. A serum-free defined medium was developed for 

the Chinese hamster ovary cell line to examine the regulation of ori

thine decarboxylase (OnCase) (EC.4.1.1.17), S-adenosylmethionine decar

boxylase (SAMDCase) (EC.4.1.1.50), as well as polyamine catabolism. 

The activity of OnCase is dependent primarily on the presence of 

insulin, and appears to be modulated by transferrin and ferrous sulfate, 

indicating that iron transport may be important in the expression of 

OnCase activity. The enzyme activity can also be increased by depriving 

the substrate ornithine, which probably acts through a putrescine medi

ated event. This substrate limitation leads to an intracellular decrease 

in P~~~t3cine and spermidine, but not spermine. The activity of SAMDCase 

is not influenced by alterations in the growth factors or by ornithine 

deprivation. Since the spermidine levels are lower as compared to cells 

growing in medium with serum, it appears that SAMDCase activity is not 

generally regulated in a negative manner by spermidine. The polyamine 

interconversion enzymes, such as spermidine/spermine Nl-acety1transferase 

and polyamine oxidase, appear to be regulated by growth factors other 

than insulin, transferrin, and ferrous sulfate. Cells maintained in 

defined medium are much more tightly attached to the surface of the 

dishes in which they are growing, wqich may be related to the growth 

factors present or a lack of cellular po1yamines. Vinculin, a cell 

ix 



surface protein associated with focal adhesion plaques, moves away from 

the cell surface and into the nuclear area in defined medium cells as 

evidenced by fluorescent antibody staining. 

x 

The major conclusions of this work are that ODCase synthesis is 

regulated by growth factors, that enzyme activity is also regulated post

transcriptionally by substrate and end-product, and that general poly

amine metabolism is dependant on complex growth factors, other than 

insulin, which regulate the metabolism and interconversion of polyamines. 



INTRODUCTION 

Virtually all mammalian cells contain significant amounts of the 

polyamines spermidine and spermine, as well as the diamine putrescine. 

Many roles of the polyamines are still unknown at the molecular level, 

but the best evidence suggests an important function in the structure of 

tRNA (Cohen 1969, Quigley, Teeter, and Rich 1978). These studies show 

that two fairly tightly bound molecules of spermidine are required to 

activate tRNA, as well as create the structures of the tRNA around the 

binding sites (Cohen 1978). At physiological pH, the polyamines have a 

net positive charge on the nitrogen atoms and are able to function as 

polyvalent cations. The spacing of these nitrogen atoms is well suited 

to stabilize double stranded regions of nucleic acids (Saki and Cohen 

1976). Inhibitors of spermidine and spermine synthesis, methylglyoxal bis 

(guanylhydrazone) (MGBG) (Williams-Ashman and Scherore 1972) reduce 

spermidine levels and cause depressed rates of DNA and protein synthesis 

(Krokan and Ericksen 1977). No detectable effect of drug on macromolecu

lar synthesis occurred if spermidine or spermine are given simultaneously 

with MGBG treatment. Other studies, however, show that spermidine levels 

can be greatly reduced without any short-term effects on growth rates 

(Mamont et ale 1976). Under conditions where spermidine and putrescine 

are greatly reduced, the incorporation of precursors into DNA or protein 

is not changed (Canellakis et ale 1979). However, the spermine levels in 

these studies are not affected. An important point to be made is that 

the polyamines act as the physiological cations of the cell with their 

levels responding according to intracellular requirements. In conditions 

1 
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of reduced polyamines, the supportive functions they provide are probably 

replaced by the recruitment of extracellular cations (Canellakis et ale 

1979). 

Biosynthesis of the Polyamines 

All prokaryotes and eukaryotes are able to synthesize putrescine 

and spermidine, whereas spermine synthesis occurs mainly in eukaryotes 

alone (Williams-Ashman and Canellakis 1979). Polyamine levels vary 

significantly from one cell type to another, but in general actively 

dividing mammalian cells contain relatively higher levels of the poly

amines than do non-dividing or quiescent cells (Russell and Snyder 1968, 

Cohen 1971). The stimulation of cell growth or division, both in vivo 

and in vitro coincides with an increase in the polyamine biosynthetic 

rate (Cohen 1971, Janne, Poso, and Raina 1978). Many stimuli have been 

shown to increase polyamine levels in cells, such as addition of serum or 

insulin to quiescent cell cultures (Hogan, McIlhinney and Murden 1974), 

partial hepatectomy (Russell and Snyder 1968), infection of cells with 

tumorigenic viruses (Holtta et al. 1981), and addition of growth factors 

(Veldius and Sweinberg 1981). The greatest effect of these manipulations 

is on the first and possibly rate limiting step in polyamine biosynthe

sis, the conversion of ornithine to putrescine by ornithine decarboxylase 

(ODCase) (EC.4.l.l.l7). 

Ornithine Decarboxylase 

The function of ODCase, a pyridoxal phosphate requiring enzyme, 

has been the subject of many investigations in recent years. High levels 

of this enzyme activity have been associated with cell division, while 
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non-dividing cells express little or no detectable activity (Williams

Ashman et al. 1972, Janne et al 1978). There are a large number of 

agents which stimulate its activity in tissue culture (Tabor and Tabor 

1976, Caldarera, Zappia, and Bachrach 1982) as well as others which are 

inhibitory (Cress and Gerner 1979, Yuspa, Lichti, and Ben 1980, Heller, 

Fong, and Canellakis 1976). ODCase is a highly unique enzyme in that it 

possesses one of the shortest biological half-lives of any mammalian 

enzyme, on the order of 10-20 minutes (Canellakis et al. 1978). The 

source of ornithine for conversion to putrescine comes by way of the urea 

cycle in most cells (Morris 1978) which liberates the ornithine into the 

plasma (Pegg and Williams-Ashman 1982b). Ornithine can also be formed 

tv.ithin the cell from arginine by the action of arginase (Pegg and McCann 

1982a). Since arginase is much more widely distributed than the enzymes 

of the urea cycle, it may be thought of as the initial step in polyamine 

biosynthesis (Pegg and McCann 1982a). 

S-Adenosylmethionine Decarboxylase 

The conversion of putrescine into spermidine requires the addi

tion of a n-propylamine group derived from decarboxylated S-adenosyl-L

methionine. This moiety is attached to one end of the putrescine mole

cule. The enzyme catalyzing this reaction, spermidine synthase, has been 

described in detailed by Pegg (Pegg, Shuttleworth, and Hibasami 198Ib). 

Spermine is formed in the same manner, with the addition of another 

aminopropyl group to the opposite side of the spermidine molecule as the 

first propylamine group. This reaction is catalyzed by spermine synthase 

(Pegg et al. 198Ib). In mammalian cells, the enzyme forming the source 
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of the aminopropyl groups is S-adenosyl-L-methionine decarboxylase 

(SAMDCase) (EC.4.l.l.50). This enzyme has been shown to be activated by 

a variety of agents including putrescine (Williams-Ashman and Pegg 1982) 

as well as be inhibited by high spermidine levels (Fozard and Koch-Wegor 

1982, Mamont et al. 1981). Many stimuli have been shown to stimulate the 

activity of ODCase (Janne et al. 1978, Russell 1980) and most increase 

the activity at SAMDCase by increasing the concentration of putrescine or 

by increasing the amount of enzyme protein (Pegg et al. 1981a). The 

negative regulation of SAMDCase by po1ymaines was first suggested by 

Mamont and colleagues who discovered that cell extracts exposed to ODCase 

inhibitors showed greatly itlcreased SAMDCase activity~ Adding spermidine 

exogenously eliminates this increase (Mamortt et al. 1981). The decrease 

in putrescine that ac.tivates this reaction leads to a large rise in the 

supply of propy1amine groups which ensues that any putrescine that is 

formed will be converted rapidly to spermidine and then spermine. Add 

itiona1 evidence for the importance of spermidine in regulating SAMDCase 

activity comes from Pegg's lab where a specific inhibitor of spermidine 

synthase, S-adenosyl 1,8diarninothiooctane (Ado-Dato) (Pegg, Tang, and 

Coward~ in press) was used to produce a specific decrease in spermidine 

but not putrescine or spermine. In this case, the activity of SAMDCase 

increased in the same manner as when cells were treated with ODCase 

inhibitors. 

The Polyamine Synthases 

Although the reactions forming spermidine and spermine are 

similar, the synthases catalyzing these processes are discrete enzymes 
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specific for their own substrate (Pegg et al. 1981b). These enzymes are 

present in cells in amounts much greater than either ODCase or SAMDCase 

and are thought to be regulated primarily by the amount of decarboxylated 

S-adenosylmethionine. However, like the decarboxylases, the activity of 

spermidine synthase is able to be modulated by hormones, growth factors, 

and tissue regeneration (Oka, Perry, and Kano 1977) 

Polyamine Degradation and Interconversion 

The polyamines may be post-synthetically modified by acetylation. 

The oxidation reactions, catalyzed by diamine oxidase, convert putrescine 

into y-aminobutyraldehyde, and then y-aminobutyrate (GABA). GABA can 

also be formed through a dual acetylation/oxidation reaction on putres

cine. A microsomal enzyme first forms monoacetylputrescine, which is 

then oxidized by monoamine oxidase (Tabor and Tabor 1976, Seiler, 

Bolkenius, and Rennen 1981). Acetylation of the polyamines occurs mainly 

by a nuclear enzyme. These acetylated forms are found in higher quan

tites in the blood and urine of patients with cancer than in normal 

persons; however, the role of acetylation in the excretory process is 

unclear (Seiler et al. 1981, Russell and Durie 1978). Extracellular 

oxidation of the polyamines by serum oxidases yields unstable aldehydes, 

which can either give rise to putrescine or acrolein. The aldehydes can 

also be taken up into the cell and metabolized. Although this is a minor 

pathway of degradation, the products formed are putrescine, N8_(2 car

boxylethyl)-spermidine, and possibly spermic acid (Heby and Andersson 

1980). 
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The first and rate limiting step in the interconversion of the 

polyamines is catalyzed by the inducible enzyme, spermidine/spermine 

Nlacetyltransferase. This induction can occur by exposure to folic acid 

(Matsui and Pegg 1982), growth hormone (Matsui and Pegg 1981), and par

tial hepatectomy (Matsui and Pegg 1981). The acetylase uses acetyl-CoA 

to convert spermidine or spermine into the Nl-acetyl derivatives (Pegg et 

al.198lc). The second step involves the enzyme polyamine oxidase cleav

ing at the internal nitrogen giving N-acetylpropionaldehyde and putres

cine or spermidine, depending on whether the substrate was spermidine or 

spermine, respectively (Bolkenius and Seiler 1981). In most tissues, the 

level of polyamine oxidase is relatively high compared to the acetylase, 

so that the acetylated derivatives are degraded quite rapidly. Indeed, 

Pegg and coworkers (Pegg et ale 1981c) have shown that in the case of rat 

liver, the Nl-acetylspermidine formed is rapidly converted to putrescine 

due to the high activity of the oxidase. This effect was not blocked by 

a-difluoromethylornithine (DFMO), which shows that the putrescine was 

not formed by ODCase acting on ornithine (Matsui, Wiegand, and Pegg 

1981). Even in mouse liver, where the polyamine oxidase activity levels 

are very low, the acetylated derivatives are all degraded within a few 

hours (Paso and Pegg 1982, Seiler et ale 1981). The largest stimulation 

of polyamine interconversion occurs after exposure to toxic agents, how

ever, the process is also activated by fasting and exposure to excess 

spermidine (Seiler et ale 1981, Pegg et al. 198Ic). The physiological 

importance of polyamine interconversion is unclear, but it may be signi

ficant in preventing the levels of spermidine and spermine from exceeding 

certain limits (Pegg and McCann 1982a). 
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Regulation of ODCase Activity 

Changes in the activity of ODCase occur due to position in the 

cell cycle (Pegg and Williams-Ashman 1982b), as well as through the mani

pulation of the tissue growth medium by a wide variety of extracellular 

factors (Stastny and Cohen 1972, Hogan and Murden 1974). Mechanisms for 

the regulation of the induction of enzyme activity include transcrip

tional (McCann et ale 1977, Choi and Scheffler 1981), translation of 

pre-existing message (Clark and Fuller 1975), posttranslationa1, such as 

activation of an inactive enzyme (Obenrader and Prouty 1977, Sedory and 

Mitchell 1977) or, which is probably the case, a combination of any of 

the above. The reduction of ODCase activity likewise can occur by 

several mechanisms, including feedback of the end product(s) (Clark and 

Fuller 1975, Kallio et ala 1977), induction of the ODCase antizyme 

(Heller et ala 1976), inhibition of translation with rapid degradation of 

enzyme (Russell and Synder 1969), or conversion of the enzyme to an 

inactive form with extended half-life (Sedory and Mitchell 1977). Again, 

any or all of these mechanisms may be active. The following discussion 

will address the evidence for these mechanisms. 

Synthesis and Degradation 

The observation of Russell and Snyder (1969) that the biological 

half-life of ODCase is the shortest of most mammalian enzymes implies 

that the activity of intracellular ODCase is regulated primarily by its 

amount. The half-life measurements of this and succeeding studies are 

done by measuring the loss of ODCase activity in cell culture following 

the addition of puromycin or cycloheximide to block protein synthesis. 
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Under different cell culture conditions, with a variety of cell types, it 

becomes evident that the half-life of OnCase can vary from five to over 

400 minutes (Chen and Canellakis 1977). Clark (1974) reported that the 

half-life of OnCase in 3T3 cells under growth inhibition is 240 minutes, 

whereas if the cells are stimulated into growth, the half-life falls to 

40 minutes. These results indicate that the half-life of OnCase may be 

a value that is dependent on the metabolic state of the cell or on the 

external environment the cell is in at the time of the experiments 

(Canellakis et ale 1979). However, recent experiments have confirmed the 

very short half-life of OnCase using other methods. For example, the use 

of radiolabeled nFMO showed the loss in vitro of the enzyme-inhibitor 

complex within 10-55 minutes (Seely, Poso, and Pegg 1982). Since OnCase 

has such a short half-life, stabilization of the protein by experimental 

manipulation or by competitive inhibitors (McCann et al. 1977) can cause 

an increase in the total amount of enzyme protein. By using an irrevers

ible inhibitor of OnCase, such as nFMO, there is no stabilization of the 

enzyme and no increase in the half-life. However, uncer growing condi

tions, the synthesis rate is high enough that an adequate supply of 

inhibitor must be present to bind the protein. A clone of HTC cells 

isolated by Mamont and coworkers (1978) shows constituitively high levels 

of OnCase possessing a long half-life. Those cells are resistant to 

OnCase inhibitors, as are a Chinese hamster ovary cell line described by 

Choi and Scheffler (1981). The CHO mutants have significantly elevated 

levels of enzyme activity compared to wild type cells, but the half-life 

and the affinity for substrate are unaltered. Those mutant cell types 

provide good tools for probing the role of OnCase synthesis in its 
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regulation. Studies to date have shown that de ~ protein synthesis is 

needed for ODCase activation, but the possibility that an activator pro

tein is synthesized cannot be dismissed (Mitchell, Augustine, and Wilson 

1981, Holtta, Janne, and Pispa 1974). 

Hormones and Growth Factors 

Insulin is a small polypeptide that is known to stimulate precur

sor uptake and macromolecular synthesis in vivo and in vitro (for review 

see Bajai 1977). Subsequently it has been shown to reduce intracellular 

protein degradation in cell culture, provided serum is absent (Ballard et 

al. 1980). Insulin activation of ODCase is biphasic in nature, as seen 

in mouse mammary epithelium (Roger, Schanberg, and Fellow 1974) and in 

rat hepatoma cells (Hogan, McIlhinney, and Murden 1974, McCann et al. 

1975). In either case, ODCase activity was first seen at two to four 

hours. At this point, enzyme activity is insensitive to actinomycin D 

and sensitive to cycloheximide. Oka and Perry (1980) report this first 

peak to be hormone independent but dependent on osmotic fluxes. These 

fluxes may be due to membrane conformational changes following insulin 

binding (Canellakis et ale 1979). The response of the second peak of 

induction seen at 4-6 hours was susceptible to both inhibitors of trans

cription and translation. In contrast, stimulation of ODCase activity by 

serum in serum deprived cultures is seen almost immediately. As in the 

insulin response, though, actinomycin D had no effect on activity within 

the first two hours, suggesting translation of pre-existing message or 

activation of an inactive form of ODCase (Sedory and Mitchell 1977). In 

the diabetic state where there is a reduced concentration of insulin, 
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OnCase and the polyamines are also markedly reduced (Conover et ale 

1980). The levels of both OnCase and the polyamines could be increased by 

exogenous addition of insulin. In a study by Bronsan and colleagues 

(Bronsan, Roebothan, and Hall 1980) the concentrations of polyamines, 

amino acids, as well as the activities of ODCase and SAMDCase were mea

sured in control and diabetic rats. Their conclusions showed that the 

addition of insulin to the diabetic rats caused an increase in OnCase 

activity but not SAMDCase activityQ Spermidine content but not spermine 

levels were changed by insulin treatment. It is apparent that hormones 

other than insulin are important in determining the polyamine levels in 

the rat liver. Epidermal growth factor (EGF) influences a wide number of 

cellular processes much the same as insulin. Nutrient transport, pro

tein, RNA, and nNA synthesis are all increased (Carpenter and Cohen 

1979). OnCase is also increased in many cell types, such as the testes, 

liver, stomach, and duodenum of mice injected with EGF (Stastny and Cohen 

197£, Feldman, Aures, and Grossman 1978). In vitro, EGF also increases 

OnCase levels in mouse and human skin fibroblasts (Dipasquale, White, and 

McGuire 1978). A study by Moriarity et al. (1981) suggests that in human 

hepatoma cells EGF binding to high affinity receptors also increases 

OnCase activity after several hours. The ability of EGF to nearly double 

the OnCase levels even in the presence of cycloheximide (Savage and Green 

1976) suggests that EGF may be activating an inactive form of the enzyme 

or decreasing its degradation rate. A recent report from Ballard and 

coworkers (Ballard et al. 1980) shows that EGF does indeed inhibit cellu

lar protein degradation. 



Other hormones and factors have also been demonstrated to 

increase ODCase activity in a variety of cell systems, however the 

results are conflicting. Glucagon will induce ODCase in mature hepato

cytes (Lumeng 1979) but not in fetal hepatocyteso Both glucagon and 

cyclic AMP are good inducers of ODCase in some studies (Canellakis and 

Theoharides 1976, Klingensmith et al. 1980); however, they may also be 

inhibitory (Carpenter and Cohen 1979). Prostaglandin El and cyclic GMP 

are also good inducers of ODCase (Janne et al. 1978) as well as growth 

hormone (Janne et al. 1978). It is clear that the study of specific 

hormones and growth factors will lead to a better understanding of the 

physiological regulation of ODCase activity. 

Inhibition of ODCase by Diamines 

11 

ODCase suppression by diamines has been noted in a number of cell 

lines, such as 3T3 (Clark and Fuller 1975), KB (Pett and Ginsberg 1958), 

human lymphocytes (Kay and Lindsay 1973), and regenerating rat liver 

(Janne and Holtta). The evidence gathered by Kallio (1977) and Clark and 

Fuller (1975) suggests that the regulatory effect is at the post-trans

criptional level, affecting enzyme synthesis. Although the mechanisms of 

such repression of ODCase by amines is somewhat obscure, it has been 

found that the active amines promote the accumulation in some cells of a 

25,000 Mw protein named the ODCase antizyme (Heller et a1. 1976). This 

noncompetitive inhibitor forms an inactive complex with ODCase. However, 

since the antizyme could not be detected in several tissues after diamine 

treatment, and ODCase was blocked completely, it follows that another 

ODCase regulatory mechanism exists other than antizyme induction. In 
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HMOA cells, a clone of HTC with a greatly extended half-life, Mamont and 

coworkers (1978) find that at high concentrations of putrescine (10-2M), 

the antizyme mechanism was responsible for OnCase inhibition. At low 

putrescine concentrations (10-6M), OnCase activity is still depressed, 

but without the induction of the antizyme. It seems, therefore, that one 

mechanism may be a suppression in new enzyme synthesis, while the other 

may induce the formation of the OnCase antizyme. 

The OnCase Antizyme 

The induction of a macromolecular inhibitor of OnCase by diamines 

and polyamines has been demonstrated by many laboratories (Heller et ale 

1976, Jefferson and Pegg 1977, Friedman et ala 1977). The appearance of 

this inhibitor is dependent upon protein synthesis (Poso and Janne 1976), 

and generally takes greater than one hour to show activity. Free OnCase 

antizyme can only be seen in cells totally depleted of ~nCase activity, 

since only free unbound inhibitor can be assayed (Canellakis et al 1979). 

In some cell lines (Heller and Canellakis 1979), low concentrations of 

putrescine (10-6M) are able to induce OnCase antizyme formation, suggest

ing that the inhibitor may be involved in the finetuning regulation of 

OnCase. 

Other Post-Translational Mechanisms 

A polyamine dependent protein kinase (EC.2.7.l.37) has been 

reported by Kuehn (Atmar and Kuehn 1981) which phosphorylates a unique 

70,000 Mw nuclear protein. Purification of this 70,000 Mw phosphate

acceptor protein showed it to have many properties similar to OnCase. 

Comparisons between this protein and OnCase purified from Physarum 
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polyepalum showed identical antigenic properties, abilities to decarboxy

late ornithine, and both are substrates for the polyaminedependent pro

tein kinase. In the phosphorylated form, this ODCase is inactivated 

(Atmar and Kuehn 1981). This negative feedback control mechanism needs 

further investigation, since its major drawback is that very high concen

trations of the polyamines are needed to activate the protein kinases 

(Kuehn and Atmar 1982). Russell and colle2gues (1981) have suggested 

that transglutaminase will catalyze the incorporation of putrescine into 

ODCase in vitro with a corresponding loss of enzymatic activity. Recent 

results suggest, however, that this process may not take place in ~. 

Culturing of Saccharomyces cerevisiae with radiolabeled polyamines 

resulted in the inactivation of ODCase, but an immunoprecipitate of 

ODCase from these cells contained no covalently bound polyamines (Tyagi, 

Tabor, and Tabor 1982). Thus, at least in yeast, there appears to be no 

post-translational modification by transglutaminase. 

Inhibitors of Polyamine Biosynthesis 

A large number of inhibitors are available to block polyamine 

biosynthesis at various points in the biosynthetic pathway. Many early 

experiments were done using a-methylornithine (Mamont et ale 1976, 

AbelMonem et al. 1975), which is a competitive inhibitor of ODCase. 

Putrescine and spermidine levels fall, and DNA replication as well as 

cell proliferation are inhibited (Mamont et al. 1976). The effects of 

inhibition could be reversed by the exogenous addition of polyamines, or 

by adding ornithine to compete in situ for the ODCase (Mamont et ale 

1976). 
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The advent of DFMO, an enzyme activated irreversible inhibitor of 

ODCase (Seiler et ale 1978) gave a more potent inhibitor of growth and 

polyamine synthesis than a-methylornithine. DFMO forms a stable, 

covalent bond at the pyridoxal binding site of ODCase alone and no other 

decarboxy1ating protein (Pegg, Seely, and Zagon 1982). The effect of 

DFMO on most cells is to reduce putrescine and spermidine to undetectable 

levels, while spermine remains conserved (Pegg and McCann 1982a)8 

Although ODCase is inhibited by DFMO, it appears that SAMDCase is stimu

lated in some cells, probably by the reduction of spermidine (Pegg and 

McCann 1982).SAMDCase is strongly inhibited by MGBG, but this drug is not 

specific since it inhibits diamine oxidase (Williams-Ashman and Pegg 

1981), and interferes with the polyamine transport system, since it is 

structurally similar to spermidine (Mamont et ale 1981). 

Defined Cell Culture Systems 

Complex media for the maintenance of cells in culture have been 

developed to maximize growth rates and survival. These media contain 

many factors necessary for cell viability, such as salts, amino acids, 

vitamins, and energy sources. In addition, other components such as 

serum were added to provide the stimulus for cell division. Since serum 

is an undefined component, it is conceivable that it may contain agents 

that are not physiologically relevant to the cell, which in turn cause 

the cascade of a series of reactions that completely bypass any primary 

effect that the required components had on their own (Canellakis et ale 

1979)~ Serum has been used with success in the past as a media supple

ment because it provides nutrients, hormones and binding proteins to the 
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cell (Gospodarowicz and Moran 1971, Sato and Reid 1971). However, for a 

given cell type serum may not provide the correct quantities of these 

factors (Barnes and Sato1980b) or it may contain enzymes and other pro-

teins which act as negative effectors on the cell (Gospodarowicz et al. 

1979). The minimal number of molecular interactions involved between 

stimulus and response during the elicitation of an enzyme activity can be 

defined better if the extracellular variables are minimized. Minimal 

salts-glucose solutions were developed to form an external setting in 

which the study of one metabolite on a particular process could be inves-

tigated (Chen and Canellakis 1977). However, cells in a system such as 

this are non-viable and not indicative of the in vivo state. Sato and 

Reid (1978) and Gospodarowicz et ale (1979) have proposed that the major 

role of serum in cell culture is to provide groups of hormones required 

for the growth and survival of cells. The reconstruction of complex 

extracellular environmental factors that are present in the whole animal 

requires that the in vitro state be accurately defined. Since serum is 

an undefined component in cell culture media, complete, serum-free 

defined media have been developed for many cell lines (Barnes and Sato 

1980b, Mather and Sato 1979). These consist primarily of the commer-

cially available basal medium with a variety of hormones, growth factors, 

and binding proteins added, depending on the requirements of the cell 

line. Of the cell types studied to date, all have a requirement for 

insulin, and only one does not require transferrin (Barnes and Sa to 

1980b). Although the major site of iron transport and storage is the 

liver, other cells require transferrin to sustain maximal cell division 

(Young and Aisen 1980, Rudland et ale 1977). This binding protein may be 



acting as a detoxifying protein to remove trace amounts of toxic metals 

from the medium (Barnes and Sa to 1980a). 
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The insulin molecule has been under extensive investigation, not 

only for its role in the regulation of glucose metabolism and macromole

cular synthesis (Bajai 1977), but also for its mitogenic effects on 

cells. In many defined media, the insulin concentration required for 

maximal growth is much higher than is physiologically relevant, suggest

ing that insulin may mimic the activity of a related peptide (Barnes and 

Sato 1980a). Insulin loses biological activity rapidly in serum-free 

culture medium which may explain why high concentrations are necessary 

(Sato and Reid 1978). Other hormones and growth factors, such as gluca

gon, hydrocortisone, prostaglandin E2, fibroblast growth factor, and 

growth hormone may be requirements for different cell types, however, 

insulin and transferrin seem to be the common factors. The study of 

cells in a defined system will make it easy to determine the exact physio

logical growth requirements of cells, as well as the mechanisms of regu

lation in enzymatic systems. 
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MATERIALS AND ~lliTHODS 

Materials 

L-[1-14C]-ornithine (51.6 mCi/mmol), L-[2,3-3H]-ornithine (2.7 

Ci/mmol), [tetramethylene 1,4-l4C]-spermine (90.6 mCi/mmol), [3-aminopro

pyl-3-3H (N)]-spermine (21.7 Ci/mmol), a-[5-3H]-DFMO (7.8 Ci/mmol), 

were obtained from New England Nuclear. Epidermal growth factor and 

fibroblast growth factor were obtained from Collaborative Research. 

Bovine insulin, human transferrin, ornithine, and putrescine were 

obtained from Sigma. Ferrous sulfate and ethylenediaminetetraacetic acid 

(EDTA) were from Fisher. Spermidine, spermine, dithiothreitol (DTT), and 

pyridoxal phosphate were from Calbiochem. Antibodies for fibronectin and 

vinculin studies were supplied by Dr. Mary J. C. Hendrix, University of 

Arizona, Dept. of Anatomy. Unlabeled a-DFMO was a generous gift from 

Dr. P. P. McCann of the Merrell Research Center, Merrell-Dow Pharmaceuti

cal, Inc. 

Cell Culture 

CHO cells were grown as monolayer cultures in McCoy's 5A medium 

(Gibeo Laboratories) supplemented with either 10% fetal bovine serum 

(FBS) (Gibco) or with 10 ~g/ml insulin, 5 ~g/ml transferrin, and 

4 ~M ferrous sulfate. All media also contained 100 units/ml penicillin 

and 100 ~g/ml streptomycin (Gibco). Cultures were maintained at 3,7°C 

in humidified incubators, 10% FBS cells at 5% COZ:95% air and defined 

medium cells at 10% COZ:90% air. We have maintained a line of CHO cells, 

18 
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designated DM 31080, in defined medium for over three years. These cells 

are used in many of the experiments to be described. 

Measurement of Cell Growth and Viability 

Cell doubling measurements were performed by seeding 60 mm tissue 

culture dishes (Falcon Plastics) with 2.5 x 105 cells in 5 ml media and 

assaying cell number at 24 hour intervals. Triplicate dishes were har

vested with trypsin at each time point for six days. Cells from the 

dishes plus cells from the media were counted by an electronic particle 

counter (Coulter Electronics). 

Colony formation experiments were performed by first washing 

cells maintained in medium plus 10% FBS with Puck's Saline A (Gibco) then 

placing the single cell suspensions of known number in 60 mm tissue 

culture dishes with 5 ml of the various defined media to allow colony 

formation. After undisturbed incubation for 10 to 14 days, colonies were 

fixed and stained with 0.5% crystal violet (Fisher) in 95% ethanol. 

Viable cells were judged to be those that gave rise to more than 50 cells 

per colony upon examination under a dissecting microscope (Gerner et ale 

1976). 

Assay for OnCase 

ODCase activity is determined by measuring the liberation of 

l4C02 from L-[1-14C]-ornithine. Cell monolayers were washed once with 

Puck's Saline A, and then removed with 0.025% trypsin for 5 min. Cell 

numbers were determined, cells pelleted and sonicated into 0.05M sodium 

potassium phosphate buffer, pH 7.2 containing 0.01 mM EDTA, 1.0 mM dithio'

threitol, 20 ~M pyridoxal phosphate and 100 ~M phenylmethyl sulfonyl 
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quantitati ve differences bet~veen the ttV'o cell lines. In order to better 

understand how vinculin was regulated, cells maintained in medium plus 

10% FBS were transferred to defined medium, and defined medium cells were 

fluoride. Final cell concentration was I x 104 cells/~l assay buffer, 

of which 200 ~l per assay tube is incubated for 30 minutes at 37°C with 

0.5 ~Ci III ~M labeled ornithine. The reaction is terminated with 

0.5 m1 1M citric acid, and l4C02 evolved was trapped on Whatman #3 (2.5 

cm filters) treated with 20 ~l NCS. Thirty minutes after termination, 

the filter is placed in 5 ml toluene/omnifluor (New England Nuclear) for 

counting in a liquid scintillation counter. Enzyme activity is expressed 

as pmol l4coZ released/l06 cells/hr. 

Assay for SAMDCase 

Enzyme activity was determined by the release of 14co2 from S

adenosyl-L-[carboxyl-14C] methionine. Reaction mixtures consisted of 

100 III of cell extract, 20 ~M pyridoxal phosphate, either 2.5 mM 

putrescine dihydrochloride or 5 mM spermidine trihydrochloride, 0.15 M 

14C S-adenosylmethionine, 70-120 III of 0.05 M sodium-potassium phos

phate buffer, pH 7.2, containing 1 mM dithiothreitol to make a total 

volume of 0.2 mI. Assays were performed in triplicate (Fuller, Gerner, 

and Russell 1977). 

Assay for Intracellular Polyamine Levels. 

A minimum of 5 x 106 cells/sample ~lere disrupted by sonication in 

1 ml of 10% trichloroacetic acid at 2°C. After a 10 minute incubation on 

ice, the homogenate was centrifuged at 10,000 x g for 10 minutes. Forty 

III aliquots of the supernatant "fraction were assayed dn a Dionex 
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polyamine analyzer utilizing three NaCl/citrate buffers of 0.6, 1.2, 

and 3.0M in conjunction with a microbore column containing DC-4A resin 

(Dionex). Detection of polyamines is either fluorometric with o-pthal

aldehyde (Dionex) or by collecting labeled fractions. Radioactive frac

tions were solubilized in 25% triton X 100/toluene/omnifluor (New England 

Nuclear) for liquid scintillation counting (Gerner et al. 1983). 

In experiments requiring the addition of polyamines, unlabeled, 

chromatographically homogeneous spermine or labeled polyamines are 

diluted into the culture medium. Upon the addition of polyamines, the 

growth medium is adjusted to 10-5M aminoguanidine (Sigma) to inhibit poly

amine degradation by diamine oxidaseso 

Polyamine Metabolism Experiments 

Cells in 100 mm tissue culture dishes were pulsed with 20 ~g of 

either [tetramethylene 1,4 l4C]-spermine or [3-aminopropyl-3-3n (N)]

spermine. Cells were incubated for 12 hours, scraped into the medium, 

counted, and pe11eted. Samples were then processed as above for poly

amine analysis and 1.5 minute fractions of effluent from the polyamine 

analyzer were collected at 1.5 minutes intervals for counting. 

Assay for Fibronectin and Vinculin 

Cells (6 x 106) were washed three times in Puck's Saline A with 

two minute incubations each. Cells are then fixed for 30 minutes in 

paraformaldehyde/H20 at room temperature, and placed in phosphate buf

fered saline (PBS). Coverslips are removed and placed in microtiter dish 

wells, and rinsed three times with filtered PBS. A 1:20 dilution of 

rabbit anti-human fibronectin in PBS is then placed on the cells as the 
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primary antibody. The cells are then incubated in the refrigerator at 

4°C overnight. When the cells have reached room temperature, rinse three 

times in PBS. Secondary antibody was added at a 1:40 dilution of goat 

anti-rabbit (rhodamine) in PBS. With this preparation kept in the dark, 

cells were then covered with secondary antibody for one hour at room 

temperature. After this treatment, the cells were then rinsed three 

times with PBS and observed with a microscope containing fluorescent 

objectives. 

For assay of vinculin, the primary antibody is rabbit antivincu

lin, diluted 1:40 in filtered PBS. The secondary antibody is goat anti

rabbit also diluted 1:40 in PBS. The assay procedure is the same as for 

fibronectin. 

Protein Determinations 

Protein levels were determined by the method of Bradford (1976) 

utilizing Coomassie brilliant blue-G stain. Bovine serum albumin was 

used as a standard. 

Cholesterol and Phospholipid Assays 

The methods for determining cholesterol and phospholipid 

extracted from cells are referenced in detail (Sertich, Fuller, and 

Gerner 1982). 



RESULTS 

Growth of Cells in Defined Media 

Initial experiments to develop a defined medium for CHO cell 

culture began with the use of the defined medium used for HeLa cells 

(Sato and Reid 1978). This medium contains 10 ~g/ml insulin, 5 ~g/ml 

transferrin, 10 ng/ml epidermal growth factor, 10 ng/ml fibroblast growth 

factor, and hydrocortisone. Although this medium supports growth of CRO 

cells, it is evident from Figure 1 that not all the components are neces

sary. CHO cells maintained in McCoy's 5A medium plus 10% FBS are tryp

sinized from the monolayer, washed twice in Puck's Saline A, and replated 

in the defined media. From this early study, it is apparent that some of 

the growth factors could be eliminated as they have no effect on cell 

proliferation. This leaves just insulin and transferrin as absolute 

requirements for CHO cells. It was found through independent experiments 

(J.M. Lockyer, personal communication) that our CHO cells have no recep

tors for EGF. 

Figure 2 shows the g~owth of CHO cells in various combinations 

of insulin, transferrin, and ferrous sulfate. This latter compound was 

added as a source of iron for the cells, as McCoy's 5A contains only 

trace amounts of this metal. As in the previous experiment, cells main

tained in medium plus 10% FBS were removed from monolayer culture by 

trypsin, washed twice in Puck's Saline A, and replated in medium with 

different supplements. Cells returned to medium plus 10% FBS show expo

nential growth with no lag, and a doubling time on the order of 13 hours. 
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Figure 1. Cell Doubling Times in Defined Media (Insulin, Transferrin, 
EGF, FGF, Hydrocortisone)o 

CHO cells maintained in McCoy's 5A medium supplemented with 20% FBS 
were removed ~rom the.mo~olayer with trypsin, washed twice with Puck's 
SalIne A, and replated in dishes with the defined media consisting of 
McCoy's SA supplemented with FBS ~~, insulin, transferrin, FeS04 
(0--0), insulin and FeS04 ~-~, insulin, transferrin, FeS04, EGF, 
FGF, hydrocortisone (0--0), or no additions (0--0) 0 The cells Here 
harvested and counted at the indicated times •. 
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Figure 2. Cell Doubling Times in Defined Media (Insulin, Transferrin, 
Ferrous Sulfate). 

ClIO cells maintained in McCoy's 
from the monolayer, washed with 
SA meo.ium supplemented with 10% 
ferrous sulfate P":'-D) , insulin 
ferrous sulfate ~~), insulin 
(0 --0), or no addi tions (6-~ 0 

times. 

SA medium plus 10% FBS were trypsinized 
Puck's Saline A, and replated in McCoy's 
FBS (0--0), insulin, transferrin, and 
and transferrin ~-~), transferrin and 
and ferrous sulfate ~-~D)~ insulin 
Cells w~re harvested at the indicated 
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system will make it easy to determine the exact physiological growth 

requirements of cells, as well as the mechanisms of regulation in enzyma

tic systems. In medium plus insulin and transferrin, growth is the same 

as 10% FBS cells for 24 hours, followed by a somewhat slower growth rate 

in either case of 16 hours. Removal of insulin, transferrin, or both 

from the growth medium gives clearly sub-optimal growth and final culture 

densities. Ferrous sulfate appears to be able to mimic the action of 

transferrin. 

Colony Forming Efficiency in Defined Medium 

Since the cells were proliferating in the defined media, it 

became necessary to determine the viability of the cells. For this task, 

the measurement of single cell colony formation on a substrate was 

employed. As demonstrated in Table 1, cells maintained in medium plus 

10% FBS have a colony forming efficiency (CFE) greater than 90%, while 

the optimum defined medium consisting of insulin, transferrin, and 

ferrous sulfate gives a CFE of 30%. Insulin and transferrin alone show 

a 1% CFE, while all other combinations give less than 0.001% CFE's. The 

apparent discrepancy in the doubling times versus the CFE may be 

explained by the fact that the dishes in a CFE are allowed to incubate 

for 10-14 days, which may be the limit of the life of the growth factors 

in serum-free medium. The doubling time experiments are completed within 

five days, and at this point there may be sufficient quantities of growth 

factors, primarily insulin, which give the cells a much higher viability 

than is shown in the CFE assay. An alternate explanation is that cells 

grown in defined medium cells may not attach completely to the substrate, 



Table 1 

Viability of CRO Cells Growing in Defined Media 

McCoy's SA (Modified) 
+ Additions 

10% FBS 

Insulin (10 ~g/ml) 

Transferrin (5 ~g/m1) 
+ FeS04 (1.1 ~g/ml) 

Insulin + FeS04 

Insulin + Transferrin 

Insulin + Transferrin 
+ FeS04 

No Additions 

Colony Forming Efficiency 
(%) 

98.8 

< 0.001 

< 0.001 

< 0.001 

0.96 

27.1 

< 0.001 

CRO cells maintained in McCoy's SA medium supplemented with 10 ~g/ml 
insulin, S ~g/ml transferrin, and 1.1 ~g/ml FeS04 were washed 
twice with Puck's saline A and then removed from the monolayer with 
trypsin. A single cell suspension was then plated into medium plus 
growth factors and allowed to proliferate for 10 days for colony 
formation. 
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but are still viable. Indeed, if the defined medium cells are allowed to 

grow to confluence, greater than 50% of them will detach from the mono

layer. If these cells are resuspended well to obtain a single cell sus

pension, and then replated into fresh medium, most will attach to the 

surface and continue proliferating. 

Stimulation of ODCase Activity by Defined Medium 

Having developed a defined medium for these CHO cells yielding 

definable growth and viability rates, it was possible to ask how specific 

growth factors affected polyamine biosynthesis. Alterations in ODCase 

activity were investigated first. Figure 3 depicts the result of trans

ferring cells maintained in medium supplemented with 10% FBS to the 

defined medium. At six hours after this transfer, the activity of ODCase 

begins to rise, reaching a maximum 24 hours later. As will be shown 

later, this maximum activity is density dependent and ~y be due to the 

absence of some serum growth factors. This increase was thought to be 

possibly due to osmotic fluxes, as previously reported under other condi

tions (Oka and Perry 1980). Medium plus 10% FBS had an osmolality of 293 

mos/kg while medium plus growth factors showed an osmolality of 289 

mos/kg, a difference of only 4 mos/kg. This small change may be respons

ible for an occasional early two-fold increase observed at 2-3 hours 

after media change. The large rise in ODC activity is due to the effect 

of the growth factors, and will remain elevated as long as the cells are 

grown in defined medium. Since we saw thi~ incLeas~ in the apparent 

activity of ODCase, it next became important to determine which growth 

factors were acting to modulate the enzyme activity. 
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Figure 3. 0-24 Hours Stimulation of ODe in Defined Mediutn. 

eHO cells tnaintained in medium plus 10% FBS were washed twice with 
Puck's Saline A, then transfered to defined medium. At the times 
indicated, cells were ha~vested and measured for ODe activity. 
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Growth Factor Effects on onc Activity 

The effect of insulin has been well documented as to its ability 

to stimulate OnCase activity (McCann et ale 1975). In defined medium, 

the effect is dose dependent above 1 ~g/ml while holding transferrin 

and ferrous sulfate constant (Figure 4, panel A). The concentration of 

10 ~g/ml is 30,000-fold in excess as to what is present in fetal bovine 

serum (Altman and Katz 1976). When mixed in the defined medium, the 

insulin concentration is diluted to a point 3000-fold above that seen in 

medium plus 10% FBS. 

Transferrin io also required for the expression of maximal OnCase 

activity, as demonstrated in Figure 4B. With no transferrin, and with 

insulin and ferrous sulfate held constant at 10 and 1 ~g/ml respec

tively, there is still an activity of OnCase that is 60% of the control 

defined medium cells. At 50 ~g/ml, or ten times the amount in control, 

the enzyme activity is two-fold above the no transferrin level. These 

data imply that transferrin is necessary for the maximal expression of 

OnCase activity, which may be a reflection of the growth state of the 

cell. 

The ferrous sulfate effects, presented in Figure 4C, show a dual 

type of dose response. With no FeS04, or with 1.1 ~g/ml, the onc 

activity is at control levels. At concentrations between 0.001 and 0.1 

~g/ml, the activity is 130% above control, suggesting that only small 

concentrations of the iron salt are needed for the enzyme to be maximally 

activated. At 11 ~g/ml FeS04, the DnCase activity is lowered below 

control levels, implying an inhibitory effect on the enzyme. It should 

be remembered that ferrous sulfate is required to increase the colony 
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Figure 4. Effect of Growth Factor Concentration on ODC Activity. 

CHO cells maintained in defined medium were washed twice with Puck's 
Saline A, then replated in defined media containing various concentra
tions of the growth factors. In panel A, the concentration of trans
ferrin is 5 ~g/ml, ferrous sulfate is at 1.1 ~g/ml, and insulin is 
varied. Panel B holds insulin constant at 10 ~g/ml, ferrous sulfate at 
1.1 ~g/ml, while transferrin is changed. Panel C has the concentration 
of ferrous sulfate changed, while keeping insulin constant at 10 ~g/Inl 
and transferrin at ,5 ~g/mlo Cells were kept in these defined media for 
24 hours, then hatvested for assay of ODC. The arrows indicate the 
concentration of growth factor present in the defined medium used for 
control cell cultures. 
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forming efficiency of the defined medium cells fron 1% to 30% (see Table 

1). Since McCoy's SA medium does not contain any source of iron, and 

there is no serum to provide an exogenous source, the ferrous sulfate in 

the medium must be supplying the cell with an important nutrient. 

With the conditions of cell growth and viability optimized, the 

next task was to investigate the phenomenon of density dependant stimula

tion of ODCase in defined medium. 

Cell Density and ODC Activity 

In many early eXperiments, it became apparent that ODCase acti

vity in the defined medium varied as a function of how densely packed the 

cells were on the dish at the time of the assay. With 10% FBS cells, 

ODCase activity falls as the cells approach confluence. In fact, plat

eau-phase cultures of 10% FBS maintained cells have undetectable ODCase 

levels. Defined medium cells appear to show a loss of this form of 

regulation when they near a confluent state. Figure S shows that in 

sparse culture conditions, ODCase activity in both cell lines is approxi

mately the same. As the cells reach the point of confluence, the acti

vity of ODCase climbs in the defined medium cells and falls in those 

incubated in medium plus 10% FBS. When plateau-phase of growth is 

reached, there is a 16-fold difference between the two cell lines, with 

the defined medium cells showing a great stimulation. The reasons for 

this alteration of regulation are not clear; however, it may be due to 

the absence of serum components or an alteration in the cell ultrastruc

ture such that the normal contact inhibition mechanisms a"re inactive. 

The important point to be made is that when experiments using defined 
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Figure 5. Cell Density Effect on ODe Activity. 

CHO cells maintained in medium plus 10% FBS wer.e removed from the mono
layer and washed twice in Puck's Saline A. They were then replated on 15 
cm dishes at 6, 3, "1.5, and 0.75 xl06 cells per dish in either medium 
supplemented with 10% FBS (0--0), or the defined medium containing insu
lin, transferrin, and ferrous sulfate (0--0). Cells were harvested 24 
hours later and assayed for ODe activity. 



medium cells are compared, cell density must be taken into account. 

Otherwise, erroneous conclusions may be drawn about fluctuations in 

enzyme activity. 

Biological Half-Life of ODC 

34 

One explanation for the elevated activity of ODCase in the 

defined medium cells could be that the half-life of the enzyme was 

increased, and therefore more enzyme would be available for the conver

sion of ornithine to putrescine. To determine the biological half-life 

of ODCase, cells in culture were treated with puromycin to inhibit new 

protein synthesis with the enzyme activity measured at time intervals 

afterwards to assess the degradation rate. The first step in this pro

cess is to determine a minimum concentration of puromycin which will 

inhibit protein synthesis down to 10-20% of control. Figure 6 shows that 

a two hour treatment of 50 ~g/ml puromycin is optimal for cells grown 

in either medium plus 10% FBS or defined medium, and that higher doses do 

not cause any substantial further inhibition. 

The results presented in Figure 7 show the biological half-life 

of ODesse in cells grown in defined medium and medium plus 10% FBS cells 

after treatment with puromycin. From these data, it is clear that the 

ODCase activity in defined medium cells is extended as compared to the 

enzyme activity in cells maintained in medium plus 10% FBS. This four

fold increase in half-life does not account for the 10-20 fold increase 

in ODCase activity, however it may be involved in part. The results 

reported here are the shortest of the tl/2 determinations performed on 

the defined medium cells. Indeed, the half-life has been observed to be 



35 

15 

O,4-----~-----r----~----~--7r----~~ 
(() 25 50 15 500 

Figure 6. Puromycin Dose Response. 

eRO cells maintained in medium plus 10% FBS (0--0) or the defined medium 
(0--0) were treated with the indicated doses of puromycin for two hours, 
then assayed for ODe activity. The results are of triplicate 
determinations. 
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Figure 7. ODC Half-Life in 10% FBS Hedium and Defined Medium. 

CHO cells maintained in either medium plus 10% FBS (0--0) or-defined 
medium (0--0) were treated with 50 ~g/ml puromycin and assayed for ODC 
at the times indicated. The results shown are the result of triplicate 
determinations. 



as long as 200 minutes in some cases, compared to an average of 12-45 

minutes for cells cultured in medium plus serum. 

Antizyme Induction by Spermine 

37 

We next asked the question as to whether there was a defect in 

the expression of the ODCase antizyme. This non-competitive protein 

inhibitor of ODCase is activated by micromolar levels. of the polyamines. 

If the antizyme was unable to be induced in the defined medium cells, it 

might account for the high ODCase activity observed. Figure 8 shows the 

effects of four hours of exogenous treatment with spermine to both cell 

lines. It is clear that in both defined medium and 10% FBS cultured 

.cells that the antizyme is able to be induced by 10 ~M spermine. These 

data are in good agreement with those reported by other investigators for 

the antizyme effect. 

SAMDCase and Polyamine Levels 

Given the major change in ODCase activity in the defined medium 

cells, we asked whether other enzymes in the polyamine biosynthetic 

pathway were similarly affected. Table 2 is a summation of the data 

obtained on the major parameters in the polyamine biosynthetic pathway. 

As shown, the ODCase activities of the two cell lines are comparable to 

what is presented in Figures 3 and 4, with the slight variations due to 

cell density effects. Unlike ODCase, SAMDCase is not affected by culture 

in defined medium. When this enzyme is active in the putrescine depen

dent part of the pathway, the activity of 132 (pmol/106 cells/hr) in the 

defined medium cells is not significantly higher than the 10% FBS cells 

activity of 118 (pmol/106 cel1s/hr). When spermidine is the substrate, 
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Figure 8. Antizyme Induction by Spermine. 

Defined medium (0--0) and 10% FBS (0--0) 'cells were treated with the 
indicated concentrations of spermine for 4 hours) then were assayed for 
ODe activity. 
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Table 2 

Enzyme Activities and Polyamine Levels in CHO Cells 

10% FBS cells DM 31080 cells 

ODCase Activity 280 ± 14 1800 ± 59 
(pmol/106 'cells/hr) 

SAMDCase Activity 
(pmol/106 cells/hr) 

Put. Dep. 59 ± 3.2 66 ± 2.9 
Spd. Dep. 11 ± 1.9 13 ± 1.5 

Putrescine Not 
(nmol/10 6 cells) 1.5 Detected 

Spermidine 
(nmol/106 cells) 4.6 0.29 

Spermine 
(nmol/106 cells) 3.3 5.2 



we see approximately 20% of the activity as with putrescine, but agnin 

the activities of 11 and 13 (pmol/l06 cells/30 min) for the 10% FBS and 

defined medium cells, respectively, are not significantly different. 
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Intracellular polyamine levels are substantially altered between 

the two cell lines. Putrescine, which is undetectable in the defined 

medium cells, is present at 150 nmol/l06 10% FBS cultured cells. Spermi

dine concentrations were also significantly lowered in the defined medium 

cells, from 467 to 29 nmol/l06 cells. This drop of almost half of a 

~mol of spermidine is much larger than the 150 nmol change in putres

cine. It appears that there is a conservation of spermine, if not an 

overabundance in the defined medium cells. The ratio of spermidine to 

spermine has been used for some time as an index of cell growth. Cells 

growing in the log phase usually have more spermidine than spermine, or a 

ratio greater than one. The defined medium cells clearly show a spermi

dine/spermine ratio of less than one, even though they are actively 

proliferating. The meaning of this is not clear, but it is evident that 

the cells require spermine at the expense of the other polyamines. 

Investigating the control of intracellular spermine levels was 

the next priority in the research program. 

Metabolism of Spermine in Defined Medium 

In order to determine how spermine is metabolized, it was neces

sary to first determine how it is synthesized. Figure 9 shows the meta

bolism of 3H ornithine into putrescine and the polyamines. The ratios 

observed are similar to those determined fluorometrically in Table 2, 

suggesting that transport of ornithine. is not different for the two cell 
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lines. The activities of the interconversion or catabolic enzymes was 

next investigated. Radiolabeled spermine was administered to exponen-

tially growing 10% FBS and defined medium maintained cells for 18 hours 

to look for interconversion to other polyamines. Figure 10 shows that 

while serum maintained cells rapidly convert spermine to spermidine and 

putrescine, defined medium cells carry out this conversion only to a 

limited degree. The reasons for this may be that the enzymes responsible 

for interconversion, spe~idine/spermine Nl acetyltransferase or poly-

amine oxidase may be serum components that are missing from the defined 

medium, with the cells unable to manufacture them. Further, the defined 

medium cells may possess enzymes which are in an inactive state due to 

the lack of specific activation factors in the serum. The possibility 

exists that the factors required for the regulation of polyamine biosyn-

thesis present in serum but absent in the defined medium may be the 

substrate, ornithine, or the first endproduct in the pathway, putrescine. 

These possibilities were investigated in the next series of experiments. 

Substrate Involvement in the Regulation of 
ODCase Activity and Polyamine Levels 

A careful analysis of the defined medium shows that there is no 

source of ornithine, which means that this amino acid must be manufac-

tured by the cell. In addition, the absence of putrescine in the defined 

medium cells leads to a loss of regulation that may account for the high 

ODCase activity. We tested whether the addition of exogenous ornithine 

or putrescine in concentrations similar to \'lhat is contained in serum 

~lOuld have any effect on ODCase activity and polyamine levels. In the 

case of ornithine, Figure 11 shows that there is a dose-dependent 
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Figure 9. Metabolism of 3H Ornithine. 

Cells cultured in defined medium (0--0) or medium plus 10% FBS (0--0) 
were incubated with 1 UCi/ml 3H ornithine (2.7 Ci/mmol) for 24 hours. 
Cells were then scraped into the medium, ,washed, counted, and prepared 
for polyamine analysis. Aliquotsof 1.S minute fractions were counted 
for radioactive polyamines. Put~ putrescine; spd, spermine; spm, 
spermine. 
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Figure 10. Metabolism of 3H Spermine. 

Defined medium cultured cells (0--0) or 10% FBS maintained cells (0--0) 
were incubated with 2 ~Ci/ml of tetramethylene 1,4-14C spermine for 24 
hours, then harvested by scraping. Cells were then counted and prepared 
for polyamine analysis. Fractions were collected and an aliquot was 
taken for scintillation counting. 
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inhibition of ODCase at 100 ~M, bringing the activity of ODCase dotvn to 

the levels observed in 10% FBS maintained cells. Figure 11 also shows 

that putrescine is able to inhibit ODCase completely at a concentration 

of 10 ~M, ten-fold less than the ornithine. Putrescine may be acting 

through the diamine effect to inhibit ODCase, or it may be activating the 

ODCase antizyme. Whatever the case, these mechanisms have been described 

previously. What is not clear, however, is why the substrate is able to 

inhibit the enzyme that acts upon it. Either there is a direct effect of 

the ornithine on the ODCase, or due to the high enzyme activity, the 

ornithine is rapidly metabolized through to putrescine, which then evokes 

its regulatory effects on ODCase. Indirect evidence for this is pre

sented in Figure 12, which shows a time course of ODCase inhibition by 

ornithine and putrescine. It is evident that putrescine is able to cause 

a significant fall of ODCase to 17% of control within one hour, while it 

takes the ornithine three hours to reduce the enzyme activity to 50% of 

control. It may be argued that the mechanisms of regulation for orni

thine and putrescine are different of inhibition cannot be meaningfully 

compared. Given the available body of experimental evidence, however, 

the most likely explanation for the drop of ODCase by ornithine treatment 

is the quick formation of putrescine. 

To determine what effect the exogenous ornithine had on polyamine 

biosynthesis, polyamine levels were measured after 24 hour treatments 

with the same concentrations of ornithine that were used in the experi

ment presented in Figure 11. As ornithine concentrations rise above 

1 ~M, we see that the intracellular levels of putrescine and spermidine 

begin to rise quite dramatically, such that they are approaching the 
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Figure 11. Defined Medium Cell ODC Activity in the Presence of Ornithine 
and Putrescine. 

Defined medium CHO cells were treated with the indicated concentrations 
of either ornithine (0--0) or putrescine (0--0) for 24 hours. Cells were 
then harvested by trypsinization and assayed for ODC activity. 
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Figure 12. Time Course of Ornithine and Putrescine Inhibition of ODC 
Activity. 

Defined medium CHO cells were treated with 100 ~h ornithine (0--0) or 
10 tJM putrescine (0--0) for the times indicated. Cells were harvested 
and assayed for ODC activity. 
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Figure 13. Polyamine Levels in the Presence of Exogenous Ornithine. 

Defined medium cells were treated with the indicated concentrations 
of ornithine for 24 hours. Cells were harvested by scraping and pro
cessed for analysis of Putrescine (0--0), spermidine ~--~), and sper
mine aJ--CO. Polyamine levels in 10% FBS cultured cells are added as a 
control. 
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levels observed in 10% FBS maintained cells when ornithine reaches 100 ~M 

(Figure 13). Sp~rmine levels fall only slightly, but this fall may be 

related to the slight increase in this polyamine when serum maintained 

cells are transferred to the defined medium. Recent work from our labor

atory (J. R. Glass, personal observation) shows that when MGBG is placed 

on the cells in conjunction with ornithine, the inhibition of ODCase 

activity still occurs. This implies that either ornithine or putrescine 

are responsible for the enzyme inhibition in this case, and not spermi

dine or spermine. 

In the same context, the question arose as to whether the low 

putrescine levels in the defined medium cells was inhibitory to cell 

growth. Figure 14 shows the effect of adding 10 ~M putrescine to the 

growth medium of the defined medium cells and allowing them to prolifer

ate over a period of five days. The growth curve for the control cells 

without putrescine, and those with putrescine are identical, demonstrat

ing that these cells are not auxotrophic for the diamine as some mamma

lian cell mutants are. 

DFMO and Enzyme Activities 

The results showed that the DM 31080 cells had low spermidine but 

unchanged levels of putrescine SAMDCase (Table 2), which called into 

question Mamont's conclusions on the negative regulation of SAMDCase by 

spermidine. In order to further test the hypothesis that spermidine was 

involved in the control of SANDCase, we used DFHO to deplete spermidine 

and ask whether it was the overall change in spermidine levels, or the 

absolute levels themselves that were affecting the activity of SAMDCase. 
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Since DFMO binds to ODC specifically causing no cytotoxic effects, we 

tested what minimum concentration of this agent would inhibit ODCase 

activity. The data presented in Figure 15 show that the minimum concen

tration of DFMO required to rapidly inhibit ODCase activity to 3% of 

control is 10roM. This effect occurs in 30 minutes, while it takes 1 roM 

DFMO twice as long for inhibition to the same degree. Since 10 roM DFMO 

does not have any adverse cytotoxic effect, we have elected to use this 

concentration to inhibit cell ODCase activity. 

We also tested whether the inhibition of ODCase activity by DFMO 

would have any effect on overall cell proliferation, and also at which 

point after the drug was removed that ODCase activity recovered. Panel A 

of Figure 16 shows how a four hour treatment of DFMO affects defined 

medium cell growth. It is apparent that there is no major difference 

between control and treated cells. At the same time, panel B of Figure 

18 shows that ODCase activity remains depressed after this four hour 

treatment indicating that the expression of enzyme activity is not 

required for CRO cell growth up to 50 hours, or approximately three 

doublings. ODCase activity in the control cells climbs as the cells 

become crowded in the dishes, as previously shown in Figure 5. 

Polyamine levels in the defined medium cells were measured after 

treatment with DFMO to correlate effects on growth and ODCase activity • 

. Under continuous DFMO treatment, the levels of putrescine and spermidine 

are not significantly altered, while spermine begins to drop 24 hours 

after DFMO application. Although after 80 hours the intracellular levels 

of putrescine and spermidine were not altered, the concentration of 

spermine fell by 60% (Figure 17). Between 80 to 100 hours post DFMO 
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Figure 14. Cell Doubling Times in the Presence of Putrescine. 

Defined medium cultured cells growing exponentially were plated in dishes 
containing defined medium with (0--0) or without (0--0) 10 lJM putres
cine. Triplicate samples were harvested at 24 hour intervals and counted. 
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Figure 15. Time alld Concentration and Effects of DFHO on ODC Activity. 

eRO cells were treated with 0.1 (0--0), 1.0 (0--0), and 10 ~--b.) roM DFHO 
for the times indicated, at which point ODe activity was measured. 
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treatment, spermine levels begin to rise, presumably due to the resump

tion of ODC activity and polyamine biosynthesis. These data show that 

the intracellular polyamine levels are not drastically changed after 50 

hours so that the cells are able to continue proliferating. At 40 hours, 

when the cells are still in log phase growth, spermine has dropped by 

15%, which is not enough to inhibit cell growth. Since spermine is 

present in these cells in a much higher concentration than putrescine or 

spermidine, it is surmised that this polyamine alone can fulfill the 

organic cation requirements of the cell. 

S-Adenosylmethionine decarboxylase is primarily responsible for 

synthesizing spermidine and spermine from putrescine, so it was decided 

to measure the activity of this enzyme in the presence of DFMO to deter

mine whether there were any major changes. It had been previously shown 

by Mamont (1982) that DFMO increases the activity of SAMDCase in cultured 

cells. This is presumably due to the loss of the negative feedback of 

spermidine as it is metabolized to spermine. Low spermidine levels in 

the defined medium cells theoretically should elevate the activity of 

SAMPCase. This is not the case though, as seen in Table 2. The SAMDCase 

activities of both cell lines are approximately the same, and yet there 

is a large variation in the intracellular spermidine content. Treatment 

of the cells (Figure 20) for various lengths of time with 10 roM DFMO 

causes the increase of SA}IDCase activity in the 10% FBS maintained cells 

by 12 hours, while at the same time there is no such stimulation in the 

defined medium cells. At 24 hours, there is almost a three-fold increase 

in the SA}tDCase activity of the 10% FBS cells compared to defined medium 

cells which show only a slight elevation in enzyme activity. Cells not 
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Figure 16. DFMO Effects on Cell Number Increase and Recovery of ODC 
Activity in Defined Medium and 10% FBS Cells. 

Panel A shows the increase in cell number of defined medium cells with 
10mM DFMO added to the growth medium (J:J--O) or without DFMO (0--0) as 
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a control. Triplicate dishes were allowed to incubate for the times 
indicated then harvested to determine cell number. Panel B is the effect 
of 10 ~~ DFMO on the activity of ODe in the defined medium cells. DFMO 
t-las added to the growth medium for the times indica ted, after which 
cells with DFMO ¢J--O) and control cells aJ--D) were harvested and 
assayed for ODC activity. 
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Figure 17. DFMO Effects on Polyamine Levels in Defined Medium Cells. 

Defined medium CRO cells were treated with 10 roM DFMO for the times 
indicated, after which cells were harvested and assayed for putrescine 
(0--0), spermidine ~-~), and spermine aJ--O). Control cells wi~hout 
DFMO treatment assayed ~t the same time are illustrated as putrescine 
(0-0), spermidine (6--,G, and spermine (0-0). 
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Figure 18. P-SAMDCase Activity with DFMO in CHO Cells. 

Defined medium cells ~-~ and 10% FBS medium maintained cells (0--0) 
were treated with 10 ruM DFMO for the times indicated, after which the 
putrescine dependent SAMDC activity was measured in the treated cells as 
well as control 10% FBS (0--0) and control defined medium ~--~ cells. 
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treated with DFMO do not show any significant alteration of SAMDCase 

activity. These data demonstrate that low spermidine levels, per se, do 

not lead to an induction of putrescine dependent SAMDCase, but that a 

change in spermidine levels might trigger this effect. 

Effect of DFMO in Mixed Cultures 

It was apparent that the lack of recovery of ODCase activity in 

the defined medium cells after DFMO treatment was a peculiar event, 

because the removal of the inhibitor should have allowed the cells to 

again express ODCase activity within a short period of time. It was 

hypothesized that there was a factor in either the DFMO treated cells or 

medium that was still inhibiting the enzyme. In Figure 18, cells treated 

with DFMO for four hours were washed well and then mixed in culture with 

control cells for 24 hours. After this time, the cells were assayed for 

ODCase activity in order to determine whether the DFMO treated cells 

exerted any inhibitory influence onto the control cells. It is clear 

from the data presented in Figure 18 that mixing the cells causes a loss 

of ODCase activity in the control cells in a ratio greater than one to 

one. For example, mixing the cells at a one to one ratio causes the loss 

of enzyme activity to 20% of control. Either the treated cells are 

compartmentalizing the DFMO such that when the two populations are mixed, 

this stored DFMO is released and the control cell ODC is inhibited, or 

the treated cells are releasing some factor into the medium that is 

inhibitory to ODC activity in both cell lines. We tested the first idea 

by incubating the homogenate of DFMO treated cells with control cell 

homogenate. The data in Figure 19 show clearly a linear inhibition when 
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Figure 190 Effe~t of Mixing DFMO Treated Cells with Control Cells. 

Defined medium CHO cells were treated with 10 ~1 DFMO for 4 hours, after 
vJhich they were washed ttvice with Puck's Saline A and fresh medium was 
replaced for 24 hours. After this time, cells were removed from the 
monolayer with trypsin as were control cells without DFMO treatment. 
The two populations of cells were counted, mixed in the indicated 
proportions, and allowed to incubate in fresh medium for 24 hours. 
After this 24 hour period, they were harvested and assayed for ODe 
activity. 
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Figure 20~ Effect of Mixing DFHO Treated Cell Homogenates with Control 
Cell Homogenates. 

Defined medium cells were treated with 10 ~1 DFMO for 4 hours, then 
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washed twice with Puck's Saline A with fresh medium replaced for 24 hours. 
After this time, cells were removed from the monolayer with trypsin and 
prepared for the ODC assay. Control cells were also prepared as above, 
except without the DFMO treatment. The indicated proportions of cell 
homogenates were mixed together and allowed to incubate on ice for 
15 minutes, after which the ODC assay was performed. 
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homogenates from the two populations are mixed~ The implication is that 

the DFMO treated cells are not storing the DFMO such that it is able to 

continue inhibiting ODe even though the medium has been cleared of the 

drug. A likely explanation was that the cells secreted into the medium a 

factor which was inhibitory to ODease and whose production was stimulated 

by DFMO. To test this idea, cells were treated with DFMO for four hours. 

Following a wash, the cells were incubated in fresh medium for 24 hours. 

Subsequently, a new aliquot of cells was incubated in this conditioned 

medium for 24 hours. This conditioned medium should have no trace of the 

drug since it was added to treated cells after they were washed exten

sively. The data presented in Table 3 shows that the DFMO conditioned 

medium inhibits control cells, while control cell conditioned medium does 

not suppress enzyme activity. As shown previously, fresh medium or in 

this case control cell conditioned medium does not not restore ODe acti

vity in DFMO treated cells. Taken together, these data imply that there 

is a factor that the DFMO treated defined medium cells extrude into the 

medium that is able to inhibit ODe activity in the control cells, and 

most certainly the treated cells themselves. Further investigations into 

this phenomenon are needed, since it may lead to a different form of 

regulation for ODe that is novel to DFMO treated cells. 

By this time, we had obtained unequivocal evidence for signifi-

cant alterations in enzyme activities, polyamine levels, and metabolism 

in cells growing in defined medium. During the course of these studies, 

we had noted that defined medium cells required longer trypsin times 

during log phase growth to remove them from the substratum, and that they 

displayed an altered morphology. 



Table 3 

ODCase Activity After Treatment of Cells With Conditioned Medium. 

con cells con cells DFMO cells DFMO cells 

x x x x 

con medium DFHO meciittm DFMO medium DFMO medium 

ODCase Activity 

(pmol/106 cells/hr) x 10-2 10.2 0.25 N.D. N.D. 

Defined medium cells were treated with 10mM DFMO for 4 hours, after which 
the drug was washed off with two aliquots of Puck's Saline A. Fresh 
medium was replaced and the cells were allowed to incubate for 24 hours. 
Control cells were also treated as above but without the DFMO. The medium 
from all dishes was poured off and saved in sterile tubes, while the cell 
monolayers were washed twice with saline A. The media were switched as 
indicated and cells were incubated for an additional 24 hours. After 
this time, cells were harvested and assayed for ODCase activity. 

0\ 
o 
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Morphology of Cells in Defined Medium 

In addition to changes in ODC activity and the intracellular 

polyamine content, the overall morphology of the defined medium cultured 

cells is different from those maintained in medium plus 10% FBS. The 

photographs in Figure 21 show that 24 hours post transfer of 10% FBS 

medium maintained cells into the defined medium that the shape of the 

cells has changed from epitheliod to a more fibroblastic configuration. 

In addition to this elongated appearance, the defined medium cells do not 

pile up onto one another across the monolayer as the 10% FBS cells do 

when confluence is reached. Instead, they will form rounded up foci 

consisting of many cells in a tight ball. This change in shape is note 

altered by exogenous addition of protein, in the form of bovine serum 

albumin, or by changes in the concentration of the growth factors. Exo

genous addition of putrescine or ornithine also had no effect on changing 

the cells from a fibroblastic shape back to epitheliod. Apparently there 

is another factor or factors present in serum that are responsible for 

the maintenance of the cellular architecture or cell surface. The cell 

membrane was a logical place to look for differences which may alter cell 

shape. Table 4 shows that the total soluble cholesterol and phospholipid 

levels for both cell lines are not significantly different. While sol

uble protein levels fall from 80 to 50 ~g/106 cells. This 37% drop in 

protein is significant, and implies that a critical protein or proteins 

responsible for cellular architecture are missing or deficient in defined 

medium cultured cells. 



Table 4 

Cholesterol, Protein, and Phospholipid levels in 
10% FBS and Defined Medium Cells 

Cholesterol Protein Phospholipid 

10% FBS Medium 2.5 80.1 15.2 

Defined Medium 2.4 50.2 20.0 

Values expressed are in ~g/106 cells. 
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Figure 21. Morphology of Cells Maintained in Medium plus 10% FBS and 
Defined Medium. 

Phase contrast photographs of 10% FBS medium maintained cells at 100 X 
(A) and 400 X (B) are compared with defined medium cells at 100 X 
(C) and 400 X (D). 
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Increased Attachment of Defined Medium Cells to Substratum 

As stated earlier, cells maintained in defined medium are very 

difficult to remove from the dishes with trypsin~ To quantify this 

phenomenon, we determined the time needed to remove cells from the sub

strate after various times of trypsin treatment. The results shown in 

Figure 22 clearly indicate that the defined medium cells have a much 

greater attachment in the presence of trypsin than do the 10% FBS cells. 

At 30 minutes, when all the 10% FBS medium cells are removed from the 

substratum, over 50% of the defined medium cells are still attached. 

This suggests that there is an increase in the amount of the cell surface 

attachment proteins, such as fibronectin or vinculin, that allow the 

cells to bind to the substratum strongly while resisting the action of 

trypsin and EDTA. To test this hypothesis, defined medium cultured cells 

and control 10% FBS medium maintained cells were processed for fluores

cent antibody binding for both fibronectin and vinculin. This procedure, 

described in the methods section, allows the visualization of surface 

components, as well as a limited amount of intracellular distribution. 

We first examined the content of fibronectin in the cells, depicted in 

the photographs of Figure 23. Clearly, there are no major differences in 

fibronectin content at the cell surface. This meant that the increased 

attachment must be due to another surface protein. Vinculin was an 

obvious choice, since it is a focal adhesion protein present in most cell 

lines. Initial experiments showed that there were both qualitative and 

quantitative differences between the two cell lines. In order to better 

understand how vinculin wa's regulated, cells maintained in medium plus 

10% FBS were transferred to defined medium, and defined medium cells were 
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Figure 22. Trypsinization ~imes of CRO Cells. 

Defined medium CHO cells (0--0) and 10% FBS maintained cells (0--0) were 
plated at low density on 60 mm dishes and allowed to proliferate for 24 
hours. After this time, 5 m1 of trypsin was placed on the cells for 5 
minutes at a time. 'Disheswere rocked gently at the end of this interval 
and the cells removed for counting. Trypsin was placed back on the 
cells for each.5 minute interval until the end of 30 minutes. Data 
presented are the result of triplic~te determinations. 
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Figure 23. Fibronectin Levels in CHO Cells. 
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Fluorescent antibody staining for fibronectin of defined medium (A) and 
10% FBS (B) maintained cells was performed as described in the methods 
section. Photographs are at 400 x. 
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Figure 24. Vinculin Antibody Staining in CRO Cells at Various Times 
After Media Switch. 
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Defined medium and 10% FBS maintained cells were assayed for vinculin as 
described in the methods section. The assay was done at 0, 24, and 48 
hours after 10% FBS cells were transferred to defined medium (A) and 
defined medium cells transferred to 10% FBS medium (B). The photographs 
are at 400 x. 
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transferred to medium plus 10% FBS. The cells were harvested and assayed 

for vinculin at the intervals listed in Figure 24. The major differences 

observed between the controls for the two cell lines is that the 10% FBS 

cells have a general staining of the cell surface while the defined 

medium cells clearly demonstrate perinuclear staining. Defined medium 

cells lost the nuclear staining within 24 hours after transfer back to 

serum containing medium and likewise the serum maintained cells developed 

perinuclear staining 24 hours after transfer to defined medium. Treat

ment of cells with 10 mM DFMO prior to transfer into defined medium did 

not have any effect on vinculin staining, which meant that the high ODe 

activity in the defined medium cells was not related to the appearance of 

vinculin in the nucleus (data not shown). At this point, we cannot draw 

any clear correlation between polyamine biosynthesis and cell surface 

effects. However, i~proved techniques allowing the visualization of 

antibody staining in the interior of the cell, specifically the nucleus 

and cytoskeletal components, may clarify how extracellular growth factors 

are able to modify intracellular processes. 



DISCUSSION 

ODCase Regulation by Growth Factors 

The results presented demonstrate that Chinese hamster ovary 

cells can be cultured successfully in medium without serum. Growth rates 

and viability, as measured by single cell colony forming ability, are 

comparable to cells maintained in medium plus serum, although the CFE is 

reduced two to three fold. These factors are important when considering 

the development of a system that has as its operating parameters a com

pletely defined environment, and yet one which closely approximates the 

state in which much previous work has been done. Defined medium cell 

culture offers the "external setting" described by Canellakis (1979) to 

be important in determining the components of enzyme regulation. A 

system such as this utilizes cells that are in a viable state, as opposed 

to the non-viable condition of minimal salts-glucose preparations. 

With the initial work of characterizing a defined cell culture 

system done, the investigation turned toward the main subject of this 

dissertation, the regulation of polyamine biosynthesis by extracellular 

factors. One immediate observation from this work is that the activity 

of ornithi.ne decarboxylase begins to rise three hours after cells main

tained in medium plus 10% FBS are transferred to defined medium, and 

continues rising until 24 hours post transfer. At this point, the enzyme 

activity is ten to twenty-fold higher than the 10% FBS cells, and is 

stable for as long as the cells are maintained in defined medium. This 

high activity is not constituitive for immediate cell cycle traverse, 
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since treatment of log-phase cells with 10 mM DFMO had no effect on cell 

proliferation for 48 hours. Since insulin had been previously shown to 

stimulate ODCase activity, experiments were performed to determine to 

what extent insulin in the defined medium controlled the ODCase response 

(Hogan et ale 1974). Figure 4 shows that there is a good dose-response 

abo.ve 1 ~g/ml, which also corresponds to the point at which the cells 

are maximally viable. These data are in good agreement with previously 

published reports for the initial response, however no studies to date 

have examined the long term effects of continuous insulin exposure on 

cells with respect to ODCase activity (Hogan et al. 1974, McCann 1977). 

High concentrations of insulin cause the down-regulation of the number of 

insulin receptors (Bajai 1977); however, this appears to have a neglig

ible effect on OnCase activity in this system. The defined medium uses a 

concentration of insulin that is 30,000-fold higher than the levels found 

in medium with 10% FBS, which is necessary due to its degradation rate in 

serum-free media (Barnes and Sato 1980a). Another major effect of insu

lin in cells is to slow the degradation rate of many major proteins. 

Since the defined medium cells show aD ODCase biological half-life of 80 

minutes extended from 20 minutes, the implication is that this is due to 

a generalized insulin effect. Defined medium cells also show an 

increased ability to transport and utilize radiolaheled leucine as com

pared to 10% FBS cells. This increase in macromolecular synthesis shows 

up only as a slight increase in the number of ODCase molecules, as evi

denced by 38 DFMO binding ( J. R. Glass, personal observation). The 

higher protein synthesis could, however, be responsible for the synthesis 

of an activator protein of ODCase, which converts an inactive form of the 
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molecule to an active form. This idea is supported by the fact that 

there is only a small increase in the number of OnCase molecules in 

defined medium cells, which does not account for the high enzyme activity. 

Transferrin, the iron binding protein required by most c~ll lines, 

also increases OnCase activity in a dose-dependant fashion. The two-fold 

increase in enzyme activity had been seen before (A. E. Cress, personal 

communication) but the study in this dissertation shows that the effect 

is not dependent on any serum components and does not decrease with time. 

Studies from our laboratory and others pointed to the effect of metal 

chela tors such as EnTA on OnCase activity. In vivo experiments show that 

EDTA in combination with trypsin is able to stimulate ODCase activity 

two-fold over untreated cells (J. A. Noterman, personal observation) 

toJhlle a metal chelator in vitro such as 1,10 phenanthroliile i.:: able to 

inhibit the enzyme activity (M. Haddox, personal communication). The 

readdition of metal ions to OnCase that had been inhibited with chelator 

did not restore the enzyme activity. The implication, though, is that 

OnCase is a protein that reqires iron for its maximal activity, however 

an alternate explanation is that other processes in the cell require 

iron, and this is simply reflected in the metabolic state of the cell, 

and hence the OnCase activity. 

From the data presented in Figure 4, panel 3, it appears that 

ferrous sulfate is required for optimal expression of ODCase activity, 

but only at low doses between 0.001 and 0.1 ~g/ml. Above 1 ~g/ml, 

OnCase activity drops, but as shown in Table 1, a concentration of 1.1 

~g/ml is required for maximal colony forming efficiency. 
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It is clear then, that insulin, transferrin, and ferrous sulfate 

are necessary components for cell growth, and that they act together to 

modulate OnCase activity. 

OnCase Not Necessary for Cell Cycle Traverse 

The stimulation of cell growth and division is associated with an 

increase in the rate of polyamine biosynthesis. Many studies show that 

polyamine levels peak at two different points in the cell cycle; once 

during late Gl and again in late G2 preceeding mitosis. OnCase and 

SAMDCase, which are responsible for synthesizing the polyamines, also 

peak at these times(Heby et ale 1976). Polyamines are required for the 

initiation of nNA synthesis and cytokinesis, as evidenced by studies with 

specific inhibitors of the synthetic enzymes. In some cell systems, this 

inhibition arrests cells in the Gl phase, and in others, in S phase. 

What is not clear from these studies is whether the cell cycle inhibition 

is due to low polyamine levels or the absence of enzyme activity. The 

defined medium system offers evidence that spermine levels and not the 

other polyamines or enzyme activities are required for cell proliferation. 

The defined medium cells have very high OnCase activity, which is not 

related to the stoichiometric production of putrescine or the cell cycle 

traverse rate. Inhibition of OnCase with 10 roM nFMO eliminates enzymatic 

activity, and yet cells are able to proliferate for up to 50 hours, or 

over three doublings. This indicates that although the synthetic acti

vity may be altered, the polyamine levels remain essentially constant and 

allow the cells to continue cycling. It then becomes apparent that the 

catabolic enzymes such as diamine oxidase and polyamine oxidase must play 
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an important role in regulating intracellular polyamine levels in the 

absence of synthetic activity. Only in a defined cell culture system, 

with the absence of serum oxidases, are we able to examine in detail the 

catabolic pathways. It should be noted at this point that studies by 

Porter and Bergeron (1983) show that when cells are treated with DFMO, 

cytostasis occurred within 48 hours. This could be reversed by the exo

genous addition of spermidine, or a series of spermidine analogs that 

reversed cytostasis with varying degrees of efficiency. When spermidine 

was added to the cells after DFMO treatment, no more than 15% of that 

normally found in L1210 cells was required for cell proliferation in the 

presence of DFMO. Again, it appears that ODCase is required for the 

formation of polyamines in cell cultures, and those cells with high 

levels of polyamines are able to continue proliferating. At the point 

where a critical low level of polyamines is reached, cytostasis occurs. 

Conservation of Spermin~ 

After the transfer of CHO cells from medium containing 10% FBS to 

de:,:t.led medium, putrescine drops to undetectable levels, spermidine is 

lowered significantly, and spermine remains essentially unchanged. These 

fluorometric determinations were confirmed by the use of radiolabeled 

ornithine added to the cells, with fractions from column chromatography 

collected and counted for polyamine determinations. The radioactive and 

fluorometric distributions are the same, showing that ornithine transport 

is not affected, only its metabolism. If cells are exposed to radio

labeled spermine in sub-toxic doses, we are able to observe the intercon

version or catabolism of this molecule. In 18 hours, cells grown in 
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medium plus 10% FES metabolize spermine to spermidine and putrescine in 

ratios comparable to what is seen in anabolism. The defined medium cells 

also show polyamine levels similar to what is seen for their anabolic 

pathways. Very little spermidine is formed from spermine, implying a 

defect in either the spermidine/spermine N1 Acetyltransferase system or 

polyamine oxidase system. An alternate explanation is that the defined 

medium cells are working to conserve spermine exclusively, and that these 

enzymes are just inactive. An important experiment to be performed would 

be to titrate ornithine to the defined medium cells until the polyamine 

levels are restored to those seen in 10% FBS cells, then measuring the 

polyamine levels to see whether the enzymes are active or not. It may be 

that the interconversion enzymes are present in the serum, and that the 

cells are unable to manufacture them in the defined medium, due to the 

absence of required serum growth factors. 

The conclusions from these experiments are that the levels of 

spermine are required for cell growth, while putrescine and spermidine 

are not needed except as precursor molecules to form spermidine. Also, 

there appears to be a strong regulation point at the level of spermine 

formation» indicating the importance of this molecule to the cells. 

Polyamine Biosynthesis Dependent on Substrate 

An analysis of McCoy's 5A modified medium shows thai: it contains 

no ornithine, so this non-essential amino acid must come from another 

source. In classical cell culture, the source is serum added to the 

media, while in serUl.u·~free media the source is probably arginine con

verted to ornithine by the action of arginase. Since the defined med1.um 
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cells manufacture their own ornithine, the levels are likely to be lower 

than in cells bathed in serum. The titration of 100 roM exogenous orni

thine to the defined medium cells causes the drop of high ODCase activity 

to levels seen in 10% FBS cells. At this concentration of ornithine, the 

polyamine levels in the defined medium cells begin to approach those of 

the 10% FBS cells within 24 hours. It may be argued at this point that 

it is the end product putrescine, and not the substrate ornithine that is 

performing the regulatory function. The time course.of addition study 

shows that putrescine \'7il1 inhibit ODCase much faster than ornithine at 

the same concentration. The implication is that ornithine is rapidly 

metabolized through to putrescine, and it is this molecule that does the 

actual regulating of ODCase through the diamine effect. Another possible 

explanation is that the regulatory mechanisms for the two amines are sig

nificantly different, and this is reflected in the kinetics of inhibition 

of ODCase the defined medium cells. Recent experiments from our labora

tory (J. R. Glass, unpublished observation) show that when MGBG is added 

to the DM 31080 cells as ornithine, inhibition of ODCase still takes 

place. This implies that it is ornithine or putrescine that are exerting 

the regulatory effect on ODCase, and not spermidine or spermine. The 

addition of 10 ~M putrescine to the growth medium of the defined medium 

cells gave the same doubling time as the medium without putrescine. This 

again implies that the activity of ODCase, or the intracellular putres

cine level, is not required for cell proliferation. Because intracellu

lar spermine concentrations are conserved, it appears that the regula

tion of the levels of this molecule is of paramount importance to the 

cell. 
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SAMDCase Regulation 

The activity of SAMDCase is not altered by culture of cells in 

the defined medium, either when it is putrescine dependent or spermidine 

dependent. A difference does occur, however, when defined medium cells 

are treated with DFMO. A 24 hour treatment with the drug will depress 

putrescine and spermidine levels in 10% FBS cultured cells, causing over 

a three-fold increase in the activity of the enzyme. This activation of 

SAMDCase, which has been reported in many different cell lines, does not 

occur in the defined medium cultured cells. The reason for this change 

1n the apparent regulation of SAMDCase by spermidine is not known; how

ever, it is interesting to note that both putrescine and spermidine are 

depressed in the defined medium cells, the point where SAMDCase activity 

should be elevated. Whether there is a specific growth factor required 

that is absent from defined medium, or whether the cells have simply 

adapted to the low polyamines is unknown. The important point is that 

putrescine dependent SAMDCase is not strictly negatively regulated by the 

absolute levels of spermidine in the defined medium cells, but a better 

explanation would be that regulation occurs by the overall change in the 

intracellular concentration of spermidine. 

Cell Surface and Intracellular Effects 

The culture of Chinese hamster cells in defined medium causes a 

change in the overall morphology of the cells such that they assume a 

long, fibroblastic shape as opposed to a rounded up epitheloid configura

tion observed when cultured in medium plus serum. Certainly, a multitude 

of effects occur in cells with the removal of serum, so it is difficult 
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to draw any ~irect correlations between morphology changes and polyamine 

biosynthesis. The addition of putrescine to the growth medium caused no 

change in cell proliferation or overall morphology as compared to cells 

maintained in medium plus serum. Cytoskeletal involvement in the regula

tion of OnCase has been previously proposed (Rumsby and Puck 1982). 

Whether or not the OnCase activity increase in the defined medium cells 

is related to cytoskeletal changes remains to be seen. There is no 

question that the defined medium cells change their ability to attach to 

the substrate, as compared to the serum maintained cells. Although there 

is no apparent alteration in the amount of fibronectin or vinculin, there 

is a definite reappropriation of vinculin from the cytoplasm to the 

nucleus when serum is replaced by growth factors. How this affects 

substrate binding is not known, but it is interesting to note that the 

strongest attachment characteristics are associated with nuclear vinculin 

staining. 

Conclusion 

The regulation of polyamine biosynthesis in Chinese hamnster 

cells is regulated in part by insulin, transferrin, and ferrous sulfate. 

onc activity, as well as the half-life of the enzyme itself, is elevated 

in cells maintained in a defined medium containing these growth factors. 

The high enzyme activity is inversely proportional to ornithine and 

put:rLscine-levels--:i:n-th-e-gr-owth-inedium, implying regulation by substrate 

ss well as end product. SA}IDCase is not strictly regulated by spermidine 

levels, but rather by the overall change in spermi.dine concentration. 

Certain polyamine interconversi.on enzymes are regulated by serum factors 
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not present in the defined medium, since their activity is reduced in 

these cells. Spermidine to spermine ratios do not correlate with cell 

proliferative ability. A major regulation site of polyamine biosynthesis 

involves the conservation of spermine, at the expense of putrescine and 

spermidine. ODCase activity in the defined medium cells is proportional 

to an increase in cell density on the substrate, implying a link between 

the cytoskeleton and ODCase may be responsible in part for the regulation 

of enzyme activity. 
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