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ABSTRACT 

Three important aspects of intracellular polyamine pool 

regulation were investigated in this dissertation: synthesis, uptake 

and efflux. 

Ornithine decarboxylase (ODC), a key enzyme in the 

biosynthetic pathway of polyamines, is characterized by rapid 

turnover. It has been proposed that degradation of ODC involves two 

mechanisms, constitutive degradation pathway and antizyme-

mediated degradation pathway, the latter requires binding of an 

ODC-inhibitory protein, antizyme. To address that ODC was degraded 

by a single mechanism, i. e. antizyme-mediated pathway, wildtype 

and mutant ODCs were compared for their stability and affinity to 

interact with antizyme. The data revealed a correlation of increased 

stability of mutant ODCs with decreased affinity to interact with 

antizyme, suggesting that antizyme is an essential mediator of ODC 

degradation. 

Uptake of polyamines from extracellular medium is also a 

highly regulated process. Antizyme has been implicated in the 

feedback repression of polyamine uptake, although the mode of 

action is unknown. In the present study, the physiological 

consequences of loss of regulation of ODC protein or uptake on 

intracellular polyamine contents and cell viability were examined. 

Stabilization of ODC increased intracellular putrescine contents 

slightly, but had no toxic effects on cells. However, loss of uptake 
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regulation caused over-accumulation of putrescine and triggered 

cells undergoing apoptosis, suggesting the importance of uptake 

regulation in preventing polyamine toxicity. 

The process of putrescine export from mammalian cells was 

characterized by using an inside-out membrane vesicle system. It 

was a saturable and ATP-independent process. The specific inhibition 

by verapamil and reserpine suggests involvement of membrane 

protein. The transporter system appeared to be a diamine exporter, 

mediating efflux of not only putrescine, but also other diamine 

compounds and acetyl-polyamines in vitro. Putrescine and other 

physiological diamines such as, cadaverine, N^- and N^-

acetylspermidine, were found accumulated in intact cells when the 

exporter was blocked. Spermidine and spermine did not appear to be 

exported by this mechanism. 

While optimal polyamine levels, which are essential for cell 

proliferation, require finely control in a combination of synthesis, 

uptake and efflux, regulation of uptake is of more importance in 

preventing the toxic effects of excessive polyamines. 
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CHAPTER 1 

Introduction and Literature Review 

The polyamines, including spermidine, spermine and their 

diamine precursor putrescine, are ubiquitous polycations existing in 

all living organisms. In mammalian cells, polyamines are derived 

from arginine and S-adenosylmethionine (SAM) (Fig. 1). The action 

of cytoplasmic arginase yields ornithine, which can be converted into 

putrescine via the action of ornithine decarboxylase (ODC). Putrescine 

is converted further to spermidine and spermine by the addition of 

aminopropyl groups derived from SAM. These aminopropyl groups 

can also be removed by being first acetylated and then oxidized by 

specific enzymes, allowing interconversion of the different polyamine 

pools (Pegg and McCann, 1982; Tabor and Tabor, 1984; Pegg, 1986). 

Although the physiological functions of these amines are still not well 

understood at molecular level, the need for polyamines in order to 

maintain cell growth and differentiation is firmly established (Pegg 

and McCann, 1982; Tabor and Tabor, 1984). Many studies indicate 

that polyamine synthesis is enhanced during growth and that 

depletion of polyamines leads to an inhibition of cell proliferation. 

Inhibitors of polyamine biosynthesis such as difluoromethylornithine 

(DFMO) and methylglyoxal bis (guanylhydrazone) (MGBG) have been 

developed as potential therapeutic agents in a variety of diseases 

involving deranged cell proliferation including cancer (Marton and 
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Pegg, 1995). A number of studies have shown that polyamines are 

also involved in cellular stress responses to hyperthermia, ionizing 

radiation and some cytotoxic drugs (Harari et al., 1989a, 1989b; 

Gemer et al., 1988; Fuller and Gerner, 1987; Porter and Janne, 1987). 

The diverse effects of polyamines in cell functions attribute to their 

ability to interact with nucleic acids, proteins, phospholipids and 

other macromolecules (Igarashi et al., 1982; Watanabe et al., 1991). 

In fact. It has been shown that polyamines are involved in regulating 

expression of growth-related genes such as c-myc, c-fos, and histone 

2A (Celano et al., 1988). One of the few unique functions known for a 

polyamine is its role in the formation of the novel amino acid 

hypusine in the putative eukaryotic translation initiation factor 5A 

(eIF-5A) (Parker, 1989). Gene disruption studies with S. cerevisiae 

demonstrate eIF-5A to be essential to viability (Schnier et al., 1991), 

and in vitro studies show the modification to be essential to function 

(Parker, 1989). Recently polyamines have been implicated in 

physiological regulation of potassium channels and glutamate 

receptor channels (Lopatin et al., 1994; Ficker et al., 1994, 1995). 

The importance of these amines is reflected in the extensive 

regulation of their intracellular pools. In mammalian cells, polyamine 

contents are affected by 1) synthesis; 2) uptake from extracellular 

medium; 3) conversion to other amines; and 4) efflux. Polyamine 

biosynthesis is mainly controlled at the level of ODC, the rate-limiting 

enzyme of the synthetic pathway. A prominent feature of 

mammalian ODC is its very short half-life, which allows the enzyme 
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to respond a variety of growth stimuli promptly. The degradation of 

ODC involves an inhibitory protein, antizyme, which binds to the 

enzyme and confers its degradation by the 26S proteasome (Hayashi 

and Murakami, 1995). Uptake of polyamines from the extracellular 

environment involves an active membrane transport system whose 

biochemical identity is still undefined (Seiler and Dezeure, 1990). 

Since excessive concentrations of polyamines may interfere directly 

with a variety of cell reactions (Morris, 1991), both polyamine 

biosynthesis and transport are tightly feedback-regulated. Compared 

to the extensive studies on the synthesis and transport, relatively 

little is known about the process of polyamine efflux. 

This dissertation is aimed at the studies of regulation of 

intracellular putrescine pools and its physiological significance. The 

dissertation is basically divided into three distinct sections. The first 

section (Chapter 2) deals with the regulation of polyamine 

biosynthesis. Studies on the mechanism of ODC degradation are 

described. The second section (Chapter 3) presents studies that 

evaluate the relative importance of ODC enzyme regulation and 

uptake regulation on cell viability. The third section (Chapter 4) 

presents the characterization of putrescine efflux using an inside-out 

membrane vesicle system derived from CHO cells. 



18 

ODC REGULATION 

Mammalian ODC has a subunit Mr about 52,000, and the native 

enzyme consists of a dimer. The amino acid sequences of the mouse, 

human, hamster and rat ODC obtained from the DNA sequences 

indicate that the protein consists of 461 amino acid residues (Pegg, 

1989). ODC is present in very small amounts in quiescent cells, and 

its activity can be increased many folds within a few hours of 

exposure to trophic stimuli (Abrahamsen and Morris, 1991). Such 

stimuli include hormones, growth factors and tumor promoters. The 

DNA sequences surrounding the promoter of the mammalian ODC 

gene contain multiple regulatory elements (Heby and Persson, 1990; 

Li, R. S. et al., 1994). Activation of the ODC gene is in many cases a 

primary response to mitogenic activation. Its expression resembles 

certain families of nuclear proto-oncogenes (Rollins and Stiles, 1989). 

It has been suggested that ODC should be regarded as a proto-

oncogene product. This is supported by the studies that 

overexpression of ODC causes cellular transformation (Auvinen et al., 

1992, Moshier et al., 1993), and that transgenic mice expressing the 

human ODC gene in addition to their endogenous ODC show an 

enhanced production of papillomas in response to 

dimethylbenzanthracene followed by phorbol esters (Halmekyto et 

al., 1992). Furthermore, transcription of the ODC gene is increased by 

c-myc (Bello-Fernandez et al., 1993) and by TGFp in response to H-

ras (Hurta et al., 1993). Indeed, there is a wide body of evidence that 
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elevated levels of ODC gene product are consistently detected in 

transformed cell lines, and virtually all animal tumors (Sunkara et 

al., 1987). Perhaps the best example of this correlation is the 

stepwise increase in ODC activity observed during the progression of 

normal colon mucosa to benign colon polyp and finally to colon 

adenocarcinoma (Hietala et al., 1990; Radford et al., 1990) 

The induction of ODC activity by growth stimuli is transient. In 

mammals, a rapid loss of ODC usually follows replenishment of 

polyamines. ODC regulation in response to polyamines have been 

proposed to be at the levels of translation and protein degradation, 

but not transcription (Kahana and Nathans, 1985; McConlogue et al., 

1986; Persson et al., 1986). The ODC cDNAs cloned from a variety of 

species all have a long, highly conserved 5'UTR of 275-310 nt. This 

5'UTR is predicted to have extensive secondary structure and 

contains a small open reading frame (ORF) coding for a short peptide 

of approximate 10 amino acids. Both of these features have been 

shown to reduce translation efficiency in other mRNAs (Kozak, 1992). 

The full-length ODC mRNA is very poorly translated in reticulocyte 

lysates (Grens and Scheffler, 1990). The translation efficiency can be 

improved by deleting large sections of the 5'UTR (Manzella and 

Blackshear, 1990). The translation repression of ODC can also be 

relieved in 3T3-transformed cells overexpressing eIF-4E, an 

initiation factor that melts mRNA structure located in the 5'UTR 

(Shantz and Pegg, 1994). 
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There is abundant evidence that the cellular content of ODC is 

regulated via changes in the rate of ODC degradation. Mammalian ODC 

turns over rapidly, with a variable half-life ranging from several 

minutes (the shortest half-life among cellular proteins) to more than 

one hour. This rapid turnover rate is essential for prompt and 

dramatic changes in the enzyme level in response to stimuli that 

affect the rate of enzyme synthesis (Davis et al., 1992). While 

stabilization of ODC is involved in some cases of ODC induction 

(Kanamoto et al., 1987; Poulin and Pegg, 1990), ODC is rapidly 

destabilized by the addition of polyamines (Seely and Pegg, 1983). 

The destabilization of ODC by polyamines is especially important, 

since it plays a principal role in the regulation of ODC degradation. 

The mechanism of ODC degradation and its regulation by 

polyamines have been studied extensively in the past few years. 

Unlike most short-lived regulatory proteins which are degraded by a 

ubiquitin-dependent proteolytic pathway (Hershko, 1992), 

degradation of ODC involves a nonlysosomal, ATP-dependent, but 

ubiquitin-independent proteolytic machinery (Glass and Gerner, 

1987; Rosenberg-Hasson et al., 1989; Bercovich et al., 1989). 

Mammalian ODCs have two PEST sequences, i.e., amino acid 

sequences rich in proline, glutamate, aspartate, serine and threonine, 

which are found in most enzymes that turn over rapidly (Roger et al., 

1986 Rechsteiner and Rogers, 1996). The role of the PEST sequences 

in conferring instability of ODC remains unclear. While internal 

deletions on the C-terminal PEST region (amino acids 423 to 449) 
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render that protein stable, removal of the last five amino acids, 

outside of the PEST region, also stabilizes ODC, suggesting that PEST 

regions per se are not adequate as signals but require 

supplementation by other elements. Studies by Coffino and co

workers show that although truncation of the C-terrainal 37 amino 

acids of mouse ODC, which consists of one of the PEST sequences, 

prevents the rapid intracellular degradation of the protein in the 

transfected CHO cells, the protein becomes labile when cells are 

treated with polyamines (Ghoda et al., 1989). They have proposed 

that ODC degradation may be mediated by two distinct proteolytic 

pathways. One is engaged in degrading ODC under basal metabolic 

conditions. The other one is stimulated by high concentration of 

polyamines and requires interaction of ODC with a small protein, 

termed ornithine decarboxylase antizyme (Ghoda et al., 1992; Li and 

Coffino, 1992). 

ODC antizyme was found originally as a polyamine-inducible 

ODC inhibitor in rat liver and several lines of cultured cells by 

Canellakis and co-workers (Fong et al., 1976; Heller et al., 1976). It is 

a protein of 26.5 KDa that binds ODC with high affinity and inhibits 

its activity. The induction of antizyme by polyamines is inhibited by 

cycloheximide but not by actinomycin D (Fong et al., 1976; Murakami 

and Hayashi, 1985). Recent studies reveal a novel regulatory 

mechanism by which polyamines stimulate programmed ribosomal 

frameshifting and induce translation of antizyme mRNA (Gesteland et 

al., 1992; Rom and Kahana, 1994; Matsufuji et al., 1995). The 
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evidence that antizyme is involved in the polyamine-accelerated ODC 

degradation comes from studies in which increased amounts of the 

inactive ODC-antizyme complex by polyamine treatment are 

correlated with the rate of decay of ODC activity (Murakami and 

Hayashi, 1985; Murakami et al., 1985). Direct involvement of 

antizyme in ODC degradation has been recently demonstrated. A 

study by Murakami et al (1992a) shows that a 5'-truncated rat 

antizyme cDNA (Zl) is inserted into an expression vector at a site 

under a control of a glucocorticoid-inducible promoter and 

transfected into HTC cells. The addition of dexamethasone, a 

synthetic glucocorticoid, to the transfected cells, causes significant 

induction of active antizyme in the absence of polyamines. ODC 

decays rapidly in these cells as observed upon addition of 

polyamines. In several studies with in vitro ODC-degradation 

systems, it has been confirmed that ODC degradation is markedly 

stimulated by antizyme (Murakami et al., 1992b; Kanamoto et al., 

1993, Murakami et al., 1993). The maximum rate of degradation 

reaches at an antizyme/ODC ratio of about I, suggesting that 

antizyme acts by binding ODC in an one-to-one ratio. Since small 

amounts of antizyme stimulate the degradation of relatively large 

amounts of ODC as in vivo, antizyme is likely to act in a recycling 

manner (Murakami et al., 1992b; Hayashi, 1989). 

Using a cell-free system for ODC degradation, Murakami et al 

(1992c) have demonstrated that the protease responsible for ODC 

degradation is the 26S proteasome. They have shown that 
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immunodepletion of proteasomes from cell extracts causes almost 

complete loss of the ODC-degrading activity. In eukaryotic cells, 

proteasomes are known to be present in cytosol in two forms, 20S 

proteasome and 26S proteasome. The 20S proteasome is made up of 

15-20 different subunits, and it shows multicatalytic protease 

activities with or without ATP. The 26S proteasome consists of the 

20S proteasome core associated with 15-20 regulatory subunits, and 

this proteasome is widely viewed as specific for ATP-dependent 

degradation of ubiquitin-conjugated proteins (Ciechanover, 1994). 

ODC is well degraded in a reconstituted system consisting of 

antizyme, ATP and purified 26S proteasome, but not 20S proteasome, 

in the absence of ubiquitin or related enzymes (Murakami et al, 

1992c; Murakami et al., 1993). This is the first case indicating that 

the 26S proteasome may have a second role in ubiquitin-

independent proteolysis. The mode of action of the proteasome 

degrading ODC is still obscure. A recent study by Kahana and co

workers have shown that ODC degradation is severely inhibited in a 

mutant yeast cell line defective in the chymotryptic activity of yeast 

proteasome (proteinase yscE) (Mamroud-Kidron et al., 1994a). 

Analysis of the major degradation products of ODC in the cell-free 

system reveals that the 26S proteasome generates a variety of short 

peptides of 5-11 amino acid residues derived from regions 

throughout the ODC sequence, indicating endoproteolytic degradation 

of ODC by the 26S proteasome (Tokunaga et al., 1994). 
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A general model for antizyme-dependent ODC degradation 

pathway catalyzed by 26S proteasome is shown in Fig. 2. The active 

ODC consists of two identical subunits. The homodimer is in 

equilibrium with the inactive monomer which has high affinity to 

form a complex with antizyme. This binding causes a conformational 

change of the ODC subunit, exposing the carboxyl terminal region to 

attack from the 26S proteasome. ODC is broken down by the 

proteasome to a mixture of 5-11 amino acid residues, whereas 

antizyme is recycled for additional rounds of interaction with ODC 

subunits (Hayashi et al., 1996). 



3^S~0DC"^ _ , „ 
I JL ODC 

ODC dimer 

Ornithine 

ODC monomer 

Endogenous / V Exogenous 
potyamine / V polyamine 
synthesis infix ODC Degradation 

Fig. 2. Antizyme-mediated negative feedback regulation of ornithine 
decarboxylase. Active ODC comprises two identical monomer subunits. Antizyme, which is 

induced by polyamines, preferentially binds with an inactive ODC monomer to form an ODC-

antizyme complex. This binding causes a conformational change of the ODC subunit, exposing 

the carboxy-terminal region to attack from the 26S proteasome complex. ODC is broken 

down by the proteasome, whereas antizyme is released and recycled to destabilize more ODC 

monomers. 
to 
Ul 
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PQLYAMINE UPTAKE AND ITS REGULATION 

Increasing evidence indicate that uptake of exogenous 

polyamines acts as a major means of maintaining intracellular 

polyamine contents (Seiler et al., 1990; Seiler and Dezeure, 1990). 

Specific uptake of polyamines has been demonstrated in both 

prokaryotic and eukaryotic cells. In Escherichia coli, a spermidine-

preferential uptake system and a putrescine-specific uptake system 

have been obtained and well-characterized. The uptake is completely 

dependent on ATP and a proton-motive membrane potential is also 

involved. These two systems are similar structurally and each 

consists of four proteins, with one for nucleotide-binding, one for 

substrate-binding, and two as transmembrane proteins (Kashiwagi et 

al., 1990; Furuchi et al., 1991; Pistocchi et al., 1993; Kashiwagi et al., 

1993). 

In mammalian cells, the physiological characterization of 

polyamine uptake has been carried out in a variety of cell types (for 

review, see Seiler and Dezeure, 1990; Khan et al., 1991). All 

mammalian cells studied so far have an active transport system for 

the uptake of extracellular polyamines. The transport activity is 

inducible by various growth-promoting agents such as hormones, 

growth factors, and other mitogenic stimuli (Lessard et al., 1995; 

Milovic et al., 1995; Kakinuma et al., 1988). Indeed, the enhancement 

of growth rates is usually not only accompanied by enhanced rates of 

intracellular de novo synthesis, but also by enhanced uptake rates of 
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exogenous polyamines (Seiler and Dezeure, 1990). It has been 

suggested that the transport system is "turned on" in exponentially 

growing cells to salvage polyamines which are constitutively 

excreted, and is "turned off" in quiescent cells which decrease their 

polyamine content through net excretion (Byers and Pegg, 1989). 

Intracellular polyamine levels play a major role in the regulation of 

polyamine transport. Cells depleted of polyamines attempt to 

compensate by enhancing polyamine uptake. Cells exposed to 

exogenous polyamines respond to the initial rise in intracellular 

polyamines by repressing transport (Byers and Pegg, 1990; Kramer 

et al., 1993). Recently, it has been shown that this feedback 

repression of polyamine transport is mediated by the induction of a 

labile protein, antizyme, which reversibly inactivates the polyamine 

transporter (Mitchell et al., 1994; Suzuki et al., 1994; Mitchell et al., 

1992b). Thus, antizyme is a bifunctional regulatory protein that 

plays a pivotal role in the negative feedback system to prevent 

excess accumulation of cellular polyamines. The membrane carrier 

responsible for polyamine transport has not yet been characterized 

at the biochemical or molecular levels. Whether the uptake of 

putrescine, spermidine and spermine is mediated by a single 

transporter or multiple transporters is still unclear. A differential 

dependence on Na+ for the transport of putrescine and the higher 

polyamines, spermidine and spermine, indicates the existence of 

multiple classes of polyamine carriers with different affinities for 

each of the natural polyamines in some models (Byers et al., 1987; De 
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Smedt et al. 1989; Nuttall et al., 1990; Byers and Pegg, 1990; Bogle et 

al., 1994). The presence of more than one polyamine transporter is 

also supported by different kinetic characteristics of the transport of 

putrescine and spermidine in some cells (Hyvonen et al., 1994). 

However, many other cell types appear to have a single transporter 

for putrescine, spermidine and spermine (Seiler and Dezeure, 1990; 

Lessard et al., 1995; Shao et al., 1996). Clearly, definitive answers 

rely on the cloning of the transporter(s) or the development of assay 

methods which are specific for each of the transport pathways which 

are not yet available. 
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POLYAMINE CATABQLISM AND EFFLUX 

There are three routes of elimination of polyamines in 

mammalian cells. The first is the direct oxidation of the polyamines 

to aldehydes via amine oxidases in certain tissues (Morgan 1980). 

The second is the catabolism via the spermidine/spermine-N^-

acetyltransferase and polyamine oxidase pathway (Fig. 1). The third 

is excretion into medium. Polyamine acetylation is believed to be the 

major degradative pathway in polyamine catabolic processes (Seiler, 

1987a). However, there is increasing evidence suggesting that 

excretion into medium may significantly contribute to lower excess 

intracellular polyamine levels from cultured cells (Pegg et al., 1989, 

1990; Hyvonen, 1989). There are a number of reports that excretion 

of polyamines occurs as a normal physiological process when cells 

reach confluence or growth is limited by serum depletion or certain 

drugs (Wallace and Keir, 1981; Wallace, 1987; Porter et al., 1991). 

Furthermore, recent studies indicate that a regulated efflux process 

may be required to exert certain functions in the central nervous 

system. A polyamine recognition site has been characterized on the 

NMDA-receptor complex and the polyamines may be selectively 

released from the neuronal cells in order to modulate the NMDA-

receptor complex (Williams et al., 1991). In addition, the polyamine 

agmatine has been found to be locally synthesized in the brain and to 

function as an endogenous ligand/ agonist at imidazoline receptors 

and as a ligand at a2-adrenergic receptors (Li, G. et al., 1994). Thus, 
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the polyamines would require a highly regulated efflux system to 

release through the cell membrane. 

Excretion of polyamines has been demonstrated in human 

lymphocytes, in rat hepatocytes (Fulgosi et al., 1991; Grillo and 

Colombatto, 1994), and in several cultured lines, such as the mouse 

leukemia cell line L1210 (Pegg et al., 1988), human colon tumor 

HT29 and HT29/2I9 cells (Pegg et al., 1989; Coleman and Wallace, 

1990), murine fibroblasts BHK-21/C13 (Wallace and Keir, 1981, 

1986), and Chinese hamster ovary (CHO) cells (Hyvonen, 1989, Pegg 

et al., 1990). The major polyamine catabolites excreted by the cells 

seem to be free putrescine and spermidine and N^-acetylspermidine. 

So far little is known about the mechanism involved. It has been 

suggested that the formation of acetylated derivatives of polyamines 

facilitates polyamine export from the cells (Casero and Pegg, 1993; 

Seiler, 1987a; Wallace, 1987). Studies with polyamine analogues 

show that treatment of CHO cells with bis(ethyl)spermine derivatives 

leads to a large increase in the activity of spermidine/spermine N^-

acetyltransferase (SAT) and the induction of SAT facilitates the 

degradation of spermine and spermidine to putrescine and the 

subsequent excretion from the cell. When the degradation of the N^-

acetyl derivatives by polyamine oxidase is blocked, the cells excrete 

N ^-acetylspermidine instead of putrescine (Pegg et al., 1990). 

Similarly, BHK-21/C13 cells, a non-transformed fibroblast cell line, 

have very low levels of polyamine oxidase activity, and consequently 

utilize the acetylation/excretion pathway to regulate their 
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intracellular polyamine concentrations (Wallace and Keir, 1981). 

These cells excrete both spermidine and N^-acetylspermidine and the 

excretion stops as a result of polyamine depletion (Wallace and Keir, 

1986). 

The polyamine exporter(s) are beginning to be characterized in 

certain systems. In Xenopus oocytes, spermidine is exported by 

electrodiffusion through a membrane channel (Sha et al., 1996). In 

these studies, it has been shown that under voltage-clamp conditions, 

spermidine efflux is strictly dependent on membrane potential and 

the process is strongly inhibited by Ba2+ and Ca^"'", but not 

tetraethylammonium ions or verapamil. A bacterial putrescine 

export system has been cloned and characterized (Kashiwagi et al., 

1992). In this prokaryotic system, putrescine export proceeds via a 

putrescineiornithine antiporter that exchanges an extracellular 

ornithine molecule for an intracellular putrescine molecule. The 

transport activity is not disturbed by inhibitors of energy production 

such as KCN and carbonyl cyanide m-chlorophenylhydrazone. The 

putrescine transporter encoded by the potE gene in E. coli only 

excretes putrescine, indicating that another protein or proteins must 

been involved in the excretion of other poly amines. 

Little is known about the exporter systems in mammalian cells. 

Recently, Byus and co-workers have studied putrescine export in 

cultured mammalian cells, including the macrophage-like RAW 264 

cells and Reuber H35 hepatoma cells. These cells grow under serum-

free conditions and constitutively export significant amounts of 
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putrescine into the culture medium. This process appears to be 

selective for putrescine in that only a small amount of other 

polyamines (spermidine and N^-acetylspermidine) is found in the 

culture medium. The export of putrescine is stimulated by bacterial 

lipopolysaccharide, interferon-y and/or ornithine in the macrophage-

like RAW 264 cells, and by insulin and/or ornithine in the Reuber 

H35 hepatoma cells (Tjandrawinata et al., 1994a; Hawel et al., 

1994a). In contrast to previous observations by others in which 

growing cells are observed to efflux only small amounts of the 

polyamines and confluent, non-growing cells continuously excrete 

polyamines (Wallace and Keir, 1981), their studies suggest that 

putrescine efflux occurs in both quiescent and dividing cultures of 

mammalian cells at similar rates (Tjandrawinata et al., 1995). In both 

cell lines, exposure to a-difluoromethylornithine (DFMO), an inhibitor 

of ODC, depletes intracellular putrescine stores and effectively 

suppresses putrescine export. Furthermore, the drug verapamil is 

capable of completely inhibiting putrescine export without any 

change in the level of intracellular putrescine. The data as a whole 

supports the hypothesis that putrescine export involves a specific 

membrane transport system rather than the process of simple 

diffusion through the membrane. 
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Degradation of ODC Requires Interaction with 
the Polyamine-Induced Protein, Antizyme 

INTRODUCTION 

While significant progress has been made in the past a few 

years to elucidate the mechanisms of ODC degradation, there are still 

fundamental questions controversial. One of these questions is 

whether ODC is degraded by a single mechanism, i.e. antizyme-

dependent, or by two different mechanisms, i.e. antizyme-dependent 

and independent mechanisms. Coffino and coworkers suggested the 

two mechanisms' hypothesis which was based upon the fact that 

truncation of the carboxyl-terminal 37 amino acid residues stabilized 

the protein, but still retained response to polyamine regulation. They 

proposed that the C-terminus was both necessary and sufficient to 

make an ODC protein constitutively unstable, independent of 

intracellular polyamines. However, antizyme-dependent degradation 

required the interaction of ODC with antizyme, as well as the 

involvement of the C-terminus which delivered a destabilizing signal 

to the proteolytic machinery (Ghoda et al., 1989, 1992; Li and Coffino, 

1992). Evidence which support ODC degradation by one mechanism 

include early studies by our laboratory. It was shown that when CHO 
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cells were grown in a chemically defined medium which allowed 

elimination of an external ornithine supply in serum, thus limited 

polyamine contents, ODC activity was dramatically increased as a 

result of increased enzyme molecules and more stable protein with a 

half-life of more than 6 h. The degradation could be accelerated by 

addition of exogenous ornithine and polyamines (Glass and Gerner, 

1986; Sertich et al., 1986). 

Much of the information regarding the structural elements of 

ODC responsible for its instability came from the studies of chimera 

and deletion mutants of mouse and trypanosome ODC. The ODC gene 

from Trypanosoma hrucei, in marked contrast with mammalian 

counterparts, is quite stable in the parasite cells. Comparison of the 

sequence of mouse and trypanosome ODC revealed a 61.5% homology. 

Fig 3 illustrates structures of mouse and trypanosome ODCs (Hayashi 

and Murakami, 1995). The major discrepancies are the addition of a 

20-amino-acid N-terminal peptide to, and the deletion of a 36-

amino-acid C-terminal peptide from, the trypanosome ODC (Fillips et 

al., 1987). The C-terminus of mouse ODC, which contains one of the 

two PEST sequences of ODC (amino acid residues 298-333 and 423-

449), has been demonstrated to play an important role in conferring 

instability of the protein (Ghoda et al., 1989; Rosenberg-Hasson et al., 

1991). Although internal deletions in the PEST region in the C-

terminus rendered the protein stable, removal of the last five amino 

acids, outside of the PEST region, also stabilized ODC, suggesting that 

the destabilizing signal was not the PEST region per se (Ghoda et al.. 
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Fig. 3. Structures of mouse and trypanosome ODCs. 
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1992). The exact role of this region in the proteolytic pathway is still 

not completely understood. In addition to the C-terminus PEST 

region, mouse ODC has another internal PEST region (amino acid 298-

333). However, this internal PEST region is totally dispensable and 

has no role in ODC degradation (Ghoda et al., 1992). Examination of a 

series of mutants of mouse and trypanosome ODCs revealed one 

other internal region of mouse ODC (amino acid residues 117 to 140), 

which had major sequence difference from trypanosome ODC, and 

was shown to be involved in interaction with antizyme (Li and 

Coffino, 1992; 1993). 

The goal of this study was to demonstrate that antizyme-

mediated ODC degradation was the only degrading pathway for 

mouse ODC. The strategy of this study was to examine mutant ODC 

proteins for the correlation of their stability and affinity to interact 

with antizyme. 
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MATERIALS AND METHODS 

ODC cDNAs and Expression Vectors. 

Plasmids pODc461, pOD-Tb and pOD-Ml 10T145M were kindly 

provided by Dr. Philip Coffino. pODc461 contained cDNA coding for 

the full-length mouse ODC (Ghoda et al., 1989). pOD-Tb contained 

cDNA coding for the full-length trypanosome ODC (Ghoda et al., 

1990). pOD-Ml 10T145M contained cDNA coding for a chimeric ODC in 

which amino acid residues 110 to 145 of mouse ODC had been 

replaced with trypanosome ODC sequence (Li and Coffino, 1992). 

These expression vectors utilized the simian virus 40 (SV40) early 

promoter and hepatitis B virus polyadenylation region. pSV2-M422 

and pSV2-Ml 10T145M424 were derived from pSV2 vector which 

utilized SV40 early promoter and polyadenylation signal (Southern 

and Berg, 1982). pSV2-M422 contained a truncated mouse ODC cDNA 

in which the C-terminal 39 amino acids had been deleted by partial 

exonuclease digestion and confirmed by DNA sequencing. pSV2-

M110T145M424 contained a ODC cDNA in which the C-terminal 37 

amino acids were truncated from M110T145M. It was made by 

digesting pOD-Ml 10T145M with Nco I restriction enzyme and 

ligating the ODC insert into pSV2 vector. 

Cell Culture and Transfection. 

The ODC-deficient Chinese hamster ovary cells (C55.7) (Pilz et 

al., 1990) were cultured in Dulbecco's modified Eagle's medium. 
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supplemented with 5 % fetal bovine serum, antibiotics (penicillin, 

100 U/ml and streptomycin, 100 ug/ml) and 0.5 mM putrescine in 

an atmosphere of 5 % CO2, 95 % air. The expression vectors encoding 

various ODCs were cotransfected with pSV2neo (Southern and Berg, 

1982) into C55.7 cells. The transfection was performed using the 

Lipofectin reagent (Gibco BRL, Grand Island, NY) following 

manufacturer's instruction: C55.7 cells were grown in 60 mm plate 

for 24 h and had 30-50 % confluence by the time of transfection. ODC 

plasmid (2 ug) and pSV2neo (0.2 ug) were mixed and diluted into 

100 ul of UltraCHO (serum-free medium, Whittaker Bioproducts, Inc., 

Walkersville, MD). In another tube, Lipofectin reagent (20 ul) was 

diluted into 100 ul of UltraCHO as well. Two solutions were combined 

and incubated at room temperature for 10-15 min. After washing 

the cells once with the serum-free medium, the Lipofectin reagent-

DNA complexes was mixed with 1.8 ml serum-free medium and 

overlaid onto cells. Cells were incubated for 24 h at 37°C, and 

replaced with normal growth medium for another 48 h incubation. 

Then cells were subcultured into selection medium with 300 ug/ml 

G418 in the absence of exogenous putrescine. In about two weeks, 

G418-resistant colonies (>100 colonies per plate) were obtained and 

p o o l e d  f o r  e x p e r i m e n t s .  P a r a l l e l  s e l e c t i o n s  i n  G 4 1 8  w i t h o u t  t h e  n e o  

plasmid but with or without the ODC plasmids yielded no colonies. 
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Plasmid Construction for In Vitro Synthesis of Chimeric/Truncated 

ODCs. 

Chimeric/truncated ODC cDNAs were cloned into the 

multicloning site (MCS) of plasmid pGEM3 (Promega Biotech). pGEM3 

vector had SP6 polymerase and T7 polymerase promoters bordered 

on either side of the MCS. ODC cDNAs were oriented in such a way 

that they utilized SP6 polymerase for RNA synthesis. pGEM3-0DC(M) 

contained a 1692 bp fragment of the mouse ODC cDNA which 

included 69 bp of the 5' leader sequence, the complete coding 

sequence and 240 bp of the 3' non-transcribed sequence. pGEM3-

ODC(M422) contained truncated mouse ODC cDNA in which the coding 

sequence for amino acids 423-461 and the 3' non-transcribed region 

from pGEM3-0DC(M) had been deleted by the use of Exonuclease III 

digestion. pGEM3-0DC(Ml 10T145M) was made by PCR-synthesizing 

M110T145M fragment from pOD-Ml 10T145M and ligating into 

pGEM3 on Pst I site which had been blunt-ended. pGEM3-

ODC(M110T145M424) was made by cutting pOD-Ml 10T145M with 

Nco I and isolating the 1.4 Kb fragment which contained sequences 

coding for amino acids 1-424 of M110TI45M ODC. This fragment was 

then blunt-ended and subcloned into pGEM3 on Sma I site. 

Construction of pGEM3-ODC(T145M) involved a three-fragment 

ligation reaction. Sequence coding for amino acids 1-145 of 

trypanosome ODC was amplified by PCR with primers containing a 

Hind III site for the 5' primer and a HgiA I site for the 3' primer. A 

1688 bp fragment of mouse ODC was isolated from pGEM3-0DC(M) by 
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digesting the plasmid with EcoR I and Bam HI. Then the fragment 

was cut with HgiA I. A 1185 bp fragment which contained sequence 

coding for amino acids 146-461 of mouse ODC was isolated. Finally, 

the trypanosome fragment and mouse ODC fragment were ligated 

w i t h  p G E M 3  v e c t o r  w h i c h  h a d  c o h e s i v e  e n d s  o f  H i n d  H I  a n d  B a m  H I .  

pGEM3-ODC(T145M424) was made by digesting pGEM3-ODC(T145M) 

with Nco I and Bam HI, then isolating the large fragment and re-

ligating the vector. All the constructs have been checked either by 

sequencing or by restriction mapping. 

In Vitro Transcription and Translation. 

pGEMS harboring different chimeric/truncated ODC cDNAs was 

linealized with EcoR I. ODC transcripts were prepared in vitro with 

SP6 RNA polymerase. 5 ug of linear template DNA was mixed at room 

temperature with: 10 mM DTT, 0.5 mM each of ATP, CTP, UTP and 

GTP, 0.5 mM "Cap" (m7G(5')ppp(5')G) and 40 U SP6 RNA polymerase 

in a total volume of 50 ul. Reaction was carried out at 37°C. After 2 h 

incubation, 5 U RQl DNase was added to digest the template DNA and 

the incubation continued for 15 min. The sample was purified by 

extraction with 1 volume of phenol:chloroform:isoamyl alcohol 

(25:24:1), and then 1 volume of chloroform:isoamyl alcohol (24:1), 

and precipitated with ethanol. 

Cell-free synthesis of ODC in a rabbit reticulocyte lysate system 

was performed following the manufacturer's instruction with some 

modifications (Boehringer Mannheim Biochemica). ODC mRNA (1-3 
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ug) was heated at 65°C for 10 min, then chilled on ice. ODC mRNA 

was then added with the translation reaction mixture containing each 

of 19 amino acids (except methionine), potassium acetate (final 80 

mM), magnesium acetate (final 1 mM), 32s-methionine (30 uCi, 

Amersham), and finally, reticulocyte lysate. Reactions were 

incubated at 30°C for 1 h. For ODC activity assays, the translations 

were carried out identically but with nonradioactive methionine. 

Construction of Plasmid Encoding Antizyme Fusion Protein (GST-Zl) 

and Preparation of the Fusion Protein. 

A rat antizyme cDNA clone Z1 (Matsufuji et al., 1990) was 

expressed as a fusion protein C-terminal to glutathione 5-transferase 

(GST) by cloning into the pGEX-2T vector (Smith and Johnson, 1988). 

A 954 bp fragment containing the antizyme Z1 cDNA was isolated by 

EcoR I digestion of Plasmid pUC118Zl, which was kindly provided by 

Dr. S. Hayashi, and ligated to the EcoR I site of vector pGEX2T. Sense 

orientation of the ligated fragment was determined by restriction 

mapping. 

Expression and purification of the GST-Zl fusion proteins were 

carried out according to Frangioni and Neel (1993). 2 ml of LB broth 

containing 100 ug/ml ampicillin was inoculated with a single colony 

of E. coli Y1090 transformed with pGEX-2T(Zl) and grown overnight. 

The overnight culture was added to 100 ml of LB (1:50 dilution) 

containing 100 ug/ml ampicillin and was grown for 2 h. Bacteria 

were induced with O.l mM IPTG for 2 h at 37°C. After induction, 
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bacteria were pelleted by centrifugation for 7 min, 7,000 g, and 

washed with 6 ml STE (10 mM Tris, pH 8.0, 150 mM NaCl, 1 mM 

EDTA). Pellets were resuspended in 6 ml of lysozyme/STE (100 

ug/ml), incubated on ice for 15 min, and then adjusted to 5 mM DTT. 

Lysis was achieved by the addition of 1.5 % sarkosyl, and after 1 min 

sonication on ice, the lysate was clarified by centrifugation at 10,000 

g, 4°C for 5 min. Supernatants were adjusted to 2 or 4 % Triton X-

100. 400 ul of glutathione-agarose bead suspension (50 % slurry in 

PBS) (Pharmacia) was added, and the lysate incubated at 4°C on a 

rotator for 15 min. The beads were washed 6-8 times with ice-cold 

PBS (8.4 mM Na2HP04, 1.9 mM NaH2P04, pH 7.4, 150 mM NaCl) and 

resuspended in storage buffer (50 mM Hepes, pH 7.4, 150 mM NaCl, 

5 mM DTT, 10 % v/v glycerol). To elute GST-Zl fusion proteins from 

GSH-agarose beads, an appropriate volume of 50 % beads was 

transferred to a 0.5 ml Eppendorf tube and microfuged for 15 s at 

4°C. The supernatant was aspirated, and 1/2 vol of ice-cold elution 

buffer (75 mM Hepes, pH 7.4, 150 mM NaCl, 15 mM reduced 

glutathione, 5 mM DTT) was added. The beads were vortexed, and 

the tip of a 26-gauge needle was used to make a small hole in the 

bottom of the Eppendorf. The elute was collected from the bottom 

into a 1.5 ml Eppendorf tube and a brief spin at lower speed was 

applied. For storage, glycerol was added to a final concentration of 10 

% (v/v) and the protein solution was placed at either 4°C or -80°C. 

Quantitation of protein was carried out by comparing with known 

protein on SDS-PAGE electrophoresis. 



43 

Binding and Activity Inhibition of ODCs bv the Antirvme Fusion 

Protein. 

For the binding assay, in v/rro-translated 35S-iabeled ODC was 

divided into four aliquots. One portion was added with 30 ul of 4 X 

SDS solubilization buffer and prepared for loading on SDS-PAGE gel. 

The other three portions were added with 20 ul of GST-Zl/GSH-

agarose beads, GST/GSH-agarose beads, or GSH-agarose beads, 

respectively, in a total volume of 100 ul with PDE buffer (10 mM 

potassium phosphate, pH 7.5, 2 mM dithiothreitol, 0.1 mM EDTA) 

containing I % Nonidet P-40. After incubation at room temperature 

for 1 h, the beads were centrifuged and washed five times with 200 

ul of ice-cold PE buffer (PDE buffer without dithiothreitol) containing 

1 % NP-40. The beads were resuspended in 30 ul of 4 x SDS 

solubilization buffer and subjected to SDS-PAGE gel. For antizyme 

inhibition assay, 2 X 10^ cells from each of the ODC-trans fee ted cell 

lines were lysed in ODC assay buffer (see below). The eluted GST-Zl 

or GST-only proteins were added into the cell lysates and the 

remaining ODC activity was measured after a 30 min incubation at 

4°C. 

Measurement of ODC Activity. 

ODC activity was determined by measuring the liberation of 

from L-[i'^C]ornithine (Du Pont-New England Nuclear). Cells 

were harvested and cell pellets were disrupted by sonication in 

buffer containing 0.05 M sodium/potassium phosphate (pH 7.2), 0.1 
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mM EDTA, 1.0 mM dithiothreitol, 20 uM pyridoxal phosphate and 

100 uM phenylmethanesulphonyl fluoride (ODC assay buffer), at a 

concentration of 10^ cells/ml. 200 ul of the lysate per assay tube was 

incubated at 37°C for 30 min in the presence of 0.15 uCi of L-[l-

^"^CJornithine (500 uM final concentration). The reaction was 

terminated by addition of 0.5 ml of 1.0 M citric acid, and ^*^00 2 was 

trapped on Whatman #3 2.5-cm filters treated with 20 ul NCS 

reagent (Amersham). Filters were then placed in 5 ml 

toluene/omnifluor (Du Pont-New England Nuclear) for counting in a 

liquid scintillation counter. One unit of ODC activity is defined as the 

amount which releases 1 nmol of CO2 from ornithine/h at 37°C. 
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RESULTS 

Stahilitv of the Wild-tvpe and Mutant ODCs Expressed in CSS. 7 Cells. 

To determine the roles of the two structural elements of mouse 

ODC, the carboxyl-terminal region and the antizyme binding region, 

on protein stability, ODC-deficient CHO variant C55.7 cells were 

transfected with vectors carrying various ODC cDNAs (Fig. 4). The 

transfected cells carrying mutant ODCs expressed ODC activity at 

levels comparable to those of wild-type transfectants (data not 

shown). ODC turnover was measured in these cells in the presence of 

cycloheximide. As shown in Fig. 5, mouse ODC turned over rapidly 

with a half-life of approximately 45 min and trypanosome ODC was 

very stable with a half-life of more than 4 h. Either truncation of the 

carboxyl-terminal 39 amino acids from mouse ODC or replacement of 

the antizyme binding region (amino acids 110-145) of mouse ODC 

with trypanosome sequence stabilized the protein to some extent, 

with a half-life of 2 h for M422 and 2.5 h for M110T145M. When 

both regions were mutated as in Ml 10T145M424, the protein 

became totally stabilized, with a half-life of more than 4 h. 

Dose-Dependent Spermidine Regulation of ODCs in the Transfected 

CSS. 7 Cells. 

To determine the responsiveness of mutant ODCs to polyamine 

regulation, the various ODC-transfected cells were treated with 

spermidine in the presence of aminoguanidine which is an inhibitor 
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Fig. 4. Structures of the wildtype and recombinant 

ODC proteins. The numbers above the bars in the diagram 

refer to amino acid in mouse or trypanosome ODC. 
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T  1  1  1  1 —  1  1  
0  0 . 5  I  1 . 5  2  2 . 5  3  

I  1  
3 . 5  4  4 . 5  

Time (hr) 

t l / 2  
M-ODC 45 min. 
Tb-ODC > 4 hr. 
M 1 1 0 T 1 4 5 M  2.5 hr. 
M 4 2 2  2 hr. 
M 1 1 0 T 1 4 5 M 4 2 4  > 4 hr. 

Fig. 5. Stability of the wildtype and mutant ODCs. The 

ODC-transfected C55.7 cells were treated with 50 ug/ml 

cycloheximide and measured for ODC activity at the indicated 

times. The symbols represent: ( —•— ) M-ODC, ( —o— ) Tb-

ODC, ( —A—) M110T145M-ODC, (—•— ) M422-ODC, (—•— ) 

M1IOT145M424-ODC. 
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of the serum copper-dependent amine oxidases and prevents 

spermidine oxidation to putrescine (Seiler, 1987a). As shown in Fig. 

6, mouse ODC was very sensitive to spermidine regulation with 

IC50=1 uM (here IC50 represents the concentration of spermidine 

which inhibits ODC activity by 50 %), and trypanosome ODC was not 

responsive to spermidine even at high concentrations. M110T145M 

showed an intermediate sensitivity to spermidine regulation with 

IC50=1 mM. M422 remained responsiveness to spermidine 

regulation, but with IC50 higher than mouse ODC (IC50=10 uM). 

However, M110T145M424 became totally refractory to spermidine 

regulation. Similar results were obtained when the cells were treated 

with spermidine for different times (data not shown). We analyzed 

the endogenous polyamine contents of the cells after treated with 

exogenous spermidine. As shown in Fig. 7, the total polyamine 

contents in these cells with different ODCs were comparable when 

exogenous spermidine was present. Therefore, the difference in ODC 

protein stability and polyamine regulation in various ODCs was not 

due to differences in intracellular polyamine contents. 

ODC Activity Inhibition by Antizyme Fusion Protein GST-ZI. 

To determine whether the different responsiveness of ODCs to 

spermidine regulation was correlated with their interaction with 

antizyme, we measured ODC activity inhibition by antizyme fusion 

protein GST-Zl. Fig. 8 shows the purified GST-Zl fusion protein and 

the control GST protein. GST is a 26 kDa protein (Smith and Johnson, 
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in medium containing 1 mM aminoguanidine and varying 
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activity. SPD IC50 represents spermidine concentration which 

inhibits ODC activity by 50 %. The symbols are: ( —•--- ) M-ODC, 

) Tb-ODC, ( —A— ) M110T145M-ODC, ( —•—) M422-

ODC, (—•—) M110T145M424-ODC. 



.-. 100 
C 
"iii 
0 80· 
L.. 

a. 60 
O> 

Put 

E 40· 
~ j ~6 
E 20 6-11 6-6-6-!:i __.....,...o 
C ~ ij-rj-rj-0 ....__ 0 t:::tf f I I 
...., 
C 
!? 
C 
0 
(.) 

Q) 
C ·e 
as 

100 

80 

60 

40 

~ 20 

Spm 

Spd 

r-,'I I I I I I I 1 

Total 

c=H /o 
=o--=~~o -..~-··---· 

~ J~ I I i-i 8=8=8 
0 I I I I . I I I I _, .--,'I I I I I I I 1 

C -2 -1 0 1 2 3 4 C -2 -1 0 1 2 3 4 

Log [Spd] (µM) 

Fig. 7. Effects of exogenous spermidine titration on endogenous poly amine 

contents in the ODC-transfected C55.7 cells. C55 .7 cells transfected with M-ODC 

( • ), or Tb-ODC ( 6 ), or Ml 10Tl45M-ODC ( o ) were treated with various 

concentrations of spermidine in medium containing 1 mM aminoguanidine for 6 h. Cellular 

polyamine contents were analyzed as described in MATERIALS AND METHODS. The values 

represent total polyamine contents, i. e. putrescine, spermidine and spermine. V1 
0 



,..... 
N 

..... ..... en en 
CJ CJ 

71 .... 

44 .... 

28 .... 
.. 

18 .... 

Fig. 8. Purification of antizyme fusion protein GST-Zl. 

Exponential growing E. coli transformed with pGEX2T(Zl) or 

pGEX2T were induced with IPTG for GST-Z 1 or GST expression. 

GST or the fusion protein were purified using glutathione

agarose beads as described in MATERIALS and METHODS. After 

elution with glutathione, a portion of the purified proteins (5 

ul) was analyzed by electrophoresis through a 0.1 % SDS-12.5 % 

polyacrylamide gel followed by staining with Coomassie blue. 

The size (kDa) and position of Mr markers are indicated. 
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1988) and GST-Zl has a M.W. of 52 kDa. Cell lysates from different 

ODC-transfected cell lines were prepared and ODC activity was 

measured after addition of GST-Zl into each lysate. Fig. 9 shows the 

percentage of ODC activity after either 5 ul or 20 ul of GST-Zl 

preparation was added to the lysates. As expected, wild-type mouse 

ODC was inhibited by GST-Zl in a dose-dependent manner, and 

trypanosome ODC was not inhibited at all. M110T145M showed 

moderate inhibition by antizyme and M422 had much less sensitivity 

to antizyme inhibition than mouse ODC. There was minimal activity 

inhibition of M110T145M424 by antizyme. AH these ODCs could be 

inhibited by a-difluoromethylornithine (DFMO), a suicide inhibitor of 

ODC. Similar results were obtained when assayed with in vitro 

synthesized ODCs (data not shown). 

Antizyme-Binding Affinity of Various ODCs. 

Using the GST-Zl/GSH-agarose beads, we examined antizyme 

binding affinity of various ODCs which were synthesized in 

reticulocyte lysates. As shown in Fig. 10, when compared with 

nonspecific binding controls of GST/GSH-agarose beads or GSH-

agarose beads, wild-type mouse ODC could be precipitated by the 

GST-Zl/GSH-agarose beads. M110T145M and M422 could still bind 

to GST-Zl, although at less extent than wild-type mouse ODC. 

M110T145M424 totally lost antizyme binding capacity. According to 

previous studies from other laboratory, antizyme was bound to the 

stretch of amino acids from 117 to 140 of mouse ODC (Li and Coffmo, 



53 

Fig. 9. ODC activity inhibition by antizyme fusion 

protein GST-Zl. The ODC-transfected C55.7 ceils (2 x 10®) 

were lysed in ODC assay buffer. The purified antizyme fusion 

protein (GST-Zl) 5 ul or 20 ul was added into the lysates, 

respectively, and ODC activity was measured. Positive controls 

were set up by adding 500 uM DFMO into the lysates. 



54 

>> 

< 
U 
Q 
O 

1 2 0  

1 0 0  

80 

60 

40  • 

20 

GST-Zl (5 ul) 

1 2 0  

>.  100-

u 
< 
U 
O o 

GST-Zl (20 ul) 

1 
1 2 0  

^  1 0 0 1  

Z 8 0 
u 
< 

60 
u 

O 40 

^  2 0 H  

DFMO (50  0  uM)  

• M-ODC 

• Tb-ODC 

o M110T145M 

BS M422 

S M110T145M424 



55 

Fig. 10. In vitro binding of various ODCs to antizyme. 

35S-Iabeled ODCs were synthesized in reticulocyte lysates and 

divided into four aliquots. 20 ul of GST-Zl beads (GST-Zl), or 

GST beads (GST), or beads only (GSH-beads) was added into the 

aliquots, respectively. Following 1 h incubation at room 

temperature and repeated washes, the beads were solubilized 

with 4X SDS-solubilization buffer. ^^S-ODCs associated with the 

beads were analyzed through 0.1 % SDS-12.5 % PAGE gel. The 

size (kDa) and position of Mr markers are indicated. The full 

length mouse ODC is approximately 52 kDa and the C-terminal 

truncated ODC approximately 42 kDa. 
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1992). The observed residual binding of antizyme to M110T145M in 

our experiment could be explained as two possibilities. One was that 

the carboxyl terminal region facilitated the binding, the other was 

that the antizyme binding region was bigger than 110 to 145 amino 

acid residues. Complete loss of antizyme binding in M110T145M424 

demonstrated that the first possibility was correct. Chimeric proteins 

with larger N-terminal segment of mouse ODC replaced by 

trypanosome sequence, such as T145M and T145M424, failed to bind 

antizyme, suggesting that the second possibility also applied. 



58 

DISCUSSION 

In the present study, we showed that increased stability of 

mutant mouse ODCs was correlated with decreased affinity to 

interact with antizyme, suggesting that antizyme whose expression is 

regulated by polyamines, is an essential mediator in the process of 

ODC degradation. 

Previous studies by Coffino and coworkers suggested that 

degradation of mouse ODC involved two distinct pathways (Ghoda et 

al., 1992; Li and Coffino, 1992, 1993). The constitutive degradation 

pathway degraded ODC under basal metabolic conditions requiring 

the C-terminus of mouse ODC, independent of interaction with 

antizyme. The other pathway was activated by a high concentration 

of polyamines and was antizyme-dependent. The two-mechanism 

hypothesis was mainly on the basis of a C-terminal deletion mutant, 

which was stabilized under basal conditions, became rapidly 

degraded by the addition of exogenous polyamines. As depicted here, 

truncation of the C-terminal 39 amino acids increased half-life of the 

protein, and it also decreased, but not abolished ability to interact 

with antizyme. Therefore, their observation could probably be 

explained as that stabilization of the truncated protein was due to 

decreased interaction with antizyme, and addition of exogenous 

polyamines induced production of more antizyme which would 

facilitate binding to the protein and enhanced ODC turnover. 

Consistent with one degradation pathway hypothesis, Kahana and co-
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workers recently showed that antibody against antizyme could 

specifically inhibit the basal degradation of ODC in reticulocyte lysate 

(Mamroud-Kidron et al., 1994b). 

It has been suggested that the role of the C-terminus of mouse 

ODC in conferring the protein degradation is to provide a signal for 

proteolytic machinery. Antizyme binding facilitates exposure of the 

C-terminus (Li and Coffino, 1993). Here, we showed that C-terminus 

could influence antizyme binding. Mutation of either the N-terminal 

antizyme binding region or the C-terminal region reduced affinity to 

interact with antizyme. However, the protein became refractory to 

activity inhibition and binding by antizyme only when both regions 

were deleted. The data do not necessarily contradict Li and Coffino's 

hypothesis on the role of C-terminus. It is possible that interaction 

with antizyme requires both the antizyme binding region and the C-

terminal region of ODC, and the subsequent conformational change 

facilitates the destabilizing signal (C-terminus) accessible to the 

proteolytic machinery. 

The mode of action of antizyme in conferring ODC degradation 

by the 26S proteasome is unclear. Recently, some studies showed 

that an amino-terminal segment deletion mutant of antizyme 

retained the ability to bind and inactivate ODC, but completely 

prevented ODC degradation (Li and Coffino, 1994; Ichiba et al., 1994; 

Mamroud-Kidron et al., 1994b). The functionally distinct domains of 

antizyme resemble that of the oncoprotein E6 protein of human 

papilloma virus which directs the degradation of p53 (Scheffner et 
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al„ 1990). The C-terminus of E6 was sufficient for p53 binding, but 

its N-terminus must also be present for degradation to occur (Crook 

et al., 1991). A chimeric E6 protein consisting of a retinoblastoma 

protein binding domain led to the destruction of its new binding 

partner (Scheffner et al., 1992). So far the possibility that antizyme 

might signal the selective degradation of ODC to proteolytic 

machinery has not been excluded. 

While majority of short-lived proteins are degraded by the 26S 

proteasome via the ubiquitin-pathway, ODC is well degraded in a 

reconstituted system consisting of purified 26S proteasome, antizyme 

and ATP, but lacking ubiquitin or related enzymes. This unique 

mechanism of selective protein degradation involving interaction 

between ODC and antizyme shed light on our understanding of 

mechanisms of proteolysis. It is still possible that antizyme mediates 

the degradation of additional, as yet undefined, proteins. 
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Loss of Regulation of Intracellular Putrescine 
Pool Sizes Induces Apoptosis 

INTRODUCTION 

While polyamines are critical for optimal cell growth, excessive 

concentrations of the highly charged polyamines may interfere 

directly with normal cell function (Morris, 1991; Coffino and 

Poznanski, 1991). The toxic influence of polyamines, spermidine 

and/or spermine, has been recognized for many years. Addition of 

spermine to many cell types causes inhibition of growth. Although 

the oxidative products of polyamine degradation by a serum amine 

oxidase or a cellular polyamine oxidase or some other cellular amine 

oxidases are the well-known causes of polyamine toxicity in many 

cases, there is evidence that polyamine over-accumulation can kill 

marmnalian cells in the apparent absence of oxidation (Brunton et al., 

1991; Mitchell et al., 1992a; Poulin et al., 1993). A recent study by 

Tome et al. (1994a) indicated that over-accumulation of putrescine 

could be a causative agent of cytotoxicity, as demonstrated in an 

ODC-overproducing rat hepatoma cell variant DH23b cells. 

Polyamines have been recently implicated in apoptosis. 

Enforced expression of ODC, the rate-limiting enzyme in polyamine 
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biosynthesis, has been found to rapidly induce apoptosis in 

interleukin-3 (IL-3)-dependent 32D.3 murine myeloid cells following 

IL-3 withdrawal (Packham and Cleveland, 1994). Over-accumulation 

of spermidine caused by deregulation of polyamine transport has 

also been shown to trigger apoptosis in ODC-overexpressing LI210 

mouse leukemia cells (Poulin et al., 1995) 

Polyamine content in cells is maintained by both biosynthesis 

and transport. As mentioned earlier, polyamine biosynthesis is 

highly regulated via the rate-limiting enzyme ODC, and the regulation 

of ODC includes several levels: transcription, translation, and 

particularly protein degradation. There is an assumption that the 

sophisticated control of ODC reflects the need to control polyamine 

pools within critical limits and prevent toxic effect of excessive 

polyamines (Davis et al., 1992). However, recent studies on 

transgenic mice (Halmekyt5 et al., 1991 a, b), carrying an aberrantly 

regulated human ODC, indicated that control of ODC was not geared to 

stabilizing polyamine pools. Although ODC activities were not equal in 

all tissues in the transgenic mice, in some tissues ODC activity was 

much higher than normal and the pools of putrescine were elevated, 

however, the pools of spermidine and spermine were almost normal, 

well within the range tolerated by cultured cells. The only 

abnormality found in these transgenic mice was male gametic 

dysgenesis. 

In addition to biosynthesis, the uptake of exogenous 

polyamines by a membrane transport system has been shown to 
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play an important role in the control of intracellular polyamine pools 

(Seiler et al., 1990; Seiler and Dezeure, 1990). Characterization of 

polyamine import in a variety of cell types indicates that this is also 

a regulated process although the mechanistic details are unclear 

(Byers and Pegg, 1990; Khan et al., 1991; Kramer et al., 1993; Lessard 

et al., 1995). Fig. 11 illustrates the regulation of intracellular 

putrescine pools. Antizyme, a polyamine-induced, ODC-inhibitory 

protein, has been shown to be a putative repressor of polyamine 

transport in mammalian cells (Mitchell et al., 1994; Suzuki et al., 

1994). 

In this section of the dissertation, the studies on the 

consequences of the loss of polyamine synthesis or uptake regulation 

for polyamine pool sizes and cell viability are presented. 
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Fig. 11. Regulation of putrescine pool in cells. 

Putrescine pool is increased by ODC-mediated biosynthesis and 

uptake from exogenous source, both processes are feedback-

regulated by antizyme, and the pool is decreased by efflux and 

conversion to other amines. 
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MATERIALS AND METHODS 

Materials. 

L-[l-i '^C]Ornithine (48-58 mCi/mmoI) was purchased from New 

England Nuclear (Boston, MA). The ornithine decarboxylase inhibitor, 

a-difluoromethylornithine (DFMO), was generously provided by 

Marion Merrell Dow Research Institute (Cincinnati, OH). Putrescine 

dihydrochloride, cycloheximide and other chemicals were purchased 

from Sigma Chemical Co. (St. Louis, MO). Cell culture medium, serum 

and antibiotics were obtained from Gibco BRL (Grand Island, NY). 

Cell Lines. 

The DFMO-resistant HTC variant, DH23b cells (Mitchell et al., 

1991), were grown in monolayer cultures in McCoy's 5A modified 

medium containing 10 % horse serum, antibiotics and 10 mM DFMO. 

ODC-deficient C55.7 cells and the ODC-transfectants, C55.7(M-ODC) 

and C55.7(Tb-ODC) were maintained as described in the previous 

section. 

Cell Growth and Viahility Assays. 

Exponentially growing cells were plated into 60 mm tissue 

culture plates (Falcon Labware, Oxnard, CA) with 3 x 10^ cells/plate. 

After attachment, cells were treated with drugs as described. At 

harvest, medium and trypsinized cells were combined and 

centrifuged. Cell suspensions were mixed 4:1 with 0.4 % trypan blue 
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Stain in saline (Gibco BRL, Grand Island, NY). The live and dead cells 

were determined by trypan blue exclusion and counted in a 

hemocytometer. 

Assessment of Apoptosis. 

Medium and trypsinized cells were collected after drug 

treatment. Cell morphology was analyzed following cytospin 

(Shandon cytospin 2, Shandon Southern Products Ltd., England) and 

staining with Wright-Giemsa stain (Diff-Quik set, Baxter Scientific 

Products, McGaw Park, IL) according to manufacturer's instructions. 

Apoptotic cells were identified by characteristic chromatin 

condensation, cytoplasmic vacuolization, cell shrinkage, and 

formation of apoptotic "bodies" (Kerr et al., 1994). Apoptotic bodies 

free of surrounding membranes were not scored in the apoptotic 

counts. The percentage of apoptotic cells was determined by a single 

observer counting at least 400 cells using a light microscope under a 

lOOx oil lens. 

Polyamine Analysis. 

Cells were harvested, suspended in 0.1 N HCl and disrupted by 

sonication. This cell lysate was adjusted to 0.2 N HCIO4 and incubated 

at 4°C overnight to separate acid soluble polyamines from 

macromolecules. The acid soluble fraction was obtained by 

centrifugation at 15,000 g for 10 min, and analyzed for polyamines 

while the acid insoluble pellet was assayed for protein content using 
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the Pierce BCA (bicinchoninic acid) Protein Assay Reagent (Pierce, 

Rockford, EL) with bovine serum album as a standard. The polyamine 

contents were determined by using the reverse-phase high-

performance liquid chromatography procedure described by Seiler 

and Knodgen (1980). 
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RESULTS 

Changes in Intracellular Polvamine Contents Caused hv Deregulation 

ofODQ 

Since the trypanosome ODC mimics the properties of 

deregulated mouse ODC, the effects of deregulation of ODC enzyme on 

intracellular polyamine contents and cell viability were examined by 

comparing wildtype mouse and trypanosome ODC expression in C55.7 

cells. Fig. 12 shows ODC activities in the stable transfectants, 

C55.7(M-ODC) and C55.7(Tb-ODC) cells, during growth. After 24 h of 

growth, ODC activities were similar in C55.7 cells transfected with 

either mouse or trypanosome ODC. However, the mouse ODC was 

regulated during growth, reaching a maximum 24 h after subculture 

and declining thereafter, and the trypanosome ODC activity was 

constitutively high and not regulated. The deregulated ODC activity in 

C55.7 (Tb-ODC) cells contributed to the higher putrescine contents 

than in C55.7 (M-ODC) cells (appr. 3-fold), (as shown in Table 1). 

The spermidine and spermine pools in the two transfected lines were 

similar. The C55.7 cell line, an ODC-deficient CHO variant, had no 

detectable ODC activity. Removal of exogenous putrescine caused 

depletion of intracellular putrescine pool and eventually the 

spermidine pool. Growth kinetics of the cells are shown in Fig. 13. 

Both transfected cell lines showed a comparable growth rate with 

doubling times of approximately 24 h. Growth of the parental cells 

was suppressed due to lack of exogenous supply of putrescine. 



69 

20-
JB 
Ofl 18-

s  16 -
o 
E 14-
s 

12-

>> i o -<  i o -<  

> 8  -
u 
< 6  -

U 
Q 
O 2-

0 -

Days in Culture 

Fig. 12. ODC activities of the mouse or trypanosome 

ODC-transfected C55.7 ceils during growth. C55.7(M-ODC) 

(—•—) or C55.7(Tb-ODC) (——•—) cells were seeded in 100 mm 

plates at a density of 0.5 x 10® per plate and ODC activity was 

measured at the times indicated. 
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Table I. Polyamine contents in C55.7 and 

the ODC-transfected cells 

C55.7 cells and cells stably transfected with either mouse ODC 
or trypanosome ODC were grown in medium without exogenously 
supplied putrescine for 24 h. Intracellular polyamine levels were 
determined as described in "Materials and Methods". Results are 
presented as the mean +/- S.D. of three determinations. 

Polyaniines (nmol/mg protein) 

P u t  S p d  S p m 

CSS.7 0 14.7±0.58 16.8±0.71 

C55.7 (M-ODC) 2.7+0.79 16.5±2.80 19.9±l.72 

C55.7 (Tb-ODC) 10.1+0.24 20.7±0.84 17.1±2.07 

n.d., not detected. 



0-1 1 1 r 
0  24  48  72  

Time (hr) 

Fig. 13. Effects of different ODCs on cell growth. C55.7 

cells ( —o— ) and the transfectants, C55.7(M-ODC) ( —•— ) 

and C55.7(Tb-ODC) ( —A— ), were incubated in medium without 

exogenously supplied putrescine. The cell numbers of growth 

curves were corrected for viable cells. Results are a 

representative experiment which has been repeated in 

triplicate. 
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Accumulation of Intracellular Putrescine Caused hv Blocking 

Pol\amine Transport Regulation. 

Because it had been reported that inhibition of protein 

synthesis inactivated the feedback regulation of polyamine transport 

(Mitchell et al., 1992b), C55.7 cells and the transfectants were 

treated with cycloheximide and examined polyamine content changes 

in the presence of exogenous putrescine. As shown in Fig. 14, when 

cycloheximide-treated cells were supplied with 0.1 or 1 mM 

putrescine in the medium, they accumulated as much as 3-7 fold 

higher putrescine contents than untreated cells after 24 h. Despite 

the dramatic difference in intracellular putrescine contents, 

spermidine and spermine pools were relatively constant (data not 

shown). The decrease in putrescine contents after a 48 h 

cycloheximide treatment was a result of cell loss as shown in Fig. 

15. Viable cell number decreased in a putrescine concentration-

dependent manner in all three cell lines in the presence of 

cycloheximide. 

Apoptosis Induced by Overaccumulation of Putrescine. 

Examination of morphology changes in those cells with high 

levels of intracellular putrescine showed that many of them were 

undergoing apoptosis. Fig. 16 shows photographs of the transfected 

cells treated with 1 mM putrescine (Fig. 16A,B) or 1 mM putrescine 

plus cycloheximide (Fig. 16C,D) for 24 h. The putrescine plus 

cycloheximide-treated cells exhibited morphology typical of 
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Fig. 15. Putrescine dose-dependent decrease in cell number after treatment 

with cycloheximide. Cycloheximide (50 ug/ml) was added to the cell culture in the 

absence ( —•— ) or presence of 0.1 mM ( —A— ) or 1 mM ( —•— ) putrescine. Results show 

a representative experiment which has been repeated. 



75 

Fig. 16. Morphology and apoptotic frequencies of 

CSS.7 and the transfected cells treated with 

cycioheximide and/or putrescine compared to 

untreated controls. Panels A-D show cell morphology of 

untreated (A, B) and treated (C, D) C55.7(M-ODC) and 

C55.7(Tb-ODC) cells. For the treated cells, 1 mM putrescine was 

added to medium in the presence of cycioheximide and 

incubated for 24 h. Light micrographs were taken under lOOx 

oil. Arrows indicate apoptotic cells. Panel E shows the 

percentage of apoptotic cells. Cells were treated with putrescine 

as indicated in the absence ( | ) or presence ( g ) of 

cycioheximide for 24 h. Each value is the average of triplicate 

measurements ± S. D. of the mean. 
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apoptosis with condensed nuclei, shrunken cytoplasm, and some 

formation of apoptotic bodies (Kerr et al., 1994). The percentage of 

apoptosis in these cells with different intracellular putrescine levels 

was quantitated. As shown in Fig. 16E, deregulation of ODC alone did 

not cause apoptosis, even in the presence of exogenous putrescine, as 

in the C55.7 (Tb-ODC) cells. Loss of polyamine import regulation by 

cycloheximide treatment caused a putrescine dose-dependent 

increase in apoptotic frequency in all three cell lines. To verify that 

the increased apoptosis in C55.7 and the transfected cells was due to 

over-accumulation of putrescine which resulted from deregulation of 

uptake, another cell line, a DFMO-resistant HTC variant, DH23b cell 

line, was examined. In these cells, polyamine uptake regulation is 

altered so that normal negative feedback does not occur (Mitchell et 

al., 1992a). As shown in Fig. 17A, DH23b cells, growing in medium 

containing 10 mM DFMO to suppress endogenous putrescine 

synthesis, accumulated a large amount of intracellular putrescine 

from exogenous sources. High putrescine content was associated with 

decreased growth (Fig. 17B) and elevated apoptotic rates (Fig. 

17C). 



Fig. 17. Effects of exogenous putrescine on 

intracellular putrescine content (A), cell growth (B), 

and apoptosis (C) in the DH23b cells. Cells were cultured 

in medium containing either 10 mM DFMO ( —-o—- ), or 10 mM 

DFMO plus 1 mM putrescine ( m ). Results are from a 

representative experiment which has been repeated. 
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DISCUSSION 

The regulation of intracellular putrescine pool is affected by 

synthesis, uptake, conversion to other amines, and efflux. In this 

study. It was showed that loss of feedback regulation of uptake, but 

not synthesis, led to a dramatic increase of intracellular putrescine 

content when exogenous putrescine was present. Accumulation of 

high intracellular putrescine contents triggered apoptosis in these 

cells in a putrescine concentration-dependent manner. 

Work from many labs (summarized in Pegg et al., 1995) 

indicate that induction of ODC is necessary for optimal cell growth. 

The data shown here suggest that the regulation of polyamine 

transport is of more importance than ODC regulation in preventing 

the accumulation of toxic levels of polyamines. Accumulation of 

polyamines is frequently observed in ODC-overproducing cells under 

certain circumstances. The acquisition of an ODC-overproducing 

phenotype also involves major modifications in the regulation of 

polyamine transport. Lack of feedback control of polyamine 

transport has been reported in ODC-overproducing cell lines: the rat 

DH23b hepatoma cell line (Mitchell et al., 1992a), the mouse 

leukemia L1210 D-R cell line (Poulin et al., 1993) and the mouse 

FM3A variant EXOD-l cell line (Suzuki et al., 1994). The 

hypersensitivity of these cells to exogenous polyamines suggests the 

importance of uptake regulation in controlling polyamine pools. The 

trypanosome ODC-transfected C55.7 cells did not accumulate high 
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levels of putrescine, indicating that increased stability and lack of 

ODC response to polyamine feedback regulation is not sufficient to 

cause the polyamine toxicity. However, blocking regulation of 

polyamine import with cycloheximide caused over-accumulation of 

putrescine from exogenous medium and triggered apoptosis in the 

C55.7 cell lines. Cycloheximide could induce apoptosis in the C55.7 

cell lines as in some other cell types (Collins et al., 1991; Gong et al., 

1993; Chow et al., 1995). The mechanism of cycloheximide-induced 

apoptosis may involve putrescine accumulation, and thus 

cycloheximide may act synergistically with exogenous putrescine to 

cause apoptosis. However, excess putrescine-induced apoptosis does 

not require cycloheximide treatment, as demonstrated by the results 

from the DH23b cells which have a defect in uptake regulation and 

thus do not need cycloheximide to deregulate this process. Exogenous 

putrescine, which caused excess endogenous putrescine accumulation 

in these cells, induced apoptosis in the absence of cycloheximide 

treatment. Similar to other systems, putrescine toxicity as a 

consequence of lack of uptake regulation has been reported in 

Neurospora crassa (Davis and Ristow, 1991). 

Apoptosis induced by excess polyamines has been postulated 

as a result of the production of hydrogen peroxide by polyamine 

oxidation (Coffino and Poznanski, 1991). Apoptosis caused by 

putrescine over-accumulation does not appear to involve this 

mechanism, since putrescine is not a substrate for intracellular 

polyamine oxidases or the copper-dependent amine oxidase (CuAO) 
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in serum, and inhibition of polyamine oxidation did not relieve the 

putrescine toxicity (Tome et al., 1994a). The lack of an effect of the 

cellular FAD-dependent polyamine oxidase inhibitor, MDL 72,521, 

which inhibits the second step in intracellular polyamine catabolism 

(Seiler, 1995), indicates that polyamine catabolism is not an essential 

component of apoptosis induced by elevated intracellular putrescine 

levels. 

Recently, Poulin et al. (1995) showed that excessive 

spermidine accumulation resulted from de-repression of polyamine 

uptake in L1210 D-R cells induced apoptosis independently from 

their oxidation. Accumulation of a polyamine analogue (CPENSpm) 

and the depletion of natural polyamines by this compound have been 

reported to induce apoptosis in human breast cancer cells (McCloskey 

et al., 1995). Since polyamines have been shown to directly interact 

with DNA and affect its structure, over-accumulation of the highly 

charged amines might disrupt the balance of positive and negative 

charges normally maintained intracellularly and could lead to cell 

death. Recently, Tome et al. reported that accumulation of putrescine 

in DH23A cells suppressed the formation of modified eukaryotic 

initiation factor 5A (elF-5A) and caused these cells to undergo 

apoptosis (Tome et al., 1994b). 

Apoptosis induced by putrescine over-accumulation may have 

potential for therapeutic implications. To search for better cancer 

chemotherapeutic agents, the polyamine metabolic pathway has 

become the target (Pegg, 1988). Compounds interfering with 
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polyamine biosynthesis have been considered for use as potential 

therapeutic agents. One example is a-difluoromethylornithine 

(DFMO), a suicide inhibitor of ornithine decarboxylase. However, the 

clinical usefulness of these polyamine biosynthesis inhibitors has 

been limited by the capacity of tumors to salvage extracellular 

polyamines. In fact, cell transformation is characterized by a 

strikingly enhanced capacity for diamine and polyamine uptake. This 

is reflected in vivo by a strongly preferential accumulation of 

radiolabeled polyamines in tumors relative to healthy tissues 

(Sarhan et al., 1989; Volkow, et al., 1983). The main source of 

circulating polyamines comes from the gastrointestinal tract, where 

the microbial flora generates millimolar concentrations of putrescine 

and cadaverine which are made available to the plasma 

compartment through enterohepatic circulation (Sarhan et al., 1989; 

Hessels et al., 1989; Osborne et al., 1990). The putrescine and 

cadaverine synthesis in bacteria is not inhibited by DFMO (Bey et al., 

1987). Some studies demonstrate that several invasive tumor types 

grow very poorly in DFMO-treated rodents fed with antibiotics and a 

polyamine-deficient diet, whereas treatment with DFMO only has 

little, if any, antitumor effect in such models (Ask, et al., 1992; Seiler, 

et al., 1990). Additionally, L1210 cells deficient in polyamine uptake 

become more sensitive to DFMO treatment. Mice inoculated with a 

mutant L1210 leukemia cell line deficient in polyamine transport 

survived 60-70 % longer than mice inoculated with the wildtype cells 

when treated with DFMO (Persson, et al., 1988; Ask et al., 1992). By 
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taking advantage of the finding that tumor cells have much higher 

activity of polyamine uptake than normal cells, development of 

agents, which interfere with the feedback regulation of polyamine 

uptake, would lead to a rapid buiid-up of intracellular putrescine 

pools in tumor cells and cause cell death. 
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Characterization of a Diamine Exporter in 
CHO Cells and Identification of Natural 

Polyamine Substrates 

INTRODUCTION 

While increases and decreases in intracellular polyamine levels 

have been extensively studied under a variety of cellular conditions, 

the process of polyamine export, or efflux from cells, has not been 

investigated widely in mammalian cells. The two main obstacles to 

study such phenomena are the presence of amine oxidases and 

polyamines in serum (Seiler, 1987b; Hawel et al., 1994a) and the 

difficulty of measuring low levels of polyamines in large volumes of 

culture medium. 

So far the best characterized mammalian systems are Reuber 

H35 rat hepatoma cells and murine monocytic-leukemic RAW 264 

cells by Byus and coworkers (Tjandrawinata et al., 1994b). These 

cells are cultured under serum-free conditions. They selectively 

export putrescine at relatively high rates with low levels of 

spermidine and -acetyl-spermidine being effluxed into the 

medium. Verapamil, which inhibits L-type calcium channels, inhibits 

putrescine export, regardless of whether calcium is present in the 
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extracellular medium or not. This inhibition appears to be due to the 

direct binding of the drug to an integral membrane protein and not 

to the ability of the agent to alter Ca2+ influx. Furthermore, neither 

intracellular calcium, external sodium, nor changes in intracellular pH 

affects the levels of putrescine export. Unlike the bacterial putrescine 

export system, which is rran^-stimulated by ornithine (Kashiwagi et 

al., 1992), mammalian cells do not seem to involve such mechanism 

for putrescine export (Hawel et al., 1994a, 1994b; Tjandrawinata et 

al, 1994a). 

To fully understand the mechanisms of putrescine export, it is 

important to develop an inside-out plasma membrane vesicle system 

where the concentration of putrescine can be controlled accurately 

and the quantitation of its transport across the membrane can be 

performed precisely. In this chapter of the dissertation, the studies 

on putrescine efflux using inside-out plasma membrane vesicles 

derived from CHO-Kl cells are described. Measurements such as 

saturability, specificity and ATP-dependence were determined. Also, 

the cellular effects of inhibition of putrescine export were examined. 
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MATERIALS AND METHODS 

Chemicals. 

[ 1,4(n)-3H]Putrescine dihydrochloride (27.0 Ci/mmol) was 

obtained from Amersham Life Science Inc. (Arlington heights, IL). 

DFMO and the FAD-dependent poiyamine oxidase inhibitor, MDL 

72,521 were generous gifts from Marion Merrell Dow Company 

(Cincinnati, OH). Polyamines, diamines, reserpine, verapamil and 

other chemicals were purchased from Sigma Chemical Co. (St. Louis, 

MO). Cell culture medium, FBS, and supplementary antibiotics were 

from Gibco BRL (Grand Island, NY). 

Cell Culture. 

Chinese hamster ovary cells (CHO-Kl), obtained from American 

Type Culture Collection (Rockville, MD), were grown in F-12 nutrient 

mixture supplemented with 10 % fetal bovine serum plus 100 lU/ml 

penicillin, 100 ug/ml streptomycin. C55.7(M-ODC) and C55.7(Tb-ODC) 

were transfected C55.7 cells with either mouse(M) or 

trypanosome(Tb) ODC. These cells grew in Dulbecco's modified Eagle's 

medium supplemented with 5 % FBS, antibiotics, and 300 ug/ml 

G418. 

Preparation of Inside-Out Membrane Vesicles. 

The procedure for preparation of plasma membrane vesicles 

was modified from the methods described by Schaub et al. (1991) 
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and by Saxena and Henderson (1995). CHO-Kl cells (0.5-1 x 10^) 

were harvested from the cell culture and washed with 50 ml of ice-

cold phosphate-buffered saline (150 mM NaCl, 5 mM Na-phosphate, 

pH 7.4). The cell pellet was suspended in 50 ml of hypotonic buffer 

(0.5 mM Na-phosphate, pH 7.0, 0.1 mM EGTA, and 0.1 mM 

phenylmethylsulfonylfluoride) and gently stirred on ice for 3 h. The 

cell lysate was then centrifuged at 100,000 g for 45 min at 4°C. 

White fluffy material around the yellowish pellet was collected into 

20 ml of the hypotonic buffer, and homogenized with 20 strokes in a 

Potter-Elvehjem homogenizer. The homogenate was then layered 

over a 38 % sucrose solution, and centrifuged at 100,000 g for 30 min 

at 4°C. The turbid layer at the interface was collected into 25 ml of 

TS buffer (10 mM Tris-HCl, pH 7.4, 250 mM sucrose and 50 mM 

NaCl), and pelleted by centrifugation at 100,000 g for 30 min at 4°C. 

After suspending the pellet in 5 ml of TS buffer, vesicles were 

formed by passing the suspension through a 27-gauge needle with a 

syringe. Inside-out vesicles were enriched by applying to a column 

of wheatgerm agglutinin linked to CNBr-activated Sepharose 4B 

(equilibrated with TS buffer). The unbound inside-out vesicles were 

collected and further concentrated by centrifugation at 100,000 g for 

30 min at 4°C. The final inside-out vesicles were resuspended in TS 

buffer and stored at -70°C until use. Protein was determined using 

the Pierce BCA (bicinchoninic acid) Protein Assay Reagent (Pierce, 

Rockford, IL) with bovine serum album as a standard. 
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Estimation of Vesicle Orientation. 

To estimate the relative proportion of the inside-out vesicles, 

the measurement of exposed sialic acid of membrane vesicles was 

determined. To release sialic acid on the outside surface, 

neuraminidase from Clostridium perfringens (100 ug/mg membrane 

protein) was added to the vesicles suspended in 0.16 M Tris-acetate 

buffer (pH 5.2). The total amount of sialic acid (inside + outside) was 

estimated after treatment with neuraminidase in the presence of 0.1 

% (v/v) Triton X-100. The fraction of total sialic acid released by the 

enzyme represents the fraction of right-side-out vesicles, and the 

inside-out population was determined by subtraction. Liberated 

sialic acid was determined according to the thiobarbituric acid 

method (Warren, 1959). 

Measurement of W-Putrescine Uptake hy Inside-Out Vesicles. 

Frozen stocked membrane vesicles were thawed quickly at 

37°C and stored in ice until used. Assay mixtures contained 

membrane vesicles (100 ug of protein), 1.0 mM ATP, 10 mM MgCh, 

0.2 mM CaCh, 10 mM dithiothreitol, ATP generating system (10 mM 

creatine phosphate and 100 ug/ml creatine kinase), and 1 uM -

putrescine in assay buffer (250 mM sucrose, 10 mM Tris-HCl, pH 7.4) 

at a final volume of 100 ul. The incubation was carried out at 37°C, 

and uptake was stopped by placing on ice and diluting with 1 ml ice-

cold stop buffer (250 mM sucrose, 150 mM NaCl, 10 mM MES, pH 

5.5). The vesicles were collected by rapid filtration onto 
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premoistened Millipore HAWP 0.45-um filters, washed with four 1-

ml portions of ice-cold stop buffer. Radioactivity on the filters was 

measured in a scintillation counter. The determination of nonspecific 

binding (blank) was performed by adding ice-cold stop buffer to 

vesicles prior to adding label and was subtracted from transport 

measurements. 
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RESULTS 

Characteristics of Intravesicular Accumulation of W-Putrescine. 

The purity of the inside-out membrane vesicles was 

determined by the accessibility of the membrane-associated sialic 

acid to neuraminidase. The amounts of sialic acid liberated by the 

neuraminidase treatment in the absence and presence of 0.1 % (v/v) 

Triton X-100 were 38 ± 5 nmol/mg protein and 117 ± 16 nmol/mg 

protein, respectively. Therefore, 68 % of the total population of the 

vesicles were estimated to be inside-out. 

The purified vesicles were incubated in the assay mixture 

containing 1 uM -^H-putrescine. The results in Fig. 18 represent a 

typical time course experiment measuring intravesicular -

putrescine accumulation. The process was linear for 15 min at 37°C, 

reached a maximum at 30 min, and then declined thereafter. Uptake 

measurements at varying concentrations of ^H-putrescine are shown 

in Fig. 19. The transport of ^H-putrescine into the vesicles was a 

saturable process. 

To determine whether putrescine accumulation was due to 

binding or to transport, the effect of medium osmolarity on the 

amount of the uptake was studied. An increase in osmolarity of the 

medium would be expected to lower the intravesicular volume 

without inhibiting the nonspecific binding of putrescine to the vesicle 

surface. Different osmolarities of the extravesicular medium were 

achieved by varying its sucrose concentration. The vesicles were 
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Time (min) 

Fig. 18. Time-course of ^H-PUT uptake into the inside-

out membrane vesicles. Membrane vesicles were suspended 

in reaction buffer and assayed for uptake by the addition of 1 

uM ^H-PUT. The vesicle-associated radioactivity was measured 

at the indicated time points. 
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3H-PUT (uM) 

Fig. 19. Concentration-dependent uptake of ^H-PUT 

into the inside-out membrane vesicles. Various 

concentrations of ^H-PUT were added into the reaction buffer 

containing the vesicles and the transport was assayed after a 

10 minutes incubation at 37°C. 
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preincubated for 1 h at different sucrose concentrations in the 

absence of ^H-putrescine and the energy sources before the 

transport measurements. The data given in Fig. 20 demonstrate that 

the association of ^H-putrescine with the vesicles was osmotically 

sensitive. The amount of ^H-putrescine taken up by vesicles 

decreased proportionally to the increase of osmolarity in the 

extravesicular medium, suggesting that putrescine was actually 

transported into the vesicles, rather than binding to the vesicle 

surface. 

ATP-Independence of ^H-Putrescine Transport into the Vesicles. 

To determine whether the intravesicular accumulation of 

putrescine was an ATP-driven transport, uptake measurements were 

performed in the presence or absence of ATP. Because of the 

abundance of 5'-nucleotidase and Na+, K+-ATPase on the plasma 

membrane, externally added ATP could be hydrolyzed by the 

vesicles rapidly. To avoid rapid decrease in ATP concentration for the 

uptake measurement, creatine phosphate (10 mM) and creatine 

kinase (100 ug/ml) were added to the assay mixture to regenerate 

ATP during prolonged incubation period. The results are shown in 

Fig. 21. After 30 min incubation with 1 uM of ^H-putrescine at 37°C, 

there was no significant difference in -^H-putrescine uptake into the 

vesicles no matter ATP and/or ATP regenerating system was present 

or not. This suggests that the transport is an ATP-independent 

process. 
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Fig. 20. Osmotic sensitivity of ^H-PUT accumulation 

into the inside-out membrane vesicles. Membrane 

vesicles were preincubated in buffer containing various 

concentrations of sucrose for 1 hour. Uptake was started after 

this preincubation by adding 1 uM ^H-PUT into the reaction 

mixtures. Each value is the mean of triplicates. Error bars are 

not shown when smaller than the symbol. 
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Fig. 21. ATP-independence of ^H-PUT uptake into the 

inside-out membrane vesicles. Membrane vesicles were 

incubated in reaction buffer containing 1 uM ^H-PUT in the 

presence or absence of I mM ATP, 10 mM creatine phosphate 

and 100 ug/ml creatine kinase for 30 minutes at 37°C. 
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Competitive Inhibition of W-Putrescine Transport into the Vesicles 

by Other Amines. 

To determine the specificity of the transport system mediating 

the uptake of ^H-putrescine into the vesicles, inhibition of 

intravesicular accumulation of ^H-putrescine uptake by other 

polyamines was examined (Fig. 22). As expected, addition of 

unlabeled putrescine inhibited 90 % -^H-putrescine uptake into the 

vesicles, once again demonstrating the true transport rather than 

nonspecific binding. There was no inhibitory effect by the additions 

of spermidine or spermine, suggesting that export of spermidine and 

spermine involves different transport system(s). The apparent 

inhibition by acetylspermidine indicates that the export system also 

mediates acetylspermidine transport. Since putrescine structurally 

resembles other diamine compounds, the effects of these diamines on 

3H-putrescine uptake into the vesicles were examined to determine 

whether certain chemical structures, such as diamino-groups, 

conferred the specificity. As shown in Fig. 23, these compounds 

(including 1,3-diaminopropane, 1,5-diaminopentene, 1,6-

diaminohexane and 1,7-diaminoheptane) all exhibited varying 

degrees of inhibitory effects. These data suggest that the export 

system mediates diamine transport. 
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Fig. 22. Competitive inhibition of ^H-PUT uptake into 

the inside-out membrane vesicles by other amines. 1 

mM of non-radiolabeled putrescine, spermidine, spermine, and 

their acetyl derivatives were added individually to the uptake 

reaction mixture. Control represents the sample without cold 

amine addition. 
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Fig. 23. Inhibition of ^H-PUT uptake into the inside-

out membrane vesicles by diamine compounds. Each of 
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Inhibition of W-Putrescine Transport into the Vesicles hv Reserpine 

or Verapamil. 

Reserpine, the antihypertensive plant alkaloid, is a potent 

inhibitor of the vesicular monoamine transporter in the nervous 

system (Schuldiner, 1994). This drug has also been shown to 

decrease P-glycoprotein-mediated drug efflux by binding to P-

glycoprotein and inhibiting its efflux function. The inhibitory effects 

of reserpine on structurally and functionally divergent efflux 

transporters suggest that this drug might also affect putrescine 

efflux. Fig. 24A shows that when reserpine was added into the 

transport assay mixtures, ^H-putrescine uptake decreased in a 

reserpine dose-dependent manner, with IC50 approximately 40 uM. 

Verapamil, a calcium antagonist, has been reported to inhibit 

the export process mediated by P-glycoprotein without inhibition of 

calcium influx (Cornwell et al., 1987). The inhibitory effect of 

verapamil on putrescine efflux has been demonstrated in 

macrophage-like RAW 264 cells and Reuber H35 hepatoma cells 

(Hawel et al., 1994a; Tjandrawinata et al., 1994a, 1994b). As a 

comparison, the effect of verapamil on ^H-putrescine uptake into the 

vesicles was examined. As shown in Fig. 24B, verapamil was a 

potent inhibitor of the putrescine efflux transporter. Approximately 

90% of ^H-putrescine uptake was inhibited in the presence of 10 uM 

of verapamil. 
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Fig. 24. Inhibition of ^H-PUT uptake into the inside-

out membrane vesicles by reserpine (A) and verapamil 

(B). Uptake of ^H-PUT into the vesicles was assayed in the 

presence of various concentrations of reserpine or verapamil 

for 30 minutes at 37°C. 
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Cellular Effects of Inhibition of Putrescine Export. 

To determine the physiological consequences of blocking 

putrescine efflux in cells, changes in intracellular polyamine contents 

by reserpine or verapamil were examined in ODC-transfected C55.7 

cells with mouse or trypanosome ODC. Results in Table 11 show that 

both reserpine and verapamil caused approximately 2-3 folds 

increases in intracellular putrescine contents in the two transfected 

lines, and that C55.7(Tb-ODC) accumulated higher putrescine contents 

than C55.7(M-ODC) because of the more stable ODC protein. Relatively 

little changes in spermidine and spermine levels were observed in 

cells with or without the drug treatments. Fig. 25 shows the effects 

of both drugs on cell growth. Reserpine, due to its limited solubility 

and toxicity associated with the solvent, was less efficient than 

verapamil. Morphological examination of these cells for apoptotic 

frequencies showed that although intracellular putrescine pool 

increased after drug treatment, it was not sufficient to cause 

apoptosis (apoptotic rates < 5 % ). 

Identification of Other Natural Polyamine Substrates for the Export 

S y s t e m .  

In addition to increased intracellular putrescine contents, cells 

treated with verapamil also accumulated cadaverine and N^-

acetylspermidine (Table III), suggesting that the export system 

mediates diamine efflux under physiological conditions. These 
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Table II. Effects of reserpine or verapamil on 

intracellular polyamine pools 

The cells were treated with either 50 ug/ml reserpine or 50 
uM verapamil for 24 h, and then harvested for polyamine analysis. 
The polyamine numbers below represent nmol/mg protein. 

c o n t r o l  r e s e r p i n e  v e r a p a m i l  

C55.7(M-ODC): Put 2.83+0.65 6.13±0.35 7.70±1.32 

S p d  17.06+1.28 16.80±0.64 18.97±0.52 

S p m 13.32+0.42 12.45±1.05 12.98+4.10 

C55.7(Tb-ODC): Put 10.97 + 3.78 20.87±1.13 24.67 + 2.36 

S p d  20.22+0.21 13.30±3.73 18.0+2.14 

S p m 12.31+0.61 13.53 + 2.67 12.55±0.77 
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Fig. 25. Effects of reserpine or verapamil on cell 

growth. C55.7 (M-ODC) or C55.7 (Tb-ODC) cells were seeded in 

60 mm plates in medium with or without 50 ug/ml reserpine, 

50 uM verapamil. Viable cells were counted at the indicated 

times by trypan blue exclusion. The symbols represent: 

( ....o—. ) no addition; ( —A— ) addition of reserpine; ( —a— ) 

addition of verapamil. 
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Table III. Accumulation of cadaverine and N®-

acetylspermidine in the verapamil-treated cells 

The cells were treated with 50 uM verapamil in the presence 
or absence of 5 mM DFMO for 24 h, and then harvested for 
polyamine analysis. The polyamine numbers below represent 
nmol/mg protein. 

C55.7 (M-ODC): control 

v e r a p a m i l  0 . 6 7 ± 0 . 2 5  

Vpm+DFMO 0 

0 

c a d a v e r i n e  N8.-AcSpd 

0 

0.39±0.16 

0 

C55.7 (Tb-ODC): control 

v e r a p a m i l  

Vpm+DFMO 

0 

1.64±0.70 

0 

0 

0.94+0.36 

0 
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accumulations were prevented by treatment with the ODC inhibitor, 

a-difluoromethylornithine (DFMO) (Table III). 

One physiologically relevant diamine, other than cadaverine 

and N^-acetylspermidine, is -acetylspermidine. Induction of 

spermidine/spermine N^-acetyltransferase (N^SSAT) which catalyzes 

the synthesis of -acetylspermidine and N^-acetylspermine is a 

prominent response of cells under stresses such as heat shock. To 

d e t e r m i n e  w h e t h e r  t h e  e x p o r t  s y s t e m  a l s o  m e d i a t e d  N ^ -

acetylspermidine efflux, the effects of verapamil on intracellular N^-

acetylspermidine accumulation after heat shock were examined. 

Table IV shows that, in the absence of the polyamine oxidase 

inhibitor MDL 72,521, intracellular N^-acetylspermidine levels were 

u n d e t e c t a b l e ,  p r e s u m a b l y  d u e  t o  f u r t h e r  c a t a b o l i s m  o f  N ^ -

acetylspermidine to putrescine. Although addition of MDL 72,521 

alone made N^-acetylspermidine detectable (2-4 nmol/mg protein), 

heat shock treatment did not cause apparent increase in intracellular 

N1-acetylspermidine levels. However, when both verapamil and MDL 

72,521 were present, a dramatic increase in N^-acetylspermidine 

content (up to 15.7 nmol/mg protein) was observed after heat shock, 

indicating that -acetylspermidine could be exported by the efflux 

transporter. Similar results were obtained with C55.7(M-ODC) cells 

but at less extent. 
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Table IV. Accumulation of Nl-acetylspermidine in 

C55.7(Tb-ODC) cells by verapamil after heat shock 

C55.7(Tb-ODC) cells were seeded in T-25 flasks and grown for 
48 h. Verapamil (20 uM) and/or MDL 72,521 (25 uM) were added 
as indicated, and incubated for 1 h. Heat shock treatment was 
performed in a 43 °C water bath for 90 min, then the cells were 
switched back to a 37°C incubator. After 24 h incubation, cells were 
harvested for polyamine analysis. The polyamine numbers below 
represent nmol/mg protein. 

t r e a t m e n t  P u t  S p d  N i - A c S p d  

Ctr 12.4 16.8 n.d. 

Ctr/HS 10.6 14.2 n.d. 

V p m  18.9 17.0 n.d. 

Vpm/HS 22.1 15.5 n.d. 

MDL 14.2 16.6 2.2 

MDL/HS 19.2 14.6 3.5 

Vpm/MDL 25.4 16.0 6.6 

Vpm/MDL/HS 32.4 12.0 15.7 

Abbreviations: Ctr-control; Vpm-verapamil; MDL-MDL 72,521; HS-
heat shock; n.d.-nondetectable. 
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Ejfect of Antizyme on IH-Putrescine Transport into the Vesicles. 

Antizyme, as a polyamine-induced bifunctional protein, has a 

major role in controlling intracellular poly amine contents. It inhibits 

putrescine synthesis by inactivating ODC and promoting its 

degradation. In addition, it downregulates polyamine uptake 

transport. Therefore, it is reasonable to rationalize that it might also 

play a role in putrescine efflux regulation. To test this hypothesis, a 

purified antizyme fusion protein (GST-Zl) was used to test the effect 

of antizyme on ^H-putrescine transport into the vesicles. Fig. 26 

shows that addition of the purified antizyme fusion protein GST-Zl or 

the control protein GST to the transport assays had no effect on ^H-

putrescine accumulation in the vesicles. These data indicate that 

antizyme does not, at least directly, regulate putrescine export. 
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Fig. 26. Effect of antizyme on ^H-PUT uptake into the 

inside-out membrane vesicles. Antizyme fusion protein 

GST-Zl and the control GST protein were overexpressed in 

bacteria expression system and purified using GSH-agarose. 

Titration of the protein preparations showed that 5 ul of GST-

Zl inhibited ODC activity from 2 x 10^ cells by >70 %. 
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DISCUSSION 

Using inside-out membrane vesicles prepared from CHO-Kl 

cells, the exporter mediating putrescine efflux has been 

characterized. The transport of ^H-putrescine into the inside-out 

vesicles was a saturable process, as shown in the time-course and 

concentration-dependence experiments, suggesting that it is not a 

simple diffusion process. This is in contrast to the putrescine export 

system in Neurospora which has been implicated to be a non

saturable, diffusional system (Davis and Ristow, 1989; Davis, 1990). 

In this cell-free system, ATP requirement for the transport 

process could be tested directly and the results showed that -

putrescine uptake into the inside-out vesicles was ATP-independent. 

Estimation of intravesicular ^fj-putrescine concentration after 

reaching equilibrium indicated that the process was moving down a 

concentration gradient (data not shown). ATP-independent 

putrescine efflux systems have been demonstrated in bacteria and 

Neurospora. In bacteria, excretion of putrescine is catalyzed by a 

antiporter protein which exchanges putrescine and ornithine. This 

does not seem to be the case in mammalian cells, since high levels of 

extracellular ornithine do not correlate well with the rates of 

putrescine export (Hawel et al., 1994a). 

The observed accumulation of ^H-putrescine in the vesicles was 

true transport, rather than nonspecific binding to the membrane, as 

demonstrated in the osmotic sensitivity of uptake experiment. 
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Nonspecific binding of ^H-putrescine to the membrane vesicles was 

dramatically reduced by washing the vesicles with pH 5.5 medium, 

rather than pH 7.4 medium, after transport assay. Similar binding 

behavior of polyamines has been reported in liposomes derived from 

phospholipids and from rat intestinal brush-border membrane in 

which there was a distinct difference of the binding of polyamines 

between pH 7.5 medium and pH5.5 medium (Kobayashi, et al., 1992). 

In the control experiments, addition of 0.1 % Triton X-100 to the 

transport assay mixtures had approximately equal levels of 

radioactivity as the blanks (data not shown). 

Verapamil and reserpine are the reagents which have been 

found to be able to interfere with some efflux exporters, such as p-

glycoprotein and vesicular monoamine transporters in neurons. The 

inhibitory effect of verapamil on putrescine export has been 

reported in monocytic-leukemic RAW 264 cells and H35 hepatoma 

cells (Tjandrawinata et al., 1994a, 1994b; Hawel et al., 1994a). Here 

we showed that putrescine transport into the inside-out vesicles was 

inhibited by both drugs, although reserpine was not as potent as 

verapamil due to its limited solubility. This inhibitory effect was 

confirmed in intact cells. Treatment of the ODC-transfected cells with 

either reserpine or verapamil caused increases in intracellular 

putrescine contents. These results, again, demonstrated that the 

putrescine efflux process could not be a simple diffusion, and that a 

specific membrane protein was involved. 
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The specificity of the transporter was demonstrated through 

inhibition of ^H-putrescine uptake into the vesicles by unlabeled 

putrescine. The data that putrescine transport was competitively 

inhibited by acetylspermidine and acetylspermine, but not by 

spermidine and spermine, indicate that the transport system could 

probably mediate export of acetyl polyamines as well. Even though 

Byus and coworkers observed that in several cell lines, including 

mouse monocytic/macrophage RAW, Chinese hamster ovary CHO, rat-

liver RL-9, and HeLa derivative lines, only putrescine was exported 

from cells when cultured in serum-free medium (Hawel et al., 

1994a). Several laboratories have reported export of 

acetylspermidine from cells in addition to putrescine (Hyvonen, 

1989; Pegg et al., 1989; Grillo and Colombatto, 1994). Spermidine and 

spermine had no effect on the putrescine transport, suggesting that 

other pathways are involved in export of the larger chain amines. In 

fact, a recent study demonstrated that spermidine was released from 

Xenopus oocytes through a membrane cation channel by 

electrodiffusion which was verapamil-insensitive (Sha et al., 1996). 

The in vitro data, showing that putrescine transport was 

inhibited by other diamine compounds, imply that this transport 

system is probably a diamine exporter. Hawel et al. (1994b) reported 

the presence of cadaverine (1,5-diaminopentane) in addition to 

putrescine in extracellular medium of RAW 264 and H35 cultures. 

Their studies indicated that endogenous cadaverine was formed 

through the decarboxylation of lysine by ornithine decarboxylase, 
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and then removed from the cells with a high degree of efficiency. 

When the ODC-transfected C55.7 cells were treated with verapamil, 

endogenous cadaverine and N^-acetylspermidine were found to be 

accumulated, and this accumulation was not detected when cells 

were co-treated with DFMO. These results support the conclusion that 

cadaverine, whose formation involves the action of ODC, was 

transported to extracellular medium by the diamine exporter. 

Formation of N^-acetylspermidine is considered to occur only in the 

nucleus by a nuclear histone acetylase (Libby, 1980), and to 

transport nuclear polyamines into the cytoplasm for further 

catabolism. Excretion of small amounts of N^-acetylspermidine have 

been reported in CHO cells and C55.7 cells, and the excretion ceased 

when intracellular levels of spermidine decreased due to DFMO 

treatment (Hyvonen, 1989). Accumulation of N^-acetylspermidine in 

the ODC-transfected C55.7 cells after verapamil treatment suggests 

that the diamine exporter also mediates the transport of N^-

acetylspermidine in vivo. In addition, one other physiological 

diamine, N^-acetylspermidine, is also the substrate of the exporter, 

as demonstrated in the heat shock induction of N^SSAT experiment. 

Apparent accumulation of N^-acetylspermidine was observed in cells 

in the presence of MDL 72,521 and verapamil. 

While the precise mechanisms by which putrescine is exported 

remain to be elucidated, the data presented here suggest that: 

putrescine efflux is mediated by a membrane protein, rather than a 

simple diffusion; this process is ATP-independent as demonstrated in 
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the cell-free system; the efflux transporter exports putrescine, as 

well as diamines. Physiologically relevant diamines exported, in 

addition to putrescine, include cadaverine, N^- and N^-

acetySpermidine. Spermidine and spermine are not exported by this 

mechanism. Antizyme, which plays a major role in the regulation of 

polyamine synthesis and uptake, has no direct effect on putrescine 

efflux. 
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SUMMARY AND PERSPECTIVES 

While depletion of polyamines causes suppression of cell 

growth, excessive polyamines are also toxic to cells. Therefore, 

intracellular polyamine contents must be stringently controlled. In 

this dissertation, I investigated cellular and biochemical mechanisms 

of intracellular polyamine pool regulation. Three different aspects of 

regulatory mechanisms: biosynthesis, uptake, and efflux, were 

examined and their physiological significance was studied. 

Ornithine decarboxylase (ODC), the key enzyme in the 

polyamine synthetic pathway, has a rapid turnover rate. It is 

probably one of the most attractive targets for study of selective 

proteolysis and/or metabolic regulation. In this dissertation, it was 

shown that the difference in stability of wild-type and mutant ODCs 

was correlated with their ability to interact with antizyme. In 

contrast to previous studies which implicate degradation of ODC via 

two pathways, i. e. antizyme-dependent pathway and antizyme-

independent pathway. Our results suggest that degradation of ODC is 

mediated by a single pathway, and antizyme, a polyamine-induced 

protein, is an essential mediator for the degradation. The novel 

mechanism of ODCrantizyme interaction probably represents a class 

of short-lived regulatory cellular proteins. So far little is known 

about the mode of action of antizyme in conferring ODC to be 

degraded by the 26S proteasome. The ubiquitin-independent 

proteolytic units in the 26S proteasome which are responsible for the 
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degradation of ODC, are largely unknown. Obviously elucidation of 

these questions is important. It will provide insight to our 

understanding of selective degradation of not only ODC, but also 

other cellular proteins. In addition to the accelerated degradation by 

polyamines, ODC has been found to be stabilized under certain 

circumstances. We have limited knowledge on the mechanisms 

involved in this stabilization. Further studies on antizyme regulation 

will help us to solve the mystery. It is also interesting and 

worthwhile to clarify the physiological role of an antizyme inhibitor, 

which was discovered in rat liver and was able to bind to antizyme 

with high affinity. Obviously, cloning of its cDNA is essential for the 

structure and function studies. 

In addition to endogenous polyamine synthesis, uptake of 

polyamines from extracellular medium is another route to maintain 

substantial levels of intracellular polyamines in mammalian cells. 

Both processes are under control by a feedback mechanism involving 

antizyme. Here the physiological consequences of loss of feedback 

regulation of either synthesis or uptake were examined. It was 

shown that loss of regulation of uptake, but not ODC protein, caused 

overaccumulation of intracellular putrescine and induced cells to 

undergo apoptosis. Antizyme, as a bifunctional regulatory protein, 

effectively prevents excess accumulation of polyamines. Future 

studies on the physiological role of antizyme in cell growth and 

differentiation are worthwhile pursing using systems which either 

lack or overproduce antizyme. It is also important to establish 
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strategies to induce apoptosis in cancer cells using the toxic effects of 

overaccumulated polyamines. 

Export of polyamines is required not only to regulate 

polyamine pool sizes, but also to exert certain functions of 

polyamines outside cell membrane. In the present study, the 

putrescine efflux process was characterized using an inside-out 

membrane vesicle system derived from CHO cells. It was shown that 

putrescine export was a membrane protein-mediated and ATP-

independent process. The transporter was a diamine exporter, 

mediating export of putrescine, as well as physiological diamines, 

such as N^- and N^-acetylspermidine, and cadaverine. Spermidine 

and spermine were not exported by this mechanism. Further studies 

are needed to elucidate precise mechanism of the diamine exporter, 

addressing questions such as how it is regulated and whether 

membrane potential is required, etc.. Cloning or isolation of the 

putrescine efflux pump is of most importance. In addition, the 

physiological role of polyamine efflux in preventing polyamine 

accumulation-induced apoptosis is not clear. Drugs such as verapamil 

and reserpine, which have been shown to effectively block 

putrescine efflux in our system, would benefit the study. 

Overall, the precise control of polyamine synthesis enables 

intracellular polyamine levels within the optimal range for cell 

proliferation, and uptake regulation is of more importance in 

preventing the toxic effects of excess polyamines. 
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