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INTRODUCTION



Ribonucleoctide reductase is responsible for the
production of deoxyribonucleotides , a rate-limiting
step in DNA synthesis. It is a highly regulated
allosteric enzyme and, in mammalian cells, it consists
of two non—identical proteins M1 and M2. A variety of
positive and negative etfectors and several
uncharacterized endogenous molecules control the
specificity of the enzyme and ensure a balanced supply
of deoxyribonucleotides necessary to preserve the
fidelity of DNA synthesis.

Ribonucleotide reductase activity is tightly
correlated with the rate of mammalian cell
proliferation, and several studies have shown that it
increases with thé expression of heoplasia. Alterations
in the activity of the mammalian enzyme appears to
affect many bioclogical praperfies including the
senescence of human diploid fibroblasts, the cellular
di¥ferentiation of rat mycoblasts, and may play a role
in certain immunodeficiency syndromes. Since very
littie information is currently available about
ribonuclectide reductase in fungal cells, a study was
initiated to examine the general properties of this

enzyme in Achlya klebsiana. This fungus belongs to a

group of eukaryotic microbes commonly known as  water
moulds. Achlya has one of the fastest growth rates for
a eukaryote and grows synchronously from spores, making

it a good souwrce of sukarvyotic ribonuclieoctide



reductase.

The enzyme has been partially purified from the
fungal mycelia 12 hours after germination. The
purification protocol was based on the facts that the
enzyme aggregates when in the presence of a great
excess ot ATP and will be retained by a molecular
ultrafilter. When potassium chloride was added, the
aggregates broke up and the subunits of the enzyme
dissociated and passed through the membrane. Atter
dialy=sis, the subunits recombined to form a functional
enzyme. A 130 fold purification of ribonucleoctide
reductase was accomplished using this method.

| Many of the kinetic properties of the enzyme
differed significantly from those previously described
from mammalian sources. For example, there was a
relatively high Km value of 16 mM for CDP and a lack of
inhibition of activity with UDP, a second enzyme sub-—
strate. Also, in contrast to the mammalian enzyme, GTF
was as good an activator of CDP reduction as ATP, dATF
did not appear to inhibit enzyme activity even at high

concentrations, MgC1 was not required Ffor the
3

-~

reaction, and the anti-proliferation drugs hydroxyurea
and gossypol were either poor or ineffective as enzyme
inhibitors.

In this thesis, data is discussed in terms of
allosteric regulation of ribonucleotide reductase and
in terms of usefulness as a source of ribonuclecotide

reductase for future investigations.




HISTORICAL




Ribonucleotide Reductase

Ribonuclectide reductase (EC 1.17.4.1) is
responsible for the direct conversioaon ot
ribonucleotides to deoxyribonucleotides necessary for
the fidelity of DNA synthesis (Blakley and Vitols,19268;
Reichard, 19248). It is a highly regulated allosteric
enNzyme, controlled by a variety of positive and
negative effectors. There is a very tight correlation
between the activity of this key enzyme and the rate of
cell proliferation. Mammalian organs such as thymus,
bone marrow, spleen and intestine (all sites of very
active cell renewal) have high ribonucleotide reductase
activity while non—dividing cells have low or even
undetectable levels (Elford ,1972 Takeda and
Weber ,1981). Elevated ribonucleotide reductase levels
are concommitant with the expression of neoplasia in
rat hepatoma «cells and, in fact, are more tightly
correlated with tumor growth rates than any other
enzyme active in DNA synthesis (Elford,1972; Takeda and
Weber ,1981; Elford et al, 1970; Weber et al, 1981). The
concentrations of all four deoxyribonucleotides are
much higher in hepatomas than in newborn and
regenerating rat liver (Takeda and Weber,1981; Weber et
al, 1981). Several antitumor drugs have been
synthesized that are aimed at ribonucleotide reductase
in an attempt to arrest rampant neoplastic

proliferation. Although hydroxyurea has found use in



the clinic (Krakoff et al,1944; Bolin et al,1982; FPiver
et al, 1983; Donovan et al,1984; McDonald,1981) few
other drugs have proven to be clinically satisfactory
(Elford et al, 1981).

The relative concentrations of the nucleotides
contribute +to the characteristic mutation rate of an
arganicsm. In the mammalian system, a mutator gene is
associated with ribonuclectide reductase which causes
increased rates of spontaneocus mutation if there exicts
an imbalance of endogencus deoxyribonuclecside
triphosphate pools (Weinberg et al, 1981). When the
dCTP/TTPF ratio is disturbed, the fidelity of DNA
synthesis is most profoundly affected (Meuth et
al ,1979; Ashman and Davidson,1981; Ashman et al,1981).

Changes in the activity of ribonucleotide reductase
have been implicated in the senescence of normal human
diploid +Fibroblasts in culturse and the cytotoxic
action of chemotherapeutic agents directed towards this
enz yme is affected by such changes {Dick and
Wright,1982; 1985).

There is alse a close relationship between
ribonucleotide reductase activity and the initiation of
myoblast differentiation. Drug-recsistant myoblasts that
had elevated levels of ribonucleotide reductase
activity and had altered pools of deoxyribonucleotides
were . unable to differentiate into multinucleated

myctubes (Creasey and Wright, 1783).



Certain human immunodeficiency diseases involve a
combination of abnormal intracellular deoxyribonucleo-
tide concentrations and the allosteric properties of
ribonucleotide reductase (Ullman et al, 1976} .
Deficiencies of purine nucleoside phosphorylase and
adenosine deaminase lead to a build up of dGBTF and
" dATP (Ullman et al,1976; Chan,1978). CDP reductase is
inhibited by the nucleotides causing a depletion of the
dcTP pool which arrests DNA synthesis and cell

division {(Cohen et al,1983).

The Mechanism of Reduction

Ribonucleotide reduction in prokarvyotes and
eukarvyotes involve substrate-radical intermediates and
the C—{3) hydrogen of ribose {Reichard and
Ehrenberg,1983). Also involved is a tyrosine free
radical (S5jbberg et al,1982) and a non-heme iron {Atkin
et al, 1973 in the B2 subunit of E. ¢coli/M2 subunit of
mammalian ribonucleotide reductase. The tyrosyl radical
removes the C(3’) hydrogen of the ribose moiety which
activates a dithiol-mediated release of the C(2°}
hydroxyl group (Reichard and Ehrenberg,1983). The iron
group is involved in the stabilization and regeneration
of the tyrosyl radical {(Sjbberg et al,1982). The
tyrosyl radical of mammalian ribeonucleotide reductase
is regenerated in a regulated mechanism requiring
iron, oxygen and dithiothreitol (Thelander et al,1i983).

The hydrogen donor substrate (to maintain a reduced



dithiol group on the enzyme) is most 1likely reducsd
thioredoxin and/or glutaredoxin (Holmgren,1981). NADPH
is the ultimate hydrogen donor, reducing the two as

reducing power carriers.

Types of Ribonucleotide Reductase

There are several different types of ribonucleotide
reductase. These criteria were used in classification:

1} ribonucleoside di— or triphosphate as substrate?

2} require S’ —deoxyadenosylcobalamin{(Ca B )7

o

) contain non—heme iron? -

4) specific nuclectide activators/inhibitors?
enzyme =subunit composition?
(IY Lactobacillus leichmannii (single peptide enzyme)

and Euglena gracillus (tetrameric enzyme! are in this
group. Both of these enzymes use nucleoside triphos-
phates as substrates and require Coenzyme E as a
)
hydrogen carrier between thioredoxin and the r;guctase.
Neither enzyme contains non—heme iron. There is a cer-—
tain amount of enzyme regulation by nucleoctide

activators (eg. dATP stimulates CTP reduction by L.

leichmannii}) but there is relatively 1little product

inhibition by deouyribonucleotide triphosphates
{dNTF's). These enzymes are resistant to inhibition by
the chemotherapeutic agent, hydroxyurea (Beck et
al,19&66; Fanagou et al,1972; Hamilton,1974)

(II) Rhizopbium meliloti and Bacillus meqgaterium

{(both tetrameric enzymes) as well as Corynebacterium




nephridii (a dimeric enzyme) represent this group. All
of these bacteria use nucleoside diphosphates as the
substrates and require Coenzyme B . None of these
enzymes contain non—heme iron and ai; not regulated by
nucleotide effectors to any great extent; dATF inhibits
CDP reduction by C. nephridii. T=ai and Hogenkamp

(1980) suggested "in evolutionary terms the
ribonucleontide reductase from Ca nephridii is
intermediate between the enzyme from E. coli and L.
leichmannii.” (Cowles et al, 1969; Yau and Wachsman,

1973; Hogenkamp, 1784)

(ITI) Nocardia opaca , Brevibacterium ammoniagenes and
Micrococcus luteus have - a uniqgue class of
ribonucleotide reductase. This enzyme can use both
ribonucleoside diphosphates and triphosphates as  sub-
strates but does not require Coenzyme B or iron.

=

Inztead, this mettaloenzyme requires mangaigse ions for
maximum activity (some activity with magnesium ions).

The only reported influence of nucleotide effectors are

the stimulation of GTP reduction by dTTP and CTF

reduction by dATFP in BE. ammoniagenes. {Auling et
al, 1980; Schimpff—Weiland and Follmann, 1981;
Hogenkamp, 1784)

(IV) Escherichia coli and all eukaryotes (except

Euglena gracillus and Phytomyces chartarum; Type ID

comprise this last class of ribonucleotide reductase.

All of these enzymes use ribonucleoside diphosphates as



substrates and do not require Coenzyme B . These
2

enzymes are composed of dimers of two nDni;dentical
subunits: the Bl (E. coli) or M1 {mammalian) subunit
contains the binding sites for the nuclentide effectors
and substrates as well as the dithiols involved in the
reduction. The B2/M2 subunits contain the non—heme iron
and the tyrosyl radical. These enzymes are strictly
regulated; specific nucleotides activate and inhibit
the reduction of all substrates. (Brown et al,1949;
Larsson and Reichard,1966; Hopper,1972; Moore,1977;
Cory et 21,1978; Chang and Cheng,197%b; Thelander et
al,1980; Mattaliaro et al,1981; Stutzenberger,1974)

The Bl subunit of the E. coli enzyme is composed of
a single polypeptide chain of MW 82,000 while the BRZ
contains a chain of MW 43,000 (Thelander,1973). In the
prEEEnée of magnesium ions, two Bl and two BZ combine
to form an active enzyme of MW 240,000 (Brown and
Reichard,1269). Each Bl subunit contains two substrate
binding sites (von D8beln and Reichard,197&) and Ffour
nucleoside triphosphate effector binding sites (Brown
and Reichard,196%). These effector binding sites are
classified as "h"-sites (high affinity for dATP and
also bind ATP,dGTP and dTTP) and "l"-sites (low
affinity for dATP but can only bind ATP in addition).
The "l"-site seems to determine the overall activity of
the enzyme; 1 dATP is bound, the enzymes dimerize and
are rendered inactive {(conversely, ATF activates the

enzyme). The binding of ATP or dATF by the "h"-sites

10



causes a conformational change in the enzyme which
favors the reduction of pyrimidine nucleotides. The
binding of dGTP stimulates the reduction of ADF and
dTTF binding stimulates 6GDP reduction (Brown and
Reichard, 19469).

This "E. coli"—type of ribonucleotide reductase has
been found in fungi (Vitols et al,1270; Lewis gt
al ,1974), algae (Feller et al,1980), plants {(Hovemann
and Follmann,1977), and animal cells {Hards and

Wright,1984a,b).

The ribonucleotide reductase of Saccharomyces

and mammalian reductase. It is a very unstable enzyme
that requires the binding of ATP and magnesium for CDP
reduction (Vitols et al,1970). 1In vitro assays require
thioredoxin and thioredoxin reductase for the
production of reducing power (dithiothreitol and
dithicerythritol were not sufficient). The enzyme did
not use Coenzyme B nor did it reguire the addition of
=
iron salts. This i;ductase was inhibited by dATP (S04
activity at 0.5 mM) and by hydroxyurea (304 activity at
3 mM hydroxyurea) as well as by moderately high salt
concentrations (QO.2 M ammonium sulfate completely
destroyed activity while 0.2 M sodium chloride caused a
FOL drop in activity). The enzyme is composed of two

non—identical subunits and has a relative molecular

weight of 250,000 as a holoenzyme. The reduction of GSDF

11



requires dTTP as an activator while ADP reduction
requires dGTF. As aforementioned, pyrimidine nucleotide
- reduction is stimulated by any deoxyribonuclectide as
long as ATP is also present (Lammers and
Follmann,1984).

Lewis et al, (1976) described the ribonucleotide
reductase from the water mould Achlya. The specific
activity of the enzyme was found to peak at the same
time as the peak rate of tritiated thymidine
incorporation during the asexual growth cycle. This
time corresponds with the point where the cells are
entering the S-phase of cell division. Using a
partially purified enzyme preparation, they found that
CDF  reduction pEDceeded (linearly with time Ffor 60
minutes) at an optimum temperature o EEDC as long as
at least 0.75 mg protein was present per assay. The CDF
reductase was csensitive to dATP (1.0 mM caused B89%
inhibition)  and hydroxyurea (1.0 @M caused 88%
inhibition of specific activity). They included 10 mM
MgCl , 10 mM dithiothreitol, 10 mM ATP and 0.4 mM CDP

2
in htheir CDP reductase assay. The addition of
ribonucleosides or their di- and triphosphates did not
significantly inhibit the reduction of CDP.

Studies with mammalian ribonuclectide reductase
have shown it to be similar in many regards to the
enzyme of E. coli. The reduction of ribonucleoside
diphosphates is requlated by nuclecside triphosphates

{Thel ander and HReichard,1279; Hards and Wright,

12



1984a,b). There are distinct binding sites for
substrates and two types of sites for the allosteric
effectors (Eriksson gt al,1981). The enzyme requires
iron but does not require Coenzyme B {Youdale et

12

al ,1982; Fujioka and Silber,1946%9). The enzyme reaction
invelves a tyrosine free radical and this radical was
shown to be similar to that of the E. coli enzyme by
electron paramagnetic ;escnance (EFPR) spectroscopy
(Bkerblom et al,1981).

The purification of the mammalian enzyme by
various researchers has yielded a range of molecular
weights for the two subunits. Moore {1977) determined
the molecular weight of M1 from rat Novikoff ascites as
70,000 using SDS-polyacrylamide gel electrophoresis
{(holoenzyme weight of 200,000 - 250,000). Youdale et al
(1982) described an M1 from regenerating rat liver that
only reduced CDF as being 45,000 MW (by electrophoresis
and molecular exclusion high performance liquid
chromatography ). The M2 dimer was measured in the same
manner and found to have a molecular weight of 120,000
making the holoenzyme 280,000 MW. Chang and Cheng
(1979a) measured both the M1 and the M2 dimers at
100,000 MW each, giving the holoenzyme from human
lymphoblast cells a molecular weight of 210,000 {using
sedimentation velocities). Several groups have

researched the enzyme from calf thymus. Engstrém et al

(19279), using SDS5-polvacrylamide gel electrophoresis,

13



reported weights of 84,000 for M1 and 55,000 for MZ.
Thelander et al (1980) found Ml to be 98,000 MW and the
M2 dimer at 110,000 MW wusing the sedimentation
velocities. Mattaliano et al (1981) reported the
molecular weight of M1 as 84,000 and M2 as 58,000
using the electrophoresis method. Cory and Fleischer
(1983) using sedimentation equilibrium produced
different values for the enzyme depending on the
substate being reduced. When CDP reduction was
proceeding, they found weights of 127,000 for M1 and
81,000 for M2 and a holoenzyme of 304,000 MW. The
enzyme that reduced ADP was found to have a 95,000 MW
M1 (same M2) making a thDenzyme weight of 254,000,

The allosteric regulation of mammalian ribonucleo—
tide reductase by nucleoside diphosphates is quite
similar for most sources tested. ATP is the positive
effector for CDP and UDP reduction. The reduction of
GDF is stimulated by dTTP and ADP reduction stimulated
by dGTP. The presence of dATF inhibited the reduction
of all four deoxyribonucleosides. Inhibition of CDP and
UDF reduction was mediated by dTTP and dGTP. The
reduction of GDP was alsoc inhibited by dGTP. This
regulation pattern was found in human diploid
tibroblast (Dick and Wright, 1980), human Molt—-4f (Chang
and Cheng,197%9b), calf thymus (Eriksson et al,1979),
Chinese hamster ovary (Hards and Wright,1981), mouse L-
cells {(Kuzik and Wright,197%9) and rat embryo (Murphree

et al,1968).

14



Chang and Cheng (197%9b) reported a slight variation
in this scheme: GTP was found to be as effective an
activator of ADP reduction by Molt-4F cells as was
dGTFP. Hards and Wright (1981) reported this same
finding in Chinese hamster ovary cells. Lewis et al
(1978} found that E.S/UM dATP stimulated CDF reduction
by 15% in Chinese hamster aovary cells. They also
reported that 40‘/AH dATP stimulated GDP reduction by
10%.

Cells infected by s=ome viruses produce altered
forms of ribonuclectide reductase (Wright,1983).
Infectinn by eqguine herpes virus or Epstein-Barr virus
results in an ochserved increase in resistance to
hydroxyurea and guanazole (Hampar et 2l,1972; HMele et

al,1974; Cochen et al,1977; Allen et al,1978). A virus—
encoded M2 or a modified cellular M2 i=s suspected
because the free radical is the target of these drugs.
The enzyme in cells infected with herpes simplex and
pseudorabies is not resistant to hydroxyurea and EFPR
studies of M2 tyrosine free radical indicated that it
was similar <(though slightly different) to the host
enzyme {(Langelier and Buttin,1981; Lankinen et
al ,1982). The CDF reductase of Herpes simplex does not
require ATP and is not inhibited by dTTF or dAaTP
{Langelier and Buttin,1981; Huszar and Bacchetti,1981;
Lankinen et al,1982).

The allosteric regulation of the T4 bacteriophage

ribonucleotide reductase is similar to that of its

15



host, E. coli, except that dATP activates the reduction
of CDP and UDP rather than inhibiting all reductions
(Berglund,1972). In fact, CDP reduction is stimulated

by dTTF, dCTF, dATP and ATF.
Drugs that Act on Ribornucleotide Reductace

There are several drugs that are known to have
ribonucleotide reductase as their site of action.
Hydroxvyurea is by far the most widely used
chemotherapeutic agent that acts on the enzyme. It has
beén used to treat a variety of soclid tumors, acute and
chronic leukemias and melanomas {Bergsagel et al, 1944,
Bolton et al,19464, Fichbein gt al,19864; Kennedy,1959).
Its chemotherapeutic action was shown to be manifested
in the inhibition of ribonuclectide reductase
(Mohler ,1964; Young and Hodas,1%464). Hydroxyurea
scavenges the tyrosine free radical, an action that can
be followed with EPR spectroscopy (Ehrenberg and
Reichard,1972; Rkerblom et al,i9gi). |

Guanazole (3,5-diamino-1,2,4-triazole) has some
anti-tumor activity (Hahn and Adams=on,1972; Yakar et
al,1973). Brockman et al (1970) showed that it affected
ribonuclectide reductacse in the =ame manner as
hydroxyureas. In keeping with this observation, Hright
and lewis (1974) showed that cells selected for

resistance to hydroxyurea or guanarole wers resistant




to both hydroxyurea and guanazole, indicating that the
two drugs shared a common intracellular site of action.

An  extremely potent inhibitor of ribonuclectide
reductase is 4-methyl-S—amino-1—formylisogquinoline
thiosemicarbazone (MAI@). This is an iron chelator but
is not believed to interfere with the non—heme iron of
MZ. It appears to interact with the enzyme at or near
the site where the dithiol substrate binds (Sartorelli
et al ,1977).

Gossypol, a male infertility agent, is another drug
that targets ribonucleotide reductase (McClarty et
al ,1985). Furthermore, a mouse L cell line that had
been selected for resistance to hydroxyurea was found
to be also resistant to the action of gossypol -

Bleomycin, a 1500 MW glycopeptide antibiotic, was
found to inhibit ribonuclectide reductase of mouse L-
cells, presumably by removing the iron from the M2
subunit (McClarty et al,1286). Frior exposure to
hydroxyurea made the enzyme extremely sensitive to
inhibition by bleomycin , probably by causing a
conformational change in the enzyme and exposing the

iron center.

This water mould belongs to the class, Oomycetes;
order, GSaprolegniales; and family, Saprolegniaceae

(Alexopoulos,1962). At the end of its vegetative cycle,
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the organism forms asexual sporangia and sexual
oogonia and antheridia. Its thallus is filamentous and
contains a multinucleate mass of protoplasm formed by
the division of nucleus but not of cytoplasm of an
original zoospore. It produces nonseptate mycelia and
very stout hyphae. It is a common saprophyte in moist
soil and in waterlogged plant and animal debris.

The growth and other characteristics of Achlya

klebsiana have been reported by Cameron and Lé&John
(1972). In ligquid media with limited nitrogen,
phosphate and glucose, the organism enters the aszexual
grﬁwth cycle. Cytoplasm streams to the tip of the hypha
and is sequestered by the formation of a basal septum.
Sporangiospores are formed from individual nuclei and
released. Primary =zoospores are encysted and rarely
motile while the secondary zoospores are not encysted
and have two flagella. During germination, a thin germ
tube is produced which elongates and widens to form a
hypha. A multinucleate hyphal tube grows and branches
without cross septae. This whole process is completed
o

in 40 hours at 24 C and proceeds in a synchronous

manner.
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MATERIALS AND METHODS
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{I) Organism

The organism used in this study was the coenocytic
filamentous fresh water mould Achlya klebsiana which
was obtained from Dr. Glen Klassen of the Department of
Microbiclogy, University of Manitoba. The life cycle of

this fungus was monitored microscopically (Cameron and

LéJohn, 1972) as it grew in liquid medium.

(I1) Growth Media
(a} G Y medium
Achlya was maintained as mats of sporulating

mytelia in petri plates or Roux bottles containing G Y
2
medium (Cameron and LéJnhn, 1972). It consisted of S?O
g glucose and 0.5 g Bacto yeast extract per L of
distilled water. The solution was made 50‘/AH CaClq and
50//“” MgClq and sterilized by autoclaving. B
(b) PYG m;dium
Achlya spores were allowed to germinate in PYG
medium, (Cantino and Lovett, 1960) and the undifferen-—
tiated hyphae were harvested for the purification of
ribonucleotide reductase. PYG consisted of 3.0 g
glucose, 1.0 g Bacto peptone and 1.0 g Bacto yveast

extract per L of distilled water. It was made 500 //AH

CaCl and SOOJ/AM MgCl and sterilized by autoclaving.
2 2

a

(I1I) Preparation of Achlya klebsiana cultures

20



{a) Maintenance culture

in 100 mm petri plates containing 20 mL of G Y medium
=

for up to 6 weeks at room temperature. Heavy mates of
mycelia developed in 3 or 4 days.

{(b) Culture for spore harvest

The mycelial mats from 5 petri plate cultures were
aseptically removed and combined in 600 mL of G Y
medium in a sterile 1 L Erlenmyer flask. After VigDFDZS
agitation, 100 mL was removed and dispensed into 5 100
mm petri plates to ensure culture maintenance. The
remaining suspension was dispensed in 5 mL aliquots
into B84 sterile 1 L Roux bottles containing 80 mL G Y

>

medium. The bottles were stoppered with cotton plu;s
and stacked on their sides. These cultures were
incubated +for S5 or & days at room temperature until a
thick mycelial mat developed and sporangia appeared to
be plentiful upon microscopic examination.

{(c) Germling preparation

Each of the 84 Roux bottles was shaken vigdrously
and filtered through a double layer of cheesecloth into
sterile 2 L Erlenmyer flasks. aAbout 600 mL of this
spore suspension was dispensed into sach of 12 sterile
2 L Erlenmyer flasks containing S00 mL PYG medium.
These cultures were incubated at EBDC with constant

shaking for 12 hours (hr). The cells were harvested by

suction Ffilter on a Whatman #1 filter in a plastic
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funnel and washed twice with Z00 mL distilled water.

The fungal cake was diced and immediately frozen in

liquid nitrogen. The fungus was either stored at this
o

stage (=70 C) or used for the purification of ribo-

nucleotide reductase.

(IV) Purification of ribonuclectide reductase

Frozen Achlya klebsiana cubes (100-150g) were

ground to a fine powder in liquid nitrogen with a pre-—
cooled mortar and pestle and mixed with an equal
volume/weight of isolation buffer (50 mM Hepes-pH 7.6,
3 mM dithiothreitol and 250 mM sucrose in distilled
water). The mixture was further ground with a Beckman
polytron for 10 minutes (min) on ice. The mixture was
then centrifuged at 15,000xg for 20 min at 4DC. The
supernatant was made 0.5 % protamine sulphate over a 10
min period with stirring on ice. This mixture was then
centrifuged at 15,000xg for 15 min at 4DC. The pellet
was redissolved in isolation buffer containing 6 mM ATP
{adenosine triphosphate) and centrifuged at 15,000xg
for 15 min. The pellet was redissolved in isolation
buffer (without added ATP) and centrifuged again at
15,000xg for 15 min at 4DD. The resulting supernatant
showed an approximately 20 fold purification of
ribonucleotide reductase. This supernatant was made 6
mM  ATP and was placed on a XM100A ultrafilter (Amicon

Diaflo filter that retains molecules greater than

100,000 molecular weight). After several hours at 60
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psi of nitrogen, the retentate (about 10 mL) was
removed and made 100 mM potassium chloride. This
solution was subjected to the same ultrafiltration and
the <final filtrate was made ©0.65 % streptomycin
sulphate. This mixture was centrifuged at 15,000ug for
15 minutes at 4DC and the supernatant was dialyzed for
4 hours against 2 changes of 4 L of 20 mM Hepes—pH 7.8,
SmM dithiothreitol. 6s présented in the Results section

(Figure 2), the ribonuclectide reductase in this

fraction proved to be approximately 150 fold purified.

(V) Standard ribonuclectide reductase assay

The assay for the reduction of CDP (cytidine
diphosphate) was a modified version of the reaction
used by Lewis et al (197631977). A total reaction

mixture of 150‘/AL contained 32 mM cold CDF, 0.33 nmole
14
C-CDF, & mM dithiothreitol, & mM ATP, S50 mM Hepes—pH

7.6 and up to 100 /uL of cell extract. The reaction was
!
incubated at 37 €C for 30 min and terminated by heating

in a boiling water bath for 4 minutes. 1 mg Crotalus

atrox venom was added to convert the deoxycytidine

phosphates to deoxycytidine (Cory,1973). The reaction
was incubated for 1 hr at 37DC and terminated by
heating in a boiling water bath for 4 min. The reaction
mixture was then passed through a column of Dowsx 1-—

borate {(Steeper & Steuart, 1970). The column was washed

with 5 ml of distilled water and the eluant containing
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the deoxycytidine was collected. 10 mL of Fisher
Scintiverse I1 was added to each sample for liquid
scintillation counting. Enzyme activity was expressed
as nanomoles CDP reduced per milligram protein per
hour.

The ion exchange resin (Dowex 1-Borate) was
prepared by converting Dowex 1-chloride x 8 (200 — 400
mesh) to the borate form. This was accomplished by
resuspending S00 g of the resin in 6 L of saturated
sodium borate with stirring overnight at room tempera-—
ture. The resin was then filtered on a large Buchner
funnel and resuspended in another &6 L of saturated
sodium borate. The resin was filtered in the same
manner aftter it had stirred overnight. After washing
with 16 L of deionized water, the Dowex 1-Borate was
made into a thick slurry with the addition of a small
amount of deionized water and stored at 4DC.

(VI) Standard Protein fAssay

The standard assay procedure used for protein
determination was the "Bio—Rad" method using the Bio—
Rad protein determination kit (Technical Bulletin
1051). A series of standards (100-800 /ug bovine serum
albumin/mL) were first prepared using isolation buffer
(30 mM Hepes-pH 7.6, S5 mM dithiothreitol and 250 mM
sucrose in distilled water). 0.1 mL of these standards
and diluted samples of the extracts were placed in test
tubes. The Bio—Rad reagent was diluted 1:5 with

=

deionized water and a S mL aliquot added to each
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sample. The tubes were mixed by gentle inversion and .
after 5 min 4 the absorbance at 595 nanometers was
recorded. After plotting the standards on an absorbance
versus concentration curve, the protein content of the
extracts was determined.

(VII) Preparation and Storage of Molecular Ultrafilters

Two different Amicon Diaflo ultrafilters were used
in the purification process. The XM100A membrane was
used to separate molecules greater than 100,000
molecular weight from the smaller molecules in the
extracts. The UM10 membrane was used to both
cnﬁcentrate and desalt some of the large volumes of
extracts.

The XM100A membranes were scaked in distilled water
prior -to use. The filtration took place at 4DC under
pressures not exceeding 60 psi. After use, the filters
were washed with 1 M sodium chloride followed by
distilled water and stored wet in 10 % ethanol /water at
4DC.

The UMi0 membranes were soaked in 25 %
glycerin/water for at least 10 min followed by a 1  hr
rinse in distilled water {( several changes ). The
filtration took place at 4DC at pressures as high as 90
psi. The membranes were cleaned by washes with 1 M

sodium chloride and distilled water and stored in  the

same manner as the XM100A membranes.
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(VIII) Tritiated Thymidine Uptake

The uptake of tritiated thymidine by Achlva mycelia
was monitored to determine the optimum time after
germination for the harvest of the mycelia for the
purification of ribDnuciEDtide reductase. Lewis gt al
(1976} showed that the specific activity of
ribonucleotide reductase peaked at the same time as
the peak rate of thymidine incorporation into acid
precipitable matter was observed.

Seven six-day Roux bottles of Achlya mycelia were

added to 500 oL of PYG medium in a 2 L shaker flask and
o

incubated in an orbital shaker (170 rpm) at 2B C. After

3

2 hr, 100 /ML of [6— Hl-thymidine (1 mCi/mL stock
concentration) was added to the culture making 1t OJ}A
Ci/mL. After another 2 hr, a 25 mL aliquot of the
culture was removed, mixed with 25 mL of cold 5S0%
trichloroacetic acid (TCA) and allowed to sit for 10
min at 4DC. The mixture was then filtered through a
glass fibre filter (prewashed with 10% TCA). The filter
was then washed twice with each of cold S%Z TCA aﬁd coeld
phosphate-buffered saline (FBS), followed by drying in
a EOODC oven for 5 min. The filter was then placed in a
scintillation vial with 1 mL Amersham NCS tissue
solubilizer and incubated for 1 hr at 6ODC. After the
vial had cooled, 65‘/uL of concentrated hydrochloric

acid - (HC1l? was added as well as S ml. of Scintiverse

IT{Fisher). Time-course aliquots were taken hourly
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until 16 hours after germination

exactly as described above.

and

were

treated
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SOURCES OF MATERIAL

Most biochemicals were obtained from Sigma Chemical

Company, St. Louis,MO or from Fisher Scientific Company

Ltd., 18 Plymouth 5t.,

Winnipeg,MB. Materials that were

purchased from other sources are listed below.

Ammonium sulfate

Bleomycin
i4

C—-CDF
Dowex AG1-X8

exchange resin

Filters: XM100A UM10

glass fibre

cellul ose

Guanazole

MAIQ

NCS tissue solubilizer

FPeptone

Protein Assay

-r

e

H-thymidine

Yeast Extract

Aldrich Chemical Co., F.0.Box
2060, Milwaukee, Wisconsin, USA

Bristol Laboratories of Canada
Belleville, Ontario

Amersham Corp., S05 Iroquois Rd.
Oakville, Ontario

Bio—Rad Labs, 3140 Universal Dr.
Mississauga, Ontario

Amicon Corp., 1226 White 0Oaks
Blvd., Oakville, Ontario

Gelman Sciences,Inc., 2906 Diab
S5t., Montreal, Guebec

Whatman Inc.,9? Bridewell Place,
Clifton, New Jdersey, USA

B. Woods,Jdr.% L.H.Kedda U.S5.
National Cancer Institute
Silver Springs, MD, USA

B. Woods,Jdr.% L.H.Kedda
{(see above)

Amersham Corp. (see above)}

Difco Laboratories
Detroit, Michigan, USA

Bio—Rad Labs (see above)
Amersham Corp. {see above)

Difco Laboratories {see above)
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(I) Purification of Ribonucleotide Reductase

(a) Growth and harvest of mycelia

Cultures of Achlya klebsiana were maintained as
described in the Materials and Methods. In order to
determine the optimum time to harvest the germinating
sSpores for the purification of ribonucleotide
reductase, their uptake of tritiated thymidine was
monitored. Lewis et al (1976) showed that the specific
activity of ribonuclectide reductase peaked at the same
time as the peak rate of thymidine incorporation into
acid precipitable matter was observed. Figure i

illustrates the incorporation of tritiated thymidine by

germinating spores of Achlya klebsiana. There was no

appreciable amount of incorporation until 9 hr after
germination when a great burst of thymidine uptake was
observed. The peak in the rate of uptake occurred at 172
hr after germination, showing a seven fold increase
over the rate at 9 hr. Over the next 4 hr, the rate
dropped gradually to about 2/3 of its peak value.
Achlya mycelia were harvested at 12 hr after spore
germination for the purification of ribonuclectide
reductase.

{(b) Purification protocol

A scheme of the method of enzyme purification
which vyielded the best results is presented in Figure

2. This method exploited the characteristic aggregation

of the enzyme when in the presence of 6 mM ATP. The
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Figure 1:

Thymidine uptake by germinating spores of

A2 L flask with 500 mL PYG medium and

S00 ml germinating spores was made 0.1
3

/uCi/mL with H-thymidine. 235 mL samples

were taken hourly and treated as

described in Materials and Methods.
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Figure

+

Furification scheme for ribonucleotide
The protocol is described in detail in
Materials “and Methods. The extract
applied to the XM100A ultrafilter was
already purified 20 fold. The result of
the first ultrafiltration was a S8 fold
purification. The second ultrafiltration

step resulted in a 159 fold purification.
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dry,powdered Achlya + equal vol/wt isclation buffer
—polytron 10 minutes, on ice
—centritfuged for 20 minutes at

15K % g ’
supernatant

1

-made 0.5% protamine sulfate,
—centrifuged for 15 minutes at

13
I
13
¥
¥
3
¥

13K « g
pellet supernatant
i—redissolved + & mM ATP, discarded
i—centrifuged for 15 minutes at
1 15K % g
supernatant pellet
discarded i—redissolved — ATF,
i—centrifuged 15 minutes at
i 15K % g
pellet supernatant (20 x purified)
discarded i—made & mM ATP,
P =XM100A ultrafilter
retentate (58 x purified) filtrate
-made 100 mM KC1, discarded

—XM100A ultrafilter

retentate filtrate

discarded —-made 0.465% streptomycin
sul fate,

—centrifuged 15 minutes at
13K % g

—dialyzed for 4 hours

BN L T T
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aggregate precipitated when mixed with 0.5% protamine
sulfate but dissociated when the ATF and protamine
sulfate were removed, remaining as a functional enzyme.
The 6 mM ATP caused the enzyme to aggregate and be
retained by the XM100A membrane {100,000 Mid
ultrafilter). When 100 mM kKCl was added, the aggregate
dissociated and was able to pass through that same
membrane. This method yielded a fairly high degree of
purification (approximately 150 fold) and proved to be
the most gentle approach.

The ribonuclectide reductase from Achlya was
very sensitive to dilution. Any purification step that
resulted in low protein concentrations resulted in huge
losses of enzyme activity. Lewis and Wright (1978}
showed that the activity of ribonucleotide reductase
decreases logarithmically with decreasing protein
concentration. For this reason, ultracentrifugation was
an unsuccessful step as was any chromatography that
greatly increased sample volume. Lost activity was not
restored by concentration so steps were taken to ensure
such dilution did not take place. When grinding the
frozen mycelia mats, no mare than an equal
volume/weight of isclation buffer was used (1 mL per g
cells). The csmallest possible volumes were used to
resuspend the various pellets. Gel filtration steps for
desalting were replaced by dialysis. Concentrating the
sample extracts also proved difficult as the enzyme

seemed to be extremely sensitive to destruction by
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ammonium sulfate. Cooper (1977) suggested that the salt
should be added as a solution in these cases and that
the duration of this exposure be minimized. These
suggestions did not help as it caused the volume to be
increased and exposure was lengthy during dialysis.
Even the use of 99.9999% pure ammonium sul fate {(Aldrich
Chemical Co.-"Gold Label™), ground to a fine powder was
toc destructive. Experiments with polyethylene glvcol
(PEG) showed that the enzyme was precipitated by 15%
PEG but at an unacceptable loss of specific activity.

A hollow fibre concentrator was also employed, but
wiﬁh limited success. A large proportion of the protein
was lost in the concentrator and the protein that was
concentrated had quite low specific activity. The
Amicon Diaflo UMI1O ultrafilters gave the best results
in both the amount of protein recovered and in
maintaining high specific activities of the extracts
after concentration. The drawback with both of these
mechanical concentrators was the amount of time
required for the process ( 2 - 5 hours).

Another step that was employed to keep protein
concentrations above a critical level was the addition
of bovine serum albumin {(BESA) to the extracts. Most
assays were performed on extracts that were at 1sacst
0.5 mg/mL  (if they were less concentrated than this,
sufficient BSA was added). BSA was often added in

concentrations as high as S mg/mL to improve activity.
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(II) Characteristics of the Reductase Assay

(a) Effect of pH

The effect of pH on the specific activity of
ribonucleotide reductase was determined by making a
series of buffers spanning the range of pH S.6 - 8.8.
The first subset of that range (pH 5.6 - 4.4) was made
using 2-[N-Morpholinclethanesulfonic acid (MES).
Fiperazine-N,N'-bis[2-ethanesulfonic acidl (PIPES) was

used for the range of pH 6.4 — 7.4. N-2-Hydroxyethyl-

piperazine—-N’"—-2-ethanesulfonic acid (HEPES) was ucsed
for pH &.8 — 8.0. Tris(hydroxymethyl)aminomethane
(TRIS) was used for the range of pH 7.0 - 8.8. Each

assay tube contained the same enzyme preparation {(11.8
mg/mL). Figure 3 indicates a rather narrow pH range for
effective reduction of CDP (pH 7.2 - 8.5), with optimum
pH being 7.8. HEPES at pH 7.8 was chosen as the
standard CDF reaction buffer.

(b} Effect of Temperature

The effect of temperature on CDPF reduction was
determined by dispensing 250 /ug of an enzyme prepara—
tion into duplicate reaction tubes in each of four
different water baths (23, 28, 37 and 45 DC). Each

temperature had a separate control tube as well, with

BSA replacing the enzyme. Figure 4 shows a rather

narrow temperature preference for the enzyme, with the
o
optimum temperature being 37 C even though the fungus
)

grows optimally at ZB C. The standard CDF  reductass
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Figure 3

38

The effect of pH on the CDP reductase assay.

As described in the Materials and Methods,
reaction mixtures were prepared using
different buffe} solutions (MES, PIPES, HEFES
and Tris) covering a pH range of 5.6 - 8.8.

The assay was performed in the usual manner.



39

1.2

1
O
-

(4uy/bw/dao m_oEcv ALIAILOY OI4I03dS

8.8

8.4

8.0

68 7.2 7.6

6.4

56 6.0

pH



Figure

4z

The response of CDF reductase to changes in
temperature.

The assay was performed as described in the
Materials and Methods except that 4
different incubation temperatures were used

concurrently.
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o
assay was performed at 37 C.

{c) Effect of Dithiothreitol on CDF Reduction

A range of dithiothreitol (DTT) concentrations (0 —
12 mM) was tested for their effect on CDF reduction.
Each +tube received 295 /UQ of an enzyme preparation
that was dialysed against a buffer containing no DTT.
Figure T indicates that some enzyme activity remained
even in the absence of DTT. Specific activity increaced
steadily to a peak at 6 mM DTT followed by a gradual
drop in activity from 6 mM to 12 mM. The standard assay
conditions for CDF reduction included & mM DTT.

{(d) Effect of Adenosine Triphosphate Concentration

Figure & shows the effect of increasing
concentrations Df adenosine triﬁhasphate {(ATF} on the
rate of CDP reduction. There was quite a bit of enzyme
activity even in the absence of ATP. Specific activity
peaked at 6 mM ATP and decreased until a concentration
of 14 mM ATP was reached. Subsequent additions of ATF
{14 - 20 mM) had no effect on the specific activity.
This finding was consistent with those of Moore and
Hurlbert (19266) in mammalian systems in which it  was
found that ATP was required for maximum CDF reduction.
The standard assay of CDFPF reduction by Achlva
preparations contained & mM ATP.

{e) Requirement of Magnesium Ions

The addition of magnesium ions (MgCl ) to the CDF

2

s

reductase assay mixture did not enhance specific

activity at all. The addition of magnesium has been
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Figure

O3

43

The effect of increasing concentrations of
dithiothreitol on CDF reductase.

The standard CDP reduction assay was
performed ;xcept that increasing
concentrations of DTT were added to the

assay tubes.
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Figure

&2

The response of CDF reductase to increasing
concentrations of ATP.

The assay was performed as before except
that the concentration of ATP was varied

tfrom O — 20 mM.
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Table 1.

Effect

[MgCl 1 (mM)
>

14

i8

20

100% activity

of MgCl on CDP reductase activity
e

% Specific Activity

1.51 nmole CDP/mg/hr



shown to enhance CDF reductase in E. coli{Engstrém et

al 1979}, 8. cerevisiae (Vitols et al,1970), rabbit
bone marrow {(Hopper,1972), calf thymus (Mattalianoc et
al,1981), and Chinese hamster ovary cells (Hards and
Wright,1984a). Hopper (1972) and Mattaliano et al
(1981) suggested that magnesium ions promoted the
binding together of the two non—-identical subunits of
ribonucleotide reductase: Table 1 indicates that this
addition may actually inhibit slightly the reduction of
CDP. Tyrsted and Gamulin (1279) found that the presence
of magnesium ions was not essential for CDP reduction
in. phytohemagglutinin stimulated human lymphocytes.
Magnesium ions were not included in the standard assay
for CDF reduction.

(¥} Response to Increasing Protein Concentration

Figure 7 shows the effect that increasing amounts
of protein had on CDP reductase activity. Up to 225
/Jg of extract, the effect of added BSA was not
detected. At this point, the two curves diverge and the
curve with added BSA rose at much faster rate. This
was consistent with the findings of Lewis and Wright
(1978) and FKuzik and Wright (1980) and suggests that
the enzyme may be dissociating at low protein
concentrations (Hopper,1972). O0On the basis of these
findings, the standard CDP reduction assay was
performed using at least 0.5 mg of protein {(dilute

samples supplemented with BSA).
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Figure

7

The effect of protein concentration on the
rate of CDP reduction.

The amount of protein extract added to the
assay tubes was varied from 50 - 400
/ug. The curve for enzyme extract alone
is plotted with (@) while the tubes that
received 0.5 mg BS5A are plotted with ().
The assay was performed in manner described

in the Materials and Methods.
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{g) Standard CDP Reductase Assay Conditions

The standard conditions for the assay of CDP
reduction are presented in Table 2. The assay was
carried out in a total volume of 150//4L, so the volume
of 350 mM HEPES pH 7.8 was altered to accommodate the
various additives being tested.

The properties of CDF Reductase from Achlya are
presented in Table 3. The effects of various additions

or omissions on the activity of the enzyme are

expressed.
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Table

52

2. Standard CDP reduction assay conditions

32 mM cold CDP
14
0.3% nmole C—-CDP
&6 mM dithiothreitol
& mM ATF
30 mM HEPES buffer pH

at least 0.5 mg total

reaction was carried
and was terminated by

7.8
protein/assay point
o

out at 37 C for 30 minutes
boiling for 4 minutes.




Table Z. Properties of CDP reductase from Achlya

Omission or Addition % Activity
complete 100%

- ATF 77.5

- DTT 46.7

- MgCl 100

3

+ 4 thdGTP 280

+ 10 oM CTP 256

+ 10 mM dCTF 81

+ 10 mM dTTF 15

+ 200 mM hydroxyurea 20




(III) Kinetics of CDP Reductase from Achlya

(a) Km for CDP

Figure 8 1is a Linewesaver—-Burk double reciprocal
plot showing the dependence of reaction rate upon CDP
concentration with &6 mM ATF as the positive effector.
The curve is linear and gives an apparent kEm value of

20 mM CDF and a Vmax value of 13Z.3 nmoles CDF/mg/hr.

(b)) Effect of dATP on CDP reductase

Figure 9 indicates that dATP had no inhibitory

et al (1970) showed that dATP was inhibitory to CDP
reﬁuction by Saccharomyces cerevisiae. Thelander et al
(1979) demonstrated dATP inhibition of ribonuclectide
reductase in Escherichia coli. Wright (1983) reported
that the CDP reductase of Chinese hamster ovary cells
was inhibited by dATP.

Figure 10 shows that the CDP reductase of Achlya
was actually stimulated {(up to 2 fold) by addition of
small amounts of dATP. This experiment was performed by
altering both the concentration of dATP and ATF (ie.
the ratio of dATP/ATP was altered). The addition of 0.5
mM  dATF caused an increase in activity of about 160%
over the range of 1-5 mM ATP. 1 mM dATP caused more
than 3Z00% stimulation of activity over the sameb range
cf ATF concentrations. The addition of 2 mM dATP caused

a 255% stimulation with 2.5 mM ATF present but this

stimulation dropped to 160% at S mM ATP.
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Figure

8:

Determination of Km for CDP with ATF as an
activator.

The standard CDP assay was performed except
that the concentration of CDF was varied
from 0.2 -1 @M. A Lineweaver—-Burk double
reciprocal plot was generated and the Km

found to be 20 mM.
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Figure 9: The response of CDP reductase to dATP.
The assay was performed in the manner
described in the Materials and Methods. The

tubes received from © — 10 mM dATF.




58

40

g@
O
%
¥
o o O
X

™ -
ATE\@E\&QO Sjowu) ALIAILOV 21d1D3dS

10

dATP (mM)



Figure 10: The effect of altering the dATF/4TP
the rate of CDFP reduction.

Each assay tube received a range of

ATP. The tubes in the &) plot also

0.3 mM dATP. Those in the

1.0 mM dATP and in the @ plot ,

ratio on

1 - 35 mM

received

received

mM dATF.
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{c} Effect of dGTFP on CDP reduction

Figure 11 shows that CDP reductase activity was
enhanced by the addition of dGTF. With I mM dGTP,
activity was elevated 3.8 fold. Further additions
elicited a lesser response but at 10 mM dGTF
stimulation was still 2.5 fold. Thelander et al (1979

showed that dGTP was inhibitory to CDP reduction in

Ezcherichia coli. MWright (1983) reported that dGTF was

inhibitory to the CDP reductase of Chinese hamster
ovary cells.

{d) Effect of dTTP on CDF reductase

The addition of dTTP caused substantial inhibition
of CDFP reduction. Figure 12 shows a mafked decrease in
activity when 1 mM dTTP was added {(about S50%Z activity).
When 5 mM dTTP was added, CDP reductase activity was
reduced to just 14%.

() Response of CDP reductase to dCTP addition

The addition of dCTF had a minimal effect on CDF
reductase. This is demonstrated in Figure 13. There is
a slight increase in activity (13%) when 2 mM dCTP was
added. An addition of 10 mM dCTF caused a 19% decrease
in CDP reduction. Hards and Wright (1984b) reported a
more dramatic stimulation {(about 15 fold at 4 mM dCTF)
of the CDP reductase in Chinsse hamster ovary cells.

{(f} Effect of CTP on CDP reductase

The addition of CTP to the reaction mixture of the
CDP  reductase assay caused an increase in specific

activity. Figure 14 shows a gradual increass in
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Figure 11:

Activation of CDP reductase by dGTP.
A range of 0 — 10 mM dGTP was added to the
assay tubes and the CDFP reduction assay was

performed as previously described.
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Figure 12:

Inhibition of CDP reductase by dTTP.
The CDP reductase assay was performed as

before with the addition of O — 10 mM dTTP.
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Figure

Tu
— =

Response of CDF reductase to the addition of
dCTF.

The CDF reductase assay was carried out as
described in the Materials and Methods with
the addition of 1 — 10 mM AdCTP to the assay

tubes.
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Figure

14:

68

The response of CDP reductase to the
addition of CTPR.

The CDP reductase assay was performed in
the manner previously described. The assay

tubes also received 1 — 20 mM CTP.
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activity until 10 mM CTP when a 2.6 fold stimulation
was produced. Further additions (up to 20 mM CTP) did
not affect this level of stimulation.

{g) Response of CDP reductase to GTP

Figure 15 illustrates the response of CDF reductase
to the presence of GTFP as a positive effector in the
absence of ATP. The curve is similar to Figure &
(Effect of ATP) in that it shows that there is some
activity in the absence of any activator (GTP or ATP)
but that specific activity increased to a maximum with
the addition of the activator (in both cases &6 mM).
Figure 16 is the Lineweaver—-Burk plot of initial
reaction rates using &6 mM GTP as the positive effector.
This curve is linear and yields an apparent Km value of
16 mM CDP and a VYmax value of 67.0 nmoles CDOP/mg/hr.
Hards and Wright (1984b) reported this same effect in
the Chinese hamster ovary system, where GTP could
replace ATP as the positive effector.

{h) Effect of UDP on CDP reductase

Figure 17 indicates that the addition of UDFP did
not inhibit the reduction of CDF. Cory (1979) had
postul ated that UDP would act as a caompetitive
inhibitor of CDP reduction in Ehrlich Tumor cells
because both CDP and UDF reduction require ATP as an
activator. Also, the two substrates apparently bind at
the same catalytic site in mammalian cells and should

compete for this site, however he did not find this
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Figure 15:

71

GTF as a replacement of ATP as the activator
of CDP reductase.

The standard CDF reductase was carried out
without any ATP in the reaction mixture.

This was replaced by O — 10 mM GTP.
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Figure

i6:

Determination Km for CDP with GTP as the
activator.

This assay was done in the same manner as
in Figure 8 except that [CDF1 ranged from
4 - 40 mM and & mM GTP was used as the
activator. The kKm was found to be 16 @M

CDPF.
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The response of CDF reductase to the
addition of UDP.

The CDP reductase assay was performed as
described in the Materials and Methods
with a range of CDP concentrations of 0.01
to O¢.4 mM. One set of assay tubes didn't
receive any UDF (@) - The tubes
that form the (&) plot received 0.3 mM UDP.
The (&) set received 1.0 mM UDF. A double
reciprocal plot was made with a single

line that represents all the points.
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with enz yme prepared from Ehrlich Tumor cells.
Therefore, the results obtained with CDP reductase
prepared from Achlya resemble those observed by Cory
(19793 .

(1) Inhibition of CDP reductase b? hydroxyurea

The introduction of hydroxyurea {(Hu) to the
optimized assay conditions caused inhibition of CDP
reduction. Figure 18 illustrates this effect. The
addition of 24 mM hydroxyurea caused a S0% reduction in
CDF reductase activity while only 20% activity remained
atter the addition of 200 mM hydroxyurea. These were
extremely high doses of drug to illicit this degree of

inhibition. Vitols et al (1970) added S mM hydroxyurea

to extracts of Saccharomyces cerevisiae and found S4%

of the CDP reductase activity remained. Wright (1983)
reported that the addition of 0.7 mM hydroxyurea caused
an BOZ decrease in the CDF reductase activity of
Chinese hamster ovary cell extracts.

{j) Hesponse of CDFP reductase to gossypol

The addition of gossypol {an antiprolitferative,

male antifertility agent - Chang et al1,1980) had no

effect on the CDP reductase of Achlya klebsiana. Table
4 indicates that there was no apparent inhibition of
specific activity caused by this drug. McClarty et al

(1985) demonstrated that the ribonuclesotide reductase
of mouse L cells was very sensitive to inhibition by
gossypol. at a drug concentration of Just bl

/JM, enzyme actiwvity was reduced to less than 10%. When
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Figure

18:

CDP reductase activity in the presence of
increasing concentrations of hydroxyurea.
The standard CDP reductase assay was
carried out. Concentrations of hydroxyurea
from O — 200 mM were added to the assay

tubes.
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Table 4. Effect of gossypol on CDF reductase

[Gossypol ] (/AM) % Specific Activity

9] 100%

10 8&6.1
20 113.9
40 3.3
60 83.3
80 86.1

100 119.4

300 100.0

400 97.2

100% activity = 0.36 nmole CDF/mg/hr




8 times as much gossypeol (0.4 mM) was added to Achlya

CDP reductase, no effect was detected.

(k) Response of CDP reductase to guanazole

Table 5 shows that the addition of very large
amounts of guanazole had no inhibitory effect on the
CDFP reductase of Achlya klebsiana. Lewis and Wright
(1978) found +that the CDP reductase prepared from
Chinese hamster ovary cells was sencsitive to
guanazole; the addition of 2 mM guanazole caused a 657%
decrease in CDP reduction. The addition of as much as
30 mM guanazole did not inhibit the CDP reductase of

(1) Effect of MAIQ on CDP reductase

Table 6 shows that MAIG (4-Methyl-S—-Amino—1-Formyl-
isoquinoline Thiosemicarbazone) had no inhibitory
effect on CDP reductase from Achlya. In fact, it seemed
to enhance specific activity by as much as &&6% (at 0.4
mM) . Preidecker gt al (1980) reported that partially
purified extracts from rat Novikoff Tumor cells
subjected to 25 /AM MAIQ showed 83% inhibition of CDP
reduction.

{m) Response of CDP reductase to bleomycin

The introduction of bleomycin to the assay for CDP
any inhibition of specific activity. Table 7 indicates
that high levels of the drug actually enhanced CDpP

reduction (707 /AAH bleomycin caused an increase to

222.9% of control activity. McClarty et al {19846)
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Table 5. Effect of guanazole on CDP reductase

fGuanazolel (mM) % Specific Activity

Q 100%

1 76.8
S 83.7
10 ?5.2
15 77.5
20 B8S5.6
23 F4.0
30 &4.4
35 117.0
40 85.6
45 80.9
50 108.6

100% Activity = 41.8 nmole CDP/mg/hr



Table 6. Effect of MAIZ on CDP reductase.

CMAIGT ¢ uM) % Specific Activity

0 100%

10 164.5
50 147.4

100 149.3

150 148.1

200 160.8

400 166.0

1007 Activity

= 41.8 nmole CDF/mg/hr

MAIQ = 4-Methyl-S-OBmino—1-Formylisoquinoline
Thiosemicarbazone
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Table 7. Effect of bleomycin on CDF reductase

[Bleomycinl

(/MM)

707

800

P07

1.0 mM

100%

g81.0

200.4

166.2

% Specific Activity

1007 Activity

28.4 nmole CDP/mg/hr



described 15 — 20X inhibition of CDP reduction by
extracts of mouse L cells when exposed to 6 /ﬁAM
bleomycin.

(IV) Summary of the Effectors of CDP reductase

Some of characteristic responses of CDP reductase

from Achlya klebsiana to a variety of positive and

negative effectors and antiproliferative drugs are
presented in Table 8. Vitols et al (1970) was used as

the source of the data on Saccharomyces cerevisiae. The

characteristics of the Escherichia coli enzyme were
found in the work of Thelander et al (1979), Hogenkamp
(1984) and Cohen et al {(1985). The information about
the CDF reductase from Chineseé hamster ovary cells was
taken from Wright (1983) and Hards and Wright (1984hb).
The data about the Herpes simplex II CDP reductase was
supplied by Wright (1983), Huszar and Bacchetti (1981)
and Cohen et al (1985). The characteristics of the CDP
reductase of T4 phage was taken from the work of

Hogenkamp (1984), Follman (1974), Cohen et al (1985

and Berglund (1272).
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Table 8. Comparison of the effectors of CDP

reductase from various sources

N dATF dGTP dTTP UDP ATP GTP MgC12 DTT Hu MAIE Guan

AN
AN
\
.k, + + - Q + + 0 + —% (O 0%
S5.C: — + + + -
E.c. - - + - + + + - - -
CHQO - - - - + + + + - - -
HsIIl O QO QO - Q + - - -
T4 + Q + + + O + - - -
* = extremely high level of drug used
+ = activation

= inhibition

O = no effect

A.k. = Achlya klebsiana

S.c. = Baccharomyces cerevisiae
E.c. = Escherichia coli

CHO = Chinese hamster ovary cells
HsII = Herpes simplex II

T4 = T4 bacteriophage
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Ribonucleotide reductase was partially purified
from Achlya klebsiana, a common water mould. The onset
of S-phase was determined by monitoring the rate at
which tritiated thymidine was incorporated intoc acid
precipitable material {Lewis et al, 197&) . This
indicated that 12 hours after cpore germination was the
time to harvest the fungal mycelia to obtain the
maximal amount of ribonucleotide reductase (Figure 1).
Lewis et al (1976) reported that the peak of thymidine
uptake and maximal CDP reductase specific activity
occurred at ? hours after spore germination but chose
to routinely harvest the cells after 10 hours. This
time difference was most likely due to differences in
the growth conditions. Lewis et al (1976) used G Y

2
media in 15 L carboys incubated at EBGC with aeratiog.
This study found that PYG medium in 2 L flasks in an
orbital shaker provided better growing conditions, was
more easily hanaged, and yielded higher CDFP reductace
specific activities.

The enzyme purification was designed to exploit the
characteristic aggregation of ribonucleotide reductase
when in the presence of ATP. Youdale et al (1982)
reported that ATP caused the aggregation of the L1 (M1)
subunits of regenerating rat liver ribonucleotide
reductase. They had reasoned that because the optimum
effector concentration of ATP was 3.2 mM, L1 purified

in the presence of ATF would yield an enzyme activated

to reduce CDF {(when recombined with L2/M2). They found
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that aggregates resulted, increasing the apparent
molecular weight by roughly 10 fold {measured by
molecular exclusion high performance liquid
chromatography). These aggregates dissociated when the
sample was made 0.1 M potassium chloride.

Thelander et al (1980) found that dTTP caused M1 of
calf thymus to form dimers, dATFP caused tetramers and
ATF produced both dimers and tetramers. They suspected
that these nuclectide effectors manifested their
activation or inhibition by inducing conformational
changes in the enzyme that resulted in aggregation.

| Brown and Reichard (1246%) reported that dATP caused
the aggregation of both Bl and B2 of the E. coli
enzyme. The addition of dATP or ATP resulted in the
formation of aggregates of Mi("dye fraction™) of
ribonucleatide reductase from Ehrlich tumor cells
(Klippenstein and Cory, 1978).

This study showed that 6 mM ATP resulted in more
CDF reductase retained by the XHIOOA ultratilter ({(ie.
more aggregation) than did 3.3 mM. Further increases in
the ATP concentration did not improve the purification.
It should be noted that &4 M ATFP was the optimum
concentration for activating CDP reduction (Figure 6).

These aggregates precipitated when mixed in 0Q.5S%
protamine sulfate and centrifuged but when the
resulting pellet was redissolved in iscolation buffer

without ATP, subsequent centrifugation left the CDF
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reductase activity in the supernatant (Figure 2).

The addition of 100 mM KCl1 was sufficient to
dissociate the aggregates retained by the XM100A
ultrafilter and did not destroy enzyme activity
{assayed after dialysis). This concurs with the
findings of Youdale et al (1982) and Mattaliano et al
(1981).
was found to be extremely sensitive to dilution.
Concentration of dilute extracts did not restore CDP
reductase activity. Lewis and Wright (1978) reported a
logarithmic decrease in enzyme activity with decreasing
protein concentration with Chinese hamster ovary cells,
in agreement with the studies of Peterson and Moore
(12746). Similar non—-linear response to protein concen-
tration was reported by Hopper (1972) for ribonucleo—
tide reductase from rabbit bone marrow and in mouse L-
cells by Kuzik and Wright (1980).

As a result of this sensitivity, purification steps
that might increase sample volume profoundly were not
successful. Ultracentrifugation was not used and gel
filtration was replaced by dialysis. Bovine serum
albumin was added to extracts as a protein carrier to
protect the enzyme from this dilution effect. Lewis
{1978} found that the addition of BSA did not prevent
the inactivation of ribonucleotide reductase from
Chinese hamster ovary cells. Enzyme assays were

performed on extracts from Achlya that wers at least
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0.5 mg/mL protein (sufficient BSA was added to more
dilute samples).

The CDFP reductase from Achlya was also very easily
destroyed by ammonium sulfate and by polyethylene
glycol sc these could not be used to concentrate the
enzyme. Vitols et al (1970) encountered the same
problem in the purification of ribonucleotide reductase
from Saccharomyces cerevisiae. No CDP reduction
activity was detected in extracts that had been exposed
to 0.2 mM ammonium sulfate. Similarly, 0.2 M sodium
chloride 1left only about 10% of control activity and
0.2 M potassium phophate left about 207 activity. They
suggested that this inhibition was most likely a result
of increased ionic strength (not caused by the species
of ion itself). The yeast ribonucleotide reductase was
found >tD be very unstable (Vitols et al,1979; Lammers
and Follmann,1984). The enzyme dissociated in solution
into its component subunits which were subsequently
irreversibly damaged.

Ltewis et al (19746) assayed the activity of CDF
reductase from Achlya in a manner that differed in
several ways from that found in the Materials and
Methods. They included 10 mM MgCl 10 mM

2
dithiothreitel, 10 mM ATP and 0.4 mM CDP in 50 mM Hepes
at pH 7.5 and ran their assays for 60 minutes at EED.
This study indicated that some changes +to these

parameters would be beneficial.

The addition of magnesium ions had no positive
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effect on CDP reduction. In fact, they may have caused
a slight inhibition of the reaction (Table 1.
Magnesium was omitted from the standard CDP reductase
assay. Tyrsted and Gamulin (1979) reported that the
enzyme from phytohemagluttinin-stimulated human 1lympho-
cytes did not require magnesium ions for CDP reduction.
Engstrom et al (197%) found that they did not have to
include magnesium in their purification of the calf
thymus ribonuclectide reductase in contrast to their
studies on the E. coli enzyme. They also reported that
the calf thymus enzyme showed approximately S0% maximal
acfivity when magnesium was omitted from the assay.

Magnesium ions are not required by the enzyme from
bacteriophage T4 (Berglund,1972). The subunits of this
enzyme are bound together much more tightly and do not
dissociate upon purification. Huszar and Bacchetti
(1981) found that the ribonucleocotide reductase induced
by Herpes simplex virus did not require magnesium ions
for activity.

The optimum concentration of dithiothreitol in the
CDF reductase assay was determined to be 6 mM (Figure
5. This seems to be a standard value for
ribonucleotide reductase assays. Huszar and Bacchetti
(1981) used 6.2 mM dithiocerythritol (an analog of DTT)
in the assay of activity in extracts of Herpes simplex
virus—-infected baby hamster kidney cells. Hards and

Wright (1984a) used & mM DTT in thes assay for reductase
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activity in intact permeabilized Chinese hamster ovary
.cells. HMattaliano et al (1981) used 6.2 mM DTT in  the
assays of activity in extracts of calf thymus.

The concentration of ATP used in the standard CDP

reductase assay with extracts from Achlya klebsiana was

& mM (Figure &6). When ATP was omitted, 77.5% of control
activity was detected. This is consistent with the
findings of Moore and Hurlbert (19&6&); that ATP  was
required for maximal CDP reduction.

The decision to include 32 mM CDP in the assay was
based on the determination of the km for CDP. Figure 16
showed this determination to be 16 mM CDP. This is
relatively high; Moore and Hurlbert (19266) report a Km
for CDFP of 15 - 47 /uH for the énzyme from Novikoff
hepatoma. Larsson {(19&6%9) reported a Km for CDP of 10
fﬂ“in regenerating rat liver. Cory (1279 found the km
for CDP +to be 26.6 /AH for the enzyme Ffrom Ehrlich
tumor cells. The enzyme from calf thymus had a kKm for
CDF of 30 — 32 /uM (Eriksson et al,1979).

The pH at which the CDP reductase assay was
performed with Achlya extracts was pH 7.8 (Figure 3).
Greater than 90%4 of maximal activity occurred over a
range of pH 7.4 — 8.3. This is a narrow range when
compared to that reported by Larsson (1946%) for the
enzyme from regenerating rat liver. Lewis {(1278) also
found a large pH range for the CDF reductase assay on
extracts of Chinese hamster ovary cells.

Similarly, the temperatures range for maximal CDF
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reductase activity was relatively narrow (Figure 4).
Lewis et al (1976) performed CDF reductase assays with

o
Achlya extracts at 22 C, the temperature usually used

to grow the fungus. Interestingly, this study with
partially purified Achlya enzyme preparations showed
only 53%Z of maximal specific activity occurred at 272 c,
when compared to an optimum temperature of 37 C.
Greater than 90% of maximal activity occurred over a
temperature range of about 34D - EQDC. Lewis (1978)
found a much larger temperature range for the enzyme
isolated from Chinese hamster ovary cells.

The addition of dATP had no inhibitory effect on
CDP reduction by Achlya (Figure 9). Figure 10 shows
that, at low levels of ATP, dATP caused a stimulation
of CDP reductase activity of up to 300%. Ribonuclectids
reductase from mammalian sources is generally inhibited
by the addition of dATP (Murphree et al,19&8;
Larsson,1973; Chang and Cheng,1979b; Eriksson,19797;
Hards and Wright,1984b). Vitols et al (1970) showed
that dATF was inhibitory to CDF reduction by

Saccharomyces cerevisiae. The enzyme from E: coli was

inhibited by dATPF (Thelander ,197%9). Huszar and
Bacchetti (1981) showed that the enzyme induced by
Herpes simplex II was much more resistant to inhibition
by dATF than the cellular (baby hamster kidney cell)
enzyme (the viral enzyme was strongly inhibited by ATF
though). Berglund (1972) found that dATP was a prime

activator of CDP reduction by the enzyme induced by
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bacteriophage T4.

CDFP reductase activity in Achlya was activated by
the addition dGTP (Figure 11). An increase in activity
of 3.8 +fold was abserved with the addition of 3 mM
dGTP. The E. coli enzyme was inhibited by dGTF
(Thelander,1979). Hards and Wright (1984b) reported
that dGTP inhibited CDFP reductase from Chinese hamster
ovary cells.

The CDF Eeductase from Achlya was markedly
inhibited by the addition of dTTP (Figure 12).
Inhibition of CDP reductase by dTTP is a widely
Dbéerved phenomenon {(rat embryo-Murphree et al,1948;
Novikoff hepatoma—Moore and Hurlbert,1966; calf thymus-—
Eriksson et al,1979; human Mol t—4F-Chang and
Cheng, 197%b; Chinese hamster ovary cell-Hards and
Wright,1984b). The addition of dTTP stimulated the
reduction of ChF in E. coli (Larsson and
Reichard,19466) and in bacteriophage T4 {(Berglund,1972).

The addition of dCTP had very little effect on the
reduction of CDP by Achlya (Figure 13). A =slight
enhancement (13%) was seen at 2 mM dCTP. Hards and
Wright (1984a) reported a more dramatic stimulation
tabout 15 fold at 4 mM dCTFP) of the CDF reductase from
Chinese hamster ovary cells. The prime activator of CDFP
reductase from bacteriophage T4 was found toc be dCTP

{(Berglund,1972).

The addition of CTP to the CDP reductase of Achlya
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resulted in a 2.6 fold stimulation of specitic
activity {(Figure 14). Wright et al (1981) reported that
at 1 mM CTFP, CDF reduction in hamster cells was only 1-
2% of control activity.

Thi=s study indicated that GTP could replace ATF as
the prime activator of CDF reduction in Achlya (Figure
13). The km for CDPF was lower when GTF was the
activator (156 mM CDF-Figure 146} than when ATF was used
(20 mM CDFP-Figure 8). Hards and Wright (1984a) reported
this =same phenomenon in Chinese hamster ovary cells
with maximal enzyme activity at 0.2 mM BTF. This
suggests that models developed to explain the
allosteric properties of ribonuclectide reductase
should give more serious consideration to GTP as  a
positive effector of enzyme activity than has occurred
in maﬁy cases f(e.g. Thelander and Reichard,1979).

The addition of UDFP to the CDPF reductase of Achlya
did not result in any observed inhibition (Figure 17).
Cory (197%9) had postulated (but did not DbSEFVE in the
Ehrlich tumor system) that there would be competitive
inhibition of CDP reduction by UDP because ATF is the
prime activator +for both reductions. Larsson and
Reichard . (19&6) reported competitive inhibition
between CDP and UDP with the enzyme from Escherichia
coli. Hards and Wright (1984bY found that there was
competitive inhibition between CDF and UDFP with
ribonucleotide reductase in intact permeabilized

Chinese hamster ovary celis.
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The introduction of hydroxyurea to the assay of CDF
reductase +from Achlvya caused substantial inhibition
when present in very high levels (Figure 18). Lewizs gt
al {1976) reported that 1.0 mM hydroxyurea caused 88%
inhibition of maximal CDP reduction by the Achlya
enzyme. Vitols et al (1970} found that 5 mM hydroxyurea
left 34% control activity with the Saccharomyces
cerevisiae enzyme. Wright (1983) reported that .7 @mM
hydroxyurea caused an B0OZ decrease in the CDP reduction
by Chinese hamster ovary cells. The E. cpli enzyme
showed about the same sensitivity as the mammalian
enéyme (Cohen et al,1985). The ribonucleotide reductase
from bacteriophage T4 showed 70% inhibition by 0.5 mM
hydroxyurea. Cohen et al (1985) used 0.65 mM to reduce
the activity of the Herpes simplex induced enzyme by
S0%.

Gossypol had no effect on the CDP reductase from
Achlva (Table 4). McClarty st al (1985) demonstrated
that the ribonucleotide reductase of mouse L-cells was
very sensitive to inhibition by gossypol {(less thén 10%
activity remained at S50 /AM gossypoll). No effect was
observed with the addition of 0.4 mM gossypol to the

The additions of very large amounts of guanazole
had no inhibitory effect on the CDF reductase {(Table

3. Guanazole concentrations to vield S0%  inhibition

are usually about 10 times higher than that of
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hydroxyurea (Moore and Hurlbert,1983). Lewis and Wright
(1978) found that 2 mM guanazole caused a 65% decrease
in CDP reduction by Chinese hamster ovary cells. The
enzyme from Herpes simplex was inhibited by S0% with 4
mM guanazole (Cohen et al, 1985).

Table &6 shows that MAIR had no inhibitory effect on
the CDP reductase from Achlya. The apparent enhancement
of activity (&6&% at 0.4 mM) was most likely due to the
inhibition of some other enzyme catalyzing a side
reaction (eg. phosphatase). Preidecker et al {1980)
reported that 33 ng/mbl (0,13 /uM) MAIQ caused 92%
inhibition of the CDF reductase from rat Novikoff
tumor. They also found that 5000 ng/mb (19.2}/4”) MAI@
= 2Z32.36). Cohen et al (1985) found that 0.3 /uM MAIG
caused 350X inhibition of the Herpes simplex—induced
enzyme while the cellular (baby hamster kidney cells)
ENZyme was inﬁibited to the same extent by just 0.1‘/4M
MAId.

The CDP reductase from Achlya was not inhibited by
bleomycin (Table 7). As in the case with MAIG, the
enhancement of activity (222.9%Z at 0.707 mM) was most
likely due the inhibition of another enzyme catalyzing
a side reaction. McClarty et al (1984) reported that
mutants of mouse L-cells with elevated levels of ribo-
nucleotide reductase were hypersensitive to bleomycin

(30% activity remained at 8 /JM atter treatment with

hydrosyureal). They also found that the enzyme was made
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hypersensitive by pretreatment with hydroxyurea,
guanazole or MAIR and suggested that these drugs caused
a conformational change in the M2 subunit exposing the
iron group to chelation by bleomycin.
Conclusion

Table 8 presents a comparison of the effectors of
CDF reductase from a variety of sources. While some
molecules had a similar effect on all these forms of
the enzyme (DTT,hydroxyurea), others provoked a range
of effects. ATP is an activator of CDP reductase in all
but Herpes virus. The insensitivity to (and activation
by; dATP of the Achlya enzyme and its lack of a
requirement for magnesium ions suggest that this enzyme
is more akin to the virally-induced enzymes. It has

more in common with these forms than the enzyme from

Saccharomyces cerevisiae, which requires magnesium ions

as well as thioredoxin/thioredoxin reductase for
activity and is strongly inhibited by dATP. The enzyme
is distinct from the Chinese hamster ovary ribonucleo-
tide reductase in its response to dATP, dGTFP, UDP and
magnesium ions.

The relative insensitivity to the anti-
proliferative drugs tested on the Achlya enzyme makes
it distinct from all these forms of ribonuclectide
reductase. The response to hydroxyurea and gQuanazole
suggest that the free radical of the Achlva enzyme must

be somehow shielded from these drugs by the protein
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domains around the radical. Alternatively, there may
be a large excess of the radical-containing subunit in
these cells. The resistance to the effects of bleomycin
and MAIQ suggest that the iron group may be protected
by a protein conformation that differs from sensitive
enzymes. An  excess of the iron—-containing subunit in

The work presented in this thesis indicates that
the ribonuclectide reductase from Achlya differs in
several interesting ways from the enzyme isolated from
other =sources. However, further work with homogeneocus
enzyme preparations is required to analyze these
of fungal enzyme Ffor Ffuture studies of this key

activity of DNA synthesis.

100



101

REFERENCES




ﬁkerblom,L., A.Ehrenberg, A.Graslund, H.Lankinen,

P.Reichard and L. Thelander {1981
Overproduction of the free radical of
ribonucleotide reductacse in hydroxyurea—

resistant mouse fibrobalst 3T6 cells. FProc.
Matl. Acad. Sci. USA 78: 2159 - 2163.

Alexopoulos,C.Jd. (1962) Introductory Mycology,2nd ed.

John Wiley & Sons,Inc., New York. ppl38 - 158

Allen,G.P., J.C.Cohen, C.C.Randall and D.J.0°'Callaghan
(1978) FReplication of equine herpes virus
type 1 and type 3: resistance to hydroxyurea
and thymidine. Intervirology 2: 276 - 285.

Ashman,C. and R.Davidson (1981) Bromodeoxyuridine
mutagenesis in mammalian cells is related to
deoxyribonucleoctide pool imbalance. Mol.

Cell. Biol. 1: 254 - Z60.

Ashman, C., 6. Reddy and K. Davidson {19811}
Bromodeoxyuridine mutagenesis, ribonucleoctide
reductase activity, and deoxyribonucleotide
pools in hydrosyurea-resistant mutants.
Somatic Cell Genest. 7: 751 - 768.

Atkin,C.L., L.Thelander, P.Reichard and G.Rang (1973
Iron and +ree radical in ribonuclectide
reductase. Exchange of iron and Mossbauer
spectroscopy of the protein B2 subunit of the
Escherichia coli enzyme. J. Bipl. Chem. 248:
7464 — T7472.

Auling,B., M.Thaler and H.Deikmann (1980} Parameters of
unbalanced growth and reversible inhibition
of deoxyribonucleic acid synthesis in
Brevibacterium ammoniagenes ATCC 6872 induced
by depletion of Mn2+.Inhibitor studies on the
reversibilty of deoxyribonucleic = acid
synthesis. Arch. Microbiol. 127: 105 - 114,

Beck,W.5., M.Boulian, A.Larsson and FP.Reichard {(19&6)

Hydrogen donor specificity of cobamide-—
dependent ribonucleotide reductase and
allosteric regulation of substrate

specificity. J. Biopl. Chem. 241: 2177 - 2179.
Berglund,0. (1272) Ribonucleoside diphosphate reductase
induced by bacteriophage T4.I:Purification
and characterization. Ii:Allosteric regqula—
tion of substrate specificity and catalytic
activity. Jd. Biol. Chem. 247: 7270 - 7281.
Bergsagel ,D.E., E.F.Frenkel and C.F.Alfrey,dr. {19464}
Megaloblastic erythropoiesis induced by

102



hydroxyurea (NSC-320465). Cancer Chemother.
Rpts. 40: 15 - 17.

Blakley,R.L.. and E. Vitols (1948) The control of
nucleotide biosynthesis. Ann. Rev. Biochem.
37: 201 — 224,

Bolin,R.W., W.A.Robinson, J.Sutherland and R.F.Hammon
(1982) Busulfan versus hydroxyurea in  long-—
term therapy of chronic myelogenous leukemia.
Cancer S0: 1683 - 1486.

Bolton,B.H., P.T.Kaung, R.L.Lawton and L.A.Woods {(19&4)
Hydroxyurea (NSC-32065): a phase 1 study.
Cancer Chemother. Rpts. 39:47 - GS1.

Brockman,R.W., S.5haddix, W.R.Laster,dr. and F.M.
Schabel ,dr. (1970} Inhibition of
ribonucleotide reductase, DNA synthesis and
L1210 leukemia by guanazole. Cancer Res. 20:
2358 - 2368.

Brown,N.C., Z.N.Cannellakis, B.Lundin, P.Reichard and
L.Thelander (1246%) Ribonucleoside diphosphate
reductase. Purification of the two subunits,
proteins Bl and B2Z. Eur. J. Biochem. 92: S61 -
S73.

Brown,N.C. and P.Reichard (12569) Role of effector
binding in allosteric control of ribonucleo-
side diphosphate reductase. J. Mol. Biol. 46:

25 — 55,

Cameron, L.E., and H.B.L&John (1972) On the involvement
of calcium in amino acid transport and growth
of the fungus Achlya. J. Biol. Chem. 247:
4729 —- 4737,

Cantino, E.C. and J.5. Lovett (1960} An artifact in
chromatography of indolic auxins. Physiopl.
Plant 13: 450 - 458.

Chan,T. (1978) Deoxyguanosine toxicity on lymphoid
cells as a cause for immuno—suppression in
purine nucleoside phosphorylase deficiency.
Cell 14: 3523 - 530.

Chang,C.~-H. and Y.-C.Cheng (197%a) Demonstration of two
components and association of adencsine
diphosphate—cytidine diphosphate reductase
from cultured human lymphoblast cells (Mpolt-
4F) . Cancer Res. 3%: 436 - 44Z.

Chang,C.—H. and ¥.—C.Cheng {197%b) I:Substrate
specificity of human ribonucleocotide reductase

103



from Molt-4F cells. I1:Effects of nuclecside
triphaosphates on human ribonucleoctide
reductase from Molt—-4F cells. Cancer Res. 3I9:
5081 — S092.

Chang,M.C., Z.6u and S.kK.Saksena (1980} Effects of
gossypol on  the fertility of male rats,
hamsters and rabbits. Contraception
21: 461 — 449,

Cohen,A., J.Barankiewiez, H. Lederman and E. Gelfand
(1983) Purine and pyrimidine metabolism in
human T lymphocytes. J. Bipl. Chem. Z2358:
12334 — 12340,

Cohen,E.A., J.Charron, J.Perret and Y.Langelier (1985
Herpes simplex virus ribonucleotide reductase
induced in infected BHK-21/C13 cells:
biochemical evidence for the existence of two
non—identical subunits, H1 and H2Z2. J. Gen.
Virel. 66: 733 - 7435.

Cohen,J.C., HB.E.Henry, C.C.Randall and D.J.0 Callaghan
(1977} Ribonucleotide reductase activity in
hydrosyuwea-resistant herpes virus
replication. Proc. Soc. Exp. Biol. Med. 155:
395 - 399.

Cooper, T.G. (1977) The Toolzs of Biochemistry A. Wiley

Interscience Publication : 368 - 388.

Cory,Jd.G6. (1973) Inhibition of ribonucleoctide reductase
by RNA. Cancer Res. 33: 993 — 998.

Cory,Jd.G., A.E.Fleischer and Jd.G.Munroc I1I (1978}
Reconstitution of the ribonucleoctide
reductase enzyme from Ehrlich tumor cells. J.
Bigl. Chem. 253: 2898 - 2901.

Cory,J.G. {(197%) Properties of ribonucleotide reductase
from Ehrlich tumor cells; multiple nucleoside
diphosphate activities and reconstitution of
activity from components. Adv. Enz. Reg. 17:
115 - 131.

Cory,Jd.G. and A.E.Fleischer (1282) The molecular weight
af Ehrlich tumor cell ribonuclectide
reductase and its subunits: effector—induced
changes. Arch. BRBiochem. BRiophy=s. 214: 546 -

251.

Cowles,J.R., H.J.Evans and 5.A.Russell {1969 Some
properties of the ribonucleotide reductacse
from Rhizobium meliloti. Jd. Bacteriecl. B27:
1460 — 1465,

104



Creasey,D.C. and J.A.Wright (1984) Involvement of
ribonucleotide reductase in cellular
differentiation. Bigosci. Rpts. 4: 299 — 309.

Dick,Jd.E. and J.A.Wright (1980) Ribonucleotide
reduction in intact human diploid
fibroblasts. J. Cell. Physiol. 105: 65 - 7Z2.

Dick,J.E. and J.A.Wright (1982) Involement ot
ribonucleoctide reductase activity in the
senescence of normal human diploid
fibroblasts.Mech. Aging Devel. 20: 103 - 109.

Dick,d.E. and J.A.Wright (1985) Ribonuclecotide
reductase activity during the senescence of
normal human diploid fibroblasts. Mech. Aging
Devel. 32Z: 83 - 97.

Donovan,F.B., M.E.kKaplan, J.D.Goldberg, I.Tatarsky,
Y.Najean, E.B.Silberstein, W.H.kKnospe,
J.lLaszlo, K.Mack, FP.D.Berk and L.R. Wasserman
(1984) Treatment of polycythemia wvera with
hydroxyurea. Am. J. Hemat. 17: 329 - 334,

Ehrenberg,A. and P.Reichard (1272} Electron spin
resonance of the iron containing protein B2
from ribonucleotide reductase. J. Biol. Chem.
247: 3485 — 3488.

Elford,H.L., M.Freese, E.Passamani and H.P.Morris
(1970) Ribonucleoctide reductase and cell
proliferation 1. Variations of ribonuclectide
reductase activity with tumor growth rate in
a series of rat hepatomas. Jd. Bigpl. Chem.
245: 35228 — 5233

Elford,H.L. (1972) Functional regulation of mammalian
ribonucleotide reductase. Adv. Enz. Reg. 10:
19 - 38.

Elford,H.L., B.Van't Riet, G.L.Wampler, A.L.Lin and
R. M. Elford {1981) Regulation ot
ribonucleotide reductase in mammalian cells
by chemotherapeutic agents. Adv. Enz. EReg.
19: 151 - 1&8B.

Engstrom,Y., S.Eriksson, L.Thelander and M. Bkerman
(1979 Ribonucleotide reductase from calf
thymus. Purification and properties

Biochemistry 18: 2941 - 2948.

Eriksson,S., L.Thelander and M. Akerman (1979}
Allosteric regulation of calf thymus
ribonucleoside diphosphate reductase.

105



Biochemistry 18: 2948 - 2952,

Eriksson,S5., L.J.Gudas, S.M.Clift, I.W.Caras, B.Ullman
and D.W.Martin,Jdr. {1981) Evidence for
genetically independent allosteric regulatory
domains of the protein M1 subunit ©of mouse
ribonucleotide reductase.J. Biol. Chem. 25&:
10193-10197.

Feller,W., G.Schimpff-Weiland and H.Follmann (1380}
Deoxyribonuclectide biosynthesis in
synchronous algae cells. Eur. J. Biochem.
110: 85 - 92,

Fishbein,W.N., P.P.Carbone, E.J.Freireich, D.Misra and

E.Frei (1264) Clinical trials with
hydroxyurea in patients with cancer and
leukemia. Clin. Pharmac. Ther. 5: 574 - S80.
Follmann,H. (1974) Enzymatic reduction of
ribonucleoctides: Biosynthesis pathway of

deoxyribonucleotides. Agnew. Chem. Internat.
Edit. 13: S&9 - 579.

Fujioka,S. and R.S5ilber (19569) Purification and
properties of ribonucleotide reductase from
leukemic mouse spleen. Biochem. Biophys. Res.
Commun. 35: 759 — 7&4.

Hahn,M. and R.Adamson (1972) Pharmacelegy of 3,5
diamino-1,2,4-triarole {guanazole) 1
Antitumor activity of guanazole. J. MNatl
Cancer Inst. 48: 783 - 790.

Hamilton,F.D. (1974) Ribonucleotide reductase from
Euglena gracilis —-a S5’ —-deoxyadenosylcobalamin
dependent enzyme. J. Biol. Chem. 24%: 4428 -
4434,

Hampar ,B., J.G.Derge, L.M.Martos, M.A.Ilagmets and
M.A.Burroughs (1272) Sequence of spontaneous
Epstein-Barr virus activation and selective
DNA synthesis in activated cells in the
presence of hydroxyurea. Proc. Natl. Acad.
Sei. USA 69: 2589 - 2593,

Hards,R.G. and J.A.Wright (1981) N—carbamoyloxyurea—
resistant Chinese hamster ovary cells with
elevated levels of ribonuclectide reductase
activity. J. Cell. Physiol. 106&6: 309 — 319.

Hards,R.G. and J.A.Wright (1983) Assay of
ribonucleotide reductase activity in intact
permeabilized hamster celle: an evaluation.
Arch. Biochem. Biophys. 220: 576 - S83.

106



Hards,R.G. and J.A.Wright (1984a) Ribonucleotide
reductase activity in intact mammalian cells:
stimulation of enzyme activity by MgCl2,
dithiothreitol, and several nuclectides.frch.
Biochem. Biophys. 231: 2 - 16.

Hards,R.G. and J.A.Wright (1984b) Regulation of
ribonuclectide reductase activity in intact
mammalian cells. Arch. Biochem. EBiophys. 231:
17 - 28.

Hogenkamp, H.P.C. (1984} Mature and properties of the
bacterial ribonucleotide reductases. Pharmac.
Ther. 23: 393 - 405,

Holmgren,A. {1981) Regulation of ribonuclectide
reductase. Cur. Top. in Cell. Req. 1%: 47-7&.

Hopper, G. (1972) Ribonuclectide reductase of rabbit
bone marrow. I. Purification, properties and
separation into two protein fractions. J.
Bipl. Chem. 247: 3336 - IZ40.

Hovemann,B. and H.Follmann (1977) The determination of
low ribonucleotide reductase activity in
plant extracts. Anal. Biochem. 79: 119 - 128.

Huszar,D. and S.Bacchetti (1981) Fartial purification
and characterization of the ribonuclectids
reductase induced by Herpes simplex virus
infected mammalian cells. J. Virol. =7 B0 -
588.

Kennedy,B. {196%) Hydroxyurea in chronic myelogenous
leukemia. Ann. Int. Med. 70: 1084.

Klippenstein,B.L. and J.G.Cory (1978) Ribonucleotide

reductase: association of the regulatory
subunit in the presence af allosteric
effectors. Biochem. Biophys. Res. Commun. B83:
252 - 258.

krakoff,I.H., H.Savel and M.L.Murphy (19&64) Phase II
studies of hydroxyurea (NSC 32065) in adulte:
clinical evaluation. Cancer Chemother. FRpts.
40: 53 — S5,

Fuzik,B.A. and J.A.Wright (197%) Characterization of
ribonucleotide reductase activity from mouse
L cells. Enzyme 24: 285 - 292,

Fuzik,B.A. and J.A.Wright (1980) Hydroxyurea-resistant
mouse L cells with elevated levels of drug-
resistant ribonuclectide reductase activity.

107



Bigchem. Genet. 18: 311 - 331.

Lammers,M. and H.Follmann (1984) Deoxyribonucleoctide
biosynthesics in yeast {(Saccharomyces

cerevisiae). Eur. J. Biochem. 140: 281 - 287.

Langelier,Y. and G.Buttin (1981) Characterization of
ribonucleoctide reductase induction in BHE-21/
C13 Syrian hamster cell line upon infection
by herpes simplex virus. J. Gen. Virol. 57:
21 - 31,

Lankinen, H., A. Graslund and L. Thelander (1982}
Induction of a new ribonuclectide reductacse
after infection of mouse L cells with pseudo-
rabies virus. J. Vireol. 41: 893 - 200.

Larsson,A. and P.Reichard (1944) Enzymatic synthesis of
deoxyribonucliecotides IX. Allosteric effects
in the reduction of pyrimidine ribonucleo—

tides by the ribonucleoside diphosphate
reductase system of Escherichia coli. J.ERiol.
Chem. 241: 2533 — 2549.

Larsson,A. (1969) Ribonucleotide reductase from

regenerating rat liver. Eur. J. Biochem. 11:
113 - 121.

Lewis, W.H., D.R.McNaughton, H.B.L&John and J.A.Wright
{1976) Regulation of fungal ribonucleotide
reductase by unusual dinucleotides. Biochem.
Biophys. Res. Commun. 71i: 128 - 135G,

lLewis,W.H. {1978} FPhD thesis - U. of Manitocba
pp 203,218,311,

Lewis,W.H., EB.A.Kuzik and J.A.Wright (1978) Assay of

ribonucleotide reducton in nucleoctide—
permeable hamster cells.J. Cell. Physiol. 24:
287 - 298.

Lewis W.H. and J.A.Wright (1978) Ribonucleotide
- reductase from wild-type and hydroxyurea-
resistant Chinese hamster ovary cells. Jd.

Cell. Physicl. 27: B7 - 98.

Mattaliano,R.J., A.M.81oan, E.R.Flumer and G.L.
Klippenstein (1981} Purification of the two
complementary subunits of ribonuclectide

reductase from calf thymus. Biochem. Biophys-
Res. Commun. 102: 667 — &674.

McClarty,G.A., A.K.Chan, D.C.Creasey and J.A.Wright
{1985 Ribonucleotide reductase: an
intracellular target for the male infertility

108



agent,gossypol .Biochem. Biophys. Res. Commun.

133: 300 - 305.

McClarty, G.A., A.K. Chan and J.A. Wright (1984}
Hydroxyurea—induced conversion of mammalian
ribonucleotide reductase to a form
hypersensitive to bleomycin. Cancer Res. 46:
4516 — 4521,

McDonald,C.J. (1281) The uses of systemic chemothera—

peutic agents in psoriasis. Pharmac.Ther. 14:
1 - 24,

Mele,J., R.Glaser, M™M.Nonoyama, J.Zummerman and R.Rapp
{1974) Observations on the resistance of
Epstein-Barr virus DNA synthesis to
hydroxyurea. Viroclogy &62: 102 - 111.

Meuth, M., N. L 'Heureux-Huard and M. Trudel (1979)
Characterization of a mutator gene in Chinese
hamster ovary cells. Proc. Natl. Acad. Sci.

Usa 76: 6505 - &S09. T

Mohler ,W. (1264) Cytotoxicity of hydroxyurea (NSC-
ZZ2065) reversible by pyrimidine deoxyribo-—
side in a mammalian cell line grown in vitro.
Cancer Chemother. Rpts. 34: 1 - 6.

Moore,E. and R.Hurlbert (1944) Regulation of mammalian
deoxyribonucleotide biosynthesis by nucleo—
tides as activators and inhibitors. J. Biol.
Chem. 241: 4B02 - 4B09.

Moore, E.C. (19773 Components and control of
ribonucleotide reductase system of the rat.
Adv. Enz. Reg. 15: 101 - 114,

Moore,E.C. and R.B.Hurlbert (1985) The inhibition of
ribonucleoside diphosphate reductase by
hydroxyurea, guanazole and pyrazoloimidazole
(IMPY). Pharmac. Ther. 27: 167 - 194.

Murphree,5., E.C.Moore and P.T.Beall (1268) Regulation
by nucleotides of the activity of partially
purified ribonucleoctide reductase from rat
embryos. Cancer Res. 2B: 860 — 863.

Mutter,L. and Y.-C.Cheng (1984} Nature and properties
of mammalian ribonucleoside diphaosphate
reductase. Pharmac. Ther. 26: 1%1 — Z07.

FPanagou,D., M.D.Orr, J.R.Dunstone and R.L.Blakely
(1972 A monomeric, allosteric enzyme with a
szingle polypeptide chain. Ribonucleotide
reductace of Lactobacillus leichmannii.

109



Biochemistry 11: 2378 - 2388.

Peterson,D. and E.C.Moore (1976} Independent fluctua-
tion of cytidine and adenocsine diphosphate
reductase activities in cultured Chinese
hamster fibroblasts. Biochem. Biophys. Acta
4ZF2: 80 — 1.

Fiver ,M.5., J.J.Barlow, V.VYongtama and L.Blumenson
(1983} Hydroxyurea: a radiation potentiator
in carcinoma of the uterine cervix. A

randomized double—blind study. Am. J. Obstet.
Gynecol. 147: BOZ — 808.

Reichard,P. (1958) The Biosyntheszis of Deoxyribose John

Wiley % Sons,Inc., New York.

Reichard, P. and A. Ehrenberg {1983) HRibonuclecotide
reductase—a radical enzyme. Science 221: 514
- 519.

Sartorelli,A.C., K.C.Agrawal, A.S5.Tsiftsoglou and
: E.C.Moore{1977) Characterization of biochemi-
cal mechanism of action of alpha—(N)-hetero—
cyclic carboxaldehyde thiosemicarbazones.

Adv. Enz. Reg. 15: 117 - 139.

Schimpff—Weiland,G. and H.Follmann {(1981) A new
magnesium—activated ribonucleotide reductase
found 1n gram—-positive bacteria. Biochem.

Biophys. Res. Commun. 102: 1276 - 1282.

Sjdberg,B. M., A.Gr3slund and F.Eckstein (1982 A
substrate radical intermediate in the
reaction between ribonucleotide reductase
from Escherichia coli and 2'—azido-2 deoxy-—
nucleoside diphosphates. J. Biocl. Chem. 258:
8060 — BO&7.

Steeper,J. and C.Steuart (1279) A rapid assay for CDP
reductase activity in mammalian cell
extracts. Anal. Biochem. 34: 123 - 130,

Stutzenberger ,F. (1974) Ribonuclectide reductase of
Pithomyces chartarum: reguirement for BRI1Z2

coenzyme. J. Gen. Microbiol. 81: 501 - 503,

Takeda,E. and G.Weber {1981} Role of ribonuclectide
reductase in expression of the neogplastic
program. Life Sciences 28: 1007 - 1014.

Thelander,L. (1973) Physicochemical characterization of
ribonucleoside diphosphate reductase +from
Escherichia coli. J. Biol. Chem. 248B: 4591 -
44601.

110



Thel ander L. and P.Reichard (1979) Reduction of
ribonuclectides. Ann. Rev. Biochem. 48: 133 -
158.

Thelander, L., 5. Eriksson and M. Bkerman (1980
Ribonucleoctide reductase from calf thymus.
Separation of the enzyme into two nonidenti-
cal subunits, proteins M1 and M2. J. Biol.
Chem. 255: 7426 — 743Z2.

Thelander,L., A.Grislund and M. Thel ander {13983)
Continual presence of oxygen and iron reguir-
ed for mammalian ribonucleotide reduction:
possible regulation mechanism. Biochem.

Biophys. Res. Commun. 110: 859 - B&5.

Tsai,FP.K. and H.FP.C.Hogenkamp (1980) The purification
and characterization of an adenosylcobalamin-
dependent ribonucleoside diphosphate reduc—
tase from Corynebacterium nephridii. J. Biol.

Chem. 255: 1273 - 1278.

Tyrsted,B5. and V.Gamulin (197%9) Cytidine S’ —diphosphate
reductase activity 1in phytohemagglutinin
stimulated human lymphocytes. Nuc. Acids Res.
&3 I05 — F19.

Ulliman.B., A.Cohen and D.W.Martin,Jdr. (17974) Character-
ization of a2 cell culture model for the study
of adeno=ine deaminase— and purine nucleoside
phosphorylase—deficient immunoclogical dis-
ease. Cell 2: 205 - 211.

Vitols, E., V.A. Bauer and E.C. Stanbrough (1370}
Ribonuclectide reductase from Saccharomyces
cerevisiae. Biochem. Biophys. Res. Commun.41:
71 - 77. ‘

von Dobeln, U. and P. Reichard (1976) Binding of
substrates to Escherichia coli ribonucleotide
reductase. J. Biol. Chem. 251: 3616 - 3622,

Weber ,G. , E.0O1lah, J.E.Denton, M.S5.Lui, E.Takeda,
D.Y.Tzeng and J.Bon (1981} Dynamics of
modulation of biochemical programs in cancer
cells. Adv. Enz. Reg. 17 : 87 - 10Z.

Weinberg,G., B.Ullman and D.W.Martin,Jdr. (1981) Mutator
phenotypes in mammalian cell mutants with
distinct biochemical defects and abnormal
deoxyribonucleoside triphosphate pools. Froc.

Wright,J.A. and W.H.Lewis (1274) Evidence of a common
site of action +Ffor the antitumor drugs

111



hydrosxyurea and guanazole. J. Cell. Fhysicl.
83: 43%7 - 440,

Wright,J.A., R.G.Hards and J.E.Dick (1981) Studies of
mammalian ribonucleotide reductase activity
in intact permeabilized cells: a genetic
approach. Adv. Enz. Reg. 1%: 105 - 127.

Wright, J.A. (19283) Altered forms of mammalian
nucleoside diphosphate reductase from mutant

cell lines. Pharmac. Ther. 22: 81 — 102,

Yakar,D., J.Holland, R.Ellison and A.Freeman (1973}
€linical pharmacological trial of guanazole.
Cancer Res. 33: 972 — @75,

Yau,5. and J.T.Wachsman (1973) Ribonucleotide reductase
in Bacillus megaterium M. Mol. Cell.
Biochem. 1: 101 — 1G7.

Yeh,Y.C. and I.Tessman {(1978) Differential effect of
hydroxyurea on a ribonucleotide reductase
system. J. Biol. Chem. Z53: 1323 - 1324,

Youdale,T., J.P.MacManus and J.F.Whitfield (1982) Rat
liver ribonucleotide reductase: separation,
purification and properties of two nonident-—
ical subunit=s. Can. J. Biochem &0: 4463 - 470.

Young,C. and S.Hodas {(1%&44) Hydroxyurea: inhibitary
effect on DNA metabolism. Science 1446: 1172 -
1174,

112



