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Mammalían ribonucleotide reductase is a híghly regulated, rate
limiting activíty responsíb1e for converting ribonucleoside diphosphates
to the deoxyribonucleotide precursors of DNA. The enzyme consists of two
nonidentical proteins often called tll and M2, both of which are required
for activity.
ribonucletide reductase by interacting with the l"t2 component specifically
at a unique tyrosyl free radical. Studies of a series of drug resistant
mouse cell lines, selected by a step-wise procedure for increasing levels
of resistance to the cytotoxic effects of hydroxyurea. Each successive
drug seleetion step leading to the isolation of highly resisLant ce11s rn¡as

accompanied by stable elevations in cellular resistance and ribonucleotide
reductase activity. The drug resistant ce11 lines exhibited gene
amplification of the M2 gene, elevated M2 nRNA, and M2 protein. Analysis
of wild type, moderately resistant, and highly resistant cells indicated
that, in addition to M2 gene amplifieation, posttranscriptional modulation
also occurred during the drug selection. Studies of the biosynthesís
rates with exogenously added iron also suggests a role for iron in
regulating the level of M2 protein when cells are cultured in the presence
of hydroxyurea. The hydroxyurea-inactivated ribonucleotide reductase
protein M2 has a destabilized iron centre, which readily releases iron.
In addition, altered expression of the iron storage protein, ferritin,
appears to be required for the development of hydroxyurea resistance in
mammalian cells. The results show an interesting relationship between the
expressions of two highly regulated activities, ribonucleotide reductase
and ferrítin. These results illustrate the complexíty of the drug-
resistant phenotype and provide further informaÈion about the molecular
processes that lead to the development of cells resistant to low,
intermediate, and high concentrations of hydrox)rurea. The phorbol ester
twnor promoter, TPA, J-s also able to alter the expression of l[2. TPA was
able Èo induce M2 nRNA levels transiently up to 18-fold within L hour.
This rapid and large elewation of ríbonucleotide reductase suggests that
the enz¡rme may play a role in tumor promotion. Studies of che M2 promoter
region were undertaken in order to better understand the mechanism of TPA

induction of M2.

Abstract

Hydroxyurea is an antitumor agent which inhibits
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1. RIBONUCI^EOTIDE REDUCTASE

1.1. Ribonucleotide Reductase and DNA slmthesis: Ribonucleotide reductase

is a highly regulated enzyme that is responsible for the conversion of

ribonucleotídes to theír corresponding deoxyribonucleotides, the

precursors of DNA synthesis (Thelander and Reichard, L979; I.iright, L989;

Wright et a7., 1990). In both prokaryotes and eukaryotes, the formation

of deoxyribonucleotides occurs by the direct reduction at the 2'positíon

of the eorresponding ribonucleotides.

The importance of this enz)rme for ce1l growth is demonstrated by its

key role in DNA synthesis. Irrhile eells do possess measurable levels of

deoxyribonueleoside triphosphates, those cells in S-phase have sufficient

Ievels to maintain DNA synthesis for only a very short time. The smallest

of the deoxynucleoside triphosphate pools, dGTP, $ras estimated to be

present in ¡mounts capable of sustaining DNA replication for only 15 to

30 seconds (Skoog and Nordenskjold, L97I). Thus S-phase cells must be

constantly supplied with deoxyribonucleoside triphosphates. I.Ihile there

are enzymatic salvage pathways for recycling deoxyríbonucleotÍdes, the

amounts required for DNA replication places a hearry dependence ort de novo

synthesis.

ídentified which is capable of supplying sufficient quantities of

deoxyribonucleotides. In bacterial cells, the isolation of a temperature

sensiËive mutant of DNA s¡rnthesis (D/VAF) demonstrated the essential nature

of ribonucleotide reductase. The muËanË was found to contain a lesion in

the gene coding for ribonucleotide reductase (Fuchs et a7., L972).

To date, ribonucleotide reductase is the only enz)¡me
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Measurable levels of ríbonucleotide reductase activity were found

to be correlated with the fraction of cell populations in which DNA

synthesis qTas occurring (Turner et a7., 1968). Cell sychronization

studies involving mammalian cel1s also illustrated the critical

association of ribonucleotide reductase aetivity with ce1l growth. The

pool sizes of all four deoxyribonucleoside triphosphates increase

immediately prior to the iniüiation of DNA synthesis. The pools remain

elevated during S-phase, and afterwards decrease to the low basal levels

found in Gl cells (![alters et a7., L973; Bray and Brent, L972). The

increase in deoxyribonucleotíde pools correlates with dramatic increase

in ribonucleotide reductase activity just prior to DNA synthesis, and a

return to low basal levels near the end of S-phase through to Gl (Murphree

et a7., L969; Peterson and Moore, L974; Lewis et a7., L978).

1.2. Ribonucleotide Reductase Reacti-on: The reactions performed by this

universal enz)rme is a direct reduction of the ribose moiety in a

ríbonucleotide to the deoxyribose of a deoxyribonucleotide (Fig. 1). The

reducing system requires the presence of a molecule contaíning sulfhydryl

groups which, in the reactíon, are oxidized xo the dísulfide. Two small

protein molecules, thioredoxin and glutaredoxin can serve as the

internediate hydrogen carriers (Laurent et a7., L964; Engstrom, N.E. et

a7., l97t+; Luthman et a7., 7979). These proteíns function through the

thioredoxin reductase system (Moore et â7., L964; Larsson, 1973), and

glutaredoxin via glutathione and the glutaËhione reductase system

(Holmgren, L976; Luthman and Holmgren, L982). The reduced form of



Figure 1. Reaction performed by mammalían ribonucleotide reductase.
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nicotinamide adenine dinucleotíde phosphate (NADPH) provides the ultimate

reductíon potential for both systems.

L.2.L. Classes of Ribonucleotide Reductases: The ribonucleotide

reductases characterized to date are of several different t¡¡pes (Thelander

and Reichard, L979; Llright et a7.,1981; Lammers and Follman, 1983;

McFarlan and Hogenkamp, 1989) which are divided into four classes of the

enz¡rme (Eliasson et a7., 1990). The enz)rme isolated from aerobically

grown.E. coTi is the prototype for Class I ribonucleotide reductases, buÈ

higher animal ribonucleotide reductases and plant ribonucleotide

reductases are also members of the Class I enzyme (Fig. 2). The E'. coTi

ribonucleotide reductase consists of tr,ro different proteins, called 81 and

82. Each of these proteins is a homodimer and the structure of the active

complex is ozþ2. Protein 81 contains redox-active dithiol groups and

protein 82 contains dinuclear ferric iron centres and a stable tyrosyl

free radical. Both the redox-diols and the radical are essential for

enz)rme activity. The Class II enzymes are found in bacteria. They are

poorly characterized, but seem to be similar to the Class I enzymes, the

difference being that they contain manganese instead of íron. The

ribonucleotide reductases assigned to Class III are found in

microorganisms, consist of a protein monomer and are dependent on

adenosyl-cobalamin (vitamin Brr) as a radical generator during catalysis.

The most recently discovered Class IV is found in anaerobically grown

E. colÍ (Fontecave et a7., 1989). This anaerobic -E'. coTi enzymte vras found

to be immunochemícally related to protein 81 of the aerobic reducËase, and

requires S-adenosylmethionine as cofactor (Eliasson et a7., 1990). This



Figure 2. Model of a Class I (E'. coTi) ribonucleotíde reductase

holoenz¡rme. Protein Bl- forms an d,z dimer. There are t!,ro

independent regulatory domaíns in the protein 81 subunit. One

of these ( ) is responsible for regulating overall activity

through the binding of ATP (activator) or dATP (inhibitor).

The other domain regulates substrate specificity through the

binding of ATP, dTTP, dGTP, and dATP. Protein 82 forms a

heart shaped dimer. The B2 (þz) dimer contains four non-heme

íron centres which help stabi-lize the tyrosyl free radical.

Adapted from Nordlund et af., 1990.
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type of reductase is also suggested to work vía a radical mechanism.

Thus, despite their differences, it seems possible that all the

dífferent ribonucleotide reductases function via a sÍmilar mechanism

involving a radical (Lammers and Follman, 1983; Ashley and Stubbe, 1989;

Eliasson et a7.,1990). Apparently, one of the most efficient ways to

chernically reduce ribonucleosides to the corresponding deoxyribo-

nucleosides also involves a free radícal generator (Robins et a7. , 1983).

L.2.2. liÍammalian Riboncleotide Reductase: The scructure of mammalian

ribonucleotide reductase is similar to that of E. co7í, The holoer'zpe

has an a2Þ2 sxructure composed of two separable protein dimers which are

frequently referred to as Ml and M2 (I^Iright et a7, , 1990; Moore , L977 ;

Cory et a7., L978; Chang and Cheng, L979). Substrates and effectors bind

to protein Ml, which has a dimer molecular weight of 170,000 (Thelander

et a7., 1980; Eriksson et aI ., L982). The I,l2 protein is also a dimer,

with a molecular weight of 88,000 (Thelander et a7.,1985; McClarty et

a7.,1987) and contains the non-heme iron and tyrosyl free radical. The

presence of this unique tyrosyl free radical as a part of the functíonal

M2 component allor.rs the determination of M2 protein expression in whole

cells by measuring, with the use of electron paramagnetic resonance

spectroscopy, the characteristic as¡rmmetric doublet of the tyrosyl free

radical (Graslund et a7., 1982; I,Iright et a7., 1987; McClarty et a7.,

L987; Choy et a7.,1988).

1.3- Allosteric Resulation

excess deoxyribonucleoside triphosphates are cytotoxic to cel1s and

of Merrmalian Ribonucleotide Reductase: Since
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beeause pool sízes and ratios of each of the four deoxyribonucleotides

must be strictly rnaintained for efficient DNA synthesis, ribonucleotide

reductase must have rigid cellular control of its activity. The mammalian

enz)rme is regulated in a complex fashion by nucleoside triphosphate

effectors (Thelander and Reichard, I979; I.Iright, 1983, 1989). A schemaric

representation of this regulation is shown in Fig. 3. The reduction of

CDP to dCDP and UDP to dUDP requires the presence of ATP activated erøpe.

The reduction of GDP to dGDP requires activation by dTTP, and the

reduction of ADP to dADP requires the activation by dGTP. Reduction of

all four ribonucleoside diphosphates substrates is inhibited by dATP. The

scheme for the allosterie regulation of mammalian ribonucleotide reductase

suggests that deoxyrÍ-bonucleoside diphosphate formation begins with

reduetion of CDP and UDP. dUDP is consequently converted to dTTP ¡shich

then stimulates GDP reduction and dGTP stimulates ADP reduction.

Accumulation of dATP (e.g,, in the absence or slowing down of DNA

synthesis) eventually leads to the complete inhibition of ribonucleotide

reductase. In addition to the above, dTTP is a good inhibitor of

pyrirnidine (CDP, UDP) reductions and dGTP is a negative feedback irrhibitor

of GDP reduction and pyrimidíne reduction. This overall scheme is a

simplified version, as some studíes of intracellular regulation of

mammalian ribonucleotide reductase may be more complex than described

above (e.g. Hards and l{right, L9B4; Fox, 1985). This general rnodel of

regulation of ribonucleotide reductase has proven to be very useful in

investigations of this er.zpe (I^Iright, 1989; I.Iright et a7., 1989).



Figure 3. Allosteric regulation of mammalian ribonucleotíde reduction.

The nucleotides shown in the figure and the arrow blocks

Tepresent the positiwe effectors, the open bars represent

ínhibition. Figure adapted frorn l,Iright, 1989a; \^Iright et a7. ,

1990.

11



CDP

UDP

L2

GDP

dCDP

dTTP

dUDP

dGTP

dG DP

dADF

dATP

ADP



L.4. The Reaction I'fechanism: Despíte extensive studies, primarily by

Joanne Stubbe and coworkers (Ashley and Scubbe, L989; Stubbe, 1990), there

is not much known about the reaction mechanism for ribonucleotide

reductase. The work has been done with Class I (8. coTi) and Class III

(LactobaciTTus Teichmannii) ribonucleotide reductases, but the resulLs can

probably be extended to the other classes as well (Ashley and Stubbe,

1989). The proposed model for the mechanísm of 2' earbon-hydroxyl bond

cleawage is inítiatedby Fenton's ReagenL IFe (II)/H2O2J as shown in Fig. 4

(Ashley and Stubbe, 1985).

Radical inwolwement was suggested from the strict dependence of the

activity of the E. coli enzynne on the presence of the radical (Ehrenberg

and Reichard, L972). Further evi-dence aras obtained from the use of

substrate analogues substituted at the 2' position with azide (Sjoberg

et a7.,1983; Ator et a7., L984). These analogues are suicide irrhibitors

and, after a single turnover, protein 82 has lost the radícal. During

this reaction a substrate radical is formed.

The reaction mechanism proposed by Stubbe inwolves the ínitial

formation of a substrate radical at the 3' position of the substrate

(Fig. 4). Exchange experiments have shown that the 3' hydrogen ís

transferred to an exchangeable position in the protein during turnover and

that the same hydrogen atom ís returned to the 3' position when the

product is formed (Ashley and Stubbe, 1989).

Two thiol groups are directly involved in substrate reduction and

become oxidized in the proeess (Thelander, L974). These thiols are redox-

active cysteine residues and v¡ere recognízed at an early date as being

L3



Fígure 4. Proposed reaction mechanism for Class I ribonucleotide

reductase (according to Ashley and Stubbe, 1989).
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part of the active site of ríbonucleotide reductase. A recent suggestion,

based on x-ray crystallography data (Nordlund et a7., 1990), is that a

third cysteine is directly involved in the reaction mechanism, as a thiyl

radical (Stubbe, 1990). This would indicaËe an electron transfer from the

radical-harbouring tyrosine to this cysteine.

1.5. Regulatíon of EnzJrne SJrnthesis: As discussed above, ribonucleotide

reductase activity levels are a function of the cell cycle with activity

peaking in S phase and chen declining to a low leve1 in Gl ce1ls (Murphree

et a7., L969; Peterson and Moore, L974; Lewis et a7., L978). It would

seem that the observed increases $/ere due to de novo synthesis of

ribonucleotide reducÈase. llhen cycloheximide, an inhibitor of protein

s¡rnthesis in mammalian cells, lras added to either logarithmically growing

or slmchronized mouse L cells in S phase, at a concentracion of I ¡tg/nI

in growth medium, ribonucleotide reductase activity was found to decay

exponentially with a half-1ife of approximaxeLy 2 hours (Turner et a7.,

1968). AÈ the time of this study, this half-life represented one of the

shortesË measured in mammalian tissue (Schimke and Doyle, 1970).

Untreated exponenÈially growing cells maintained an unaltered level of

activity. Cycloheximide did not act directly upon the reductase as cell

free extracts assayed in the presence of up to L}O ¡tg of drug/ml showed

no inhibition. Also, the addition of actinomycin D, an irrhibitor of RNA

synthesis, at eoncentrations of either 1 or 10 pgper m1 of culture medium

to synchronized Chinese hamster fibroblasts during the G1 phase, blocked

the increase in ribonucleotide reductase activity usually observed as the

cells passed through S phase (Murphree et a7., 1969). These results
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suggest that both RNA and proteín synthesis are required for the cell

cycle dependent Íncrease of ribonucleotide reductase.

L.6. Proliferation and Ribonucleoti-de Reductase: Enhanced levels of

ribonucleotide reductase are characterstic of rapidly proliferatÍng

tissues such as regenerating liver cells (Larsson, 1969) and embryonic

organs such as liver (Elford, L972) and brain (Mi11ard, L972>. New born

rats ( 5 to 6 days old) show a peak of reductase activity in spleen,

thymus (Elford, L972) and brain (Eels and Spector, L982) which declínes

as the animals mature. In all of these organs the peak of enzynne activity

corresponds to a time of hígh mitotic activity within the particular organ

(ie., production of white blood cel1s in the spleen or neuronal

proliferation in the brain).

Some work suggests that ribonucleotide reductase may be involved in

mechanisms of transformation (Tagger et a7. , 1989 ; I"iright et a7. , 1989 ;

Choy et a7., 1989). For example, a direct relationship between elevated

levels of ribonucleotide reductase activity and the growth rates of a

series of rat hepatomas has been shown to exist (Elford, 1972; Takeda and

I,{eber, 1981; I,Ieber et a7., 1981). Although the reductase activity is high

in rapidly growing normal cells, it appears that activity increases even

further in neoplastic cells with similar growth rates (Takeda and InTeber,

1981; Weber et a7.,1981). Studies on the deoxyribonucleotide pools in

hepatoma ce1ls showed all four deoxribonucleotide concentrations rÂrere

significantly higher in these cells than in newborn and regenerating rat

liver which have similar growth rates to the hepatoma cells (I^Ieber et a7. ,

1981). Thus ic seems that conmitment to neoplastie replication in this
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system is accompanied by a marked increase ín ribonucleotide reductase

activity, and in the concentration of the accompanying deoxyribonucleotide

poo1s.

L.7. Ribonucleotide Reductase and lron: The effects of varí-ous

combinations of hydroxyurea wiËh iron-ehelating agents and with other

inhibitors of ribonucleotide reductase on partially purified enz¡rme and

with cells in cultured have been studied (Brockman et a7., L972; Sato and

Cory, L987; reviewed in Cory and Chiba, 1989). They found that

combination with the iron-chelating agents EDTA, desferrioxamine

(DesferalR), or 8-hydroxyquinoline increased irihibition of the enzyme by

hydroxyurea. This result can now be explained by the requirement for iron

in the regeneration process of the tyrosyl free radical (McClarty et a7. ,

1990). The iron chelators reduced the avaílable iron and thus reduced the

ability of ribonucleotide reductase to regenerate active M2. Although the

iron chelators work synergistically with hydroxyurea, they do not inhibit

strongly by themselves.

McClarty et a7. (1986b) reported that ribonucleotide reduetase from

a hydroxyurea resistant mouse L cell lÍ-ne, which overproduced the subunit

l'42 when gro\¡m. in the presence of 5 mM hydroxyurea, became unusually

sensitive to inhibition to bleomycin. In this study, I pM bleomycin

inhibited CDP reduction in vítro by 2OT" with enzyme from wild type or

mutanL cells grown in the absence of hydroxyurea, buÈ erLzpe from mutant

cells grolrn in the presence of hydroxJrurea was ínhibixedby 707". However,

thís effect was not specific to bleomycin or to mutant cells. The wild

type cells after exposure to hydroxyurea for t hour also gave sensitive
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enz)¡me preparations. Also, wí1d type enz)rme could be converted to the

sensitive state by exposure of enz¡rme preparations in vitro to 10 nM

hydroxyurea followed by gel filtration to remove the hydrox)rurea. The

same inhibition by 8 ¡¿M bleornycin was obtained with 15 ¡ÌL EDTA, and

inhibition by either could be reversed by the addition of 6 ¡.rM FeClr.

2. COMMEI{TS ON IIYDROXruREA

2.L. Ribonucleotide Reductase as a Site

key role ribonucleotíde reductase plays in the process of cell growth,

there is a great deal of interest in drugs that can control its

intracellular activity. Such drugs are of particular interest in the

field of cancer chemotherapy due the correlation between lewels of the

enz)rme activity and the rate of malignant cell growth (Elford, L972; I,Ieber

et a7. , 1981) .

2.2. HydroxJrurea: Hydroxyurea is one of the most wídely used drugs to

control ribonueleotide reductase activity (Fig. 5). Although it was first

synthesized in 1869 (Dresler and Stein, 1869), current interest in the

drug arose from a L96O animal screení-ng study that indicated hydroxyurea

possessed anti-tumor activity in sarcomas (Stock et a7., f960). Since

then, the drug has been shown to be selectively toxic for rapidly

prolíferating mammalian tissues and has been used clinically to treat a

wide variety of solid turnors as well as acute and chronic leukemia

(Bergsagel et a7., L964; Bolton et a7., !964; Fishbein et a7., L964; Bolin

of Drus Action: Because of the



Figure 5. Structure of hydrox¡rurea.
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et a7., L982; Donovan et a7.,1984). The first clinical trials suggested

that the drug interfered wíth DNA slmthesis (Bersagel et a7., 1964), and

subsequent studies confirmed this observation in a variety of organisms

including bacteria (Rosenkranz and Levj, L965; Ga\e et a7., L964), HeLa

cells (Young and Hodas, L964), ascites tumor cells (Gale L964; Yarbro et

a7., 1965a), regenerating liver (Yarbro et a7., 1965b), hamster cells

(Mohler, 1964; Lewis and Wright, L974) and mouse jejunal crJæts (Allison

and Wríght, L979). Ribonucleotide reductase was ídentified as the site

of action for the drug in E. coTi (Krakoff et a7., 1,968; Elford, 1968),

bacteriophage (Yeh and Tessman, L978; Berglund and Sjoberg, 7979), and

mammalian cells including Novikoff hepatoma rat tunor (Elford, 1968),

mouse L ce1ls (Adams and Lindsay , 1967 ; Kuzik and l.rÏright, 1980;

Koropatnick and l,Iright, 1980) , Ehrlich ascites ce1ls (Turner et a7. ,

L966), human bone marrow cells (Frenkel et a7.,L964>, normal human diploid

fibroblasts (Dick and l,Iright, 1980), and Chinese hamster ovary cells

(Lewis and Lüright, 1974, L979; Hards and l,Iríght, 1981).

Ehrenberg and Reichard (L972) first reported that the free radical

was destroyed by hydroxyurea, and this phenomenon (measured by electron

paramagnetic resonance, EPR) has been used ín subsequent investigation of

the nature of the free radical in ribonucleotide reductase from various

species, its correlation with enz1rme aetivity, and its participation in

the reaction (eg. McClarxy et a7.,1987; Choy et a7., 1988; \{right et a7.,

L987; McClarty et a7., 1990). As further evi.dence of this mechanism,

Kjoller-Larsen et a7. (1982) compared a series of hydroxyurea analogs with

regard to both inhibition of the E. coTi reductase and free-radical

scavenging ability. Those compounds that reacted very rapidly with the
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model free-radical salt (potassíum nitrosodisulfonate) included all of the

most active enz)rme inhibitors and some moderately active inhibitors. The

compounds that reacted more slowly with the model free-radical rsere

moderate to poor enzJrme inhibitors, and those that did not react at all

were inactive as enz)¡me inhibitors.

2.3- Mechanism for Development of Cellular Resistance to Hydroxyurea:

Resistance to hydroxyurea in cultured cell lines correlated with

production of an excess of ribonucleotide reductase, and/ot with a

reductase having altered sensitivity. The first report of hydroxyurea

resistant mammalian cell lines was by l.Iright and Ler¡is (1974), and the

first report that cellular extracts from hydroxyurea-resistant Chinese

hamster ovary (CHO) cells and mouse L cel1s vrere less sensitive to

hydroxyurea than control extracts \.cas by Lewis and l^Iríght (1974).

Substantial studies on resistant mutants of CHO cells have been carried

orlt (e.g., llright and Lewis, L974; Lewis and l"Iright, L979; Hards and

i,lright, 1981, 1983; Koropatnick and I,üright, 1980; Llright et a7. , L987 ;

Tagger and Wright, 1988; Ilright, 1989). Increased enz¡¡me aetivity

exhibiting wild t)¡pe or drug resístant characteristícs have been observed

(Díck and llrighË, L98t+; Ilright, 1989 ; Wríght et a7. , 1989) . Lankinen

(1980) and AkerbTom et a7. (1981) also have reported increased reductase

activity in hydrox)rurea resistant mouse cel1s. In one eell line they

found a 30-fold inerease in M2 activity and lO-fold inerease in overall

actiwity, but no increase in 1"11 protein. The EPR signal due to the free

radical, measured in cells packed into an EPR tube went from undetectable
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20-fo1d increase.

was unchanged.

The critical role that ribonucleotide reductase plays in DNA

synthesis, and therefore ce11 proliferation, makes ribonucleotide

reductase a very attractive Carget for cancer chemotherapy. However, the

toxic drugs used almost never destroys 100% of the cancerous ce1ls. A

single cell or a small population of cells can develop resistance to the

cytotoxic effects of the drug. This single cell or small population

eventually becomes domínant, the chemotherapy benefits become ni1, and

another choice of antineoplastic drug or strategy is mandated.

Development of drug resisLance is therefore one of the major problems ín

cancer treatmenc. This thesis examines the complex molecular meehanisms

involved in the development of resistance to hydroxyurea. AIso the affect

of a tumor promoter on the regulation of ribonucleotide reductase was

examined since alterations in ríbonucleotide reductase aetivity have been

detected í-n some neoplastic ce1ls.

24
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1. Cell Lines and Culture Conditions

1.1. Culture Conditions

All cell lines were routinely maintaíneð, ax 37"C on the surfaee of

plastic tissue culÈure plates (Lux Scientific Ltd. ) in alpha-mininal

essenLial medium (a-MEM; Flow Laboratories) supplemented with antibiotics,

penicillin G (100 units/ml) (Sigma Chemical Co.), and streptomycin sulfate

(LOO ¡r.g/nL) (Sigma Chenical Co.) and 10% (v/v) fetal calf serum (FCS,

Gibco, Ltd.). The formulation of o-MEM has been published by Stanners

et a7. (1,97L). Cultures were incubated ax 37 oC in a 5% CO, atmosphere in

a hurnidity eontrolled incubator.

1.2. Cell lines

Wild type mouse L cells: The mouse L cells used in this study lrere

originally isolated by Earle (1943). This immortal mouse fibroblast has

been studied extensively and used successfully to isolate a variety of

mutant phenotypes (e.9., Dubbs and Kit, L964; Thompson et a7., I97L; Kuzik

and l,Iright, 1980; I.Iright et a7., 1983; McClarty et a7., I986a, L987). The

mouse L cells grow well in culture and exhibit a doubling time of about

18 hours.

A series of hydroxyurea resistant mouse L cell lines with gradually

increasing drug resistance properties were isolated frour the wild type

population by culturing non-mutagenized mouse L cells in the presence of

26
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increasing concentrations of drug (McClarty et a7.,1986a; Choy et a7.,

1988). Startíng with the wild type populatíon, the following drug

concenLrations were used in the selection of hydrox)rurea resistant lines:

I^Iild type ce11s =+ 0.35 mM (HR-0.35) + 1.3 nM (HR-1.3) * 1.5 nM (HR-1.5) *

2.0 nM (HR-2.0) * 3.0 mM (HR-3.0) - 4.0 rnM (HR-4.0) r 5.0 nM (IJIF). The

cell line resistant to 5.0 mM hydroxJrurea has been called LHF in published

studies (McClarty et a7., L986a; McClarty et a7., 1986b; MeClarty et a7.,

L987). For the sake of clarity, the LHF cell line has been (and in this

thesis vrill be) referred to as HR-5.0 (Choy et a7., 1988). At each

selection step between l-.3 mM and 5.0 mM hydroxyurea, cells were frozen

in the presence of growth rnedium contaíning 5y. dimethyl sulfoxide and

stored at -70'C. Ce1ls selected in 0.35 üM drug were reisolated from the

wild type population at a later date and also stored at -70"C. From the

cell line HR-5.0 several subclones were isolated and screened for the

presence of high ribonucleotide reductase activity. One such subclone

isolated r¡/as SCz (McClarty et a7., L986a, 1986b). To carry out the

present study, the ce1l lines \.vere thawed, put into ce1l culture, and

maintained in the absence of hydroxyurea as described above. The drug

resistance properties of the various lines were stable and did not change

during approximately 1 year of contínuous culture in the absence of a

selective agent.

BaLi'*/e 3T3 cells: This cell line is one of several lines developed

by Aronson and Todaro (1968a) from disaggregated 14 - L7 day old Balb/c

mouse embryos. This immortal cell line is non-tumorigenic, extremely

sensitive to contact inhibition, gror,¡s at a hígh dilution, exhibits a 1ow
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saturation densíty, and is highly susceptible to transformation in tissue

culture by the DNA virus SV40 and murine sarcoma virus (Aronson and

Todaro, L969). The Balb/e 3T3 cel1s have been used in studies relating

to jn vitro properties associated with tumorigenicity (Aronson and Todaro,

1968b), and contact inhibition and viral transformation (Jainchill and

Todaro, 1970). The cells were cultured in 10% FBS oMEM as noted above.

Gat- CHO cells: The gat- CHO cell line was isolated from Chinese

hamster ovary (CHO) cells and was auxotrophic for glyeine, adenosine, and

thymidine (McBurney and l,Ihitrnore , 1974). From this ce11 line an

hydroxyurea resistant mutant, gat CHO HR-12SC8, uras isolated for the

ability to groÌr in 0.33 nM hydroxyurea (Lewis and lIrighx, L979). The gat-

cell lines vrere cultured in a-MEM supplemented with LO ¡tg/nI thlrmidine,

IO p.g/nL adenosÍ-ne and l-0% FBS.

Rat L6 rnyoblasts: The raX L, myoblasts used in this study are a

subclone of the original La myogeníc line previously described by Yaffe

(1968). The myoblasts are able to fuse to forn multinucleated and

striated muscle fibres. The L6 myoblasts retain the capacity to

differentiate even after long periods of proliferation in culture. The

ce1ls were maintained as subconfluent monolayers as previously reported

(Creasey and Wright, 1984) in order to avoid rnyoblast fusion. The rat LU

HR-1 line was selected in the presence of 1 urM hydrox¡¡urea (Creasey and

I^Iright, 1984) .
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HeLa cells: A HeLa 53 cell líne v¡as used in a stepwise selection

of increasing drug concentrations to isolate a human cell line (HeLa HR-

1) resistant to 2 rnM hydroxyurea (I.Iright et a7., L987). The HeLa 53 cell

line ís a clonal derivative of the parental HeLa line (Puck et a7., 1956).

1.3. Routine Culture Procedures

1.3. 1. Cel 1 Remor¡a1 r,¡í ttr Trr¡nsi n Snl rrtí on

L.62 nyl potassitrn phosphate monobasic
8.10 nM sodíum phosphate dibasic
pH 7.3

Sterile 0.3% trypsin (Sigrna Chemícal Co.; Difco Laboratoríes) was

prepared in phosphate buffered saline (PBS) and 2 nM ethylenediaminetetra-

acetate (EDTA) stored ax 4"C. To remove cells from the surface of tissue

eulture plates, the growth media was aspirated and the plates washed once

with PBS. One to two ml of trypsin was then added to the plates. After

a period of incubation, varying from 30 seconds for less tightly adhering

cells and up to 5 minutes for more cightly adherÍng cells, 2 xo 3 rnl of

media containing L07" FCS was added to the plates to inhibit the trypsin

and remove the cells. The cel1 suspension lras then centrifuged,

resuspended in growth medium, and dispensed as required.

Phosohate buffered saline
(PBS):

137 nM sodíum ehloride
2.68 nM potassium chloride



L.3.2. Subculture

Cel1 cultures that approached confluence, about 2 to 3 x 10ó cells

per 100 run plate, were subcultured. The cells were detached from the

surface of tissue culture plates with the aid of tr¡rpsin solution as

described above. The density of the cell suspensions was determined and

an aliquot of 1 x 105 cells liras transferred to a fresh 100 nm plate

containing 10 nl of fresh growth rnedia.

1.3.3. Long-tern Storage of Cells

For long-term storage, all cells were suspended between 10ó-107 eells

in 1.0 url ø-MEM eontaining 1-O7l FCS and 10% dinethylsufoxide (DMSO). The

cell suspensions were placed in 1 rnl cyrotube vials (Nunc) and frozert

slowly down to -80'C. To recover cells, the vial was rapidly thawed in

a 37"C r,rater bath and the suspension placed in 3 url of growth media in a

sterile 10 nl Falcon plastic tube, and then eentrifuged at 500 x g for 5

mÍ-nutes in order to pellet the cells. The ce1l pellet uras then

resuspended in normal growth mediurn and dispensed onto tissue culture

plates.

30



L.3.4. Cell Counting

Aliquots of cells removed with trypsin solution as described above

were diluted with saline, usually 100 pl of cell suspension qras added to

40 rnl saline, and counted vrith the aid of a Coulter Particle Counter

(Coulter Electronics Ltd., Florida) in order to determine eell densities.

Optionally, cell suspensions ríere counted using a hemocytometer (American

Optic) , averaging at least 4 seperate counts.

2. Deternination of Colonv-forning Ability

To determine the colony forming ability, exponentially growing cells

were harvested with the aid of trypsin solution and counted as described

above. A pre-determined number of cells ranging fron 100 to l-000 were

added to 100 mm culture plates vrith 10 rnl of aMEM plus 10% FBS. After an

incubation period of about 8 Èo 10 days at 37"C, the cells were stained

with a filtered 507, solution of ethanol saturated \rrith nethylene blue

(Sigma Chenical Co.) at room temperature for about 15 minutes. Colonies

consisting of more than 40 cells ¡,¡ere counted. Plating efficiency was

defined as the ratio of colonies relative to the number of cells plated.

The effect of various drugs on the growth of ce1ls can be studied

by deternining the relative plating efficiency (RPE). The RPE is defined

as the plating effieiency in the presence of drug divided by the plating

efficiency in the absence of drug. The RPE was determined by plating a

pre-deternined mrmber of cells in culture plates containing rnedium with
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increasing concentratíons of drug, and in the absence of drug as a control

(Hards and llright, 1981).

3. Determination of Protein Concentrations

The concentration of protein in cell free preparatíons was measured

using a Bio-Rad protein assay kít (Bio-Rad Laboratories), Technical

Bulletin 1051. Protein concentrations r¡rere determined by using the

Standard Assay Procedure and Micro Assay Procedure described in the kít

literature. Purífied bovine serum albrunin fraction V (Sigma Chemical Co.)

was used to generate a procein standard curve.

4. Preparation of Dorvex-1-borate resin

The ion exchange resin was purchased from Bio-Rad Laboratories Ltd.

as Dowex-1-chloride, 200-400 mesh and the chloride ions were replaced with

borate ions. Approximately 450 g of resin rras resuspended in 4 litres of

saturated sodium boraÈe solution and stirred overnight at room

temperature. The resin was colleeted by gravity filtration and then

resuspended ín a another 4 litres of saturated sodium borate solution.

Again after overnight stirring, the resin was collected by fíltration and

washed v/ith 16 litres of deionized waLer. Fínally, the Dowex-l-borate

resin r,ras resuspended in about 500 n1 of water Èo make a thick slurry and

stored ax 4"C.



5. Preneration an¡l Asser¡ of Rihorl.re-I eotide Reductase-

ReagenÈs used in the assay !¡ere:

CDP assay mix:
2 üM ATP (Sigma Chemical Co.)
6 nM Dithiothreitol (DTT)
8 nM MgCl2 (Fisher Scientífic)
0.4 Dl,I '*c-cDP (5,000 dpm/nmole)

(Amershan Ltd. )

Enzyrne preparatíons used for ribonucleotide reductase assays urere

obtained from wild type cells and the various drug-selected cell lines

(Hards and l.Iright, 1984; McClarty et a7., 1986a; McClarty et a7., 1986b;

Choy et al., 1988). Exponentially growing cells were harvested and washed

twice with PBS, pH 7 .2. The cells r.rere resuspended at approximately

8 x 10ó cells per 200 ¡r1 of 1 aM DTT in 20 urM Tris -HCl- pH 7 .2. The cell

suspension r¡ras disrupted with three 10 second pulses of sonication at 30%

polrer and then centrifuged at 12,000 x g (Micro Centaur, MSA; Eppendorf

5145) ax 4"C for 10 minutes to remove cellular debris. Preparations

containing 1 to 3 mg of protein/ml were used to measure CDP reductase

activity by the method of Steeper and Stuart (L970). An aliquot of the

supernatant was added to 25 pl of CDP reductase assay mixture and made up

to a final volume of 150 ¡.r1 r¿ith 1 nM DTT, 20 xnì'I Tris-HCl pH 7 .2.

Reactions were incubated for 30 nin ax 37 oC, and terminated by boiling for

4 rnin. The nucleotides v/ere converted to nucleosides by the addition of

50 ¡r1 (f ng) of Croalus atox venom (Sigma Chemical Co.) with 10 aM MgClt

in 0.1 M Hepes pH 8.0. After ineubation for t hour at.37'C the reactíon

50 n¡4 Hepes pH 7 .2
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vras Ëerminated by boiling for 4 min and the addition of 500 ¡.rl of

dístilled deionized rriater. The tubes r,/ere centrifuged to remove the heat

precipitable material. The supernatant was passed through a Dor+ex-1-

borate column 5 x 80 mrn (Bío-Rad Laboratories) (Steeper and Stuart, 1970).

The non-reduced cytosine is bound through interaction of its cis-diol to

the borate ions. The deoxycytidine was eluted from the column r¿rith 5 nl

distilled deionized water into seintillation via1s. The eluate was mixed

r4rith 10 ml of Seintiverse II (Fisher Scientific) and counted with a liquid

scintillation counter. Enzyme activity !¡as expressed as nmoles of dCDP

formeð/3 x 106 cells/hour.

6. Southern and Northern Blot Analysis

6.1. DNA Isolation

TE buffer:

TES buffer:

DNA isolation buffer:

Chloroform:

L0 mM Tris-HCl, pH 8.0
1 nM EDTA

25 mM Tris-HCl, pH 8.0
10 nM NaCl
10 nM EDTA

0.5% sarcosyl
0.15 M NaCl
O. 1 14 EDTA

note: references to chloroform means
chloroform:isoamyl alcohol, 24:I
unless stated otherwise.
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Genomic DNA was isolated from cells according to the procedure of

Blin and Stafford (1976). Cells were harvested from 3 to 5 subconfluent

150 nm plates, centrifuged, washed once with PBS and resuspended in ice-

cold TE at a concentratíon of approximately 108 cells/nl. To the

suspension, 1-0 volumes of DNA isolation buffer and l-00 pg/nL proteinase K

was added. Following incubation at 50"C for 3 hours, the DNA vras

extracted 3 tírnes with an equal volume of phenol. The DNA was then

dialyzed overnight againsË 4 litres of TES buffer, allowing room in the

dialysis tubing for the sample to expand about 3 fold in volume. The

sample was then Lreated with 100 pE/nL of DNase free RNase (Sigma Chernical

Co.) at 3l"C for 3 hours, extracted twice with an equal volume of phenol/

chloroform (1:1) and then once with an equal volume of chloroform. The

DNA sample rìras then concentrated with I to 3 voh¡nes of sec-butyl-alcohol

and dialyzed extensively against TE. A couple of drops of chloroform was

added to the final solution of DNA for preservation and stored at 4'C.

The concentration of DNA was determined by usually diluting 50 ¡r1

of DNA in 950 ¡.r1 deioni zed waxer and measutrr,, an. absorbance at both 260

and 280 nm. Only those preparations having ODz6o\/ODzro^ ratios of. 7.75-

1.80 were used. Using the forrnula: I ODzoo.l: 50 ¡tg/nL DNA, when the

260^/280^ ratio is 1.8 (Maniatís et a7. , 1982) , allows for calculation of

the DNA concentration.



6 .2. Southern Blot Analvsis

6x Gel Loading Buffer:

lx TBE buffer:

2Ox SSC:

lx SSC:

0.25f" bromphenol blue
0.25Y" xylene cyanol
30% glycerol

90 nM Tris-HCl
90 mM boric acid
20 nM EDTA

3 M NaCl
0.3 M soditun citrate
pH 7.0

0.15 M NaCl
0.015 M sodiu¡n citrate
pH 7.0

5 g Ficol1, Type 400
5 g polyvinyl pyrrolidone
5gBSA
dissolved in 500 m1 water

50"Á (v/v) formamide
6x SSC

5x Derrhart's reagent
0.5% SDS

50x Denhardt's reagent:

Hvbridization solution :

For Southern blots, 20 pE of DNA was digested to completion with 3

to 4 units/pg DNA of the desired restriction endonuclease at 37 'C from 3

hours to overnight. The sample was then evaporated down to a volume of

40pL by using a speed-vac concentrator (Savant). To the sample, L/5

volurne of the 6x gel loading buffer was added, and the sample loaded onto

a 0.77" agarose 1x (or Lx) TBE gel containg 0.5 p,g/n\ ethidium bromide.

The gel hras electrophoresed overnight at 25 volts in the same

concentration of TBE buffer. Molecular weight markers were loaded onto

separate lanes in solutions containing the same salt concentration. Gels
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qrere viewed under ultraviolet light to evaluate the digestion, to ensure

that equivalent amounts of DNA were loaded, and to measure the distance

between the well and each band of the molecular weight markers. Gels r^¡ere

then treaÈed in order that they may be transferred to either

nitrocellulose or nylon membranes using the capillary blotting method

(Southern, L975; Maniatis et a7.,1982).

To facilitate efficient transfer of high molecular weight DNA to the

membranes, the DNA was partially acid depurinated in 0.25 N HCI with

slight agitation for 15 minutes or until the bromphenol blue tracking dye

changed eolour to a lighc yellow. The gel was then removed from the acid

and rinsed with Ì,rater. For transfer onto nylon membranes (Zeta-probe,

Bio-Rad Laboratories Inc.; Nytran, Schleicher and Schuell Inc.; Gene

Screen P1us, New England Nuclear Research Products Inc.), Èhe gel was

equilibrated in the transfer buffer, 0.4 N NaOH, with slight agitation for

20 minutes and blotted onto the nylon membrane with the transfer buffer

for at leasË 4 hours. For transfer onto nitrocellulose membTanes (Bio-Rad

Laboratories; Schleicher and Schuell), the gel was treated with 0.5 M

NaOH, l-.5 M NaCl twice for 20 min. and neutra]-i-zed lrith 0.5 M Tris-HCl

(pH 7.5), 1.5 M NaCl twice for 20 min. and finally blotted onto the

membrane overnight r^¡ith 10x SSC.

After transfer, Ëhe membrane $ras removed from the gel, rínsed in 2 -

6x SSC, air dried, and then baked at 80'C for 2 hours in a vacuurn gel

drier to fix the DNA to the membrane. The blots were prehybridized for

3 hours to overnight at 42"C inhybridization buffer supplemented with l-0%

(v/v) dextran sulfate (Sigma Chernical Co.) and 100 þE/mL boiled single

stranded salmon sperm DNA (Sigma Chemical Co.). Hybridizations r{ere
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performed in the same solution for l-6 hours \^tith 10ó counts per minute

(cprn)/ml of 32P-labeled probe. The blots were washed twice in 2x SSC and

0.1% SDS at room temperature for 20 nin. each, and thenwashed Èwice with

0.1 to 0.5x SSC and 0.1% SDS for 30 min. each. The membranes were then

autoradiographed at -70"C using Kodak X-Omat AR fíln and Cronex Lightning

Plus intensifying screens (DuPont) .

6.3. RNA Isolation

6.3.1. Isolation of Total RNA by GITC

Guanídinium lysis buffer:

CsCl buffer:

RNA water:

Total cellular RNA was extracted from logarithmically growing ce1ls

using the guanidinium isothioeyanate/cesium chloride method (Chergr.rin

et a7., L979). Ce1ls were harvested from 6 to 8, 150mrn eulture plates,

washed once with PBS and centrifuged. The pe11et of approxirnately 108

cells \^ras then resuspended in 2 ml of guanidinium lysis buffer. The

suspension v/as then drawn through an 18 guage syringe approximately 20

4 M guanidine isothiocyanate (GITC)
25 nì,I soditm citrate (pH 7.5)
0.5% N-laurylsarosine
0.1% Anti-foan A (Sigma Chemical Co.)
O .OO7y" p-mercaptoethanol (added

immediately before use)

5.7 M CsCl
0.1 M EDTA (pH 7.0)

0.01% diethyl pyrocarbonate (DEPC)
in deionized water and
autoclaved 15 min, 120'C.
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times to hydrodynarnically shear the DNA. The resultant foaming of the

lysis buffer vras cleared or reduced by a l-5 min. eentrifugation in a

elinical centrifuge. The cell lysate was diluted up to 9 rnl with the

guanidiniurn lysis buffer and layered on top of a 3.0 ml cushion of CsCl

buffer in a Beckman SI^I41 centrifuge tube. The suspension r¡/as then

centrifuged at 2O"C in a SI.{41 Ti Beckrnan rotor ax 25,000 rpm (180,000 x g)

for 18 hours. The top guanidinitrm isothíocynate layer and the CsCl

cushion including the band of DNA rìrere removed with a pasÈeur pipette and

the tube rÂras cut slighly above the pellet. The sides of the eentrifuge

tube and the pellet were washed once with guanidinium lysis buffer and

then twice with 70% ethanol plus 0.1% SDS. The RNA pellet rrras resuspended

in 500 ¡rl sterile RNA water, transferred to a microfuge tube and

precipitated overnight at -20"C by the addition of. L/LO volume 3 M sodir¡m

acetate (pH 5.5) and 2 volumes of absolute ethanol. The sample was then

centrifuged 14,000 x g for 10-15 minutes in a benchtop mierocentrifuge at

4"C. The pellet containing total cellular RNA resuspended in 100 to 150

p,L of sterile RNA water and stored at -70"C.

The concentration of RNA was determined by usually díluting 5 pI of

RNA in 995 pL deíonized r,¡ater and measuring the absorbance at both 260 and

280 run. Only those preparations having OD25g¡/ODrro^ ratios of 1.8 to 2.1

were used. Using the formula: 1ODz60À:40 ¡tg/n1 RNA, when the 260^/280^

ratio is 2.0 (ManiatLs et a7., L982), allows for calculation of the RNA

concentration.



6.3.2. Rapid Cvtoplasmic RNA Isolation

Raoid RNA oreo buffer A:

R¡ní¿1 RNA nren hrrffer

Alternatively, RNA \{as also prepared using a rapid method for

cytoplasmic RNA isolation (Gough, 1988). Briefly one to three 150 run

plates of subconfluent cells were harvested, washed in PBS, and pelleted

in a l-.5 rn1 microfuge tube ( 5 min., 800 x g). The ce1l pellet !¡as

resuspened in 200 pl cold Rapid prep buffer A. After vigorous mixing,

the nuclei were removed by centrifugation (5 min., 800 x g) and the

cytoplasmic lysate carefully removed from the nuclear pel1eÈ and

transferred to a fresh microfuge tube. To the cytoplasmic lysate, 2OO ¡t'L

of Rapid prep buffer B and 400 pl of phenol/chLorof.orrn (1:1) was added,

mixed vigorously, and centrifuged 14,000 x g, 10 min. The aqueous layer

rras removed and extracted r^rith 400 ¡rl of chloroform. After mixing and

centrífuging at 14,000 x g, 5 min., the aqueous layer was removed and

ethanol precipítaÈed in 800 ¡rl 100% ethanol overnight at -20"C.

10mM Tris-HCl
0.15 M Na Cl
1.5 nM MgCl,
0.657" Nonidet

(Signa

7 M urea
1Z SDS

(pH 7. s)

P-40 (NP-40)
Chenical Co. )

0.35 M NaCl
10 nM EDTA
10 mM Tris-HCl (pH 7.5)
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6 -4- Northern Blot Analvsís

5x Mops buffer:

6x RNA Ge1 Loading buffer:

The RNA was prepared for Northern blot analysis as follows: to

4.5 p.I RNA sarnple containing 20 lrg of cellular RNA was added 2.0 pl MOPS

buffer, 3.5 pl formaldehyde and 10.0 ¡rl formamide. The sample was then

incubated at 55"C for 15 minutes to denature the RNA. The sample was then

chilled on ice and 2.0 pI of 6 x RNA ge1 loading buffer added. The sample

Íras then loaded onto a L7. forrnaldehyde-agarose gel containing L87"

formaldehyde and 1 x MOPS (Lehrach et a7., 1977; Miller, L9B7) and

electrophoresed overnight in 1 x MOPS buffer at 30 volts. An RNA sample

containing ribosomal RNA was loaded into a separate lane as a relative

mobility (Rf) reference marker. The marker lane was cut from the gel and

stained with ethidir¡m bromide (0.5 ¡tg/ml in 0.1 M ammonium acetate) for

30-45 minutes and then destained vrith distilled deionized l^rater for 30-45

minutes. The marker RNA bands (28s and 18s ríbosomal RNA) were visualized

and the Rf measured under ultraviolet illumination. The remainder of the

gel was blotted onto a nitroeellulose or nylon membrane using 10 x SSC as

previousy described for SouËhern blots but without any pretreatment of the

gel. The rnembranes r.rere again baked at B0'C for 2 hours and the blots

prehybridized, hybridized, washed and developed as outlíned for Southern

0. 1 M morpholinopropanesulfonic acid
pH 7.0.

40 nM sodium acetate
5 nM EDTA

0.25Y" brornphenol blue
O.25% xylene cyanol
1 nM EDTA (pH 8.0)
50% glycerol

4I
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blots except that prehybridization and hybridizaÈion solutions contained

750 p,L/nI denatured salmon sperm DNA to allow nore efficient blocking.

6.5. RNA Dot,/S-lot B-lot Analvsis

Analysis of relative rnRNA levels for 1"11 and l{2 proteí.n \Àras carried

out using the cytoplasmic dot hybridization technique (Ifhíte and Bancroft,

L982). RNA was denatured by incubation at 60'C for 15 minutes in 6 x SSC

plus 7.4f" forrnaldehyde. Following dilution with 6 x SSC to the

appropriate concentratíon, RNA was applied to a nitrocellulose membrane

using the Bio-Rad Dot Blot or Bio-Rad Slot Blot aPparatus. Blots were

prehybridized and hybridized as described for Northerns above.

6.6. Isolation of Polysomal RNA

Polwsome ísolation buffer:

Sucrose Gradient buffer:

250 nM KCl
10 nM MgCl,
20 aM Hepes, pH 7.5
0.25 M sucrose
2 ml{ DTT
L50 pg/nL cyclohexirnide
100 units/ml RNasin (Promega, Inc.)

500 mM KCl
10 rnM MgCl.
20 rnM Hepes, pH 7.5
0.25 M sucrose
2 nM DTT
L50 ¡.rg/nL cycloheximide
0. 5 rng/nl soditur heparin (Sigma

Chemical Co. )



NETS buffer:

Polysomal RNA was isolated by the method of Aziz and Munro (l-986).

Mediurn was aspirated from logarithmically growing HR-l-.5 and HR-5.0 cells

and the cells were washed with ice-cold PBS. Trypsin/EDTA was used to

remove the ce1ls and the trypsin was inactivated with CI-MEM plus 1-0% FBS

quickly as possible. A small aliquot was counted to determine the total

number of cells from which polysomal rnRNA \,\ras to be isolated. The cells

weïe immediately placed on ice until they were centrifuged at 4"C and

washed with ice-eo1d PBS. The following steps lrere performed with ice-

cold solutíons and samples kept on ice whenever possible. The cells were

resuspended in 4 pellet volumes of polysome isolation lysis buffer. Non-

idet P4O (NP40) Iìras added to the resuspended cells to a f inal

eoncentration of 0.57, to lyse the plasma membrane but still leave the

nucleÍ- intact. The sample \,ras mÍxed by genÈle rnixing and incubated on

ice for 5 minutes. The sample was then centrifuged at 500 x g for 10

minutes, 4"C. The cytosolic supernatant vras carefully removed fron the

pelleted nuclei. The cytosolic extract r,ras then layered onto a 30 ml

IOL to 50% continuous sucrose gradient in a Beckman allopolyrner SW27

centrifuge tube. The samples vrere spun at 2t+,000 rpm ax 4"C for 4 hours.

The bottom of the centrifuge tube \¡ras punctured and fractions \.vere

collected. To each fraction 1/10 volume of 3 M sodium acetate and 2

volumes of ethanol raras added, and the cytoplasmic RNA allowed to

precipitate at -20"C. The cytoplasmic RNA was recovered by pelleting at

100 ¡nM NaCl
2.5 xoM EDTA

1% SDS

20 nM Tris-HCl, pH 7.4
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14,000 x g for l-0 minutes. The RNA r¿as resuspended ín 400 ¡.r1 of NETS

buffer and extracted with equal volume of phenol/chloroform (1:1).

Following ethanol precipitation with sodium acetate each RNA pellet vras

resuspended in 9.O ¡tL of RNase free water and the whole fraction probed

on Northern blots for YI2 nRNA.

7. Labeling of cDNA probes with flP-dCTP

eDNA probes between the size of 100 bp and 2000 bp were labeled using

the hexanucleotide method of Feinberg and Volgelstein (1983) to specific

activities between 0.5 to 1.0 x 109 cpm/ug usíng 32p-¿Ctp. Approximately

500 ng of an appropriate eDNA probe in a volume of. 25 pl was boiled for

5 min., and then imurediately quenched on ice. Labeling of the single

stranded cDNA probe rrras then performed using the hexanucleotide labeling

kit (Amershan) or the random prímer kit (Bethesda Reasearch Laboratories

[BRL] Life Technologies, Inc.) using procedures described by each kit

literature. In general , the probes r¡rere labeled adding L pI of DNA

polymerase I ('Klenow' fragment: 1 unit/p|, sÈored in 50 mM potassium

phosphate, pH 6.5, l0 nl.f B-mercaptoethanol, and 50% gLyeerol), 15 ¡rl of

multiprimer buffer solution (containing random hexanucleotides ín a

concentration buffer solution of Tris-HCl, pH 7.8, magnesium chloride, and

p-mereapxoethanol) , 2.0 p1 each of dTTP, dATP and dGTP, and S ¡.r1 
321-aCtf

(specific activity 3000 Ci/mmol) to the probe. Following incubation at

room temperature from a minimum of 3 hours to overnight, the reaction

mixture was passed through a 1 nl spin eolumn of sephadex G-50 (Pharmacia)



45

and the labeled probe was eluted wíth 1-00 pl TE. The incorporation of

1abel into the probe was determined by counting 1 ¡r1 of the effluent usíng

^ 
32P Cerenekov scintillation counËer progrnm. An appropriate voltrme r'ras

then added to the hybridization mixture to achieve I x 1-06 cpn/url. For

probes larger than 2.0 kb, labeling was done by the Nick Translation

System (Amersham; BRL). Again 500 ng of probe was diluted upto 28 ¡r1 with

distilled qrater. To this 5 pL of. the appropriate dNTPs in concentrated

buffer was added plus 5 p1 of DNA Polymerasel/DNase I (100 units) and 7 ¡.r1

32p-Ctp (specific activity 3000 Ci/nrnol). The mixture vtas then incubated

ax L2'C for 60 minutes and the probe purified from the free nucleotídes

by a spin column as described above.

8. Tsolation and sorrrces of cDNA orobes and plasmids

8.1. Sources of cDNA probes and plasmids

Ribonucleotide reductase probes for the murine Ml eDNA (clone 65)

and 142 cDNA (clone 10) s¡ere obtained frorn Dr. L. Thelander of the

Karolinska Institute, Stockholm (Thelander and Berg, 1986). The B-acELn

cDNA was from the rat B-aexín cDNA (McClarty et a7., 1987).

Glyceraldehyde-3-phosphate-dehydrogenase cDNA was obtained from Dr. C.L.J.

Parfett, Cancer Research Laboratory, University of I'Iestern Ontario,

London, Ontario (Edwards et a7., 1985). The ornithine decarboxylase cDNA

was obtained from Dr. A.E.P.gg, Department of Physiology, Milton S.

Hershey Medical Center, Pennsylvania State University (Berger et a7.,
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L98t+). The transferín receptor probe (kindly provided by Dr. F. Ruddle,

DepartmenÈ of Biology, Yale University) r,ras expressíon vector pcD-TRl

contaíning full-length human transferin receptor cDNA (Kuhn et a7. , L984).

The heawy (H) and lighc (L) chain ferritin probes were kindly provided by

Dr. H. Munro (Department of Nutrition and Food Services, Massachusetts

Institute of Technology). The H subunit cDNA was isolated from rat heart

(Murray et a7., L987) and the L subunit eDNA was isolated from rat liver

(Leibold et a7., 1984). The probes required were obtained from plasrnid

preparations cut with the appropriate restriction endonucleases and

purified as described below.

8.2. l.arse. -scale olasmid orenaration

8.2.L. Transformation of E. colí

LB medium:

STET:

Latge scale preparations of plasmid DNA were obtained accordíng to

the procedures of Manniatis et a7. (1982). A single colony of H8101

E. coTi xransformed wíth the appropriate plasmid was inoculated into 5 ml

LB medium containing the appropriate plasrnid selection antibiotic

LT" w/v bacto-tryptone (Difco)
0.57" w/v yeast extract (Difco)
L% /v NaCl
pH 7.5

0.1 M NaCl
10 mM Tris-HCl
0.1 nM EDTA
O.5% v/v Triton

(pH8.0)

x- 100
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(100 ¡,rg/nl tetracycline for GAPDH, and 5O ¡tg/nL arnpicillin for the others)

and íncubated at 37'C overnight. The entire suspensí-on \¡ras then

ínoculated into I litre of LB nedium and incubated until an ODaoo¡ value of

0.6 to 0.8 was reached, at which time 5 nl of a 54 mg/mL solution of

spectinomycin Í¡as added and the cells hrere incubated overnight in an

orbital shaker at 250 rprn. The cell suspension \,¡as then centrifuged at

4,000 x g for 10 minutes and the supernatant was discarded v¡hi1e the

pe1let was resuspended ín 25 ml ice-co1d STET solution and recentrifuged.

The pellet vras then resuspended in 10 rnl of 50 mM Tris-HCl buffer (pH 8.0)

containíng LO?" /v sucrose. To the preparation vras added 20 mg lysoz¡rme

in a volume of 2.0 rnl followed by addiËion of 8.0 ml of 0.25 M EDTA. The

sample was incubated on ice for 10 minutes and then 4 nl of 10% SDS was

added and mixed quickly. Imrnediately afÈerwards, 6 ml of 5 M NaCl was

added, gently mixed by inversion, and the sample seÈ on ice for t hour.

The sample vras then centrífuged for 30 minutes at 30,000 rpm at 4'C in

order to remove high molecular weight DNA and cellular debris. The

supernatant r^ras saved, extracted twice with phenol/chloroform and then

twice with chloroform. To the aqueous phase was added 0.54 voltrmes of

isopropanol and the sample mixed and precipitaced at -20"C for a minimtrm

of t hour. The sample was centrifuged at 15,000 x g for 30 min. The

supernatant rras discarded and the pellet washed once with 70% ethanol,

dried under vacuum and resuspended in 4 nl TE. For each ml of the DNA

solution 1 g of solid cesium chloride was added and dissolved. The sample

was then transferred to a Beckman Quick seal eentrifuge tube and 0.2 rnl

of a 10 mg/mI ethidiurn bromide solution was layered on top. The Èube was

filled to the rim with mineral oi1, balanced and then sealed using a
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Beckman heat sealer. Immediately before centrifugation the tubes were

mixed by inverting and quickly placed in a Beckrnan Ti70.1 fixed angle

rotor and centrifuged at 42,000 rpn overnight at 20'C. Two bands were

visible under IFV light, the lower band consisting of closed cireular

plasmid DNA was removed by puncturíng the bottom side of the tube with a

2I guage syringe. The ethidium bronide was removed from the plasmid DNA

by extracting the sample 4 to 5 tines with an equal volume of TE/CsCl

saturated butanol. The sample was then extensively dialized against 3 two

litre changes of TE. The concentration of plasmid DNA in the preparation

\Àras determined by measuring the 
.absorbance 

of the sample at 260nm as

previously described. The plasrnid preparation was storeð ax 4"C with a

couple of drops of chloroform.

I .3. Puri fí r.,etí on of nrolres

To isolate the appropriate sequence of DNA requíred as a probe the

plasmids were first cut wíth the appropriate restriction endonucleases at

37"C for t hour using 3 unixs/¡,tg DNA. The C10 plasrnid conÈaining the cDNA

sequence eneoding the M2 subunit of ribonucleotide reductase was digested

with Sal I and Pst I to yield the appropriate 1487 bp band corresponding

xo NI2 cDNA. The D65 plasmid harboring the eDNA sequence encoding the Ml

subunit of ribonucleotide reductase was digested with Nco I to yield the

appropriate 2000bp band corresponding to M1 cDNA. The p-actin probe was

a 1.2-kilobase BgII-BgII fragment. The ferritin plasrnids and the

transferin receptor plasmids r¡rere nick translated and the whole plasrnid

used for probíng.



Following digestion the required bands were purífied away from the

rest of the plasroid on 1% agarose gels in k x TBE. After running the

samples overnight at 30 volts in L x TBE running buffer the appropriate

band was removed from the gel by visualizíng the bands under W light and

excisíng the band. The gel slice containing the band rsas then placed in

dialysis tubing containing the most minimal âmount of L x TBE buffer,

approximately 1 m1, and the insert was then electroeluted from the gel by

passing a current of 100 volts for 2 to 3 hours across the sample. Once

a1l of the DNA had migrated out of the gel the current $ras reversed and

the dialysis b"g containing the DNA was back electrophoresed for 60

seconds to remove any DNA fragments that may have stuck to the dialysis

bag duríng elution. The probe fragment in L x TBE buffer was concencrated

by passage through a mini-coh¡mn-D (Sigma Chenical Co.) and eluted wíth

0.5 nl high salt buffer. The DNA was then precipitated by the addition

of 2 volumes of ethanol and overníght at -20'C. The sample was

centrifuged, washed once wix}:. 70% ethanol and resuspended in TE buffer in

a concentration of approximately 500 ng/pl for subsequent 1abe1ing.
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9. Western Blot Analysis

Tris-buffered saline (TBS) :

TBS -Tween:

Carbonate -MeCl. buffer :

50 mM Tris-HCl, pH 7.5
150 mM NaCI

TBS
0.5% Tween 20 (Sigma Chemical Co.)

80 nM sodium bicarbonate
1 mM MgCl,



Pelleted cells resuspended in 10 nM Tris-HCl (pH 8.0), 1 nM DTT were

sonicated and debris was centrifuged at 5000 x g for 5 min. Various

amounts of protein were analyzed by 10% SDS-polyacrylamide gel electro-

phoresis (SDS-PAGE) (Laemmli, L97O). Proteins lrere then transferred to

nitrocellulose membranes by the method of Towbin et a7. (1-979>. The

transfer was carred out at 100 volts for t hour. After transfer, the

nitrocellulose membranes were blocked in TBS-Tween containing 1% bovine

serum alburnin. The membranes were then incubated with either 4D203 anti-

Ml mouse monoclonal antibody (Engstrom et a7., 1984) or JB4 anti-1"12 rat

monoclonal antibody (Engstrom and Rozell, l-988) for 3 hours, washed three

times for 30 minutes each in TBS-Trveen followed by incubatíon with the

appropriate second antibody for 3 hours. GoaÈ anti-mouse IgG conjugated

with alkaline phosphatase (AP) (Sigma Chernical Co.) was used for detecting

Protein M1, and rabbit anit-rat IgG conjugated with alkaline phosphatase

(Sigma Chemical Co.) was used for detecting Protein M2. After one hour

incubation, the membranes !¡ere again washed in TBS-Tween 3 times for 30

mínutes each. The bound antibodies !¡ere visualized by the development of

the AP reaction, as described by B1ake et a7. (1984) in carbonate-Mgclz

buffer (pH 9.6) .

125I-l"buled sheep anti-rat IgG was also used in detection of Protein

M2 on immunoblots. Instead of using AP conjugated anti-rat IgG, the blots

were incubated for one hour with 100 ¡.tlr' of labeled anti-rat IgG and the

membranes r¿ashed in TBS-Tween 4 times for 30 minutes each. The blots were

then exposed on Kodak X-OMAT AR fihn ax -70"C.
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I^Iestern blot analysis for H and L ferritin subunits was carried out

as previously described (McClarty et a7., L987; Choy et a7.,1988) with

the following rnodífications. Following cell extract preparations, total

cell extract proteín content was determíned and then a given emount of

protein was analyzed on a SDS 10% to L7.5% gradient pore polyacrylernide

ge1. After protein transfer and blocking, membranes were incubated with

a rabbit polyclonal anti-human ferritin IgG (Boehringer Manrrheirn) which

recognizes both mouse and human ferritins (Rouault et a7., L987). Goat

anti-rabbit IgG eonjugated with alkaline phosphatase (Sigma) was used for

H and L subunit detection.

1-0. Irnmunochemical Analysis Methods

10.1. Irnmunoprecipitaion of Proteins

Solubilizins buffer 150
(s8150) :

Solubí liz,ins buffer 250
(s8250) :

Tris-slvcine transfer

1% Triton X-100
0.5% sodium deoxycholate
150 nnM NaCl
25 nM Tris-HCl, pH 7.5
5 nM EDTA

1% Triton X-100
0.5% sodium deoxycholate
250 nM NaCl
25 nM Tris-HCl, pH 7.5
5 mM EDTA

25 nM Tris-HCl, pH 8.3
25 mM glycinebuffer:
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The cell lines r'¡ere grorgn in culture for at least 24 hours before

radionucleotide labeling. Equal numbers of cells were plated for proteÍn

half-lífe determinations. Labelíng of logarithnícally growing cells was

carried out in plastíc culture plates in methionine-free o-MEl'f (Flow

Laboratories) containing 50 pCi of [35S]methionine (3000 Ci/nnoL/mt) and

57" (v/v) diaLyzed fetal bovine serum (Gibco). The cells were incubated

overníght to label the total protein pool or pulsed labeled for 30 minutes

to t hour for bÍosynthetic rate deËerminations. The labeling medium was

aspirated, and the ce1ls were washed twíce with phosphate-buffered saline.

Trypsín/EDTA was used to harvest the cells, centrífuged, and washed again

with phosphate-buffered saline. The resulting cell pellet ïras resuspended

in 58250 solubilizing buffer to a final densisty of approximately 2 x LO7

cells/ml. Solubilization was carried out at room temperature for 15

minutes. The cell extract was clarified by centrifugation in a microfuge

aE L2,000 x g for 10 minutes.

knmunoprecipitation rr/as carried out by using saturatíng amounts of

4D203 anti-Ml mouse monoclonal antibody or JB4 anti-M2 rat monoclonal

antíbody according to the method of Firestone et a7., (1982), except only

one round of immunoprecipition lras performed on the total cell extracts,

and formalin-fixed StaphyTococcus aureus cells (Pansorbin) was purchased

from Calbiochem. The labeled lysate was precleared of non-specific immune

complexes Ëhat could form with the fixed S. aureus cells. An aliquot of

20 ¡tI of a LOL suspension r\ras added to 200 ¡tL of extract and incubated at

room temperature with occasional mixing for 15 minutes. The S. aureus

cells v/ere removed by centrifugation (12,000 x g, 2 minutes) and the

precleared extract r¡ras recovered. The f ixed S . aureus cells v/ere
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complexed with the secondary antibody, either rabbit anti-mouse IgG

(against 4D203) or rabbit anti-rat IgG (against JB4) (Sigma Chemical Co.).

The S. aureus-IgG immune complex was preloaded with cell free extraet of

non-labeled mouse L cells to reduce the arnount of non-specific binding of

the labeled extract with the immune complex. The mouse L ce11 free

extract r^ras prepared by resuspending 1 x 107 cel1s in l- ml of SB15O

solubilization buffer and incubated at room temperature for l-5 minutes

before removing cellular debris by centrifugation (12,000 x g, 20

minutes). An aliquot of a L0f" suspension of S. aureus cells and the

appropriate IgG was mixed with 2x volume of the non-labeled cell free

extract at room temperature for 15 ninutes. The preloaded S.aureus-T-gG

immune complexes were recovered by centrifugation and resuspended in 58250

buffer to make a L0% cell suspension. This cell suspension r.ras used to

precipitate the antigen-antibody complexes.

Prior to immunoprecipitation, a 5 pL sample from each labeled

extract was treated with I07., trichloroacetic acid (TCA) and the TCA-

precipitable radioactivity liras determined. The same number of TCA-

precípitable counts were used in the subsequent immunoprecipitation. A

voltrme of 200 ¡.rI of labeled extract containing the desired amount of TCA-

precipitable radioactivity was mixed with either 4D203 (anti-M1) or JB4

(anti-M2) monoclonal antibodíes and 100 ¡r1 of 58250 solubilizing buffer

containing50 mg/ml of BSA (Sigma Chemical Co.). After incubating at room

temperature for 15 ¡oinutes, 15 pL of 102 preloaded S. aureus-IgG was added

to the mixutre and incubated for another 5 minutes. The entire reaction

mixture was layered on 600 ¡^r1 of 1 M sucrose solution in a microfuge tube.

The mixture r¡ras centrifuged for 3 minutes at L2,000 x g. The top layer
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was aspirated and the side of the tube was washed r/ith 2 M urea solutíon.

The sucrose layer was aspirated and the í.mmunecomplex pellet was first

washed with 58250 buffer and then with TE buffer. The resulting

precipitated products were analyzed on 'J-O? SDS-PAGE gels. After

equilibration ín Tris-glycine transfer buffer, the gels were dried and

exposed to Kodak X-OMAT AR film for L2 to 36 hours. Autoradiograms were

scanned, and peak areas \ùere quantitated (Beckman DU-8 spectrometer or

Bio-Rad Densitometer model 620).

LO.2. Deternination of Protein Half-Life

Cells rsere metabolically labeled as described above, overníght. The

cel1s were then chased with methionine free growth medium supplemented

with unlabeled methionine and 10% fetal calf serum. Cells were harvested

at various time points by removal from plates with trypsin/EDTA solution,

and then centrifuged again. fmmunoprecipiÈation r,¡as carried out as

described above. The samples $rere run on a I0% SDS-PAGE, autoradio-

graphed, and quantified by densitometry (Becknan Spectrophotometer DU-8).

The protein half-life was determíned from the reduction in [35S]rnethionine

labeled protein over a period of time.



10.3. Determinations of Protein Biosvnthetic Rates

Protein M2 biosynthetie rates rrrere determined by [35S]methionine

pulse labeling. Cells were labeled in the [35S]nethioníne-labeling mediun

deseribed above , except 500 ¡rCi of [35S ]nethionine/nl qrere used, and

labeling time was 20 minutes at 37'C. Irnms¿1.¡.ly following the pulse

labe1, cells were harvested and lysed, and [35S]rnethionine incorporation

into proÈein was determined by trichloroacetic acid precipitation.

Immunoprecipitation (3 x 10ó cpm) using JB4 anit-M2 monoclonal anËibody,

1-0% SDS-PAGE, autoradiography, and densitometry was performed as described

above.

10.4. Analr¡sis of Tron in Protein M2

10.4.1 59Fe Labeling of cells

55

Monolayer cultures of logaríthmically growing hydroxyurea resi-stant

mouse L cells (HR-5.0) were washed three times with warm phosphate buffered

salíne (PBS), and then refed with o-minimal essential uredium containing

1% fetal calf serum and 59Fe-díferríc transferrin (22.5 ¡tg/ni-) prepared as

described by Klausner et a7. (1983). Following incubation ax 37 'C for L8

hours, the 59F.-1rb.1ed cells were washed, then harvested and used for

immunoprec íp itation experiments .



56

LO.4.2. Incubatíon of Ribonucleotide Reductase Preparations rrith

Hydrox¡rurea treated pïotein M2 $ras obuained by incubatíng 59F"-

labeled enzJrme preparations, prepared as previously described (McClarty

et a7., 1986a) in the presence of various concentrations of hydroxyurea

for 10 mínutes on ice. 59F.-labeled or non-labeled protein M2 was then

immunoprecipitated by using a saturating amount of JB4 anti-M2 rat

monoclonal antibody (Engstrom and Rozell, 1988) according to the method

of Firestone eË a-1.. (1982) except only one round of immunoprecipication

was performed. The resulting precipicated products were either analyzed

on LO% SDS-polyacrylarníde gels and autoradiography, ot quantitated

directly by using a ganma counter (LKB, Compugarnma rnodel).

LO.4.3. In Vivo l^abelling of Ferritin H and L Subunits

The apparent rate of ferritin H and L subunit biosynthesis in the

presence or absence of hydrox)rurea and/or iron was deËermined by measuring

the incorporation of [35S ] methionine into the tr¡ro subunits . Cells

(9 x 105) were biosynthetically labeled at 37'C with a one hour pulse of

500 ¡rCi [35S] methionine per url of rnethionine free medium plus 5% (VÆ)

dLalyzed fetal calf serum. Irnmediately following the pulse label, ce11s

were harvested and lysed as previously described above. For measurement

of radioactivity incorporated into total soluble protein, 10 ¡r1 aliquots

of the labeled ce1l extracts r^7ere precipitated with 10% trichloroacetic



57

acid followed by filtration and liquid scíntillatíon eounting. For chase

experiments, cells were labeled for one hour, washed three times with

a-minimal essential meditrm, and then incubated in the same meditun plus 10%

fetal calf serum for the indicated period of tine.

Tmmunoprecipitation with a saturating nmes¡t of ferrítin polyclonal

antibody (Boehrínger Mannleeim), SDS 10 xo L7.5% gradíent pore polyacryl-

anide gel electrophoresis, alltoradiography and densitometry (Bío-Rad Model

620) were carried out.

11. Nuclear DNA bínrlíns rrroteins

11.1. Nu¡:1 ear nrotein i -so'l ati on

Nuclear Extract buffer A:

Nrrc.lear Extract buffer

0.3 M sucrose
10 nM HEPES-KOH, pH 7.9
10 nl,I KC1
1.5 mM MgCl,
0.1 mM EGTA
0.5 nM DTT
0. 5 nM phenylmethylsulfonyl fluoride

(PMSF) (Sigma Chernical Co.)
2 ¡tg/nI each of antipain, leupeptin,

and pepstatin A (Sigrna Chemical
co. )

400 mM NaCl
10 nM HEPES-KOH, pH 7.9
1.5 nM MgCl,
0.1 nM EGTA
0.5 nì.I DTT
5% glycerol
0.5 mM PMSF



Nuclear Extract buffer

Nuclear protein extracts r'¡ere prepared using a rnodifíed procedure

by Dignarn et a7. (l-983). Nuclei were harvested from 5 x 108 to 109 cells.

HeLa cells were grown in suspension in 500 rnl spinner bottles and

harvested by centrifugation for 10 minutes at 3000 x g, 4"C. 3T3 BALB/c

cel1s were gror¡JTr in tissue culture plates, harvested using a rubber

policeman and pelleted at 3000 x g, 4"C. Nuclei were prepared from non-

treated 3T3 BALB/c cells and cells treated with 0 .L pYI TPA for 30 urinutes.

All the cel1 pellets were resuspended in L ml of PBS, transferred to

1.5 rnl eppendorf tubes and centrifuged at 3000 x g,4"C. The cell pellet

was then resuspended ín 5 pellet volumes of Nuclear Extract buffer A.

Ce11s were lysed by 8 to L2 strokes with a B pestle in a Dounce glass

homogenizer (Kontes) and 1 to 2 strokes in the presence of 0.37.-0.4%

Nonidet P-40 (NP-40). The homogenaÈe was then centrifuged at 1200 x g for

10 ¡ninutes, 4"C, and the pelleted nuclei washed twice with Nuclear Extract

buffer A without NP-40.

The nuclei were then resuspended ín 2.5 pelleted nuclei volumes of

Nuclear Extract buffer B. The resuspended nuclei were stirred slowly for

30 minuËes at 4"C, followed by centrifugation for 60 minutes at

100,000 x g using a Type 70Ti rotor (Beckman). After díal-yzing rhe

supernatant for 2 Eo 4 hours against 50 voltrmes of Nuclear Extract buffer

C. , the extract \Mas clarífied by centrifugation at 25,000 x g for 15

20 n¡[ HEPES-KOH, pH 7.9
75 nM NaCl
0.1 nM EDTA
0.5 xoM DTT
207 glycerol
0.5 nM PMSF
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minutes, which removes precipitated material conpletely and partíal1y

removes lipid (Dignam et a7., 1983). The protein concentration rlras

measured by the Bradford nethod (Bio-Rad kit). The nuclei protein

extracts were f.rozen ín small 50 ¡11 to 100 pl aliquots at -70"C. Repeated

thawing and fteezing was avoided whenever possible.

LI.2. DNA Electronobility shift assays

2x Gel Shift buffer:

DNA electromobilicy shift assay (EMSA), or gel-shift assay, r,rere

performed based on methods by Fried and Crothers (1981) and Garner and

Revzin (1981) vrith rnodifications by Strauss and Varshavsky (1984). Crude

nuclear protein (approximately L pÐ were titrated vrith increasing amounts

of poly(dI'dc) in 15 pl of 2x gel shift buffer. The sample is made up to

30 ¡rl with double distilled water and incubated for 15 minutes at room

temperature. After further incubaÈion for 20-40 minutes in the presence

of about 1- ng of labeledprobe,2 pL of 0.1% bromphenol blue was added and

the samples \¡rere separated in a 1 x TBE , 47" poLyacrylamide gel. Prior to

loading the samples, the gel was prerun for t hour at 20 mA. The gel was

electophoresed until the bromphenol blue had run 3/4 length of the gel.

After fixing the gel f.or 10 to 20 minutes in 10% acetic acid and 10%

methanol, the ge1 was transferred Ëo filcer paper support. The gel was

20 mM Tris-HCl, pH 7.5
100 mM KCI
10 nM MgCl,
2 mM DTT
2 nM EDTA
L2.5% glycerol



dried under vacuum Ín a

hours, and subjected to

conwentional ge1

autoradiography.

dryer (Bío-Rad) at

60

80"C for 1.5
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1. Molecu1ar Mechanism^q of Drus Resiståricê-

1.1. Drue sensi-tiviw and Rlbonucleotide Reductase rævels in a.

Series of Mutant Ce11 I-ínes

A series of mouse L-cells lines \{ere sequentially selected ín the

presence of increasing concentrations of hydroxyurea for the ability to

proliferate in nornally cytotoxic drug concentrations, as described in

Materials and Methods. The colony-forming abilitles of the parental wild-

type population and the various drug-selected cell lines ln the presence

of drug-supplemented meditrm are shown in Fíg. 6. All drug-selected cell

lines exhibited a reduced sensiÈivity to the the cytotoxic effects of

hydroxyurea when compared to parental wild-t¡rpe ee1ls. For example, when

the D1g values for hydrox)rurea are considered (Table 1-), cells selected

in the Presence of the lowest drug concentration (0.35 nì,I hydroxlrurea)

exhibited approximately an 8-fold elevation in drug resistance, whereas

cells selected at the híghest concentration (5 mM hydroxyurea) were about

35-fold more resistant to the drug. The drug resisËance propercies of the

cel1 lines signifígcantly increased at each of the drug selection sÈeps

tested (0.35 nM, 1.5 nM, 2.0 mM, 3.0 nl'f, 4.0 nl'f, 5.0 nì,I hydroxyurea). In

keeping with the resistance characteristics, each drug-selected line also

exhibíted an elevation in ribonucleotide reductase activity when compared

to the wild-type ce1l line (Table 1). There uras a sequential increase in

enz)rme activity with each selection step, with the least resistant line

showing a modest increase in activity, and the highest resistant line

exhibiting the greatest increase in enz)rme activity of approxinately

24-foLd.
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Fígure 6 Relatiwe colony-forming abilities of wí1d type L60 cells and

hydroxyurea-resistant cells in the absence and presence of

various concentrations of hydroxyurea of (ø) wild type, (a)

HR-0.35, (^) HR-1.5, (r) HR-2.0, (s) HR-3.0, (r) HR-4.0 and

(o) HR-5.0 celI lines. Experiments were performed as

described in Materials and Methods. The y-axís scale is

logarithmic.
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Cett
Line

TABLE ]-

CDP

D.^ Reductãs
vatrlSsa Activity

ui Ld

Type 0.15

nR-0.35 1.?

nR-1.5 z.o

HR-z.o z.l

nR-3.0 3.4

HR-4.0 4.4

HR-5.0 5.5

Retative H1

DNA

Hybridi zat i onc

0.7

1.2

1.95

2.2

3.2

4.6

17

il,"?lg,]"jl: ;:,1::":*centration 
of drus that reduces retative cotony-formins efficiency to 10% and Has determíned as described in

b) Enzyme activity is expressed as nmotes CDp reduced/hour/mg protein.

c) Determined frorn densitonetric meâsurements of the most prominent band hybridizing l{ith M1 or f{2 cDNA ¡¿ith DNA frorn drug resistant cetts,
relative to measurements of the most prominent band hþridizing Hith DNA from wil,d type cetts.

d) Determined from densitometric scanning of dot btot hybridizations carried out t¿ith M1 or I'12 cDNA and RNA from drug resistant and ¡ril,d
type cetts, and expressed retative to the rlil.d type result.

e) Determined from tyrosyl free radicat concentrations estimated by EPR signal.s with drug resistant and wil.d type cetts, and expressed
retative to the wil.d type tevel..

1.0

1.2

0.9

0.9

1.2

1.0

1.3

Retative M2

DNA

Hybridi zat i onc

1.0

1.5

2.9

3.0

3.4

3.8

3.9

Retative M1 Retative M2 Retative
RNA RNA }42

Hþridizationd Hybridizationd t-evãtse

1.0

0.9

1.3

1.3

0.8

1.0

1.8

1.0

11

25

21

24

23

23
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L-2. AnalysÍs of M1 and M2 DNA from i,Iild-Tlæe and Hydroxyurea

Resistant Ce-l I T.ines

To compare the relative nrunber of Ml- and M2 gene copies in wild-type

and drug-resistant cells, DNA isolated from the various lines was digested

to completion with EcoRI or HindIII endonucleases, and Southern blots of

the digested mixtures rnrere hybridized with 32P-I"b"lud M1 or M2 cDNA probes

(Fig. 7, A and B). There were no indÍcarions of Ml gene amplífication in

any of the drug-resistant ceII lines, sí.nce the intensity of the

restriction bands u¡as about the same with DNA obtained from wild-type and

durg-resistant populations (Fig. 7A). The similarity of the banding

patterns also suggested that there \Alere no obvious Ml gene rearrangements

in any of the drug-resistant cell lines. In contrast to the above

observations, the M2 gene vras clearly amplified in all the drug-resistant

populations (Fig. 7 , B and C). None of the cell lines appeared to contaÍ-n

gross M2 gene rearrangements. As observed in previous studies of dug-

resistant cel1 1ínes (Wright et â7., L987), only selected bands lrere

amplified (Fig. 7B)., and this may be due to the presence of yI2

pseudogenes in mammalian cells (Yang-Feng et a7., L987). Densitometry of

the most intense bands of the M2 cDNA-probed autoradiograms gave estimates

of 1.5, 2.9,3.0, 3.4,3.8, and 3.9 more hybridízation with DNA from

HR-0.35, HR-1.5, HR-2.0, HR-3.0, HR-4.0, and HR-5.0 cells, respectively,

when compared to the wild-type condition (Table 1). It is interesting to

note (Fig. 7 , B and C) that there r{7as relatively little change

(approximateLy 35%) in hybridiza:uíon intensity with DNA ísolated from

66



Fígure 7 southern blot analysis of Ml and M2 genes in genomic DNA of

the wild type and drug resístant ce1l lines. Twenty pg of

high molecular weight DNA was digested to completion with

either Eco RI (E) or Hind III (H) (A and B) or wirh Hind III

only (C). Blots r¡¡ere hybridized with . 32p-labeled Nco I

fragment of the M1 cDNA (A) or " 
32p-labeled pst I fragmenr

of the ylz cDNA (B and C), as described in Marerials and

MeÈhods. Autoradiogr¡m5 r¡rere exposed for 20 hours (A and B)

or 4 hours (C) at -70oC with intensÍfying screens. The lanes

are (a) wild rype, (b) HR-0.35, (c) HR-1.5, (d.) HR-2.0, (e)

HR-3.0, (f) HR-4.0 and, (e) HR-s.0.
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cel1s selected between 1.5 mM and 5.0 mM hydroxyurea (between HR-l.5 and

HR-5.0 cells). This is in contrast to the significant increases in the

levels of cellular resistance and ribonucleotide reductase activities that

occur duríng selection of these drug-resistant lines (Table 1).

1.3. Analysis of Ml and M2 Message Lewels in l{ild-TJroe and Mutant

CeI1 Lines

Northern blot analysis using Ml cDNA is presented in Fig. 84. These

results are consistent with other investigations of mammalian cell lines

which showed the presence of a single Ml nRNA species of about 3.1

kilobases (Thelander and Berg, 1986; I,Iríght et a7., L987). Although no

maj or changes in Ml nRNA concentrations v/ere detected in most of the drug-

resistant ce1l 1ines, an increase of about 1.8 fold, as determined by

densitometry analysis, was routínely observed when RNA from wild-type and

HR-5.0 ceIIs was compared. Interestingly, M2 cDNA-probed Northern b1ots,

presented in Fig. BB, showed significant elevations in the M2 mRNAs levels

in all the resistant cell lines . A 2.1 kb M2 mRNA species was clearly

observed in both wild-type and mutant cell lines; upon longer exposure a

1.6 kb 142 mRNA species also became evident in all the cell línes.

Thelander and Berg (1987) and ilright et a7. (1987) have previously

described the presence of two M2 rnRNA speceis of 2.I and 1.6 kb in mouse

cell lines, and they have suggested that these species may be generated

through the use of different polyadenylation sites at the 3'untranslated

region of the M2 gene transcript.



Figure 8. Northern blots of Ml and M2 rnRNA in the wild type and drug

resistant cell lines. For Northern blots, 25 pE of total

cellular RNA isolated from (a) wild type, (b) HR-0.35, (c)

HR-1.5, (d) HR-2.0, (e) HR-3.0, (f) HR-4.0 and (g) HR-5.0, were

denatured and run on 1-7. agarose-formaldehyde gels. After

transfer to nitrocellulose, the filters were probed with a

[32p] -labelled NcoI fragmenr of rhe Ml eDNA (A) or a

[32p] -labelled Psr I fragmenr of rhe yI2 cDNA (B). Equal

70

loading of RNA was determined by reprobing with B-actin cDNA

(C) as indicated in Materials and Methods. The positions of

28S and 18S rRNA are indicaÈed. Autoradiograms were exposed

fox 4 hours (A) or t hour (B and C) ar -70oC wirh inrensifying

screens.
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Figure 9. Ml and 142

(c) HR-1.5,

Two pg of

probed with

72

mRNA Dot blots. (a) wild type, (b)

(d) HR-2.0, (e) HR-3.0, (f) HR-4.0, (g)

total cellular RNA was loaded per lane

M1, M2 , or þ- actin cDNAs.

HR-0.35,

HR-5.0.

and was
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Quantitation of mRNA levels was carried out by densitometry of dot

blots (Fig. 9) (McClarty et a7., L987; ilhite and Bancroft, 7982) of total

cellular RNA probed rtrith either Ml or M2 cDNA (Table 1). In agreement

with Northern blot analysis (Fig. 8A) only the HR-5.0 cell lÍne showed a

significant increase in Ml message of about 2-fold. Also, in agreement

with Northern blot studies (Fig. 88) large elevations in M2 mRNA levels

were observed in a1l drug-resistant lines when compared to the wild-type

population. The least resistant, HR-0.35 line, showed an 11-fold increase

in M2 nRNA concentration, and interestingly, the rest of the drug-

resistant lines (HR-1.5, HR-2.0, HR-3.0, HR-4.0, and HR-5.0) had

approximately the same elevation in the 142 message of about 23-fold

(Tab1e 1).

1.4. EPR Spectroscopy and Inmunoblot Analysis

The increase in M2 mRNA levels in drug-resístant lines suggested

that these ce1ls contained elevations in the M2 component. Since this

protein has a tyrosyl free radical necessary for enzyme accivity, it is

possible to determine expression of the yI2 protein ín whole cells by

measuríng the free radical signal characteristic of a functional 142

component (Thelander and Berg, 1986; I,,Iright et a7., L987; McClarty et a7.,

1-987). An EPR analysis was performed on three representatiwe cell 1ínes;

the wíld-type line; the moderately resistant HR-l.5 line; and the most

resistant line HR-5.0. The concentration of free radical during

exponential growth was O.I/+ ¡,rNI, !.2 p,Yf, and 7.0 ¡.¿M for wild-type, HR-l.5,
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and HR-5.0 cells respectively. Although HR-1.5 and HR-5.0 lines contained

about the same lewel of lI2 nRNA (Fig. 88; Table 1), there r.ras a

signíficant dífference between these two ce11 lines in tyrosyl free

radical content. Purification of the ylz protein and preparation of

specific M2 monoclonal antibodies (Thelander, M. et a7., 1985; Engstrom

et a7. , 1984) have provided the ability to directly measure the levels of

M2 protein by i^Iestern blot analysis. Cell extracts prepared from wild-

type , HR-1.5, and HR-5.0 cells were subjected to SDS-polyacrylamide gel

electrophoresis and blotted onto nitrocellulose, and l'q2 protein \Àras

detected using anti-M2 monoclonal antibody (Fig. 104). The results

indicated that a Mr 44,000 band corresponding to M2 protein \^/as markedly

overproduced in both drug-resistant cel1 lines. The increases observed

in the Western blots correlated with the 8.6-fo1d and 50-fold elevations

in tyrosyl free radical conLent determined by EPR spectroscopy (Tab1e 1).

These results are also consistent .tdith previous observations that there

is normally no pool of radical-free M2 protein present in mammalian cells

(Eriksson et a7., I9B4; McClarty et a7., I987a).

The avaílabi1ity of monoclonal antibodies specific for proteÍn Ml-

(Engstrom et a7.,1984) makes it possible to compare the levels of the M1

protein in wild-type, HR-1.5, and HR-5.0 cells by irlestern blot analysis.

The results of these experiments are shown in Fig. 108. The anti-Ml mouse

monoclonal antibody detected a high molecular weight band of about 90,000,

correspondíng to protein Ml. The level of Ml protein in the HR-1.5 cells

díd not change from that of the wíld-type cells, whereas the highly

resistant HR-5.0 showed an approximately 2-foi'd increase in Ml protein

over the wild-type line. This latter observation is consístent with the



Figure 10 üTestern blot analysis of rotal protein in wild type, HR-l.5

and HR-5.0 cells. The ce1l-free preparation and che Hestern

blot procedure were carried out as described in Materials and

Methods. (A) The immunoblors of protein M2 show (a) 100 ¡rg

wild rype, (b) 20 pE HR-1.5, and (c) IO pg HR-5.0. (B) The

ímmunoblots of protein Ml show (a) 40 pg wild rype, (b) 40 pe

HR-1.5, and (c) 4O pe HR-5.0.
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finding of approxímately

type conditíon, with HR-5

1.5- Posttranscriptional Modulation of Protein M2

The difference in protein M2 pools between HR-1.5 and HR-5.0 cel1s,

given the simílar levels of M2 mRNA, suggests that changes in M2 protein

occtlr by a posttranscriptional mechanism, such as an increase in protein

half-life or through an increase in protein M2 biosynthetic rate in the

highly resistant line. Protein turnover v/as measured in [35S]methionine

pulse-chase experíments as described in "Materials and Methods." These

studies indicated that the M2 protein half-life was 6.3 hours in both

HR-1.5 and HR-5.0 cells and r¿as unchanged from the value determined for the

wild-type M2 protein (Fig. 114). Also, as expected, no differences in the

Ml protein half-life of 12.5 hours vlere found (Fig. 118). The rates of

M2 biosynthesís in the HR-1.5 and HR-5.0 ce11s were estimated following a

20-minute pulse labeling with [35S]rnethionine and immunoprecipitation with

JB4 anti-M2 monoclonal antibody as described in "Materials and Methods."

The results of such an immunoprecipitation are shown in Fig. L2. The M2

protein band wíth an apparent molecular weight of 44,000 is clearly

visible. Densitometric quantitation of the bands indicated that there vras

a

0

1.8-fold elewation of

cells (Fig.8A, Table

78

mRNA over the wildM1

1)

approximately a 2-fol-d increase in the metabolically labeled Ì"12

immunopreicipitate in the HR-5.0 cel1 line compared to the HR-1.5 1ine.

This increase in protein M2 biosynthetic rate r,rould contribute to the



Figure 11. Pulse-chase analysis of protein Ml (A) and protein M2 (B)

half-lives in wild type (x), HR-l.5 (^), and HR-5.0 (o). The

tla (tral-f -life) is determined from the time of chase rqhen half

the initial labeled I41 protein or M2 protein is remaining.

Following immunoprecipitation with M1 or Yl2 monoclonal

antibodies and SDS-gel electrophoresis, the labeled proteíns

v/ere detected by autoradiography and quantitated by

densitometric analysis as described in Materials and Methods.

The y-axis scale is logarithmic.
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elevation in cellular l{2 content observed Ín the HR-5.0 cell line

(Fie. 10).

1.6. Distribution of M2 nRNA in the Cytoplasm of HR-1.5 and HR-5.0 Cells

The analysis of total nRNA in HR-l.5 and HR-5.0 cell lines presented

an interestíng problem as both cell lines contained almost equal amounts

of NI2 mRNA yet had disproportionate amounts of M2 protein. Protein M2

half-life in HR-l.5 and HR-5.0 cells Ì{ere not changed (Fig. 1l), but the

biosynthetic rate of protein M2 was elewated by 2 fold in the HR-5.0 line

compared to the HR-l.5 line (Fig. 12). It is possible that the HR-5.0

cel1s may be more efficient in translating the M2 mRNA than HR-1.5 cells.

The other possibility is that ín both cell lines the rnRNA are translated

with equal efficiency but only certain pools of YI2 mRNA is translated and

a larger pool of translatable message is available in the HR-5.0 line. To

test this idea, the distribution of YI2 mRNA was analysed with respect to

actively translated message, i.e. nRNA-ribosome complex (polysomal RNA)

and inactive nRNA, i.e. nRNA sequestered in a ribonucleoprotein complex

(RNP).

Polysomal, monosomal and ribosomal subunit RNA were separated from

free mRNP (non-polysomal RNA) on sucrose gradients as described in

Materials and Methods. The actively translated nRNA is complexed with

more ribosomes and thus has a higher density. Fractions collected from

the gradíent \,r'ere run on a denaturíng 17" formaldehyde gel and stained with



Figure 1-2 hnmunoprecipitation of protein M2 in HR-1.5 and HR-5.0 cells.

Immunoprecipitation of 35S-methionine pulse labeled cellular

proteins with M2 specific monoclonal anribody of (a) HR-I.5

and (b) HR-5.0. Immunoprecipít,ation (3 x 106cpm) was performed

as described ín Materials and Methods.
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Fígure 13. Cytoplasrnic distribution of YI2 mRNA in HR-l-'5 and HR-5.0.

Logarithmically growing cells were harvested and cytoplasmíc

polysonal mRNA r^rere prepared, run on a LT. fornaldehyde

denaturing gel, blotted, and probed with M2 cDNA as described

in ì4aterials and Methods. Fractions from the top and bottom

of the sucrose gradient is indicated in Ëhe figure. Actively

translated mRNA pools distribute near the bottom of the

density gradient. The panels show cytoplasmíc nRNA from

(A) HR-l.5 and (B) HR-5'0 cells.
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ethidium bromide to identify the distribution of the ribosomes and their

subunits.

Northern blot analysis was performed to determíne the distribution

of M2 mRNA along the gradíent (Fig. 13). The RNA samples shows some

degradation due to lhe elongated polysomal RNA isolation procedure,

nonetheless, a difference between the t\,¡o cell lines was observed when

probed for Ìtt2. For the HR-5.0 cells , the M2 mRNA appeared to be more

concentrated tov¡ards the bottom of the gradient signifying that the

majority of the M2 message is in the denser fractions. The HR-l.5 cells

had a more even distribution of the M2 nRNA among the fractions.

2. Effects of HydroxJrurea on Resistant Cells

2.I. Effects of Hydrox)rurea Concentration on Ml and M2 Protein and uRNA

Lewels

A previous study of the cel1 line SCz, a subclone of the HR-5.0

population, reported that the ribonucleotide reductase activity increased

in a drug concentration dependent manner when the ce11s were cultured in

the presence of hydroxyurea (McClarxy et a7. , 1986a) . The increase in

errzpe activity could be the result of íncreased protein levels of the Ml ,

yIz, or both subunits. In order to examine this possibility, SC2 ce1ls

previously cultured Ín the absence of drug vrere gro\¡rrr in the presence of

various concentrations of hydroxyurea for three days, harvested and che

Ml and M2 protein levels were analyzed by l{estern blots (Fig. L4). In



Figure 1-4 Effect of hydroxyurea on cel1ular Ml and M2 protein and mRNA

levels. Cell extract preparations, Western blot procedure,

and cytoplasmíc dot hybridization l¡tere carried out as

described under Materials and Methods. (A) Western bloc

analysis for protein Ml; 25 pg of cell extract protein was

loaded in each lane. (B) I,Iestern blot analysis for protein

Yl2; L0 pg of cell extract protein was loaded in each lane.

Individual lanes represent cell extract protein prepared from

SC2 cel1s grovrrr in the (a) absence and presence of (b) 1, (c)

5, and (d) 10 mÌ4 hydroxyurea for 3 days. (C) Cytoplasrnic dot

hybrídízation for M1, M2, and B-actín mRNAs ín SC2 cells grown

in the (a) absence and presence of (b) 1, (c) 5, and (d) 10

mM hydroxyurea for 3 days. Cytoplasmic extract \,¡as prepared

from SC2 cells and treated with 7.4y" formaldehyde as

previously described (Ifhite and Bancrofc , L982). Treated

extract \Àras then spotted in serial 2-fo1-d dilutions onËo

nitroeellulose followed by hybridization with either an M1

eDNA fragment, and M2 cDNA fragment, or a B-actin cDNA probe

to quantitate the relative amounts of Ml and M2 mRNAs in each

preparation. The autoradiographs l¡¡ere exposed for 24 hours

for the Ml blot and 12 hours for both M2 and B-actl-n at -70'C

87

with intensifying screens. Several very faint 1ow molecular

weight bands in B are probably due to some l'42 protein

degradation.
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cell culture, typically hydroxyurea has been used as a S-phase blocking

ce1l synchronizing agent (Young et a7., L967; Ashihara and Baserga, 1979).

The SC2 cells only have slight variations in cell cycle distribution as

shown by flow cytometry when the ce11s are grown in the presence of 5 mM

hydroxyurea (McClarcy et a7., 1987), and even when cultured in the

presence of 10 rnM hydrox)rurea, there is only a 67. increase in the number

of ce1ls in S phase (McClarxy et a7.,1988). Therefore, the drug induced

íncrease in ribonucleotide reductase activity is not due to a significant

increase in the porportion of the cell population in S phase. The

induction of protein levels of M1 and M2 are shown in Fig. 144 and 14B

respectively for SC2 cells growrr in 0 mM, I mM, 5 mM, and 10 mM

hydroxyurea. The results clearly shov¡ íncreases to M1 and M2 protein

levels in a drug concentration dependent manner.

The SC2 cells growrr. in the presence of drug as described above were

anaLyzed quantÍtatively for mRNA levels by cytoplasmic RNA dot blots

(Fig. I4C). The blocs were probed with Ml- and M2-specific eDNA probes.

The results rÀrere in agreement with previous findings (MeClarty et a7.,

L9B7a) that the levels of M1 and M2 transcripts r./ere essentially unchanged

when the cel1 line was cultured in the presence hydroxyurea.



2.2. Kinetics of Protein M1 and M2 Induction

The kinetics of protein Ml and M2 inductíon by hydroxyurea \^ras

examined with respect to the mechanism responsible for the elevation in

ribonucleotide reductase activity. SC2 ce1ls cultured for several days

in c-MEM supplemented with FBS, without hydroxyurea were returned to

medium with 5 mM hydrox¡rurea, and a varíous time points, cells Ïrere

harvested, crude protein extracts prepared and protein M1 and M2 levels

anaTyzed by immunoblots. Induction of the Ml subunit occured very slowly

with no significant increase in protein leve1s until about 6 hours

(Fig. 154, cf. lanes a and d) . In contrast, the M2 subunit appears to

respond much more rapidly to hydroxyurea treatment with noticable

increases in protein as early as 1 to 3 hours after the addition of drug

(Fig.l5B, cf. lanes a, b, and c). Even after 24 hours of culture with

5 mM hydroxyurea, the inductíon of M1 and 142 in the cells were still not

complete. SC2 ce1ls cultured continuously (more than two weeks) in the

the presence of hydroxyurea have accumulated significantly hígher levels

of Ml and M2 protein (Fig. 154, 158, cf. lanes e and f).

90

2.3. Effect of Hvdroxvurea on the Desradation Rates of Proteins M1

and M2

The increases in protein Ml and M2 levels in SC2 cells gror{rt in the

presenee of hydroxlrurea, in the absence of elevations in their

corresponding mRNA levels, suggest that the protein increases occurred by



Figure 15. Kinetics of protein Ml and ylz induction. Cell extract

preparation and l^Iestern blot procedure r¡rere carried out as

described in Materials and Methods. I,IesÈern blot analysis

for (A) protein Ml and (B) procein M2 in SC2 cells cultured

in the (a) absence and presence of 5 mM hydroxlrurea for (b)

t hour, (c) 3 hours, (d) 6 hours, (e) 24 hours, and (f)

continuously, () 2 weeks). For protein M1, 25 pg of cell

91

extract protein was loaded in each 1ane, and 10 pg of cell

extract protein was loaded in each lane for protein M2.
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Fígure 1-6. Ml and l'{2 immunoprecipitation in SCz cel1s. Tmmuno-

preeipitation of protein Ml and M2 from metabolically labeled

cell extracts r^ras carried out as described under Materials and

Methods, and in Firestone et aJ. (1982). The specificity of

the Ml ímmunoprecipitation is shown on the left and the M2

immunoprecipitation is shown on the right. The band at 44,000

daltons in the Ml immunoprecipitation appears to be protein

M2 that coprecipitates with protein Ml as a holoenz)rme.
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a posttranscriptional mechanism. It seemed possible that an alteration

in the stability of Ml and Ì42 protein could account for che hydroxyurea-

induced increases observed for both subunits. f.n order to examine thís

possibility, the decay rate of [35S]methionine labeled Ml and M2 protein

r¡/as compared in SC2 cells grown in the Presence (SC2+) and absence (SC2-)

of hydroxyurea. SC2- and SC+ cells vlere labeled for 16 h with

[35S]methionine, followed by culturing in chase medium free of label; then

at various intervals, cel1s were harvested, and immunoprecipitation was

carried out using monoclonal antibodies specific for protein M1 or M2.

The specificity of the irnmunoprecipitation of metabolically labeled M1

(¡fr 85,000) and M2 (l'1r 44,000) is shown in Fig. 16. Following SDS ge1

eleetrophoresis and autoradiography, quantitative determinations \{ere

carried out by spectrometric densitometry. The results of this pulse-

chase experiment indicated a half-life of 15.25 h for protein Ml and of

6.75 for protein M2 in SC2 cells grovrn in the absence of hydroxyurea.

These protein half life values obtained are similar to values obtained in

earlier experiments with LHF cells (Fig. 11; Choy et a7., 1988). Ilhen SC2

cells were cultured in the presence of hydroxyurea, the half-1ives of borh

proteins Ml and M2 increased by approximately 2-fold Xo 25.75 artd L2.25 h,

respectively (Fig. 174,8).

2.4. Rates of Protein M1 and H2 Bios]mthesis

Even though Ml and y|z mRNA levels are unchanged in SCZ ce1ls

cultured in the presence of hydroxyurea, altered rates of Ml and l{2

polypeptide biosynthesis may also contribute to the regulation of M1 and



Figure 17. Half-life determinations for proteins Ml and M2 in SC2 cells.

Pulse-chase analysis of (A) protein Ml and (B) protein M2

half-life; (.) SC2 cells grown in the absence of hydroxyurea

and (o) SC2 cells grorl,n ín the presence of 5 mM hydroxyurea

> 2 weeks. The t4 is determined from the time of chase when

half the initial labeled M1 or Ì'12 protein is remaining.

Following immunoprecipitations with M1 or Nlz monoclonal

anitbodies and SDS gel electrophoresis, the labeled proÈeÍns

vrere detected by autoradiography and quantitated by

densitometric analysis as described in Materials and Methods.

The y-axis scale is logarithnic.
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Figure 1-8. Effect of hydroxyurea and iron on the rate of Ml- and yI2

biosynthesis. SCz cells \.qere culcured in the absence or

presence of 5 mM hydroxyurea and/or 150 pM ferric ammonium

citrate prior to pulse-labeling with [35s]methioni-ne for 30

minutes. Follorrring labeling, cells were washed and lysed,

and then the supernatant $ras immunprecipitated with anÈi-Ml

or anti-M2 monoclonal antibody and subjected to SDS-PAGE and

autoradiography as described in Materials and Methods. (A)

Immunoprecipitation for protein Ml and (B) imurunoprecipitation

for protein M2 from (a) SC2 cells + no treatment, (b) SCz

cells + 150 pM ferric ammonÍ-um citrate for 3 hours, (c) SC2

cells + 5 nM hydroxyurea for ) 2 weeks, and (d) SC2 cells +

150 ¡.rM ferric ammonium citrate for 3 hours + 5 nM hydroxyurea

for ) 2 weeks.
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Effect of Hydrox)rurea and lron on the Rates of
Biosynthesis of Proteins M1 and M2a

Hydroxlrurea
Treatmentb

Not Treated

Treated

Table 2

Ferric Ammonium Citrate Treatmentc

Protein Ml ProteÍn M?

" The average (t S.E.) of four densitometric quanitations of labeled
Ml and M2 immunoprecipitates under the different experimental
conditions. For easy comparison, the values have been normalized such
that the level of [5)S]methionine incorporated into protein Ml or M2 in
SC2 cells grov/n in the absence of hydroxyurea and iron has been
arbitrarily set at 1.

b 5 rt't for ) 2 weeks.

1.00

3.30 + 0.39

100

1.11 + 0.14

4.26 + 0.55

c 150 ¡rM for 3 hours

The incorporation of [35S]rnethioníne for SC- and SC2+ were 6.4 x lOa
cpm/pg of protein and, 6.1 x l.Oa cpn/¡tg of protein, respectively.

1.00

1.92 + 0.15

0.97 + 0.08

1.26 + 0.13
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M2 protein levels by hydrox)rurea. To compare the rates of biosynthesis

of M1 and M2 in SC2 cells gror.rrr in presence and absence of hydroxyurea,

cells \,rere pulse- labeled with [35S ]rnechionine for 30 minutes , and then

cell lysates rvere prepared and immunoprecipitated with ì,11 or M2 monoclonal

antibodies followed by SDS-PAGE and autoradiography. The results are

shor,¡n in Fig. 18. The rates of biosynthesis of both protein M1 (Fig. 1BA,

cf lanes a and c) and protein ì'tt2 (Fig. 188, cf lanes a and c) have

increased ín the SC2 cell line grown in the presence of hydroxyurea when

compared to the same cells gro\¡JTl in the absence of drug. The result shown

is representative of four such experiments. The average of the four

densitometric quantitatíons of the labeled I{1 and M2 immunoprecipitates

under the dífferent experimental conditíons is presented in Table 2. For

easy comparison, the resulËs have been normalízed such that the level of

[35S]methionine incorporated into protein l'11 or M2 in SC2 ce1ls grown in

the absence of hydroxyurea has been arbitrarily set at 1. It is important

to note that little or no effect on total protein synthesis was observed

after treatrnent with hydroxyurea. SCz- cells Í-ncorporated 6.4 x 104 cprr'/pg

of protein whereas SC2+ cells incorporated 6.1 x 104 cpm/pg of proteín

duríng the 30 rninute [35S]rnethioníne labelíng period.

In order to determine how rapidly the increase in the rate of M1

and YI2 biosynthesís occurs, in response to hydroxyurea, a kinetic study

was conducted. SC2- cells !/ere cultured in the presence of hydroxyurea

for warious lengths of time prior to pulse labeling with [35S]methionine

for 30 minutes . Immediately following the pulse - label , ce11s T¡/ere

harvested, ce11 lysates immunoprecipitated, run on SDS PAGE and

autoradiographed. Densitometric quantitation of the various time points



Kinetics of the Hydrox¡rurea Effect on the Rates of
Bioslmtheis of Proteins Ml- and M2

Time After Hydrox¡rurea
Addition (hours)

I
3

6

24
48

) 2 weeks

Table 3

The average (t S.E.) of two densitometric quanitations of labeled Ml
and M2 immq¡sp¡.cipitates at various time points following addition of
hydroxyurea to the growth medium. For eajsy comparison, the values have
been normaLized such that the level of [5)S]methionine incorporated lnto
protein Ml or M2 in SC2 cells gro$rn ín the absence of hydrox¡rurea has
been arbitrarily set at 1.

The incorporation of ¡3ss]methionine for SC- and sc2+ were 6.4 x 10a
cpm/pg of protein and 6.1 x i-Oa cpm/¡rg of proteín, respectively.

L02

Protein Ml

L.00
0.99
L.02
1.06
1. 90
2.43
3.02

+ 0.04
+ 0.04
+ 0.02
+ 0.06
+ 0.10
+ 0.08

Protein M2

1.00
0.94
1.04
0. 99
r.27
L.73
1.93

+ 0.02
r 0.01
+ 0.06
+ 0.05
+ 0.03
+ 0.04
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was then carríed out. The average peak area of two such determinations

for each time point is shown in Table 3. Once again, the values have been

normalized such that the level of ¡35S]methionine incorporated into protein

I41 or M2 in SC2 cells grolrn ín the presence of hydroxyurea has been set

at 1. The rate of biosynthesis of both proteins M1 and M2 responds slowly

to the presence of hydroxyurea with neither subunit showing any

significant increase in synthesis rate until 24 hours after drug addiËion.

Thereafter, the rates of Ml and M2 biosynthesis steadily increased until

they reached the level occurring in SC2 cells growing continuously

( > 2 weeks) ín the presence of hydroxyurea.

2.5. Effect of Iron on Protein M1 and M2 Leve1s and Rates of Bioslmthesis

Ferrítin is the major iron storage protein in eukaryotic cells

(Thei1, I9B7). Biosynthetic rates of ferritin and cellular ferritin

levels are regulated by changes in iron avaí1ability, and this regulation

occurs rnainly through posttranscriptional mechanisms (AzLz and Munro,

1986; Marria et a7., 1986; Theil, L987).

stoíchiometric amounts of non-heme iron which is essential for errzpe

activity (Thelander et a7., 1985). It has been shor,rn that hydroxyurea

inhibits ribonucleotide reductase by destroying the tyrosyl free radical

of proteÍn M2 (Graslund et a7., L9B2); however, it is also known that

hydroxyurea has iron chelating properties (Young et a7., L967). It seemed

possible that the effect hydroxyurea has on ribonucleotíde reductase

levels and biosynthetic rates could be a result of changes in iron

Protein l'42 contains



Figure 1-9 Effect of hydrox)rurea and iron on total cellular M1 and M2

protein levels. Cel1 extract preparation and l,Iestern blot

procedure were carried out as described in Materials and

Methods. SC2 cells were grown in the absence or presence of

5 ¡rM hydrox)rurea and/or 30 ¡rM ferric ¡mmoniu¡r citrate for the

indicated period of tine prior to cell extract preparation.

Ilestern blot analysis for protein Ml (a,b,e, and f) and

protein YI2 ( c , d, g, and h) .

treatment, 40 pg of protein; (b) SC2 cell exÈract, 30 ¡rM

ferric ammonium citrate for 3 days, 40 pg of protein; (c) SC2

cell extract, no treatment, 75 pg protein; (d) SC2 cell

extract, 30 ¡rM ferric a¡nmonium citrate for 3 days , L5 pg of

protein; (e) SC2 cell extract, 5 nl'f hydroxyurea for

) 2 weeks, 25 pg protein; (f) SC2 cell extract, 5 nl,f

hydroxyurea for ) 2 weeks + 30 pM ferric ammonium citrate for

3 days , 25 pg of protein; (g) SC2 cell exËract, 5 xnM

hydroxlrurea for ) 2 weeks, I0 ltg protein; (h) SC2 cell

extract, 5 mM hydroxlrurea for ) 2 weeks + 30 ¡rM ferric
¡rnme¡is¡ citraÈe for 3 days, 10 irg of protein;

104

(a) SC2 cell extract, flo
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availability when cel1s are cultured in the presence of. the drug, In

order to test this hypothesis, the effect of íron, on the Ml and M2

protein levels and rates of biosynthesis in SCZ cells groÍrrl in the

presence or absence of hydroxyurea, was determined.

SC2- and SC2+ cells r¡rere cultured in the presence of various

concentrations of ferric ammonitun eitrate for 3 days; then total cellular

Ievels of proceins Ml and M2 were determined by l{estern blot analysis.

In Fig. L9, at a concentration of 30 pM ferric ammonium ciLrate, iron had

no obvious effect on Ml levels in SC2 cells whether they were cultured in

the absence of hydroxyurea (Fig.19, cf lanes c and d); however, the

presence of iron caused a dramatic decrease in protein M2 levels in SC2

cel1s cutured ín the presence of hydroxyurea (Fig. 19, cf lanes g and h).

The effect of iron on the rate of protein Ml and M2 biosynthesis in

SC2- and SC2+ cells is shown in Fig. 18. For these experiments, SC2- and

SC2+ cells were cultured in the presence of 150 pM ferric ammonium citrate

for 3 hours, and then the cells were pulse labeled for 30 minutes with

[35S]methionine. Imrnediately following labeling, the cells were harvested

and cellular extracts v/ere í-mmunoprecipitated with 141 ot I{2 monoclonal

antibody followed by SDS PAGE and autoradiography.

significant affect on the rate of synthesis of either protein Ml or 142 Ln

SC2 cells gro\^¡n in the absence of hydroxyurea (Fig. 184, cf lanes a and

b; and Fig. 188, cf lanes a and b). In contrast, when iron was added to

SC2 ce1ls growing in the presence of hydroxyurea, the rate of biosynthesis

of both M1 and M2 v¡as affected. Interestingly, the rate of. 142 synthesis

appeared to increase slightly whereas the rate of M2 biosynthesis showed

a small but consistent decrease (Fig. 184, cf lanes c and d; and Fig. 1BB,

fron had no
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cf lanes c and d). The awerage of densitometrÍ.e quantítations from four

such experiments is presented in Table 2.

2.6 - Inactivation of Protein l,f2 with Hydrox]rurea Leads to ApoM2 Formation

Treatment of the 82 subunit from E. coTi or the M2 subunít from

mammalian sources with hydroxyurea or certaín other free radical

scavengers either in vivo or in vitro leads to the reduction of the

tyrosyl free radieal and subsequent loss of enzymatic activity (McClarty

et â7., L987; Reichard, 1988). In the case of 82, treatment with

hydroxyurea gives rise to a stable structure in v¡hich the tyrosyl radical

is destroyed but the iron center is retained (Barlow et a7.,1983). To

determine if the iron center of inactiwe protein M2 is scable, líke its

E. co-l.i counterpart, mouse L cells were prelabeled with 59Fe to tag the

í-ron center. The mouse ce1ls (HR-5.0) used in these experiments exhibited

a high resistance to hydroxyurea as a result of a >50-fold overproduction

of protein M2 (Table 1, Fig. 10), and were therefore useful as a source

of YI2 for in vivo labeling experiments. These cells were cultured in

medium containing 59F" Iabeled transferrin for 18 hours prior to harvesting

the cell extract preparation. This 59Fe labeled cell extract rnras divided

into five equal portions, and then hydroxyurea rras added to achieve a

variety of final concentrations ranging from 0 to 20 mM. Following

incubation on ice for 10 minutes, the cell extracts v¡ere subj ected to

immunoprecipitation using a monoclonal antibody specific for protein M2.

The specificity of the immunoprecipitation reacÈion for metabolically



Figure 20. Effect of Hydroxyurea on the lron Centre of Protein M2. llhole

ceIl extracts were prepared from 59F.-1"b.1.d hydroxlrurea

resistant mouse L cells, HR-5.0, as previously described in

Materíals and Methods. The cell extract \^ras then incubaËed

aÈ 0'C for 10 minutes in the presence of various concen-

trations of hydroxyurea. Protein M2 was immunoprecipitaced

from the treated extracts using a M2 specific monoclonal

antibody (Engstrom and Roze11, 1988) as described under

"Experimental Procedures". Following extensive washing, the

59Fr-1"b"11.d immunoprecipitates were quantitated by ganma

counting. Inset: An entire gel lane of a similar immuno-

precipitation of [35S] methionine labelled cell exLract is

shown to indicate the specificity of the monoclonal antibody

for protein M2 (I,Ir t+4,000) . 100% control is equal to the

quantity of 59Fe-labelled protein M2 immunoprecipicated from

a quantity of cell extract which had not been treated lrÍth

hydrox¡rurea (100% : 1004 cpm) .
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labeled M2 (I4r 44,000) is shown in Figure 20 (inset). Followíng such an

immunoprecipítation, the amount of 59Fe bound to protein M2 can be directly

determined by gamma counting. The results shown in Figure 20 clearly

indicate that as the concentration of hydroxyurea was increased in the

incubation mixture, progressively less 59Fe remained bound to protein 142.

Approxímately 50% of the M2 bound 59F. r"" released following treatment of

the cel1 extract for 10 minutes at OoC with 5 mM hydroxyurea.

3. FerrÍ-tin Expression in Hydrox)rurea Resistant Gells

3.1. Altered Exoression of Ferritin Heanrv and Líøht Ghain Genes in

Hvdroxwurea Resistant Cel1 Lines

Previous studies indicated that when hydroxyurea resistant mouse

cells vrere cultured in the presence of hydroxyurea, they contained high

levels of protein I42 as estimated by llestern blot analysis (McClarty et

a7., I9B7). Hovrever, by using electron paramagnetic resonance (EPR)

spectroscopy, it was shown that the vast majority of this protein M2 is

lacking its tyrosyl free radical and is, therefore, inactive (McClarxy et

a7., I9B7). This finding when coupled rvith the above result, indicatíng

that hydroxyurea ínactivated M2 possesses an unstable iron center which

readily releases íron, suggested that there may be a disruptíon in iron

homeostasis in hydroxyurea resistant cell lines. Therefore, alterations

in ferritin expression in a variety of hydroxyurea resistant cell lines

r./ere examined.
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The cell 1ínes used were: a) a human (HeLa 53 HR-1) mutant cel1 line

selected for resistance in the presence of 2 mM hydroxyurea and its

parental HeLa 53 wild type; b) a gat- Chinese hamster ovary (g"t CHO HR-

12SC8) mutant cell line selected for drug resistance in the presence of

0.33 mM hydroxyurea and its gat- CHO parental r^¡ild type; c) a rat L6

myoblast (L6 HR-1) mutant cell line selected for drug resistance in the

presence of 1 mM hydroxyurea; and d) a mouse L (HR-5.0) mutant cell line

selected for resistance in the presence of 5 mM hydroxyurea and its mouse

L parental wild type. All of these drug resistant cell lines have

previously been shown to overproduce ribonucleotíde reductase aetivity as

a result of elevated levels of yI2 protein, which occur as a direct

consequence of increased M2 mRNA levels and amplification of the M2 gene

(I+lríght et a7., L987). cDNA clones encodíng the heawy (H)-subunit and

lighc (L)-subunit of rat ferritin ¡vere used as specific hybridization

probes to determine the relative amounts of H and L-mRNA in the

hydroxyurea resístant and sensitive cell lines. The Northern blots shown

ín Figure 21 indicate that there are r,¡ide variations in the concentrations

of H and L-mRNAs when the individual drug resistant cell lines are

compared to their respective parental wild types. Interestingly, despite

multiple attempts to probe Northern blots, even under low stringency

conditions, no detectable amounts of L-ferritin mRNA in either the wild

type or drug resistant gat- CHO cell lines. Densitometric measurements of

H and L-mRNA autoradiograms yielded the values sunnarízed in Table 4.

There \{as no obvious pattern of H and/or L mRNA overproductíon throughout

the various hydroxyurea resistant cell lines examined. It is important

to note, however, that there \,¡as an increase in ferritin mRNA expression



Table 4

Ferritin nRNA Content of Mutant
to Parental Wild \¡pe

Relative Ferritin

L-Chain mRNA

Hybridization

Ce11 Lines

Il. T . HeIa
HR-1 Hela

i,I. T. gat- CHO

HR-12SC8 gar- CHO

I,I.T. Rat L6
HR-1 Rar L6

i,I .T. Mouse L
HR-5.OSC2

CeIl Lines Relative
Cell Lines

Data was determined from densitometric scanning of Northern hybrLdiza-
tions (Figure 2L) carried out with H or L eDNA and RNA obtained from
wild type (I^I.T.) and hydroxyurea resistant cell lines, and expressed
relative to the wild type result. The values presented are the average
of 3 determinations + S.E.

1.0
1.45 + 0.31

LLz

1.0
3.77 + L.oL

1.0
2.58 + 0.78

Relative Ferritin

H-Chain mRNA

Hybridization

1.0
2.2L + 0.43

1.0
3.85 + 0.92

1.0
1.29 + 0.18

1.0
1.10 + 0.13



Figure 21 Northern Blot Analysis of Ferritín nRNA Levels in lJild Type

and Hydrox)rurea Resistant cell Lines. 20 pg of total RNA frorn

HeLa WT (a), HeLa HR-l (b), CHO gar- WT (c), CHO gar- HR-12SC8

(d), rat L6 I,IT (e), rar L6 HR-l (f), mouse L i^IT (g), and mouse

L HR-5.0 (h) , cells qras denatured then run on a LZ

agarose/formaldehyde gel follov¡ed by transfer to a nylon

membrane. The filter was then probed with the appropríate (H

ferritin, L ferritin or p-actin) 32p-I"b.ll.d cDNA. The

autoradiograms $rere exposed for 24-12 hours at -70.C with

113

intensifying screens.

indicated.
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(H and/or L) in all of the hydroxyurea resistant cell lines. In addition,

elevations have been observed for H and/or L-ferritin rnRNA in all the

other hydroxyurea resistant cell lines that were screened including rat

L8 myoblasts, CHO gat-SCl7, CHO gaL- SC13, HeLa HR-2 and a series of mouse

L cell 1ínes HR-1.5, HR-2.0, HR-3.0 and HR-4.0, whose drug resistance

properties have been detailed (Chis thesis; McClaruy et a7., 1986a; IlrighC

et a7., L987; Choy et â7.,1988; Creasey and ldright, L984; Lev¡is and

Wright, L979).

To determine whether H and L mRNA 1evels were changed when the

hydroxyurea resistant cells \¡/ere growrl ín the presence of hydroxyurea, a

more quantitative slot blot analysis l^/as carried out. For this study, the

cell line used \^ras the hydroxyurea resistant mouse L ce1l line, HR-5.0,

since it is the best characterized of the mutant cell lines. It has been

prevíous1y shown that hydroxyurea can regulate ribonucleotide reductase

expression in this cell line (McClarty et a7', L986a, L987, 1988)' The

results of the slot blot analysis clearly indicated that there qras

essentially no change in H-rRNA levels but approximately a 2- to 3-fold

elevation in L-nRNA levels when the parental wild type cells were compared

to the hydroxyurea resistant mutant ce1ls (Figute 22A, Table 4). There

v/as no significant change in concentration of either H or L-mRNA when

resistant cells grown in the absence of hydroxyurea Ttere compared to the

same ce1ls gror,rrr in the presence of 5 mM hydroxyurea (Figure 22Ã) .

Another key protein involved in the regulation of iron uptake and

availability is the transferrín reeeptor (TfR)(Bomford and Munro, 1985).

Like ferritin, the expression of the TfR in proliferating cells is

regulated by iron availability. Increased intracellular iron levels lead



Figure 22. Effect of Hydrox)rurea on Ferrítin and Transferrin Reeeptor

UrRNA Levels. (A) Slot blot analysis of H ferritin, L ferritin

and B-actin rnRNA levels and (B) Northern and slot blot

analysis of transferrin receptor (TFR) mRNA levels in wild-

type mouse L cells (a) and hydroxyurea resistant mouse L cells

(HR-5.0) grown either in the absence (b) or presence (c) of 5

mM hydroxyurea. TFR Northern blot analysis was carried out

as described in the legend to Figure 2. The position of the

28S and 18S rRNA is indicated. For TFR, H and L ferritin,

and B-acxin slot blots, total RNA was loaded in serial 2 fo1-d

dilutions and hybridized with the appropríate 32P-labeled cDNA

to quantitate the relative amounts of the specific mRNAs in

each preparation. The amount of RNA present in the least

dilute spot is 4.0 LrE each for wild-type and hydroxyurea

resistant HR-5.0 cells gro\^rrr in the absence and presence of

5 mM hydroxyurea. The autoradiograms were exposed for 24

hours for H and L ferritin, 96 hours for TFR and 2 hours for

B-acxin at -70'C wíth intensifying screens.
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to a decrease in the number of TfR as a result of a declíne in the level

of the mRNA for the receptor (Rao et a7., L986; Casey et a7.,1988). To

determine if selection for resistance to hydroxyurea leads to changes in

TfR nRNA levels, a human TfR cDNA v¡as used as a specific molecular probe

for Northern and slot blot analyses. Once again, the highly resistant

mouse L cells was used as an example of ahydroxyurea resistant cell 1ine.

The results of this analysis showed that there vras no significant change

in the level of TfR mRNA when wild type cells vrere compared to resistant

cells grown either in the absence or presence of 5 mM hydroxyurea (Figure

228) .

3.2. HearÕ¡ and Light Ghain Ferritín Genes Ín lJild Tlrpe and Hydrox]rurea

Resistant Cell T.ines

Stable overexpression of mRNA in drug resistant eell lines is

frequently a result of gene amplification (Stark et a7., 1989). Southern

blot analyses \^Iere performed to determine if the elevated leve1s of

ferritin H and/or L-mRNAs in the hydroxyurea resistant cell lines vrere a

result of gene amplification. At the wash stringency used (0.2 x SSC and

0.1% SDS at 60'C), it has been shown that the H and L cDNAs do not cross-

hybridize (Aziz and Munro, 1986). As expected, banding patterns detected

with the H-cDNA (Figure 23) and L-eDNA (Figure 24) probes varied wíth the

mammalian species of DNA examined (human, hamster, rat, mouse). There was

no indication of ferritin H or L-gene amplification in any of the drug

resistant cel1 1ines, since the intensity of the bands was approximately



Figure 23. Southern Blot Analysis of H Ferritin Genes in llild Type and

Hydroxyurea Resistant Cell Lines. Genomic DNA (20 pÐ from

HeLa I,iT (a), HeLa HR-l (b), CHO gat- I^IT (c), CHO gar- HR-12SC8

(d), rat L6 I,iT (e), rat L6 HR-1.0 (f), mouse L WT (g) and mouse

L HR-5.0 (h) cells was digested to completion with (A) Hind

III or (B) EcoRI resLriction endonucleases, electrophoresed

through a O.75% agarose gel and then transferred to a nylon

membrane. Blots were then hybridized with a 32P-l"bul"d H

ferritin cDNA. Autoradiograms were exposed for 24-72 hours

at -70'C with intensifying screens.
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Figure 24 Southern Blot Analysis of L Ferritín Genes in \^iild Type and

Hydroxyurea Resistant Ce11 Lines. Southern blot analysis was

carried out as described in the legend to Figure 4 except that

the L ferritin eDNA \¡¡as used as a hybridization probe.

Genomic DNA from HeLa LrT (a), HeLa HR-l (b), CHO gar- I^iT (c),

CHO gar- HR-l2SCB (d), rat L6 I^IT (e), rar L6 HR-l.0 (f), mouse

L WT (g) and mouse L HR-5.0 (h) cells. (A) Hind III or (B)

EcoRI endonuclease restriction digests. Auto-radiograms were

exposed for 24-72 hours aE -70'C with intensifying screens.
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the same with DNA

In addition, there

resistant cell lines. Recent work wÍth mouse cell lines selected for

resÍ.stance to very high concentrations of hydroxyurea (15 nM and 30 nM

drug) has shown that amplification of H- and L- ferritin genes can be

obtained in culture if the drug selection pressure is exceedingly high

(Hurta and l^Iright, 1990a). Interestingly, the rat L-chain cDNA hybrLdized

extensively to DNA isolated from CHO gat- wild type and resistant ce1I

lines (Figure 24; lanes c and d). This finding suggests that our

inabilíty to detect L-mRNA in these cell lines \,ras unlikely to be a result

of lack of cross-hybridization between the rat L-eDNA probe and gat- CHO

mRNA.

]-23

isolated from resistant and parental wild type cells.

\¡¡as no evidence of H or L gene rearrangement in the

3.3. Heawy and Light Chain Ferritin Subunits in l,Iild ï)rpe and Hydroxyurea

Resí stant Ce1 1 s

To directly determine if the 2- to 3- fold elevation in ferrítin L-

mRNA in the hydroxyurea resistant mouse SCz cel1 line results in a

corresponding increase in L subunit protein, a commercially avaílab1e

polyclonal anti-ferritin IgG (Boehringer-Mannheím) \4ras used in I.Iestern

blot analysis. This anti-human ferritin IgG has been shown to recogníze

both mouse and human H and L ferritin subunits (Rouaulx et a7., L98l).

Two predominanÈ bands r¡/ere detected using this antibody with apparent

molecular weights of 24,500 and 18,000 (Figure 25). This result is in

agreement with other analyses of mouse liver ferritin and mouse Friend



Figure 25. Western Blot Analysis for Ferritin Subunits ín l^Iild Type and

Hydroxyurea Resístant Mouse L Cells. \^Iestern blot analysis

for ferritin subunits ín wild-type mouse L cel1s (a and d) and

hydroxyurea resistant mouse L cells (HR-5.0) gro\¡rrt either in

the absence (b and e) or presence (e and f) of 5 mM

hydroxyurea. Electrophoresis, Ëransfer to nitrocellulose and

immunostaining were performed as described under "Experimental

Procedures" and in McClarxy et a7. (1987). Lanes a-c, 25 pg

cell extract protein and lanes d-f, 50 pg cel1 extract

protein. The apparent molecular mass (kD) of the two ferrÍtín

subunits is indicated on the left. Previous studies by

Beaumont et a7. (L987, L989) have shown that the 24.5 KD band

represents the ferritin L chain subunit, whereas the 18 KD

band corresponds to the ferritin H chain subunit.
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erythroleukemic cell ferritin, which also had apparent molecular weights

of 24,500 and 18,000 (Beaumont et a7., L987,1989). From the relative

distributions of the tv/o ferritin subunits in liver and Friend

erythroleukemic ce11s, by using antibodies with specificity for human L

determinants, and by electrophoretic analysis of the subunits encoded by

mouse H and L subunit cDNAs, Beaumont et a7. (1987,1989) have conclusively

shown that the 24,500 subunit corresponds functionally to the L subunit,

whereas the 18,000 subunit corresponds to the H subunit. The result of

our Western blot analysis is shown in Figure 25 and sunmari.zed in Table 5.

No signíficant change in concentration of the 24,5O0 (L) subunit r.las

detected, however, there \^ras an increase in the leve1 of the 18,000 (H)

subunit in the hydroxyurea resistant cell line when compared to wild type

cells.

3.4. Reeulation of Ferritin BiosJmthesís in lJild T:lpe and Hydrox)rurea

Resistant Cells

A central feature of the biology of ferritÍn is the high degree of

regulation of ferritin biosynthesis that takes place in response to

changes in iron availability (Drysdale, 1988; Theil, L987). It seemed

quite possible that the apparently anomolous result of a decreased H/L

ferritin mRNA ratio coupled with an increased H/L f.erritin subunit ratio

in the hydroxyurea resistant cell line compared to its parental r.iild type

could be explained by specific changes in the rate of ferritin

biosynthesis. In order to determine íf this was the case, the rate of



Effect of lron anrd/or Hydroxyurea on
Ferritin S¡mthesis and Accumulation

Cell Line
+ Culture
Conditions

A. I.Iild Type Mouse L
i.I .T. Mouse L +Iron
HR-5.0SC2 Mouse L

HR-5.0SC2 Mouse L
HR-5.0SC2MouseL+Iron
HR-5.0SC2 Mouse L +

Hvdroxvurea
HR-5.0écz ¡lån"e L +

Iron + Hydroxlrurea

I.Iild Type Mouse L
HR-5.0SC2 Mouse L
HR-5.0SC2MouseL+Iron

Table 5

B.

C.

Ferritin
L Chain

D. HR-5.0SC2 Mouse L
HR-5.OSC2MouseL+Iron

1.0
1.85 + O.¡
0.79

1.0
5.0 + 1. 13
3.3 + 0.85

L6.7 + 4.LL

1.0
1.06 + 0. 2
0.86 + 0.1

1.0
0.81 r 0.1

A and B: Data was determined from densitometric scanning of
irnmunoprecipitations (Figures 24 and 25) carried out with rabbit
polyclonal anti-hurnan ferritin IgG and 35S-methionine labelled protein
extracts prepared fron wild type (ll.T.) and hydroxyurea resistanÈ HR-
5.0SC2 mouse L cells, and expressed relative to control culÈure s anð/or
control culture conditions. The values are the average of 3
determinations + S.E.

C and D: Data was determined from densitometric scanning of Western
blot experiments (FÍgure 23) carried out with rabbit polyclonal anti-
human rgG and protein extracts prepared fron wild type (I.I .T.) and
hydroxyurea resistant HK-5.0SC2 ceIls, and expressed relative to conËrol
eulÈures and/ot control culture conditíons. The values are the average
of 3 determinations + S.E.

L27

Ferritin
H Chain

1.0
1.99 + 0.34
0.69

1.0
3.3 r 0.81
4.9 r 1.06

18.0 + 3.69

1.0
2.62 + 0.4
3.69 + 0.4

1.0
L.4L + 0.2
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bíoslmthesis of mouse ferritin subunits in wíld type and hydroxyurea

resistant cells was examined. Also determined v¡as the effect of iron

treatment on the ferritin biosynthetic rate. [35S] methionine pulse-

labeled subunits were immunoprecipitated from wild type and resistant cell

lines with the same antibodies as were used for the l,iestern blot analysis.

The immunoprecipitates q¡ere resolved into subuníts by sodium dodecyl

sulfate gradient pore polyacrylamide gel electrophoresis, and estimates

of synthesis were made from autoradiograms by scanning densitometry. To

demonstrate the specificity of the immunoprecipitation reaction, an entire

ge1 lane is shown on the left hand side of Figure 26. Two predominant

bands were observed with apparent molecular weights of 24,500 and 22,50O.

T}:re 24,500 subunít corresponds to the larger (L) subunit detected on the

üIestern blot, however, the 22,500 subunit had no counterpart in mature

ferritin shells (compare Figures 25 and 26). Also shown in Figure 26 are

the ferritin bands immunoprecipitated fTom untreated wild type mouse L

cells and hydroxyurea resistant mouse cells, and the immunoprecipitates

from the same t\^ro cell lines treated with 150 pM ferrie ammoní-um citrate

for three hours prior to ¡35S] methionine labeling. Densitometry of these

bands yielded the quantítation shown in the accompanying bar graph and

summarized in Table 5. The result shown is representative of three such

experiments. Both the wí1d type and the hydroxyurea resistant cells

responded to the presence of iron by rapidly increasing the intensity of

the metabolically labeled immunoprecÍpitates, a result consistent with

other studies (Beaumont et ã7., 1987; Rogers and Munro, L987; Mattia

et a7. , 1986) .



Figure 26. Ferritin Immunoprecipitation and the Effect of Iron on

Ferritin Bioslmthesis in lüild Type and Hydrox)rurea Resistant

Mouse L Cells. The lane on the left-hand side shows the

specificity of the immunoprecipitation of rnetabolically

labelled ferritin. On the right-hand side are shown the

ferritín bands ímmunoprecipitated from untreated wild-type

mouse L cells (a), wild-type mouse L cells treated with 150

¡.r,ìL ferric ammonium citrate for 3 hours (b) , untreated

hydroxyurea resístant mouse L cel1s (HR-5.0) (c), and HR-5.0

mouse L cells treated r,.tith 150 ¡.rM ferric ammonium cítrate for

3 hours (d). Following iron treatment, eells vrere pulse-

labelled wíth [35S] rnethionine (5OO ¡.rßL/mL of methionine-free

uredium) for I hour . The labeled cells rrrere washed, then

lysed, and the supernatant was immunoprecipitated with antí-

ferritin polyclonal antibody (Boehringer Manrrheim), and

subjected to SDS gradient pore polyacrylamide gel electro-

phoresis and autoradiography as described under Materials and

Methods. The resulting autoradiogram rùas scanned and the

quantitation of the ferritin bands is illustrated ín the bar

graph. Stripped bars refer to the 24.5 KD band (L-ferritin

subunit) and open bars refer to a 22.5 RD band, whích Beaumont

et a7. (L987, 1989) have shown is post-translationally

processed to form the 18 KD (H-ferritin subunít) detected in

mature mouse ferritin shells.
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Fígure 27. Effect of HydroxJrurea and Iron on FerriËin Bloslmthesis in

Hydroxyurea ResisÈant Mouse L Cells. Shown are the ferrltin

bands immunoprecipitated fron hydroxJrurea resistant mouse L

cells (HR-5.0) treated with 5 rnM hydrox)rurea for 3 hours (a),

untreated mouse L HR-5.0 (b), mouse L HR-5.0 cells Èreated

with 150 ¡rM ferric ammonium citrate for 3 hours (c), mouse L

HR-5.0 cells treated with 5.0 nM hydroxyurea for ) 2 weeks

(d), and mouse L HR-5.0 cells treated with 5.0 mM hydroxlrurea

for ) 2 weeks and 150 ¡rM ferric ¡mme¡iq¡¡ citrate for 3 hours

(e). Following íror. and/or hydrox)rurea treatment, cells were

pulse-labelled with ¡35S1 methioníne (500 ¡.rCi/nI of methfonlne

free medium) for t hour. Inmunoprecipitation was carried out

as described in the legend to Figure 26. The resulting

autoradiogrâm \{as scanned and the quantitation of the ferritin

bands is illustrated in the bar graph. Stripped bars refer

to the 24.5 IA band (L-ferritin subunit) and open bars to the

22.5 KD band (H-ferritin subunit)
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In an earlier investigation usíng the same resistant mouse cell

line, both hydroxyurea and iron affected the rate of biosynthesis of the

M2 subunit of ribonucleotide reductase (Fig. 18, Table 2). Therefore, the

question as to whether hydroxyurea could also affect the rate of ferritin

biosynthesis was examined. Biosynthetic rates in the resistant cell lines

s/ere evaluated following a three hour exposure to 5 mM hydroxyurea or

150 ¡;14 ferric ammoní-um citrate (Fig.ure 27). As before, the results shown

are representative of three such experiments and densitometric

quantitation of the immunoprecipitated ferritin bands is presented in the

accompanying bar graph and summarized in Table 5. It is clearly evident

that ferrítín biosynthetie rates were í-ncreased by iron and hydroxyurea

(Figure 27; compare lane b with a) . Resístant cells that have been grown

in the presence of hydroxyurea for an extended period of Èime ( )2 weeks)

synthesized ferritin at a rate approxímately 5-fold greater than that

observed in the same cells grovirl in the absence of hydroxyurea. The

effect of iron treatment on resistant cells that had been growing in the

presence of hydroxyurea for ) 2 weeks was also determined. This combina-

tj-on of long terrn hydroxyurea treatment and short term iron Ëreatment

resulted in a very large increase in the rate of ferritin biosynthesis.



Figure 28. Post-Translational Processing of the 22,500 Ferrítín Subunít

in I,Iild Type and Hydroxyurea Resistant Mouse L Cells. Shown

are the ferritin bands immunoprecipitated frorn wild-type mouse

L cells (1ane a) and hydroxyurea resistant mouse L cells (HR-

5.0) grovrn either in the absence (lane b) or presence of 5 mM

hydroxyurea (lane c). Gells were labeled for 6 hours wíth

[35s] methioníne (500 p,Ci/mL of methioníne free mediurn) rhen

immunoprecipitation with antiferritin antíbody was carried out

as described in the legend to Figure 26. To allow for the

direct comparison of cell lines and culture conditions, equal

quantities (dpms) of immunprecipitated ferritin protein were

loaded in each lane (a, b and c) of the gel. The 24.5 KDband

represents the ferritin L-chain subunit. The 22.5 and 20 KD

bands are presumptive precursors of the 18 KD ferritin H-chain

subunit.
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Post-Transcriotional Processins of x}le 22-500 Ferritin Srrbunit in

Wild Type and Hydro{rurea Resistant Cel1s

Beaumont et a7. (1981, 1989) have shown that the 22,500 subunit

observed ín labeling experimenLs is post-translationally processed to form

che 18,000 (H) subunit detected in mature mouse ferritin she1ls. To

determine if there rras a difference in post-translational processing

betweenwild type and resistant cell lines, a longer term [35S] methionine

labeling experiment was performed. Similar to the previous result

(Figures 26,27), after one hour of labeling, only the 24,500 and 22,500

subunits r,rere observed in wild type and resistant cells gror,rrr either in

the absence or presence of hydroxyurea. Horvever, after six hours in the

presence of [35S] methionine, the label also appeared in a 20,000 and an

18,000 molecular weight band in both the r,¡ild type and resistant cell

lines (Figure 28). These results are in agreement with those of Beaumont

et a7. (1987, 1989), and suggest that both the wÍld type and the

hydroxyurea resistant cell lines are capable of processing the 22,500

molecular weight precursor.

4. TPA Induction of Ribonucleotide Reductase

4.1. Ribonucleotide Reductase Actiwity After Treatment Ilith TPA

Because of the role ribonucleotide reductase seems to play ín

proliferation of neoplastic ce1ls, the effect of tumor promoters on the



Elevation of Ribonucleotide Reductase Actiwity by TPA

Hours 0f
0.1øM TPA
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Reductase Actiwity Fold Increase
(nM CDP reduced/hr/ne)
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elezpe activity r,/as examined (Choy et a7., 1989a). For this experiment,

a very potent phorbol ester tumor promoter, I2-O-tetradecanoylphorbol-13-

acetate (TPA), was selected. A stock concentration of TPA was originally

dissolved in dimethyl sulfoxide (DMSO) and then diluted in o-MEM medium.

Proliferating BALB/c 3T3 cells r^rere gro\¡rrr in the presence of 0.1 pM TPA

for variorls lengths of time. A rapid elevation of ribonucleotide

reductase actívity by nearly five fold was observed within \. to L hour of

treatment of cells with the tumor promotor (Table 6). This increase in

enzyme activity \.ras transient and returned to near normal levels \^rithin

24 to 48 hours of treatment. The reduced 1evels of elevated activity with

prolonged exposure is in agreement with other observations that continuous

treatment leads to a feedback desensitizaxíon to TPA (Collins and

Rozengurt, 1982; Pittelkow et a7., 1989).

4-2- Ãnal-vsis of Ml and M2 üRNA Lewels After TPA Treatment

Since TPA frequently affects the expression of numerous genes, the

elevation in ribonucleotide reductase activity could result ftom de novo

synthesis of the errzpe. The mRNA expression of Ml and M2 was examíned

in TPA treated 3T3 BALB/e cells. Results of Northern blot analysis usíng

M1 speeific cDNA as hybridizaxion probe (Choy et a7., 19BB; Thelander and

Berg, 1986), revealed that the Ml message BTas elevated L4 Xo 1.8 fold

after L hour treatment with TPA, and returned to control levels obtained

with cells treated \,iith 0.01% DMSO (the final concentration of DMSO when

the stock TPA solution r¿as diluted), wíthin 24 hours (Figure 29a). M2



Figure 29. Northern blot analysis of TPA treated BALB/c 3T3 fíbroblasts.

The proliferating cells were cultured in ø-MEM supplemented

\^/ith 10% FBS. The cel1s were treated vrith 0.1 ¡rM of I2-O-

tetradecanoylphorbol-13-acetate (TPA). The total cellular

RNA blors r¡rere probed ruirh (a) Ml CDNA, (b) YI2 eDNA, (c)

ornithine deearboxylase (ODC) cDNA as a positíve control, and

(d) glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) eDNA as

a control for loading.
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specific eDNA (Choy et a7., 1988; Thelander and Berg, 1986) probed blots

showed a dramatic elevatíon of both l'[2 transcrípts (2.T and L.6 Kb)

usually observed in mouse cells (McClarty et a7. , 1987 ; Thelander and

Berg, 1986; I^iright et a7., L987). i,rÏithin L hour of incubation wirh TPA,

M2 message rose to about 18 fold above the values obtained with cells

treated\.rith 0.01% DMSO alone (Figure 29b), and returned to control levels

withín 24 hours. For comparison, the levels of ODC message was examined

in 3T3 ce1ls treated in an identical manner with TPA (Figure 29c). As

observed by others (Gilmour et af.,1985), ODC specific eDNA (Berger

et a7.,1984) detected several mRNA species (2.4 and 2.1 Kb) and they were

transiently elevated approximately 16 fold by 8 hours (Figure 29c). As

a loading control for each lane the Northerns were stripped and reprobed

with glyceraldehyde-3-phosphate dehydrogenase specifíc eDNA (Edwards et

a7., 1985) (Figure 29d).

4.3. M1 and M2 Protein Lewels After TPA Treatment

Although the M1 probed Northern shown in Figure 29a indícated a

slight íncrease ín Ml mRNA with TPA treated cells, a l,Iestern blot probed

with monoclonal antibodies specific f.or protein M1 showed no obvious

change in the 1eve1s of the proteín in TPA treated cells (Figure 30a).

Thís is in contrast to Western blots probed with M2 specific monoclonal

antibodies, in which a clear increase in M2 protein was detected within

h i;rour treatment with TPA, followed by a decline to lower 1eve1s upon

further incubation in the presenee of the tumor promotor (Figure 30b).



Figure 30. I,Iestern blot analysis of TPA treated BALB/c 3T3 fibroblasts.

(a) For the l^Iestern blot of Ml , 30 ttg of protein for each lane

v¡as run, probed with a monoclonal antibody speeifie for the

Ml subunit, and developed by an alkaline phosphatase

conjugated second antibody. No fluctuations in the Ml protein

lewel were detected. (b) The M2 western blot has 40 ¡tg of

protein loaded for each lane, probed with a monoclonal

antibody to the M2 subunit, and developed by autoradiography

of 125I-1"b.1"d second antibody. The blot shows a large

íncrease in the l'42 protein within , hour. Although an

increase in M2 protein at à hour is consistently observed, the

amount of M2 detected at 0 time varies and in some experíments

approaches the level observed after 48 hours of TPA treatment.
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These changes in M2 protein resembled the

in TPA treated cells (Figure 29b). Thus

ribonucleotíde reductase activity seems

increase of Nl2 protein.

r+-4- Transr:ríntional Control of the M2 Gene

4.4.1,- M2 Promoter

Lí+4

observatíons of M2 nRNA 1ewe1s

the increase observed in the

to result primarily from the

The promoter regions of several phorbol ester inducible genes

contain a conmon cis element recogni,zed by a TPA-modulated trans-acxing

factor (Elholtz et a7.,1986; Angel et a7., I987a; Fisch et a7.,1989).

These genes carried a conmon 8 bp concensus sequence: 5'-TGAGTCAG-3'.

This sequence was able to confer TPA inducibility on heterologous

promoters and the transcríption factor AP-1 vlas found to mediate this

response (Ange1 et a7., L987a; Fisch et a7.,1989). This AP-l binding

site is highly conserved in a number of TPA-inducible promoters (Angel et

a7., I987a).

The immediate 5' upstream 501 bp sequence of the murine M2 gene has

been published (Thelander and Thelander , L989). A search of this sequence

revealed no sequence that r,/as remotely similar to the concensus AP-1 site.

It is possible that the AP-l site is further upstream but the known AP-l

sites in TPA inducible genes are clustered between -72 bp and -185 bp

(Karin and Richards, L982; Fujita et a7.,1983; ì4atrisian et a7.,1986;
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Angel et a7., L987a) and in the SV40 promoter at +30 bp and +1-20 bp

(Buchman et a7. , 1980) .

However, an upstream sequence resembling an AP-2 sixe r,¡as found at

-184 bp of the M2 gene (Fig. 31). Transcription factor AP-2 is a 52,000

dalton protein that binds to enhancer regions of SV40 and human

metallothionein IIA (hMT IIA). Purified AP-2 protein is able to stimulate

in vitro transcription of the SV40 early and trMT IIA promoters (Mitchell

et a7., 1987), and that this stimulation r^ras abolished by deletion of the

AP-2 DNA binding site. Imagawa et a7. (1987) reported that transcription

factor AP-2 is able to mediate induction by TPA. However, Kanno et a7.

(1989) reported that the AP-2 binding sites in the SV40 and

metallothionein hl,IT IIA enhancers do not exhibit an ability to stimulate

transcription by itself or through TPA stimulation, in contrast to the

reports by MitchelT et a7. (1987) and Imagawa et al-. (L987).

Since there is lack of a proximal AP-1 binding sites and appearance

of a very close concensus to the hl{T IIA AP-2 site, it is possible that

the TPA inductíon of ribonucleotide reductase is through this presumptive

transcription factor AP -2.

4.4.2. Electronobility Shift Assay of the Presumptiwe AP-2 seguence

A 50 base oligonucleotide (MTAP-50) containing the M2 presumptive

AP-2 binding site and approximately 20 flanking nucleotides, both 3' and

5' \^ras synthesized by the Regional DNA Synthesizing Laboratory at the

University of Calgary. A 15 base complementary sequence (MTAP-PR) was



Figure 31. Putative AP-2 binding site. The human metallothionein IIn

(hMT-IIo) and murine M2 upstream promoter sequences are shown.

The shaded nucleotides represent similiar nucleotides between

the two sequences. The hl4T-IIA AP-2 binding site is situated

from -170 to -L19. The M2 upstream DNA sequence conLains an

homologous site from -L76 xo -183. The concensus AP-2 bínding

sequence is from \rlingender , L989 .

MTAP-50 is a 50 base oligonucleotide containing the

putative AP-2 site in the mouse M2 upstream promoter sequence.

The 50 base is comprised of the region -154 to -203. MTAP-PR

is a 15 base oligonucleotide of the complementary strand from

-154 to -168. The 15 base is annealed to the MTAP-SO and

serves to prime a DNA polymerase large fragment (Klenow)

extension to yield I4TAP-2, a double stranded 50bp DNA probe.

The sequence of the specific AP-2 competitor DNA is

shown, and the AP-2 binding site is underlined.
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AP-2 concensus

b"Ì4T - r rA

murine M2

5'.CGCCCGCG-3'

MTAP - 50

},ITAP.PR

- 180v

5'-GISCCCCCCG*C CAtgCGGcc-3',

L47

-L7Ov

5 ' - CCGGTTCCGGCCCCGCGAGCGCCCGCGCACCCGGCCGGCGCAGGCTCCTT - 3 '

3 ' - GCCGCGTCCGAGGAA- 5 '

AP-2 competitor

- 190" - 170"

5' -GATCGAACTGACCGCCCGCGGCCCGT- 3'

3 ' - CTAGCTTGACTGGCGGGCGCCGGGCA- 5 '



Figure 32. Gel-shift of MTAP-2 with HeLa nuclear protein extract. MTAP-2

uras end labeled vrith 32P. one pg of HeLa nuclear protein

extract was íncubated with the labeled DNA probe in presence

or absence of unlabeted AP-2 concensus sequence competitor

DNA.
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also synthesized as a primer to generate the complementary strand by

Klenow extensíon to make the 32P-1"b"1.d double sËranded DNA probe

(ì,ITAP-2). These oligonucleotides sequences are shown in Fig. 31. Using

20 pC of HeLa nuclear extracts Ifrorn where AP-2 was originally purified

(Mitchell et a7., 1987)), a single complex was found to form and retard

in the electromobility shift assay (Fig. 32). Excess cold double stranded

26 bp competítor containing a concensus AP-2 bindíng site qras able to

compete with the MTAP-2 probe for the binding proteins. The competÍtion

experiment suggests that the complex is formed with AP-2, and is able to

bind MTAP-2 tightly as 100 molar excess of competitor stílI did not

abolish all complex formation.

Similar experiments r.+ith nuclear extract from BÃLB/e 3T3 cells

formed the same complex and tight binding to the MTAP-2 probe (Fig. 33).

However, tr{o protein-DNA complexes v/ere evident when the MTAP-2 probe was

incubated with the BALB/e 3T3 nuclear extract (Fig. 33, lane b). The

formation of two complexes wich an AP-2 binding site is in agreement with

results of Bishop et a7. (1990) when a putative AP-2 binding site in the

5' f lanking region of the mouse proopiomelanocortin (POMC) gene rìIas

incubated with nuclear extracts from mouse corticotrope tumor cells.

Again, both complexes could be competed off wíth rnolar excess of cold AP-2

competitor DNA. The lorver complex was easily abolished with 25 molar

excess competitor, while the higher complex was still visible even at 100

molar excess competitor. Surprisingly, nuclear extracts prepared from

BALB/e 3T3 cells treated with TPA for L hour actually reduced eomplex

formation. In each case, TPA treated and untreated, 35 [rg of nuclear

extract was used in the gel-shift assay. I,Iith the TPA treated nuclear
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extract, only the lower complex r{as formed, and !/as very loosely bound as

25 molar excess AP-2 competitor \,¡as able to completely abolish the

complex. It also appears that less of the lower complex was formed r,¡ith

the nuclear extract from TPA treated cells than the lower complex formed

with the untreated cel1s.



Figure 33. Gel-shift of MTAP-2 with TPA treated and untreated nuclear

protein extract. 35 pg of nuclear extract from BALB/c 3T3

cells, untreated and TPA treated for k hour, r¡/ere incubated

with end-labeled MTAP-2 probe and separated on a 47.

polyacrylamide gel as described in Materials and Methods.

(a,f) free probe, not incubated with nuclear extract. (b,g) no

^P-2 
competitor, (c,h) 25 molar excess AP-2 competitor to

probe, (d,í) 50 molar excess AP-2 eompetitor, (e,j) 100 molar

excess AP-2 competitor.
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DISCUSSION

1. Mo-lecrrler Mer.haníqmq rrf flrrrø Resiqtâñ¡.ê

Ribonucleotide reductase is responsible for providing a contí-nuous

and balanced supply of deoxyribonucleotide precursors essential for DNA

synthesis. Enzyme inhibitors such as the chemotherapeutic agent, hydroxy-

urea, inhibit DNA synthesis through ribonucleotide reductase, by altering

deoxyribonucleotide concentrations, the substrates for DNA polymerase

(Nicander and Reichard, f985). A mechanism for achieving resistance to

hydroxyurea and related drugs is through elevation of ribonucleotide

reductase activity. This ensures that cells with high levels of er'zpe

activity wíll still have enough active enz¡rme, when grown in the presence

of normally cytotoxic concentrations of drug, to provide the required

deoxyribonucleotides for the synthesis of DNA.

Although ribonucleotide reductase contains the two nonídentical

subunits Ml and M2, the precise site of action of hydrox)rurea is at the

M2 subunit, where the drug specifically destroys a tyrosyl free radical

needed for enzyme activíty. The Ml subunit appears to be nearly constant

throughout the cell cycle of proliferating cells, whereas de novo

slmthesis of YI2 correlates with S phase, suggesting that the reduction of

ribonucleotides is directly dependent upon the concentration of M2 protein

(Eriksson et a7.,L984; Engstrom et a7., 1985). These observations are in

keeping with the findings that hydroxyurea resistant cell lines with

elevated levels of enzyme activity frequently contain increased levels of

YIz (McClarty et a1 . ,I986a; Thelander and Berg, 1986 ; l^Iright et a7 . ,

155
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lg87). This point is strongly supported in the present study. Each

successive drug selection steP leading to the isolation of híghly

resístant cells was accompanied by stable increases in cellular resistance

and ríbonucleotide reductase activities. Furthermore, enzJrme alterations

at each step involwed the M2 protein. Observations that changes in M2

occur independent of Ml in drug resistant cells is consistent rvith studies

showing that Ml and M2 levels are controlled by different mechanisms in

mammalían cells (I,iright et a7., L987; Engstrom eË a7., 1-985), and are in

marked contrast to the situation in E. coLi, where the two equivalent

genes are located in one operon and their expression is coordinately

regulated (Carlson et a7., 1984).

Several different molecular mechanisms vrere involved in the develop-

ment of the hydroxyurea resistant phenotype. A very early event,

occurring at the first step in Èhe selecËion process, was the ampli-

fication of the M2 gene, which was accompanied by an elevation in M2

¡RNA. There appeared to be a further increase in gene copy number after

the first selection step (0.35 nM hydroxlrurea), but only a modest change

in NIz gene copies or urRNA levels were detected during the remaining

selection steps (1.5 nì'I , 2.0 nM, 3.0 mM, 4.0 nl"[, and 5.0 nM drug). These

observations contrast with the finding that cellular resistance increased

significantly, especially during the latter stages of drug selection.

Also, Èhe híghly drug resistant mouse cells used in this investigation do

not appear to possess an enz)rme activity less sensitive to hydroxyurea

(McClarty et a7.,1986b). EPR studies and l.{estern blot analysis revealed

that 1"12 pool sizes were markedly different among wild type, moderately

resj-stant, and highly resistant cells, indicating that in addition to gene
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amplification, post-transcriptional nodifícation occurred during selection

of hydrox)rurea resístant cells. This additional mechanism \üas not due to

changes in protein M2 half-life, but instead involved an increase in M2

protein bioslmthetic rate. Total cellular protein synthesis, measured by

incorporation of 35S-methionine into proteins \ùas essentially unchanged in

rhe HR-1.5 and HR-5.0 cell lines (6.0 x 103 cprn/ug for HR-]-.S and 6.1 x 103

cpm/pg for HR-5.0 cells), which atcests to the selectivity of increased M2

biosynthesis in HR-5.0 cells. Therefore, by increasing the rate of proteín

YÍ,2 biosynthesis, without changing the rate of degradation, cells can

accunulate very high levels of this key protein. InterestinglY, this

mechanism of increasing protein biosynthetic rates in the absence of UÌRNA

elevations, has also been observed in other cell lines that overproduce

highly regulated proteins such as ornithine decarboxylase (McConglogue eË

â7., 1986) or dihydrofolaLe reductase (Cowan et a7., 1986).

Mouse cells selected for the ability to proliferate in Ëhe presence

of hydrox)rurea concentrations as high as 4 nM exhibit changes that only

involved the M2 subunit ¡.¡ithout detectable alterations to Ml. However,

both Ml and M2 are required for enz)rme activity. It appears that the M2

subunit is limiting for activity in wild t)rpe mouse L cel1s, but as the

level of M2 increases during selection of drug resistant variants, the Ml

protein eventually becomes the limiting component for activity. This view

is consistent with the observation chat ce1ls require an increase in the

M]- protein, as well as M2, í-n order to survive concentrations of drug as

high as 5.0 rnM. Thus, an approximately 2-foLd increase in Ml mRNA and

protein r,/as observed in the HR - 5 . 0 eell line , and this was probably

important in achieving the very Large elevation in ribonucleotide
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reductase activity observed with Ëhese cells. The recent finding that

selection for drug resistant mouse cell lines in the presence of very high

concentrations of hydroxyurea (15 DÌ'l and 30 nM drug) can lead to the

isolacion of cell lines wíth M1 gene amplifícations (Hurta and l{right,

1990b), is in agïeement with the concePt described above-

In summary, an early event that was observed in the establishment

of a hydroxyurea resistant phenotype ínvolves arnplification of the M2 gene

of ribonucleotide reductase. As cells become íncreasingly more resistant

to this drug, other processes controlling the expression of the tl,Io

subunits of ribonucleotide reductase are also altered (see Table 1).

Furthermore, this study suggests that multiple rnechanisms inwolving the

regulation of the t\üo proteins of ribonucleotide reductase afe important

determinants of chemotherapeutic sensitivity.

2. Effects of Hydroqrurea on Resistant Cells

In the past, it has been shown that the SC2 hydroxyurea resistant

mouse ce11 line used in this study induces ribonucleotide reductase

activity when grov¡Tt ín the presence of the chemotherapeutic agent

hydroxyurea (McClarty et a7., 1986a, L987). To better understand the

mechanisms that underlie the altered activity in the mutant cell line and,

perhaps, to learn something about the control of ribonucleotide reductase

activity in normal ce1ls, several factors were investigated. Any change

in one of those factors could plausibly explain the drug induced increase

in ribonucleotide reductase activity. The increase in reductase activity
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in the SC2 cell line, upon exposure to hydroxlrurea, has been shown to be

both tine and drug concentration dependent (McClarüy et a7., 1986a). In

order Èo determine whether these time and dose dependent increases were

a result of elevations in protein Ml , M2 or both Ml and 1"12, the cellular

levels of boÈh subunits weïe examined by l^Iestern blot analysis. The

results presented in this thesis clearly demonstrated that both the M1 and

M2 subunits of ribonucleotide reductase respond to hydrox¡rurea i-n a drug

concentration dependent manner (Figure 134 and 138). Both enz)rme

componenLs were substantially elevated even in drug concentrations as low

as 1 urM, and both subunits continued to increase even in concentrations

of hydrox)rurea as high as 10 nM. This result is in complete agreement

with the earlier observations that enz¡rme activity continued to rise in

response to increasing drug concentraüions (McClarty et a7., 1986a). It

is also evident from the results that the elevations in l{1 and M2 protein

occur in the absence of a corresponding change in nRNA levels for either

subunit (Figure 13C).

The results of kinetic studies indicated that protein M2 levels rise

much more rapidly, within 1- Èo 3 hrs, than protein l{1 which showed no

substantial increase until sometime between 6 and 2l+ hrs, after

hydroxyurea addiüion (Figure 144 and 1-48). It is interesting to note that

no significant elevation in ribonucleotide reductase activity takes place

until sometime between 6 and 18 hrs after drug addition (McClarty et a7, ,

1986a). Taken together, the data strongly suggests that, in contrast to

wild type cel1s where protein M2 is normally limiting (Eriksson et a7.,

1984; Choy et a1., 1988; i.Iright et a7., !987; McClarty et a7-, L987), the

Ml subunit is limiting in this mutant cell line and therefore regulates
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the level of ribonueleotide reductase activity. Although one can not

exclude the possibility that post-translational modification of either

the Ml or lt]2 subunit may also play a role in the regulatíon of

ribonucleotide reductase aetivity by hydrox¡rurea, the data supports the

hypothesis that drug induced changes ín enz)rme activity occur mainly as

a result of alterations in the amount of enzyme protein.

The results presented in this thesis clearly indicate that

hydrox¡rurea can modulate ribonucleotide reductase expression

post-transcriptionally. In this study, the rates of both synthesis and

degradation of proteins Ml and l'12 were directly determined by measuring

the radioacriviry of ¡35S1 methionine labeled Ml and M2 isolated from crude

extracts by irnmunoprecipitation and SDS-polyacrylanide gel electrophore-

sis. The isolation procedure was satisfactory (Figure l-5) and therefore

this rnethod gawe accurate results. The half-lives of protein Ml and M2

in the SC2 mutant cell line gror4,ï. out of drug are unchanged from that

determined for both subunits in the parental wild tyPe cell line.

Measurements of the rate of turnover of proteins Ml and M2 in the mutant

cell line grown in the presence of hydroxJrurea showed thaÈ at least part

of the drug induced elevation in both cornponents could be accounted for

by an approximate 2-fold increase in half-life (Figure 164 and 168). The

fact that there was no significant increase in cellular protein Ml levels

until 6 xo 24 hrs after hydroxyurea treatment as eompared to 1 to 3 hours

for protein YL2 (Figure 14A. and 148) is likely a reflection of the longer

half-life of the former. Nr¡merous studíes have reported on the effects

of various metabolic irrhibitors on the rate of degradation of

dihydrofolate reduetase (A1t et a7., L976; Domin et a7., L982; Cowan



161

et a7. , 1986), ornithine decarboxylase (Persson et a7., L985; PeBg, 1986) 
'

and S-adenosyhnethionine decarboxylase (Pegg, L984; 1986; Shírahata and

P.gg, 1985; Persson et a7., 1985). The mechanisms resPonsible for these

stabilizations are not yet fully understood, however, it has been

suggested that the presence of an inhibitor in the active site renders the

enzJrme less susceptible to proteolytic degradation (Schimke, L973).

Changes in protein Ml and M2 stability aceount only in part for the

regulation of ribonucleotide reductase levels by hydroxyurea. By

measuring the rate of Ml and M2 protein bioslmthesis direetly in pulse

labeling experiments, it was shown that an effect at the translational

1evel, possibly increased translational efficiency, assumes a significant

role in the hydroxyurea induced elevations of proteins Ml" and M2 (Figure

174 and 178, Table 2). In this connection, it is important to note that

total cellular protein synthesis rates, measured by [35S] methionine

incorporation into proteins, lras essentially unaffected by hydroxyurea

treatment which attests to the selectivity of increased t'11 and M2

biosynthesis rates in the presence of hydroxyurea. Inhibitors of

ornithine decarboxylase activíty alter polyamine pools and accumulating

evidence from several laboratories indicates that it is the polyamines

that regulate ornithine decarboxylase bioslmthesis (Kahana and Nathans,

1985; Kanamoto et a7., 1986; Dircks et a7., L986; Holtta and Pohjankelto,

1986; McConlogue et a7., 1986). Recently, it has been shown that

polyamines have a direct irrhibitory effect on the in vitro translation of

pRNA for ornithine decarboxylase (Kameji and PegB, 1987). Hydroxyurea is

known to cause alterations in deoxyribonucleotide pools (Skoog and

Nordenskjold, L97I; Nicander and Reichard, 1985), and hydroxlrurea



L62

resístant cell lines have been isolated, which exhibit changes in

deoxyribonucleotide pools (Dick and l^Iríght, L984; lagget and l'Iright'

1988). Whether or not any of the four deoxyribonucleotides can directly,

or indirectly, through an unknown intermediate, affect Ml or M2 protein

biosynthesis has not yet been elucidated.

Results of kinetic studies indicate that the increase in the rate

of Ml and M2 biosynthesis in response to hydroxyurea occurs slowly with

no significant effect until 24 hrs after the initíal drug treatment

(Table 3). The substantial inerease in cellular protein Ml and M2 levels

seen in SC2 cells continually (> 2 weeks) grovJn in the presence of

hydroxyurea compared to eells exposed Èo drug for just 24 ]nts (Figure 144

and 1-48 compare lanes e and f) is probably a result of thís slow

responding increase in biosynthesis rate of both proteins.

The effect that exogenously added iron has on Ml and M2 biosynthesis

r¡ras experirnentally explored in an attemPt to gain some insight into the

mechanism behind the translational regulation of ribonucleotide

reductase. It has been known for quite a while that iron regulates the

synthesis of ferritin, in many cells, êt the level of translation

(Zahringex et a7., Lg76; Aziz and l"lunro, 1986; Mattia et a7., 1986; Thei1,

Lg87). This regulation is believed to be mediated by a protein, which

presumably binds iron and then interacts with a specifie 5' leader

sequence of ferritin urRNA (Aziz and Munro, 1987; Hentze et a7., 1987).

The results presented ín this study indicate that exogenously added iron

has no significant effect on protein l'11 levels, however, iron treatment

does lead to a decrease in cellular protein M2 levels but only when SC2

cells are grown in the presence of hydroxyurea (Figure 1B). It is
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interesting to note that iron treatmenË leads to an uncoupling of the Ml

and M2 response to hydrox)rurea (í.e., M1 protein levels as estinated by

l,Jestern blot were unaffected by íron rvhereas M2 levels decreased) . This

is the first preliminary indication Èhat Ml and M2 may respond to

independent regulatory signals. In addition it should be mentioned that

iron treatment of cells, growing either in the absence or presence of

hydroxyurea had no significant effect on Ml or l{2 nRNA levels. However,

iron did have a small but reproducible effect on the bioslmthesis rate of

both proÈeins Ml and M2, but once again thís effect was only detected when

SC2 cells vrere grorerr in the presence of hydroxJrurea (Figure L7 and Table

2). The rate of M2 biosynthesis was decreased by iron treatment, not an

unexpected result given the lower cellular protein M2 levels seen under

similar conditions. Surprisingly, protein Ml biosynthesis rates !ìtere

slightly elevated in the presence of iron, a result whích is not reflected

in cellular protein Ml levels which were unaffected by iron treatment.

It was not determíned whether the half-lives of proteins Ml and M2 were

altered by iron treatment. Given that the effects of iron are only

observed when cells are cultured in the presence of hydroxyurea, suggests

that the metal may exert its action through hydroxyurea rather than

directly itself. Clearly more work is required before it will be possible

to determine the exact mechanísm responsible for these effects.

InteresEingly, Fontecave et a7. (L987) have recently described a ferric

iron reductase in Escherichia coTi x},,:at participates in Ëhe generation of

the free radical of ribonucleotide reductase. They suggested that it rnay

form part of a biological mechanism that regulates the activity of

bacterial ribonucleotide reductase, by establishing the content of tyrosyl

radical in the enzJrme.
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ïn summary, hydroxlrurea increases the leve1s of ribonucleotide

reductase without increasing the nRNA levels of either the Ml or l"I2

subunit. The results índicate that protein M1 and f"I2 lewels rise

proportionately wÍth increasing hydroxlrurea concentration. These eleva-

tíons are brought about not only by increasing the stabilization of both

proteins against degradation, but also by increasing their rates of

bíosynthesis. Furthermore, these changes are consistent with elevations

in enzJrme activity observed with cells grown in the presence of

hydrox¡rurea. This is also the first observation that iron treatment

affects the levels of M1 and M2 protein differently in the presence of

hydroxyurea, indicating that the two enz¡¡me components may respond to

different regulatory signals.

3. Ferritín Expression in Hydrox]rurea Resistant Cells

Upon exposure to hydroxyurea, whether in vivo or in vitro, the

tyrosyl free radical of the non-heme iron containing M2 (82) subunit of

ribonucleotide reductase is reduced leading to a loss of enzyme activity

(Reichard, 1988; Mcclarty, et a7., L987). This thesis presents evidence

indicating thaÈ hydroxyurea inactivated protein 142 possesses a

destabilized íron center which can readily lose its iron.

Selection for resi"sÈance to hydroxyurea yields cell lines which

overproduce the iron containing M2 subunit of ribonucleotide reductase,

generally as a result of amplif ication of the 142 gene (i^Iright , 1989;

I,Iright et a7. , 1989). During such a selection procedure, cells are

continually exposed to hydroxJrurea which results in the reduction of the
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tyrosyl free radical and destabilízaxiort of the iron center of protein M2.

During selection for hydroxlrurea resistance, there may be a need f.or

ferritin to sequester excess iron released from inaccive proteín M2 and,

at the same time, there could be a requirement for ferritín associated

iron for regeneration of active M2. The facË that increased expression

of H and/or L-ferritin nRNA was observed in all 13 hydroxyurea resistant

celI lines surveyed (four of which are reported here) indicates that

ferritin may well fulfill one, if not both, of these functions. These

results inply that even though protein I'I2 is the primary target of

hydroxyurea, changes in ferritin expression may have to occur

simultaneously with changes in M2 expression in order Èo develop the drug

resistance phenotype.

The stable elevations in H and/or L-nRNA seen in the variety of

resistant cell lines surveyed could result from increased transcriptional

activity or increased rnRNA stabilíty. If one assumes these changes are

a result of increased transcriptíonal activity, then ic suggests that the

expression of H and L-genes can be, but need not be coordinated, and that

different factors may regulate H and L transcriptional activity. A

simílar conclusion has been reached by others studying ferritin gene

expression in response to iron (Cairo et a7.,1985; Dickey et a7., L987;

Lrhite and Munro, 1988), agents such as dirnethyl sulfoxide and Lz-O-

tetradecanoylphorbol-13-acetate that induce differentiation (Beaumont

et a7., L987; C}:.ou et a7., T986), the hormone thyrotropin (Ursini and de

Franciscis, 1988; Cox et a7., 1988), and the cytokine tumor necrosis

factor (Torti et a7., 1988).

Resulcs of the more comprehensive study on the hydroxyurea resistant

mouse L cell line indicaÈes that the regulation of ferritin expression in
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the mutant cells can be exceedingly complex involving changes aË the

transcríptional, translational

Surprisingly, the increase in L-nRNA in the resistant mouse cells does not

result in a corresponding elevation of L subunit protein as assessed by

l,Iestern blot analysis. This díscrepancy rìras elarified when iü \^ras

discovered that there !/as also no increase in the rate of L subunit

biosynthesis in the resistant cell line. Presumably, the additional L

mRNA is ineorporated into the non-translatable pool of ferritin nRNA in

messenger ribonucleoprotein rather than into functional polysomes (Azíz

and Munro, 1986; Za}:.ringer, et a7,, L976). Results of the llestern blot

analysis indieated that there r{as an increase in the level of H subunit

protein in the resistant ce11 líne grown ín the absence of hydrox)rurea

even though there v¡as no corresponding elewation in H-mRNA levels or H

subunit biosynthesis. In addition, results frorn the longer term (6 hr)

[35S] nethionine labeling experinents srlggest that both the wild type and

the hydroxyurea resistant cell lines post-translationally process the

22,500 molecular weight precursor. The first processing event gives rise

to the 20,000 molecular weight intermediate, which is subsequently

processed to the 18,000 molecular weight band, presumably representing the

mature H ferritin subunit observed on the l.Iestern blot (Figure 18).

It has previously been shown that H-rich ferritins accept and

release iron more readily than L-rich ferritíns (liagsÈaff et a7., L978;

Jones et a7., L978). Furthermore, H-rieh ferritin shells turnover more

rapidly than L-rich ferritin shells which, consequently perhaps,

accumulate more iron (Kohgo et. a7,, 1980). These metabolic differences

have led to suggestions that the H subunit plays a k.y role in

intracellular traffic of iron, whereas the L subunit is better suited for

and post-translational 1evel.
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long term iron storage (Boyd et a7., 1985). The data in this thesis

supports this h¡rpothesis. Clearly, one can postulate that in the

resistant cell line, ferritín is required for detoxification of protein

M2 released iron, and as a source of readily available intracellular iron

for M2 activation, it is advantageous to have H-rich isoferritins which

readily take up and release iron. This is in contrast to situations of

hígh iron "stress" where iÈ appears, at least ín the rat liver, to be

advantageous to synthesize L-rich isoferritins which retain iron rnore

firmly (Ilhite and l"lunro, 1988).

The observation that iron stimulates H and L subunit biosynthesis

in both the wild type and resistant cell línes suggests that iron

mobilizes ferritin nRNA from messenger ribonucleoprotein particles to

funetional polysomes as it does in other systems (Ãziz and Munro, 1985;

Za}:tinger et a7., L976). An intriguing observation which resulted fron

our studies is that growth of the resistant cel1s in the presence of

hydroxyurea leads to an inerease in the rate of ferritin biosynthesís in

the absence of changes in H or L-nRNA levels. Together, these findings

suggest that hydroxlrurea, either directly or indirectly, leads to a

rnobilization of ferritin rnRNA to active polysomes (Azíz and Munro, L986;

Zahringer et a7., L976). Similar to iron, hydroxlrurea causes a coordinate

elevation in both H and L subunit biosynthesis, a result consistent with

activation of the translational regulatory mechanism. Surprisingly, the

increase in H and L ferritin biosynthesís observed in the presence of

hydroxyurea did not lead to an appreciable increase in cellular L ferritin

subunit levels, although a snall increase in H-ferritin subunit was

observed. One way to rectify this anomolous result would be to increase

the rate at which ferritin shells turnover in the resistant cells growing
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in the presence of hydrox)rurea. Results show that hydrox¡rurea can affect

the half-life of both the Ml- and M2 subunits of ribonucleotide reductase

in this resistant mouse cell line.

Given the apparent instability of the inactive M2 iron centre, it

is tempting to speculate that iron is released from the inactive l{r2

subunits and subsequently stimulates the rate of ferritin biosynthesis.

However, the fact thaË there is no substantial change in TfR mRNA levels

or receptor numbers, t\Àro components which have been shov¡n to rapidly

respond to alterations in intracellular iron levels (Rao et a7. , 1985,

1986), suggests that there is no major change in intracellular iron

homeostasis in resistant cells when they are grown in the presence of

hydroxyurea. Tn addition, when resistant cells an-e treated with

hydroxyurea and iron, there is a synergistic rather than additive effect

on the rate of ferritin biosynthesis. This result also suggests Ëhat the

tl^ro agents may affect biosynthesis through different mechanisms.

In surmary, inactivation of the 142 subunit of ribonucleotide

reductase with hydroxyurea leads to a destabilization of the protein iron

centre allowing it to readily release iron. In addition, an early and

apparently iurportant event in the establishment of a hydroxyurea-resistant

phenotype, involves alterations in the expression of the iron storage

protein, ferrítin. A detailed study using a hydroxyurea resistant mouse

L cell line indicates that regulation of ferritin expression in the mutant

cells can be complex. The hydroxyurea resistant cell lines described in

this report will be useful for future studies on the importanee of

ferritin in the intracellular traffic of iron.



4. TPA Induction of Ribonucleotide Reductase

Phorbol esteïs such as l2-O-tetradeeanoyl-phorbol-13-acetate (TPA)

are potent tumor Promoters, capable of poÈentiating the effect of a

subcarcinogeníc dose of an initiating carcinogen (Diamond, I98l+). The

prevaíling hlrpothesis is that tumor promoters exert their biological

effect by inducing an altered Progrtm of gene expressíon, a process that

involves the activation of protein kinase C. It appears that this enzyme

is the major xargex of TPA and other t)rpes of tumor promoters (Nishizuka,

1984). Among the genes whose transcription is induced by TPA are cellular

pfoto-oncogenes like c-fos (Greenberg and Zif.f, L984; Kruijer et a7.,

L984), c-myc (Greenberf and Zif.f., L984; Kelly et a7.,1983), and c-sis

(Colamonici et a7.,1-986), which could be responsible for the loss of

growth control. Other targets of TPA induction are the collagenase

(Ifhithan et a7., 1986) and stromelysin (Matrisian et a7., L986; Ilhitham

et a7.,1986) genes, which may have a role in ttunof Í.nvasiveness,

metastasis (Mignatti et a7., 1986) and angiogenesis (Montesano and Orci,

19Bs).

The results of this study indicate for the first time that treatment

of mammalian cells with a tumor promotor can cause a significant increase

in ribonucleotide reductase activity, l'42 message, and NI2 protein.

Interestingly, a highly regulated enz1¡me (I,Iright, 1989) which is normally

coupled to the S-phase of the cell cycle (Thelandet eÈ a7.,1980; Lewis

et a7., L978) and is rate-limiting for DNA slmthesis (I.Iright, l-989), can

be markedly nodified in a transient manner by the presence of TPA. The

changes oceurred very rapidly with proliferating BALB/c 3T3 cells (within

L hour), which would appear to eliminate the possibility that a block at
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S-phase or the movement of cel1s into S-phase could account for the

obvious TPA-induced modifícations of ribonucleotide reductase. It will

be interesting to determine the effects of TPA treatment on cells

synchronized ax different phases of the cell cycle.

As a positive control, the time kinetics of ODC message induction

in the presence of TPA was measured, and found to approximately follow

previously reported observations (Gilnour et a7. , 1985). Elevation of M2

message occurred more rapidly than ODC message, and appears to resemble

more closely the TPA inductíon of c-myc (maximal at t hour) and c-fos

(maximal at 1-5 to 30 rninutes) transcripts (Greenberg and Ziff, L984;

Kruijer et a7., L984). The relationship between the TPA urediated effects

upon ribonucleotide reductase and upon other early nitogenic responsive

genes is not known, but rnay reflect a role for ribonucleotíde reductase,

particularly protein M2, in both the competence and progression stages of

the cell cycle.

Although TPA activates protein kinase C (Nishizuka, 1986), the

pathway responsible for transducíng the signal generated by proteín kinase

C activation is not known. However, the promotor regions of several TPA

inducible genes share a conserved region which confers TPA índucibility

(Angel et a7., 1987). These TPA-responsive elements (TREs) are reco9nized

by the transcription factor AP-l, suggesting that AP-l is involved in a

complex pathway responsible for transmitting the effects of phorbol ester

tumor promoters to the transcriptional maehinery of the cell (Lee et a7. ,

L987; Angel et a7., L987). Purified AP-1 is able to activate

transcription in vitro of the wild type human netallothionein IIA (h-MT IIA)

but not mutant hì,lT IIÂ promoters lacking AP-1 recognition sites. Multiple

synthetic copies of the coneensus AP-1 binding site can act as TPA
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índucible enhancers ín various plasurid constructs after transfection into

HeLa and monkey Cos cells (Lee et a7., L987; Angel et a7., L987).

Whether the M2 promotor also possesses a TRE like elernent remains

to be determined. Initial screenings for a TRE concensus in a published

M2 DNA sequence (Thelander and Thelander, 1989) for first 501 base pairs

immediately upstream of the M2 transcription initiation site yielded no

sueh homologous sites. It is possible for a TRE like element further

upstre'm may contribute to the TPA inducibílity of the M2 gene. Only

further cloning and sequencing of the 5' upstream DNA sequences of che M2

gene would be able to ans$rer this question.

Others have reported that transcriptíon factor AP-2, a 52,000 dalton

nuclear protein, can mediate, Ín vitro and in vivo, inducibility of

heterologous promoters by TPA (Mitchell et â7., L987; Imagawa et a7.,

1987). A presumptíwe AP-2 binding site at -184 bp was located in the M2

promoter. This M2 presumptive AP-2 binding site contains a core concensus

sequence and seweral flanking sequence that have a very high hornology to

the TPA índucible AP-2 site at -180 of the hI'{T IIA (hnagawa et a7., L9B7).

Out of 15 nucleotides in the homologous region, 13 nucleotides are

conserved, and the core concensus 8 bp 5'-CGCCCGCG-3' is conserved

completely. Thus, it is conceivable that this site may mediate TPA

inducibilicy in the M2 gene, or the M2 presumptive AP-2 binding site can

medíate TPA índucibility in concert with an hitherto undiscovered AP-l-

binding site in che M2 promoter.

DNA ElecÈronobility Shift Assays showed that ì4TAP-2, a 50 bp DNA

probe containing the presumptive AP-2 binding site, was able to form a

tightly bound DNA-proteín complex when incubated with HeLa and 3T3 nuclear

protein extracts (Fíg. 32, Fig. 33). Experiments with a DNA probe
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containing an AP-2 binding site showed that the protein bound could be

competed off the MTAP-2 probe by the competitor AP-2 binding site. This

suggests that the protein bound to the MTAP-2 DNA probe may be AP-2.

The MTAP-2 probe appears to form only one complex with nuclear

extracts prepared from HeLa cells, and forms two complexes with nuclear

extracts prepared from BALB/c 3T3 ce1ls. The formatí.on of two complexes

with a putative AP-2 binding site has been reported prevíously (Bishop

et a7., f990). The lower complex (Fig.33, lane b) binds to the Ì'[TAP-2

probe less tightly than the higher complex. Endogenous AP-2 protein

purified by affiniCy ehromatography has been shown to co-migrate in

glycerol gradients with a 116 kD marker protein, in contrast to denaturing

SDS-PAGE gels in which only a single 52 kD protein species is detected

(Mitchell et a7., 1987). It has therefore been suspected that the native

AP-2 DNA binding complex exists as a homodimer in solution. Since both

eomplexes formed r,¡ith the MTAP-2 probe can be competed with an AP'Z

competitor probe, it is possible that AP-2 forms both complexes. The

lower complex nay resulË from a monomer AP-2 protein binding the putatíve

AP-2 binding site, and the slor,rer migrating higher complex may result from

a homodimer AP-2 binding to the site. A similiar situation was shown to

be true for the binding of the cAl'fP responsive element binding protein

(CREB) to the cAl,lP responsive element (CRE) (Yamamoto et a7. , 1988 ;

GanzaLez et a7., 1989). A single monomer of CREB was able to weakly bind

to the CRE, however when the protein is phosphorylated, CREB was able to

bind the CRE tightly as a homodimer.

Reports of AP- 2 transeriptional activation of genes showed that the

addition of AP-2 protein contríbuted to enhanced in vitro transcription

of a reporter gene (Mitche11 et a7., L987), and that TPA induction of a
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heterologous reporter gene required the DNA sequences containing the AP-

2 binding site from the hMT IIn gene. The gel shifus of MTAP-2 wiËh

nuclear extracts fron TPA treated BALB/c cells displayed results that

appears to rule out the involvement of this putative AP-2 site in TPA

induction of the M2 gene. No increase in AP-2 binding or increase in the

formation of the higher complex was observed with TPA treated nuclear

extracts; on Èhe contrary, the protein-DNA eomplex formation was

signifigantly reduced when the M2 gene is induced in vivo by TPA.

The reduction or loss of r¿hat ís presumably an AP-2 protein when the cell

is stimulated with TPA, resulting in increased M2 message levels' seems

contrary to reports that AP-2 is a transcriptional aetivator (Mitchell

et a7., L987).

Ilhether this M2 putative AP-2 binding site is able to mediate TPA

induction can only be answered by inserting this sequence upstream of a

transcription reporter system. Current efforts are underway to construct

plasrnids that would contain one and multiple copies of the M2 putative

AP-2 binding site upstream of the thymidine kinase (TK) TATA-box promoter

and the chloramphenicol transferase (CAT) gene. This would determine if

the putative AP-2 binding is able to and is sufficient for rnediating TPA

induction. Efforts are also underway to clone and insert 5' genomic mouse

and hr¡man M2 promoter DNA sequences into the TK-CAT plasrnid. Through a

series of deletion analyses of the 5' promoter DNA sequences, it is hoped

that the TPA inducible element may be found.

The facL rhat M2 is so quickly and signifigantly elevated by TPA,

ribonucleotide reductase may play an important role in carcinogenesis.

These future studies of the AP-2 site and a possible TPA inducible elemenË
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The differences of the steady state protein 1"12 expressed between the

moderately resistant HR-1.5 cell line and the highly resistant HR-5.0 cell

line was striking. The differences appears to be a result of increased

biosynthetic rates of protein M2 due to increased translational efficiency

in HR-5.0. Future studies would focus on the M2 mRNAs transcribed in the

tr,ro cell lines . There may be differences in nRNA species i i . e . ,

differences in the 5' and 3' untranslated regions due to alternative

splicing or RNA processing between the two cell lines. RNA polymerase

chain reaction sequencing and 51 nuclease protection assays with Èhe

cloned cDNA rnay provide ans\{ers to alternate splice sites. If there are

RNA sequence differences amorlg wild type, HR-l.5, and HR-5.0, then these

alternate RNA sequences may be reverse transcribed into double stranded

DNA, and fused to heterologous reporter cDNAs to assay for any ability to

modulate translational activity. These RNA fusion sequences would also

be helpful in dissecting the regions, if there are any, that v/ere

responsible for the elevated Ml and M2 biosynthetic rates induced when

the cells were cultured in the presence of hydroxyurea.

The data presented in this thesis strongly suggests a role for

ferricin in developing the hydroxlrurea resistant phenotype. Since cDNAs

are available for both H and L ferritins, eukaryotic expression plasmids

could be constructed. Co-transfection of ferritin expression plasmids
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and M2 expression plasmids into wild type cells should augment or increase

the degree of hydrox)rurea resj-stance as compared to ce1ls transfected with

M2 expression plasmids.

The TPA inducibility of M2 data shows a possible involvement of an

AP-2 binding site upstream of the promoter. In order to directly test if

^P-2 
can mediate the TPA inducible response, the 50 bp MTAP-2 sequence

would be inserted upstream of an heterologous herpes simplex thirnídine

kinase (TK) promoter in the plasrnid vector pBL2CAT. llhen the plasmid is

transiently transfected in mammalian cells, the TK promoter is capable of

only basal transcription and therefore a low level expression of the

downstream reporter gene, chloramphenicol acetyl transferase (CAT).

Insertion of MTAP-2 upstream of the TK promoter r,rould show whether this

sequence is able to confer the TPA response to a heterologous promoter.

It is conceivable that the ì,ITAP- 2 sequenee alone is not sufficient to

eliciÈ such a response. The other approach would involve inserting cloned

5' upstream DNA sequences from the yIz gene into the pBL2CAT vector.

Deletion and mutational analysis may define the regions involved.

Alrernatively, Imagawa et a7. (1987) have reported lhe AP-2 can also

mediate a cyclic Aì{P (cAì{P) inducible resPonse of the hl'IT IIA gene. If

AP-2 is the pathway for M2 induction by TPA, Èhen M2 may also be induced

by eAl{P. Forskolin was used to stimulate adenylate cyclase in cells to

show the h-MT IIA gene induction by cAMP (Imagawa et a7., L987). M2 nRNA

and protein would be examined in forskolin treated cells. Cells

transiently transfected with the various pBL2CAT - M2 promoter derivatives

could also be treated with forskolin and the effects on the CAT reporter

gene.



L76

i#ê'frffiefiHg*$riii



L77

Adams, R. and LíndsaY, J. (1967) J. BioL. Chem., 2tr2: L3L4-L3I7 -

A1lisson, M.R. and i,rIríght, N.A. (L979) Ce77 Tissue Kinet., E: 477-49L.

Alt, F., Kellems, R., and Sehimke, R. (L976) J. Bío7. Chem., 25Lj
3063-3074.

Akerblom, L., Ehrenberg, 4., Gras}und, 4., Lankinen, H., Reichard, P., and
Thelander L. (1981) Proc. Nat7. Acad. Scí. USA, 78: 2L59-2L63.

Araya, S.K., l,iong-Staal , F., and Gallo, R.C. (1984) Science, 223: 1086-
1087.

Angel, P., Poting, 4., Mallick, U., Rahmsdorf, H.J., Schorpp, M., and
Herrlich, P. (1986a) lto7. Ce77. Bio7. , 6: L76O-L766.

Angel, P. Baumann, I., Stein, 8., Delius, H., Rhamsdorf, H.J., and
Herrlich, P. (1986b) ¡fof . Ce77. Bio7., 7; 2256-2266.

Angel, P., Imagawa, M., Chiu, R., Steín, 8., Imbrâ, I.J., Rahmsdorf , H.J.,
Jonat, C., Herrlich, P., and Karin, M. (1987b) Ce77, 49: 729-739.

Aronson, s.A. and Todaro, G.T. (1968a) J. Ce77 Physio7., 72: I4L-L48.

Aronson, S.A. and Todaro, G.T. (1968b) Science, W.; L024-1026.

Aronson, S.A. and Todaro, G.T. (1968c) ViroTogy, .3-8.: L74-179 .

Ashihara, J. and Baserga, R. (1979) Llethods Enzymo7., å8.: 259-26L.

Ashley, G.W. and Stubbe, J. (1985) PharmacoT. Thet., .Ð.: 30L'329 -

Ashley, G.I^I., Harris, G., and Stubbe, J. (1986) J- Bio7. Chem., 26I:
3958 - 3964 .

Ashley, G.I,i. and srubbe, J . (1989) Inhibitors of Ribonucleoside
Diphosphate Reductase Activity, eds. Cory, J.G. and Cory, A.H.
(Pergamon Press, Tnc. ) pp . L7 -36.

Ator, M., Salowe, S.P., Stubbe, J., Emptage, M.H., and Robins, M.J.
(1984) J. An. Chem. Soc., !@: 1886-1887.

Aziz, N. and Munro, H.N. (1986) NucTeíc Acíds Res., 14: 9L5-927 -

Ãziz, N. and Munro, H. (L987) Proc. Nat7. Sci. U.S.A-, 8l+: 8478-8482.

Barlow, T., Eliasson, R., PLaxz,4., Reichard, P. and Sjoberg, B'-M.
(1983) Proc. Nat7. Acad. Sci. USA, @: L492-L495.

Beaumont, C., Jain, S.K., Bogard, M., Mordmann, Y. and Drysdale, J.
(1987) J. Bío7. Chem., W.: 10619-L0623.



L78

Beaumont, C., Dugast, I., Renaudie, F., Souroujon, lvl. and Grandchamp, B.
(1989) J. Bio7. Chem., 261+: 7498-7504.

Berger, F.G. , Szymanski, P. , Read, E. , and IlaËson, G. (1984) J - Bio7.
Chem. , D-: 794L-7946.

Berglund, O. and Sjoberg, B.-1"1. (L979) J. Bio7. Chem., 254-: 253'254-

Bergsagel, D.E., Frenkel, E.P., and Alfrey Jr., C.P. (L964) Cancer
Chemotherapy Reports, !Q: L5-L7.

Bishop, J.F., Rinaudo, M.S., Ritter, J.K., Chang, A.C.-Y., Conant, K., and
Gehlert, D.R. (1990) FEBS, 264: L25-I29.

Blake, M.S., Johnston, K.H., Russel-Jones, G.J., and Gotschliech, E.C.A.
(19S4) AnaL. Biochea., ß.: I75-L79.

Blin, N. and Stafford, D.i.I. (L976) NueTeic Acid Res., 3: 2303-2308.

Blosmanis, R., Ifright, J.A. and Goldenberg, G.J. (1987) Cancer Res., !f:
L273-L277 .

Blumberg, P.M. (1980) CRC Crit. Rev. Toxico7., 8:L53-I97.

Blurnberg, P.M. (1981) CRC Crit. Rev. Toxico7., 8.:L99-234-

Bo1in, R.!J., Robinson, Il .4., Sutherland, J., and Hamman, R'E. (1982)
Cancer, 50; 1683-L686.

Bolton, 8.H., Kaung, P.T., Lawton, R.L., and l^Ioods, L.A. (1964) Cancer
Chemotherapy Reports, 39: 47-5L.

Bornford, A.B. and Munro, H.N. (1985) HepatoTogy, 5: 870-875.

Boyd, D., Vecoli, C., Belcher, D.M., Jain, S.K. and Drysdale, J.I'I' (1985)
J. Bio7. Chea., 260-: IL755-LL76I.

Bray, G., and Brent, T.P. (1972) Biochim. Biophys. Acta, 269-: 184-191-

Brockman, R.I^I ., Shaddix, S., Laster, \.LR., Jr', and Schabel, F'M. (1972)
Proc. Atn. Assoc. Cancer Res., !]: 88'

Buchmann, 4.R., BurneÈt, L., and Berg, P. (1980) Molecular Biology of
Tumor Viruses. Part TI. Second Edition, Tooze, J., ed. (Cold Spring
Harbor Laboratory), pp 799-829.

Cairo, G., Bardella, L., Schiaffonati, L., Arosio, P., Levi, S. and
Baernelli -Zazzera, A. (1985) Biochem. Biophys. Res . Commun. , !]f:
3L4-32L.



L79

Carlson, J., Fuchs, J.4., and Messing, J. (1984) Ptoc. Nat7. Acad. Sci.
USA., 8L: t+294-4297 .

Casey, J.L., DiJeso, 8., Rao, K., Klausner, R.D., and Harford, J.B.
(1988) Proc. Nat7. Acad. Sci. USA, 85: 1787-179L.

Caughman, S.H., Hentze, M.W., RouaulË, T.4., Harford, J.8., and
Klausner, R.D. (1988) J. Bio7. Chem. , 263:. 19048 -]-9052-

Chang, C.-H., and Cheng, Y.-C. (L979) Cancer Res., p: 436-442.

Chergwin, J.l*1 ., Przybyla, 4.E., MacDonald, R.J., and Rutter, W.J. (L979)
Biochemistry, L8: 5294.

Chou, C.C., Gatti, R.4., Fuller, M.L', Concannon, P., \'Iong, 4., Chorda,
S., Davis, R.C. and Salser, I,I.A. (1986) Ì1o7. Ce77. Bio7., 6:
566-574.

Choy, 8.K., McClarty, G.4., Chan, 4.K., Thelander, L., and l,Iright, J.A.
(1988) Cancer Res., {$: 2029-2035.

Choy, 8.K., McClarty, G.A. and l^Iright, J.A. (1989) J. Ce77. Biochem.,
138: 48.

Cocking J., Tonin, P., Stockoe, N., I^Iensing, 8., Lewis, üI., and
Srinivason, P. (L987) Somat. Ce77. 11o7. Genet., !3.: 22L-233.

Colamonici, 0.R., Trepel, J.8., Vidal, C.A. and Neckers, L.M. (1986)
14o7. Ce77. Bio7. , 6: 1847 - 1850.

Collins, M.K.L. and Rozengurt, E. (L982) J. Ce77. Physio7., W.: 42'50.

Cory, J.G., Fleishcer, 4.E., and Munro, J.A. (L978) J. Bio7. Chem., 253-:

2898-290L.

Cory, J.G. and Chiba, P. (1989) Inhibitors of Ribonucleoside Diphosphate
Reductase Actiwity, eds. Cory, J.G. and Cory, A.H. (Pergamon Press,
Inc. ) pp. L7 -36.

Cowan, K., Goldsnith, M.E., Ricciardone, M.D., Levin, R., Rubulcaba, 8.,
and Jolwit, J. (1986) 11o7. PharmacoT., -3-8.: 69-76.

Cox, F., Gestautas, J. and Rapoport, B. (f988) J. Bio7. Chem., 263.:

7060-7067.

Deshpande, V.V. and Joshi, J.G. (1985) J. Bio7. Chem., 25.9.: 757-764.

Diamond, L. (1984) PharmacoT. Ther., 2þ-: 89-L45.

Dick, J.E. and wrighr, J.A. (1980) J. Ce77. Physío7., .1.!]]!.: 65-72.

Dick, J.E. and l^Iright, J.A. (1984) l[ech. Ageing Dev., 26: 37'49.



180

Dickey, L.F., Sreedheran, S., Theil, 8.C., Didsbury, J.R., Ifang, Y.-H.,
and Kaufman, R.E. (1987) J. Bio7. Chem., 262.: 79OL-7907.

Dignam, J.D., Lebovitz, R.M., and Roeder, R.G. (1983) Nucleic Acids Res.,
11: L475-1489.

Dircks , L., Grens, A. , Slezlmger, T. , and Scheffler, I. (1986)
J. Ce77. Physiol., Eþ; 37I-378.

Domin, B. , Grill, S . , Bastow, K. , and Cheng, Y. -C. (1982) l{o7.
PharmacoT., 2L.: 478-482.

Donovan, P.8., Kaplan, M.8., Goldberg, J.D., Tarasky, H., Najean, Y.,
Silberstein, E.8., Knospe, W.H., Laszlo, J., Mack, K., Berk, P.D.,
and l¡Iasserman, L.R. (1984) An. J. Hemato7., U-: 329-334.

Drysdale, J .Il. (1988) Prog. NucTeic Acid Res . L1o7 . Bio7. , .3.5.: L27 -L55 .

Dubbs, D.R. and Kit, S. (L964) Exp. Ce77 Res., -3.3.: L9-28.

Earle, W. (L943) J. Nat7. Cancer Inst., 4: L65-2I2.

Edwards, D.R., Parfett, C.L.J., and Derihardt, D.T. (1985) l{o7. Ce77.
Bio7., 5: 3280-3288.

Eels, J.T., and Spector, R. (1982) Fed. Proc., t+4.: L045.

Ehrenberg, A. and Reichard, P. (1972) J. Bio7. Chem., 247-: 3485-3488.

Eliasson, R., Jornvall, H. and Reichard, P. (l-986) Proc. Nat7. Acad. Scí.
USA, 83: 2373-2377.

Eliasson, R., Fontecave, M., Jornvall, H., Krook, M., Pontis, E.,
and Reichard, P. (1990) Proc. Nat7. Sci. USA, in press.

Elford, H. (1968) Biochem. Bíophys. Res. Commun.,.3.3.: L29-1,35.

Elford, H. (L972) Adv. Enzyae ReguTation, !Q: L9-38.

Elholtz, H.P., Mangalam, H.J., Potter, E., Albert, V.R., Supowit, S.,
Evans, R.M., and Rosenfeld, M.c. (1986) Science, 234.: L552-I557.

Engstrom, N.E., Holmgren, A,., Larsson, 4., and Soderhall, S. (I974)
J. Bio7. Chem., 24,9_z 205-210.

Engstrom, Y., Eriksson, S. , Thelander, L., and Akerman, M. (L979)
Biochemistry, L8: 294L-2948.

Engstrom, Y., Rozell, 8., Hansson, H.4., Stenne, S., and
Thelander, L. (L984) EIIBO J., 3: 863-867.



181

Engstrom, Y., Eriksson, S., Jildevik, 1., Skog, S., Thelander, L., and
Tribukait, B. (1985) J. Bio7. Chem., 260_: 9LL4-9L16.

Engstrom, Y. and Rozell, B. (1988) EIIBO J., /: 1615-1620.

Eriksson, S., Caras, I.InI ., and Martin, D.l^I.Jr. (L982) Proc. Nat7. Acad.
Sci. , p: 81-85.

Eriksson, S., Graslund, A.., Skog, S., Thelander, L., and
Tribukaiu, B. (1984) J. Bio7. Chem., 259_: LL695-11700.

Feinberg A.P. and Vogelstein B. (1983) Ana7. Biochem., W.: 6-13.

Firestone, G., Payvan, F., and Yamanoto, K. (l-982) Nature, 300: 22L-225.

Fisch, T.M., Prywes, R., and Roeder, R.G. (1989) 11o7. Ce77. Bio7., 9:
1327 - 1_331-.

Fishbein, I.I .N., Carbone, P.P., Freireich, E.J., Misra, D., and Freí, E.
(L964) C7in. PharmacoT. Ther., !: 574-580.

Fleming, J. and Joshí, J.c. (1987) Proc. Nat7. Acad. Scí. USA,84:.
7866-7870.

Fontecave, M., Eliasson, R., and Reíchard, P. (1987) J, Bio7. Chem., 2Q.:
L232s-L2331.

Fontecave, M., Eliasson, R., and Reichard, P. (1989) Proc. Nat7.
Sci. USA, 86: 2147-2l-51.

Fox, R.M. (1985) PharmacoT. Ther., -Ð.: 3L-42.

Frenkel, E.P., Skinner, W.N., and Smiley, J.D. (1964) Cancer Chemother.
Rpts. , 40_: L9-22.

Fried, M. and Crothers, D. (1981) NucTeic Acíds Res., !: 6505-6525.

Fuchs, J.4., Karlstrom, H.0., IJarner, H.R., and Reichard, P. (1972)
Nature (London: New Bio7.), 238:. 69-7L.

Fujita, T., Takaoka, C., Matsui, H., and Taniguchi, T. (1983) Proc. Nat7.
Aead. Sci. USA, 80: 7437-744L.

Gale, c. (7964) Bíochem. PharmacoT., 13: L377-L382.

Gale, G., Kendall, S., Mclain H., and DuBois, S. (L964) Cancer Res., 2,!:
70L2- 1016.

Gale, G.R., Atkins, L.M., Meisehen, S.J., and SchwarXz, P. (L979) Cancer
Treataent Reports, 6.3-: 49-456.

Garner, M. and Revzin, A. (1981) NucTeic Acids Res., 9: 3407-3414.



L82

Gilmour, S.K., Avdalovic, N., Madara, T. and O'Brien, T.G. (1985)
J. Bio7. Chem., 260: L6439-L6444.

Gough, N.M. (1988) Ana7. Bíoehem., W.:93-95.

Graslund, A.., Ehrenberg, 4., and Thelander, L. (1982) J. Bio7.
Chem. , 25,f_z 57LL-57L5.

Graslund, 4., Sahlin, M., and Sjoberg, B.-M. (1985) Environ. HeaTth
Perspect. , Ø.: I39-L49 .

Greenberg, M.E. and Ziff., E.B. (1984) Nature, -3_LL: 433-438.

Hards, R.J. and I,Iright, J.A. (1981) J. Ce77. PhysioT. , .U.6.: 309-319.

Hards, R.J. and \.Iright, J.A. (1984) Arch. Biochem. Biophys., 23L.: L7-28.

Hentze, M.I^I ., Caughman, S.InI., Rouault, T.4., Barriocanal , J.G.,
Dancis, 4., Harford, J.8., and Klausner, R.D. (f987) Science, 238l'
Ls70-1573.

Hentze, M.I^I ., Rouault, T.4., Harford, J.8., and Klausner, R.D. (1989)
Science, 24!: 357-359.

Holmgren, A. (1976) Proc. Nat7. Acad. Sci. USA, 73: 2275-2279.

Holrra, E. and Pohjanpelro, P. (1986) J. Bio7. Chem., 26Lj 9502-9508.

Hopper, S. (1972) J. Bio7. Chem., 24f_: 3336-3340.

Hurta, R.A.R. , and itright, J.4. (1990a) Biochim. Biophys. AcËa, I0B7:
L6s-772.

Hurra, R.A.R., and l,Iright, J.A. (1990b) Biophys. Biochea. Res. Commun.,
167: 258-264.

Imagawa, M., Chiu, R., and Karin, M. (f987) ce17, 5L: 25L-257.

Jainchill, J.L. and Todaro, c.J. (L970) Exp. Ce77 Res., 59-:. L37-L46.

Jones, T., Spencer, R., and i,ialsh, C. (1,978) Biochemistry, 17: 40II-40L7.

Joshi, J.G., Goodman, S., Deshpande, V.V., and Price, D.J. (f985) In:
Proteins of Iron Storage and Transport, eds: Spike, G., Montreuil,
J., Crichton, R.R., and Ylazwríer, J. (Elsevier, Amsterdam),
pp. 93-96.

Kahana, C. and Nathans, D. (1985) J. Bio7. Chem., 260.: 15390-15393.

Kameji, T. and Pegg, A. E. (1987) J. Bio7. Chem., 262: 2427-2430.

Kananoto, R., Utsunomiya, K., Kameji, T. and Hayashi, S. (1986)
Eur. J. Bíochem. , &.: 539-544.



183

Kanno, M., Fromental, C., Staub, 4., Ruffenach, F., Davídson, I., and
Chambon, P. EIIBO J., 8: 4205-42L4.

Karin, M. and Richards, R.I. (L982) Nature, 299-: 797-802.

Kelley, K., Chochran, 8.H., Stiles, C.D. and Leder, P. (1983) Ce77, 35:.
603 - 610 .

Klausner, R.D., Van Rensr.roude, J., Ashwe1l, G., Kenpf , C.,
A.N. , Dean, A. , and Bridges, K. (1983) J. Bio7.
47rs-4724.

Kjoller-Larsen, I., Sjoberg, B.-M., and Thelander,
Biochem., Æ-: 75 -81.

Kohgo, Y., Yokota, M., and Drysdale, J.I{. (1980)
519s - s200 .

Koropatnik, S.E. and

Krakoff, I., Brown,
1559 - 1565 .

Kruij er, I^I. , Cooper,
7LL-7L6.

Kuhn, L.C., McClel1and, A. and Ruddle, F.H. (1984)

Kuzik, B.A. and tr{right, J.A. (1980) Biochem. Genet.

Laernmli, U.K. (1970) Nature, 22f_: 680-682.

Ialrighr, J.A. (1980) Enzyme, 25-: 220-227.

N., and Reiehard, P. (1968) Cancer Res., 28:

Lammers, M. and Follman, H. (1983) Structure and Bonding, 54.: 27-9L.

Lankinen, H. (1980) Aeta Chem. Scand., 3lr: L52.

Larsson, A. (L969) Eur. J. Biochem., .1-l: L13-I2I.

Larsson, A. (L973) Biochim. Biophys. Acta, 324: t+47-45L.

Larsson, A. and Sjoberg, B.-M. (1986) EIIJO J. , 5: 2037 -2040.

Laurent, T.C., Moore, E.C., and Reichard, P. (L964) J. Bio7. Chem., 239:
3436 -341+4 .

J.4,, Hunter, T., Verma, L

Schechter,
Chem., 258:

L. (L982) Eur. J.

J. BioL. Chem., 255:

Lee, \.I., Mitchell, P., and Tijian, R. (1987) Ce77, 49:. 74I-752.

Lehrach, H., Diamond, D, Wozney, J.M., and Boedtker, H.
Biochemistry, 16 :47 43 .

(1984) Nature, 3L2:

Ce77, 39:. 267-274.

,19:311-331.

(Le77 )



L84

Leibo1d, E.A. and Munro, H.N. (1988) Proc. Nat7. Acad. Sci. USA,85:
277L- 2175.

Leibold, 8.4., Aziz, N., Brown, A.J.P. and Munro, H.N. (1984) J. Bio7,
Chem. , 252:. t+327 -4334.

Lewis, W.H. and Lrright, J.A. (f974) Biochem. Biophys. Res. Commun., 60:
926-933.

Lewis, W.H., Kuzik, 8.4., and I,Iright, J.A. (1978) J. Ce77. Phys., 94.:
281 -298.

Lewis, W.H. and l^Iright, J.A. (L979) Somatic Ce77 GeneË., 5: 83-96.

Luthman, M., Eriksson, S., Holrngren, 4., and Thelander, L. (L979) Proc.
Nat7. Acad. Sci. USA, 79: 2L85-2L62.

Luthman, M., and Holmgren, A. (1982) J. Bio7. Chem., 257: 6686-6690.

Maniatis, T., Fritch, E.F., and Sambrook, J. (t982) Molecular cloning:
a laborator.r¡ manual . Cold Spring Harbor Laboratory, CoId Spring
Harbor, New York.

Mann, G.J., Musgrove, E.4., Fox, R.M. and Thelander, L. (1988) Cancer
Res., {$: 5151-5156.

Matrisian, L.M., Leroy, P., Ruhlmann, C., Gesnel, M.C., and Breathnach, R.
(L986) I'1o7. Ce77. Bio7., 6: 1-679-1686.

Mattia, E., Josie, D., Ashwell, G., Klausner, R., and Van
Renswouldê, J. (1986) J. Bio7. Chea., 26L.: 4587-4593.

McBurney, M. and trlhitmore, G. (L974) Ce77, !: L73-I82.

McClarty, G.4., Chan, 4.K., and l.Iright, J.A. (1986a) Somat. Ce77 llo1.
Genet., L2: L?L-I3L.

McClarty, G.4., Chan, 4.K., and Wright, J.A. (1986b) Cancer Res., 46:
4sL6-4527.

McClarty, G.A,., Chan, 4.K., Engstrom, Y., l,Iright, J.4., and Thelander, L.
(1987) Biochemistry, 26: 8004-8011.

McClarty, G.A,., Chan, 4.K., Choy, 8.K., Thelander, L., and l,,lright, J.A.
(1988) Biochemistry, 27 : 7524-753L.

McClarty, G.4., chan, 4.K., Choy, 8.K., and llright, J.A. (1990) J. Bio7.
Chem., 256.: 7539-7547 .

McConlogue, L. and Coffino, P. (1983) J. Bio7. Chem.,258-:8384-8388.



18s

MeConglogue, L., Dana, S.L., and Coffino, P. (L986) LIo7. Ce77. Bio7., þ:
2865-287L.

McFarlan, S.C. and Hogenkamp, H.P.C. (1989) Inhibitors of
Ribonucleoside Diphosphate Reductase Activity, eds. Cory, J.G.
and Cory, A.H. (Pergarnon Press, Inc. ) pp . L7 -36.

Mignatti, P., Robbins, E., and Rifkin, D.B. (1986) Ce77, 47: 487-4g8.

Milliard, S. (L972) J. Bio7. Chem., 24f_: 2395-2400.

Miller, K. (1987) Bethesda Res. Lab. Focus, 9: 14-15.

Mitchell, P.J., I{ang, C., and Tjían, R. (1987) Ce77, 50; 847-86L.

Mohler, W. (L964) Cancer Chemother. Rep., 34: 1-6.

Montessano, R., and Orci, L. (1985) Ce77, 42: t+69-477.

Moore, 8.C., Reichard, P., and Thelander, L. (1,964) J. Bio7. Chem., 239:
3445-34s2.

Murdoch, G.H. , Potter, E. , Nicolaisen, A.K. , Evans, R.M. , and
Bienfe1d, M. G. (L982) Nature, .U.: I92-L94 .

Murphree, S., Moore, 8.C., and Beall, P.T. (f968) Cancer Res., 28
860 - 863 .

Murphree, S., Stubblefield, E., and Moore, E. (L969) Exp. Ce77 Res., 58:
II8-L24.

Murray, M.T., Ilhite, K. and Munro, H.N.
USA, 84: 7438-7442.

Nicander, B. and Reichard, P. (1985) J. Bio7. Chem., 260.: 5376-5381.

Nishizuka, Y. (1986) Science, 233-: 305-3L2.

Nordlund, P., Sjoberg, B.-M., and Eklund, H. (1990)

Okayama, H. and Berg, P. (L982) l,lo7. Ce77. Bio7.,

Okayama, H. and Berg, P. (L983) IIo7. Ce77. BioT

Pegg, A. E. (1984) Biochem. J., 224; 29-38.

Pegg, A. E. (1986) Biochem. J., 234; 249-262.

Persson, L. , Oredsson, 14. , Anehus, S. , and Heby,
Biophys. Res. Comm., 1-3.1: 239-245.

(1987) Proc. Nat7. Acad. Sci.

Nature, 345: 593-599.

2:161-170.

3: 280-289.

O. (1985) Biochem.



186

Peterson, D.M. , and Moore, E.C . (L974) Biochim. Biophys . Acta, 432.:
80-90.

Petersson, L. , Graslund, 4., Ehrenberg, 4., Sjoberg, B.-M. , and
Reichard, P. (1980) J. Bio7. Chem., Æ.: 6706-6712.

Pittelkow, M.R., Lindquist, P.8., Abrahrm, R.T., Graves-Deal , R.,
Derynck, R., and Coffey, R.J., Jr. (1989) J. BioL. Chem., 264.:
5L64-5L7L.

Price, D.H. and Joshi, J.G. (1983) J. Bio7. Chem., 258.: 10873-10880.

Puek, T.T. and Marcus, P.I., and Cieciura, S.J. (1956) J. Exp. ÌLed., l-03:
273-28t+.

Rao, K., Shapiro, D., Mattia, E., Bridges, K., and Klausner, R.D. (1985)
llol . Ce77 . Biol . , 5: 595 - 600 .

Rao, K., Harford, J.8., Rouault, T., MeClelland, 4., Ruddle, F.H., and
Klausner, R.D. (L986) llo7. Cel7. Bio7., 6: 236-240.

Reichard, P. (l-987) Biochemistry, 26: 3245-3248.

Reichard, P. (1988) Ann. Rev. Biochem., 57: 349-374.

Robins, M.J., I,Tilson, J.S., and Hansske, F. (1983) J. An. Chem.
Soc. , !þ: 4059-4065.

Rogers, J. and Munro, H. (1987) Proc. Nat7. Acad. Sci. IISA, 84:
2277 -228I.

Rosenkranz, H. and Lewy, J. (1965) Biochim. Biophys. Acta., 96.: 181_-183.

Rouault, T.4., Hentze, M.InI ., Dancis, 4., Caughman, I,I ., Harford, J.8., and
Klausner, R.D. (1987) Proc. Nat7. Acad. Sci. IISA, 84: 6335-6339.

Rouault, T.4., Hentze, M.InI ., Caughman, S.I^I., Harford, J.8., and
K1ausner, R.D. (1988) Scienee, 2.4L.; L207 - 1210.

Sato, A. and Cory, J.c. (1981) Cancer Res., {!: 1637-1641.

Schimke, R.T. and Doyle, D. (1970) Ann. Rev. Biochem. , 39-: 929-916.

Schimke, R. T. (L973) Advances in EnzymoTogy, 37: L35-L87.

Shirahata, A. and Pegg, A. E. (1985) J. Bio7. Chem., 260 9583-9588.

Siebert, P.D. and Dukuda, M. (1985) J. Bio7. Chem., 260: 3868-3814.

Sjoberg, B.-M., Graslund, 4., and Eckstein, F. (1983) J. Bio7. Chem.,
258: 8060-8067.

Skoog, L. and Nordenskjold, B. (L97L) Eur. J. Bioehem., -9-: 81-89.



L87

Slaga, T.J. (1983) Cancer Surveys, 2 :595-610.

Southern, E.M. (L975) J. llo7. Bio7., 98: 503-508.

Stanners C., Elicieri G., and Green H. (L97L) Nature, 230: 52-54.

Stark, G.R., Debatissê, M., GiulotÈo, E., and l^Iahl , G.M. (1989) Ce77, 57
901-908.

Steeper, J.R. and Stuart, C.D. (1970) AnaTyt. Biochem., 34.: 123-130.

Stock, C.C., Clarke, D.4., Phillips, F.S., BarclaY, R.K., and Myron, S.A.
(1960) Cancer Res., p: L93-238.

Strauss, F. and Varshavsky, A. (1984) Ce77, 37: 889-897.

Stubbe, J. (1990) . J. Bio7. Chem., 265_: 5329-5332.

Tagger, A.Y. , Boux, J. and l{right, J. A. (1987) Biochem. CeII Bío7.,
65: 925-929 .

Tagger, A.Y. and l^Iright, J.A. (1988) Int. J. Cancer, !Z: 760-766.

Tagger, 4.Y., Damen, J.E., Greenberg, A.H., and l.Iright, J.A. (l-989)
J. Cancer Res. C7in. Onco7., .LL5: 429-434.

Takeda, E. and l.{eber, G. (1981) Life Sci., 28_: 1007-1014.

Theil, E.C. (1987) Ann. Rev. Biochem., 56.: 289-3L5.

Thelander, L. (L974) J. Bio7. Chem., 249-: 4858-4862.

Thelander, L. and Reichard, P. (L979) Ann. Rev. Biochem., 48: 133-158.

Thelander, L., Eriksson, S. and Akerman, M. (1980) J. Bio1. Chem., 255:
7 426 -7 432 .

Thelander, L., Graslund, 4., and Thelander, M. (1983) Biochem. Biophys.
Res. Commun., -!liQ.: 859-865.

Thelander, M., Graslund, 4., and Thelander L. (1985) J. Bio7. Chem.,
260:2737 -274L.

Thelander, L. and Berg, P. (1986) tto7. Ce77. Bio7., 6: 3433-3442

Thelander, M. and Thelander, L. (1989) EIIBO J. , 8; 2475-24j9 .

Thompson, L.H., Mankovitz, R., Baker, R.M., I,Iright, J.A., Till, J.E.,
Siminovich, L., and ilhitmore, G.F. (797L) J, CeIT physiol., 78:
43L-440.

Thomas, C.E. and Aust, S. (1986) J. Bio7. Chem., 26L: 13064-13070.



188

Torti, S.V., Kwak, E.L., Miller, S.C., Miller, L.L., Ringold, G.M.,
Myanbo, 8.K., Young, 4.P., and Torti, F.M. (1988) J. Biol. Chem.,
263: L2638-L2644.

Towbin, H., stachlin, T., and Gordon, J. (L979) proc. Natl. Acad. sci.
USA, 7 6: 4350-4354.

Turner, M.K., Abrams, R., and Lieberman, I. (1966) J. BioI. Chem., 24L:
5777 -5780.

Turner, M.K., Abrams, R., and Lieberman, I. (1968) J. Biol. Chem.,243
372s-3728,

Ursini, M.V. and de Franciscis, V. (1988) Biochem. Biophys. Res.
150: 287 -295.

I,.Tagstaff , M., Ilorwood, M. and Jacobs, A. (L9lB) Biochem.
969-977.

Llalters, R., Tobey, R., and Ratliff , R.
319: 336-347 .

lleber, G., O1ah, E., Denton, J.E., Lui, M.S., Takeda, 8., Tzerrg, D.y., and
Ban, J. (1981) Adv. Enz. R"9., !9: LO5-I27.

i^Ihite, B.A. and Bancroft, F.c. (L982) J. Bio7. chem., 25,f_: 9569-g5lz.

White, K. and Munro, H.N. (1988) J. Bi_o7. Chem., 263_: 8938-9942.

I{hitham, S.E., Murphy, G., Angel, p., Rahmsdorf , H.J., Smith, 8.J., Lyons,
4., Harris, T.J.R., Reynolds, J.J., Herrlich, p., and Docherty,
A.J.P. (1986) Biochem. J., 240: 9L3-9L6.

I,Iingender, E. (1988) NucTeic Acids Research, 16: LB79-L9OZ.

\,Iríght, J.A. and Lewis, I^I.H. (L974) J. CelI. physio|, 83: 437-440.

Ilright, J.4., Hards, R.G., and Diek, J.E. (1981) Advances in Enzyme
ReguTation, L9 : IO5-127 .

Wrighr, J.A. (1983) pharmacol. Ther., 22: gl-j_02.

I,iright, J.4., Alam, T.G., McClarty, G.4., Tagger, A.y., and Thelander, L.
(1987) Somat. Ce77 LIo7. Genet. , .1-3.: 155-165.

i^Iright, J.A. (1989) rnternationar EncycTopedia of pharmacoTogy and
Therapeutics (1989), I23.: 89-111.

l{right, J.4., McClarty, G.4., Lewis, InI .H., and Srinivason, p.R. (19g9)
Drug Resistance in Mammalian Cells, ed: Gupta, R.S. (C.R.C. press,
Boca Raton), pp. L5-27.

(1973) Biochia. Biophys. Acta,

Commun.,

J., I73:



189

Ilright, J.4., Chan, A,.K., Choy, 8.K., HurËa, R.A.R., MeClarty, G.A., and
Tagger, A.Y. (1990) Biochem. Ce77 Bio7., .6.8.: L364-l3lL.

Yaffe, D. (1968) Proc. Nat7. Acad. Sci. I|SA, 6L: 477-483.

Yarbro, J., Níehaus, W., and Barnum, C. (1965a) proc. Natj. Acad. Sci.
USA, 53: 1033-1035.

Yarbro, J., Niehaus, W., and Barnum, C.
Conmun., 19.: 592-597.

Yang-Feng, T.L., Barton, D.8., Thelander, L., Lewís, W.H.,
Srinavasan, P.R., and Francke, U. (1987) Genomics, L: 77-86.

Yeh, Y.-C., and Tessman, I. (L978) J. Bio7. Chem., 253: L323-I324.

Young, C. and Hodas, S. (f964) Science, L46: IL72-IL74.

Young, C.W., Schocehetman, G., Hodes, S., and Balis, M.E. (L961)
Cancer Res., 27: 526-534.

Za}:ringer, J., Balinga, 8.S., and Munro, H.N. (L976) proc, NatI. Acad.
Sci. USA, 73: 857-861.

(1965b) Biochem. Biophys. Ães.


