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Ribonuclestide reductase is re=pensible {er the

production sf det::<yribanucleatides , å rate-limiting

step in DNA =ynthe=is. It is a highly regulated

aIlssteric en=yrne and, in rnamrnalian cell=, it consi=t=

of tr"¡o non-i denti cal pretei ns F,l I and t"1". A '¡-rri etv o{

pc:sitive and negative effectt:r= and =e.¡erå1
uncharacteri =ed endogenorr= rnel eclrl es csntrsl the

=peci{icity of the en=yrne and ensure a balanced =upply
o{ deoxyribenucleotides netre=såry ts preserve the

{idelity c:f DNA synthesi=.

Ribonucleetide reductase activity i= tightly

cor.rel ated ¡.¡i th the rate o{ rngmmal i an cel I

proliferatien, and several studies have shswn that it

i ncrease= ¡¡i th the e>rpressi on af neopl asi a. Al tera,ti en=

i n the acti vi ty o{ the rnamrnal i an enzyrne appears ts

affect rnåny biological properties including the

Eene=trence ef human diploid fibrsbla=ts, +-he ce1lular

differentiatien sf rat myabla=ts, and may play a rsle

i n certai n i rnmunsdef i ci ency syndrornes. Si nce a/er-rv

litt1e informatisn is currently å'¡ailsble absut

ri bonucl esti de reductase i n f ungal cel1s, a =tudy rrras

initiated ts examine the general propertie= ef thrs

en=yrne in Êghlyg l<lEb=iang. This {ungu= belangs to a

grúup sf eukaryetic micrsbes cornmonly knewn as r,{gter

rnsuld=. åc[lya hag one of the {astest gret+th rate= f or

a eukaryote and grohrs synchrenou=Iy from =pores, making

it å good srrltr-tre ef euÞ;aryt:tic ribsnucleetide



reduËtase.

The eniyrne ha= been partial 1y puri{ied frsrn the

f ungal rnycel i a 1" ht:ur= a{ter germi nati on. The

purificatisn protocol ¡¡as ba=ed on the fact= that the

en=yrne aggregate= when in the presentrE ef a' great

e)ítre=s of ATP and e¡i I I be retai ned by a mor ecul ar

ul traf i L ter. t¡Jhen pota==i urn chl ori de u¡as added , the

aggregates brcke up and the subunit= C]{ the enzyfne

dissociated and pas=ed through the rnernbrane. Af ter

di al y=i =, the subuni ts recernbi ned tt: f orrn a f uncti onal

en=yfne- A 15tr ftrld purificati(]n ef ribonuclestide

reductase was accornplished using this rnethod.

Hany e{ the kinetic preperties of the en=yrne

differed =ignificantly frorn these previousry de=crÍbed

{rsm rnamrnal i an EEurtre=. For exarnpr e, there wås å

relstivery high Pim value sf ló rnl"l fsr cDp and a lack of

i nhi bi ti en o{ acti vi ty sri th uDp, a second enzyme sub-

strate- A1=o, in centrast to the mamrnalian erìzyrne, ËTF

wðs as geod ar¡ activator t:f cDP reductisn a= ATp, dATp

did nst aFpeår to inhibit enzyrne activity even at high

concentrati sns , HgCl 
_ 

s,fËl= nst requi red f or the
¿

reaction, and the anti-prori{eration drug= hydroxyurea

and gossypol were either psor sr ineffective as en=yrne

inhibitors.

In thi = the=i =, data i s di scu=sed i n terrns of
allt:steric regulatisn ef ribonucleetide reducta=e and

in terrn= af usefulne=s åE a source of ribsnucreetide
reductase {or {uture investigatirrns.



HISTORICAL



Ri bonucl et:tide Reductase

Ribsnucleetide reductase {EC L.t7.4.1) is
re=pensible for the direct cenversion sf

ribsnucleotides ttr desxyribonucreotides necegsary fsr
the fidelity of DNA synthe=i= (Brakley and vitt:l=r196E};

Reichard,19óB) . It is a highry regurated ar Iosteric
en=yrne, contrsl l ed by a vari ety of posi ti ve and

negative effector=. There is a very tight csrrelatian
between the activity of this key en=yme and the rate ef
cel I prol i f erat i en - l*larnrnar i an trrgans such ÈrE thymu= ,

bone rnårrowr sFleen and intestine {ar 1 sites e{ verv

active celI renes,¡al ) have high ribsnuclet:tide reducta=e

.¡cti vi ty whi 1e non-di vi di ng cel l s have I ot'r Br even

undetectabl e I e*¡eI= tEl f ord , 197? ¡ Takeda and

l*leber r 19E}l ] . Er evated ri bonucr esti de reductage l eveI =
are =sncsmrni tant wi th the e;rpressi sn sf neopl a=i a i n

rat hepatoma cel 1s and, in {actr åre rnere tightly

correlated with turnsr growth rates than åny other

en=yrne active in DNA synthesis tErf ord rrg7?i Talteda and

l¡leber,19E}1; El{srd et ê1 , 197ú; l¡Ieber gt aI , I9B1) . The

csncentration= of al1 feur deo:ryribenucleetide= are

rnuch hi gher i n hepatarnas than i n newborn and

regenerati ng rat I i ver {Takeda and tdeber, lgE}l ¡ l¡Jeber gt

Ël , 19El1) . Several antiturnor drugs have been

synthesi=ed that are airned st ribsnucrestide reductage

i n sn attempt to arrest rarnpant neapl asti c

prol i+ers.i.isn- Altheugh hydra:;yurea ha= {ound use in



the clinic ([,.raks{{ et gI ,19É.4i Bolin gË el¡198"; Fi,¡er

et Ë1 , 19E}3; Dsnovan et al ,19E}4¡ l"lcDsnald,lggl ) f et¡

other drug= have Frt:ven te be clinically satisfactory
{EIfsrd et aI , 19811).

The relative concentrations ef the nucleotides
contribute te the characteristic rnutatian rate of èn

organi =rn. rn the rnarnrnar i an sy=tern, a mutator çene i =
as=ocisted with ribonuclet:tide reductase t¡hich csuse=

increa=ed rates sf =pcntanesus rnutatien i+ there exi=ts
an imbalån.e ef endaçenous deoxyribonucleo=ide

tri phosphate po,rl = (t,Jei nberg gt è1 , 1gg1) . When the
dCTF,/TTP ratio is disturhed, the fidetity s{ ÐNA

=ynthesis i= rns=t prafoundly a{fected (Heuth gt
al , 1979; Ashrnan and Davi d=sn, 1gB1; Ashrnan trt al , 1gg1] _

changes in the activity o{ ribsnucleotide reducte=e

have been implicated in the sene=cence sf normal hurnan

dipraid {ibroblast= in culture and the cytatoxic
action sf chernotherapeutic agent= directed tewards this
en=yme is affected by such changes {Dick and

t{right,19El2; 198}5) ,

There is aI=o a cLose relstien=hip between

ribsnucleotide reductase activii.y and the initiatisn of
myoblast differentiatisn. Drug-re=i=tant myoblast= that
had erevated level= ef ribonuclecrtide reducta=e

activity and _had altered poal= of deairyribonuclestide=

were unable ts dif{erentiste ints multinucleated
myotube= tCreasey and hlri ght, 1-/Elf,i .



Certain hurnan immunodeficiency di=ea=es involve å

cornb i nat i on o{ abnsrrnal i ntracel I ul ar desx yr i bonuc I es-

tide concentrations and the allosteric properties of

ribonucler:tide reductase (Ul1man et ê1, tg7b).

Deficiencies of purine nucleo=ide phosphorylase and

adenssine dearninase lead to a build up ef dGTF and

dATP (Ullman et Ê1,L97â; Chan,l97g). tDF reducta=e is

inhibited by the nucleotides causing a depletisn ef the

dCTP pool which arre=ts DNA s1¡nthe=i= and ce1 I

divi=ien (Cohen et alr19g5).

The I'techanism of Heduction

Ribonucleotide reductisn in prc:karyotes and

eukaryetes invslve sub=trate-radical interrnediate= and

the C-t3) hydrogen et ribsse tReichard and

Ehrenberg,1?ES) . Also involved is a tyro=ine free

radical (Sjiåberg gt Al ,19Ë}?) and a nsn-herne iron {Attrin

et al ,19731 in the 82 =ubunit of E- csli./l-,l2 subunit sf

rnamrnarian ribonucreotide reducta=e. The tyrosyl radical

rernoves the C (3 ' ) hydrogen s{ the ri bs=e rnoi ety whi ch

activates a dithitll-mediated release of the C{?'}
hydroxyl group (Reichard and EhrenbergrlgE}s). The iron
grsuF i= invelved in the stabili=atisn and regeneråtion

of the tyro=yl radical {Sjöberg g! aI r lgB?} - The

tyrosyl ra,dical of rnarnmal ian ribenucleotide reducta=e

is regenerated in å regulated rnechanism requiring

ironr säygen and dithiothreitol tThelander gt al.,lggf,).

The hydrogen donor =ubstrate {ts rnaintain a reduced



di thi o1 group Bn the en:yrne) i = mest l i kel y reduced

thioredoxin and,/sr glutaredt::rin (HolmgrenrlgBl). NADFH

is the ultirnate hydrogen dsnsr, reducing the two ås

reducing power cerrier=-

Type= of Ribonuclec:tide Éeductase

There are several different type= of ribonuclet:tide

reducta=-e. The=e sriteria. were used in crassif ication:

1) rihenuclec:--ide di- sr tripho=phate as =ubstrate?
?) require 5'-deexyadenosylcsbalamintCo B )?

12
f,) contain non-herne iren?

4) =pecific nuclestide activatsr=./inhibiter=?

5) en=yrne =ubunit compo=iticln?

t I ) Leç.tghac1llus lgichmatrni i t=ingle peptide en=yme)

and Euglena gracillUE (tetrarneric enzyrne) åre in thi=
grsup. Both of these Ën=yrnes u=e nucleoside tripho=-
phate= a= sub=trateg and require Coen=yrne E as a

1"
hydrogen c¡rrier betu¿een thioredt:xin and the reductase.

Neither en=yrne contains nsn-herne irsn. There i= a cer-

tain amsunt sf en=yrne regulation by nucleotide

activatsr= (eg. dATF stimr-¡lates CTP reductien by L,

leicÞrnannii) but there is relati'¡eIy litt1e product

inhibitisn by deoxyribsnuclestide triphosphate=

{dNTF'=) - These en=yrnes are re=i=tant to inhibition by

the chernstherapeuti c agent, hydrsxyureÈì (Becl.; et

al , 1966¡ Fanagou e! Ë1 ,Lg7?; Harni lton, 1974)

{ I I } fiþtiqbr urm me!1!g!I_ and Eaci 11u= megateri urn

{bath tetrarnerí c en=ynEE} a= ¡¡el 1 aE Çcr-yneÞacteri urn



Aephfldfl_ (a dimeric en=yrne) represent this group. AI1

of these bacteriå u=e nucleo=ide diphosphates ðs the

=ubstrate= and require Csen=yrne E . Nene sf these
1"

en=yme= contain nsn-herne irsn and are nnt regulated by

nucleetide effectsrs to any great extent; dATF inhibits
CDF reducti on by Ë. ûephf.ldlt_. T=ai and Hogenl,:arnp

( 198(J) suggested " i n e*¿sl uti onar\/ terrn= the

ribsnucl eotide reducta=e frorn E. neghr-idi i is
intermedÍate between the eniyrne f rorn E. q.oti and L-

leichrnan[Il. " (Ccrwles et Ë1 , 196g¡ yau and ÞJach=man,

1973; Hogenkarnp, 1984)

{III) Nocafdia c¡Eatra , EteyiÞaqterium aqrnonlÈgenes and

[i crococc_u= l gteuE have ä uni que cl a== of

ribonuclestide reducta=e. Thi= en=yrne trËrn use both

ribonucles=ide diphe=phates and triphosphates as sub-

strate= but does not require Eoenzyme B Er iron.
12

rnsteadr thi= rnettalt:en=yrne requires rrangane=e ion= f or

rnar:irnurn activity (ssrne activity r+ith rnagnesium isns).

The only reported influence of nucreotide e{{ectors are

the stimulation sf GTP reductisn by dTTF and CTp

reduction by dATF in E. ërnrnoniaqeneE. {Aul ing gt

aI , 198t-); Eich i mpf f -t¡Iei I and and Fsllrnann, 1981;

Hogenkarnp, 1984)

(ïV) Escherichia cel i and al l eultaryt:te= {e>lcept

Er-rgl gna gtaEi I 1g=

cernpri se thi = I ast

Al l o{ the=e enzyrne=

and Fhytqmygq= ç.hgrÈatuE; Tytre I )

class s{ ribonuclestide reducta=e.

use ribsnucleo=ide diphosphate= åE



10

substrates and do not require Ceen=yrne B - These
1"

en=yrnes åre composed sf dirnerg of two non-identicsl

=ubunits¡ the El tE. coli) er t41 {rnarnrnalian) =ubunit
contain= the binding =ites fer the nucletrtide effectors

and =ub=trates as ¡^rel 1 as the dithiols involved in the

reductian. The E?./H? =ubunit= csntain the non-herne irsn

and the tyro=yl radical - These enzymes are gtrictly

regulated; stretri{ic nucleotides activate and inhibit

the reduction t:f all substrates. {Erewn et Ëlr1?6g;

Lar=ssn and Rei chard, 196ó; Hopper , Lg7?i l"it:sre ,Ig7Zi

üory et g1r1978; Chang and f,hengrLFTgb; Thelander et

gl r 198Õ¡ I'lattal i ano gt a!, 1981; 5tlrt=enberger rIgT4)

The El =ubunit of the E. Eeli en=yrne is rornposed sf

å =i ngl e pol ypepti de chai n of f"lH E2, Õilu rrhi t e the E?

cantai nE a chai n t:f Ht¡J 43, Crtt_r {Thel ander , 1973} . In the

pre=entre s{ rnagnesiurn it:ns, tr*o B1 and twa EI csrnbine

to forrn ån astive en=yrne of l,tk¡ ?4ilrLlilL1 {Eroþ{n and

Reichsrdrl?69). Each Bl =ubunit contains two substrate

binding =ites (von DöbeIn and Reichard rLgT&) and fsur

nucleoside triphosphate e{fector binding sites (Brewn

and Reichardr1969). The=e e{fector binding =ite= åre

cla=sified as "h"-sites (high a{finity fer dATP and

al=o bind ATFTdGTP and dTTF) and "l "-site= (Ior¿

affiníty for dATP but can only bind ATP in additisn).

The 'r1¡r-Eite =eerns to deterrnine the everall acti'¡itv af

the en=yrne; if dATF is bsund, the enzyrnes dirneri=e and

are rendered inactive {csnverselyr ATF activates the

en=yrne). The binding t:f ATF or dATF by the "h"-sites
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cËt|-rses a cc]n+(]rrilåti snal change i n the en=yrne whi ch

f a*¡ors the reducti on sf pyri rni di ne nucl eoti des. Tne

binding of dGTP stimulates the reductien of ADF and

drrP binding stimurstes GDp reduction (Erown and

Reichard,1969) .

ïhi= "E- ç,oLi"-type of ribanuclestide reducta=e hs=

been f ound in fungi (Vitols et ËI ,l?7t1; Lewi= qt

al r 197t) | ar gae {Fel I er et al , rgBü} , pl ants {Hsvernann

and Fal l månn , tgT7t , and ani rnal cer I = {Hards and

tdrightrl?B4arb)-

The ribc¡nucleotide reductase sf SaccharomyEe=

EErgyi=iae =hsre= qualities sf the en=yrne f rgrn E, c_olÍ

and rnarnrnarian reducta=e. rt i= a very unstable en=yrne

that requires the binding of ATp and rnagne=iurn for trDF

reductien tVito1E gt al r l?7t)). ïn vitrs a=says require
thi srede:< i n and thi sredoir i n reductase f or the
praduction sf reducing pt:wer (dithiethreitol and

dithioerythritor were nst suf{icient). The enzyme did
nst use csenzyrne B nor did it require the addition o{

1"
ircn salt=- This reducta=e wåE ,inhÍbited by dATp {Euy.

activity at o.5 ml"l) and by hydroÞÍyrlreå t5r-r;l atrtivity at
5 mlT hydroxyurea) a= well s.s by rnoderately high =alt
concentrati on= {tr.2 ¡4 arnmsni urn =ul f ate compr etel y
destroyed activity t+hile o.z H =odiurn chlsride ce.u=ed å

aÕ7- drop in activity). The enzyín= i= cornposed sf twe

nen-i denti cal subuni t= and ha= s. rel eti.¿e rnsr ecul ar
ureight of ?SLrroL-tLl as g halûen=yrne. The reductien t:f ËDp
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requires drrP åe an B,ctivåtgr while ADp reduction

requires dËTF. A= aforsrnentionedr tryrirnidine nurlestide
reduction is stirnulated by any desxyribonucleotide å=

l ong as ATP i s sI sa present {Larnrner= and

FsI lrnånn,19El4) .

Lewis gt Ë1, {1976) described the ribsnucleotide
reducta=e frorn the t¡ater mourd Êchlya. The specific
activity o{ the en=yrne wås f sund to pea}* at the sårne

t i rne as the peak rate sf tr i t i ated thymi d i ne

incerporgtion during the asexual growth cycre. This

tirne correspond= u¡ith the point where the cel Is ere

entering the 5-phase ef cel I division. Using a

partially purif ied en=yrne preparation, they found that
CDF reductien proceeded {l inearIy ulith tirne f or ó{J

(]
minutes) at ån optirnurn temperature sf ?? C a= lang åg

at least {t.75 mg protein wa= pre=ent per åEsåy. The tDF

reductase wås sen=i ti ve to dATP t 1 . tì mt"l caused gg7-

i nhi bi ti sn ) and hydro:<yurea ( 1 - rJ rnl"! cau=ed EA7,

inhibitian sf =pecif ic activity). They included 1rl ml.,l

I'lqCl , 10 rnll dithiothreitCIl , lU mH ATP and tl.4 mH CDF
?

in their CDP reductage a=say. The additien of

ribsnucleo=ide= or their di- and triphosphates did nst

=ígnificantly inhibit the reduction of EDF.

Studies r+ith rnarnrnal ian ¡-ibonuclecrtide reducta=e

have =ho¡+n it to be sirnilar in rna,ny regards te the

en=yrne ef E. coli. The reductien ef ribonucleo--ide

diphe=phates is regulated by nucleaside tripho=phstes

{Thel ander and Fei chard , LqTg ¡ Hards and t{ri ght,
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1984arb). There are distinct binding site= fcr
substrates and two type= of =ites ftlr the allosteric
ef f ector= {Eri ks=on et al , 1çBl ) . The en=yrne requi res

iron but dses nat require Coen=yine B {Youdale et
1"

ar r 19Ej; F,-r jisl';a and si rber, lgå?) . The en=yme reaction
invelves a tyrosine free :-adicar and this radical waE

=hsr.¿n to be sirnilar to that ef the E. qBI l_ en=yrne by

erectrt:n paràrnågnetic resgnance {EpR) =pectrsstrBpy
{Âtterbl om gt aI , 19È11} .

The puri f i cati en of the mamrnal i an en=yrne try

varicru= re=earchers has yielded a range sf molecurar

weight= f or the twe subunit=. f,lc:sre trgzz) deterrnined

the molecular vleight of l-11 frorn rat Noviksf f a=citeg as

?o r ûtlL) u=i ng sD5-pol yacryl arni de gel er ectrophore=i =

{holgen=yrne weight e{ ?ÕL)ro{rü - ?EL}r+t'}Õ) - ysudale et aI

{ 19Ë}"} de=cribed ån f"l 1 f rern regenerating rat I iver that
anry reduced cDF a= being 4srtxlu llh¡ (by electrophoresi=
and rnsr ecul ar e>rcl usi on hi gh perf orrnance I i qui d

chrornatography ). The H? dirner wa= rneasured in the =arne

rnðnner and f ound to have a mslecurar r+eight s{ l:L}rr-]ùrj

rnaking the hclloen=yme ?BtìrrJL'tù l'{t¡¡. Chang and üheng

{1979a) rneasured both the l-11 and the H? dirner= st
lt)Ll , tl(-lÕ t'lt¡l each , Ei vi ng the hsl sen=yrne f rorn hurnan

l ymphobl gst cel r = a msl ecur ar wei ght of ?l{J,L1{Jü {using

=edi rnentati on vel sci ti es) - Several group= ha'¡e

researched the enzyrne {rc¡rn calf thyrnus. Eng=trörn gt al

{L971), u=ing SDS-polyacrylarnide gel electraphore=i=,



t4

reported u{eights o+ B4rL-}Llr) {or Ì'|1 and E5rÙt]r_r for F4".

Thelander et g1 {l9Elir) found Ì"11 ta be 98rt166 HH and the

f'1" dirner at 11ÐrOtfú l'ltrJ using the =edirnentation
velscities. Hattal ians çt g1 { 1?BI ) reported the

rnc:l ecul ar wei ght ef f"tl as E}4 , Llr){r and H" rs EB , LILIL)

using the erectropharesis rnethod. cory and FleÍ=cher
( 19EIT) u=i ng sedi rnentati on equi r i brium produced

di++erent values for the en=yrne depending Bn the

st-tb=tate bei ng reduced. t¡Jhen üDP reducti on wag

proceedi ng , they {eund wei ght= o{ lZ7, Lt(-tL-} +or Hl and

Bl rt-)Ott {or tl" and a hcrl Eenzyrne of jü4ru{}rf, Ht¡J- The

en¡yrne that reduced ADP u¿as found to have a gsrö(lfJ Ì"lt¡J

Hl {Eame l"l?} rnaki ng a hol Êen=yrne wei ght sf ?34 rL-tö+.

The al 1o=teric regulatisn ef rnarnrnalian ribsnuclet:-

tide reductase by nucles=ide diphosphate= i= quite

=i rni l ar f or rnt:st ssurtres te=ted. ATP i s the pasi ti ve

effector fsr cDP and UDF reductien. The reductisn c¡f

ËÐP is stirnulated by dTTP and ADP reductien stimulated

b,J dËTP. The presence of dATF inhibited the reductisn

o{ all feur deexyribsnuclee=ides. Inhibitisn ef CDp and

UDF reductisn was mediated by dTTP and dGTp. The

reduction c:f EiDP wa= alss inhibited by dËTF. Thi=

regulation pattern Hås found in human diplr:id

f ibroblast {Dict< and tdright,19E}11) , hurnan f"lo1t-4f tChang

and Cheng, 1979b) r cal{ thyrnu= {Eri l-:sson gt g1 ,1979) ,

Chinese harnster ovåry (Hards and hlrightrl?E}l), rnouse L-

cel I s {lr-u= i k and trlri ght I L979} gnd rat ernbryo (l"turphree

et al ,19åg).
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Chang and üheng t1?7gb) reported a slight variation

in this scherne¡ ËTP taas fcund to be a= effective ðn

activator e{ ADP reduction by Holt-4F ceIIs as r.las

dGTF- Hard= and hlri ght { lgAl ) reported thi s sàrne

f i ndi ng i n Chi nese harngter $vary cel 1s. Lewi s gt a1

{1979} f sund that 
"-=/¿14 

dATp gtirnurated cDF reductisn

by L=7- in Chinese harnster trvary ceI1s. They alss

reported that 4{r Vtf"l dATP =tirnulated ËDp reductien by

Lr07..

CeI I = i nf ected by E-t:rne vi ruses produce al tered

f orrn= o{ ri benucl eeti de reductase (brri ght r rgBs) .

rnfectit:n by equine herpe= virLrs Er Epstein-Earr virus

re=ults in ån shser'¡ed increase in resi=tance to

hydroilyurea and guanazole (Harnpar et aI ,lg7?¡ HeIe et

91r1974; Cahen et at rL977; A1len et 91r197E}). A virus-

encsded Fl? Er a rnodi f i ed cel l ul ar 1",1" i = suspected

because the free rsdical i= the target sf these drug=.

The en= yrne i n cel 1 s i nf ected s{i th herpes =i mp I e:< and

pseuCorabie= is net re=istant te hydror:yurea and EFR

studie= sf H? tyro=ine free radical indicated that it

wåE similar tthough slightly differentl te the hsst

en=yrne (Langel i er and Er_rtti n , lgBI; Lanlri nen g!

al ,19E}?). The CÐF reciucta=e o{ Herpes sirnple:< dt:e= nst

require ATF and i= ncrt inhibited by dTTF t:r dATp

{Langel i er end Eutti n, 1?81 ¡ Hu==ar and Escchetti , l?Bl;

Lankinen et al ,19E}i) -

The aIls=teric regulatien of the T4

ribonuclet:tide reducta=e i= =irnilar to

bacteri aphage

that c:f it=
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hest, E. csl i ,

of CDF and UDF

{BergI und, 197")

by dTTF, dCTF,

except that dATP activates the reduction

rather than inhibiting al I reductisnE
. In f act , tDP reduct i sn i = st i rnul eted

dATP and ATF -

Drug= that Act t:n Ribsnurclestide Reductase

There åre several drug= that are knewn ts he'e
ribonucreotide reductase a= their site sf action.
Hydro:<yurea is by far the rnsst widely u=ed

chernotherapeutic agent that act= en the enzyrne. rt hs=

been used to treat a variety of =elid turnsrs, acute and

chrsni c l eukerni a= and rnel anorn¡s {Eerg=agel ct êl , 1g64,

B,'l ton et a!, 19å4, Fi =hbei n et aI , 1gó4; lr.ennedy, lgeg) .

Its chernotherapeutic actit:n wa= =ht:wn ts be rnanifestec

in the inhibition s{ ribonlrcreotide reducta=e

{l"loh1er r 1964r Young snd Hoda=,lgå4} . Hydroxyurea

stråvenge= the tyresine free radic=l, an action that trån

be fsllewed with EpR spectrescÕpy (Ehrenberg anc

Reichard ,Ig72i Âkerblorn qt ê1 ,1Vg1j .

Eìuana,zole (5rS-diarnins-1 rIr4-tr-ia=sle) ha= =sme
anti -tumor acti vi ty (Hahn and Adarn=sn , Lg7?; yakar et
ar.1973). Brockrnan et al ttyTü) shsr'ued that it affected
ribonucleotide reducta=e in the =ame rnänner åE

hydrer:yureå. rn keeping u¡ith this eb=ervaticn, l*lright
and Lewi = (,L974 ) =hor"¡ed that cel r s =el ected +or

re=Í=tance to hydro){yur-eå sr guãnëisl e were resi=tant
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to both hydro>:yurea and guanazole, indicating that the

two drugs =hared å cornrnon intracellular site sf actisn.
An e::trernely potent inhibitsr of ribonuclestide

reductase is 4-methyl-5-arnins-1-formyri=equinorine

thia=ernicarbs=one tf{Arü). Thi= i= sn irc:n cherator but

i= nst be1ieved to interfere c¿ith the nen-herne irsn of
H---". It appeårs ts interact e{ith the en=yrne at or nedr

the =ite where the dithiol suhstrate binds tsartsrelli
et el ,L977j.

Cios=ypol, a male Ínfertility agent, i= anc:ther drug

that targets ribonucrestide reductase {Hcclarty et
ar r 1945) . FurtherrfiBre, a rnsr-rse L cel 1 t ine that had

been selected for resistance to hydro)íyureå wås found

to be alscr resi=tant ttr the action sf gossypol.

Eleomycin, å 15L1Lt l"ltrl glycepeptide antibiotic, rr{ðE

{ound to inhibit ribsnuclet:tide reductase sf nreuse L-
cel l=, pre=urnably by rerneving the irsn f rsrn the l{"

=urbuni t {Hcil arty Ct aI , l9Eló) - Fri sr expesure to
hydror:yurea rnade the en=yrne e>:trernel y =en=i ti ve to
inhibition by bleomycin , prebebly by cau=ing a

csn{srrnational change in the en=yrne and e:,:pa=ing the

irsn center.

Aghl yg þ;1eÞsi ana

This urater rnsuld belongs to the cIa==, üornycete=;

order , Saprol egni al es¡ a.nd f arni l y, Sapral egni atreåe

tAlext:poulo=r19å:)- At the end t:f its vegetative cycle,
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the organi =m f .'rrns aser:usr sporangi a and sexual

oegoni a and antheri di a. It= thal 1r-rs i s f i l arnentous and

contains a rnurtinucleate rna=s o{ pretoprasrn {ormed by

the divi=isn o{ nucleus but not of cytoplasrn of an

originar zE'sForE. It produce= nonseptate mycelia and

very st,'ut hyphae- rt i= a trErnrnsn =aprophyte in rnsist
soil and in waterlogged plant and anirnal debris.

The growth and ether characteristics sf Achlya
klebsiana have been repc:rted by carneron and LéJohn

{r97?}- rn liquid rnedia r+ith rimited nitrogen,
phosphate and gluco=e, the organi=rn enter= the aseirual

growth cycle. cytoplesrn strearn= to the tip of the hypha

and is =equestered by the fsrrnatisn of a bssar septurn.

SporangiBspgres are ft:rmed frsrn individual nuclei and

rel ee=ed - Pri rnary =c:t:=pt:res are entrygted and rarel y

rnstile u¡hile the =ecendary =Bs=Fsres are not encysted

and have tws {1agel 1a. During gerrnination, a thin gerrn

tube i= produced r.Jhich elongateg and widens to f errn a

hypha- A multinucleate hyphal tube grows and brsnches

withaut trrBsE septae. Thi= r+hale protrees i= cornpleted
(]

in 4tJ hsur= at "4 c and proceeds in a synchronous

fnånner.
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HATERTALS AND I"IETHODS
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tI) Organisrn

The arganÍsrn used in this =turdy u¡a= the coenocytic
f i l arnentous f resh water moul d ÊchI ya l";l ebEi ana e{hi ch

wa= abtained frorn Dr. GIen l..la==en t:f the Department of
Hicrobiology, University ef Hanitoba- The life cycle of
this f ungus was monitr:red rnicrsscspicar Iy {carneron and

tÉ;onn , 1q7?) ås it grer,r in liquid rnediurn.

(II) Eirr:wth f,ledia

(a) tf Y rnedium
7

Êcb1 ya wås rnai ntai ned as rn¡t= sf sporul ati ng

myceria in petri plates or Foux bottle= containing u_"
i.

rnediurn (tarneron and tÉ¡snn , Lgj?) - rt con=isted sf E.o

S gluco=e and (1 .5 g Eacts yea=t e:<tract per L of

di=ti l led c{ater. The sslutit:n s¿ag rnade Eo Ar'r tatr and/
¿_

=O ,fH l'lgC1 and sterilired by autoclaving.
2

{b ) PYG medi um

Êchlya sFEreE were allowed ts gerrninate in pyË

mediurnr (tantino and Lsvett, 196(r) and the undif {eren-
tiated hyphae wetre harvested for the purification t:f

ribonucleetide reducta=e, FyG censisted of S.u S

Eacto peptone and 1- u g Eacts yea=t

di sti I I ed water. It wa.s rnade Eütl i/t|t'1
Catll and Suu ¡f H f,lgCl and =ter i I i = 

ed by autoc 1 avi ng .
?/?

gluct:=er l.L-)

extract per L

ç¡

of

{III} Freparation of Êcblya klebEiana cultureg
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{a} l*laintenance culture

viable curtures ef Acblya ElgÞ=renå were rnaintained
in ltlç rnrn petri plates containing ?ü mL t:{ Ë y rnediurn

2
fsr up to å weeks at roorn ternperature- Heavy rnst= sf
rnycelia developed in j sr 4 day=.

(b) Culture ft:r Ept:re harvest

The rnycelial rnat= f rt:m s petri prgte culture= wey-e

asepti cal ly rernsved and cornbi ned i n 6ùt) mL c:f Ë_y
¿

rnediurn in å sterile 1 L Erlenrnyer flask. After rrigoreus

agitation, 1öo mL s¿as rernoved end di=pensed ints E ltlt)
rßm petri plates tc: ensure curture maintenantre, The

rEfnår. nl ng suspen=i on wa= di spen=ed i n 5 rn[- al i quot=

into 84 sterile I L Rou>r bettles containing Bo mL G_y

rnediurn- The bottleE were stoppered with cstton pr,-ri=

and =tacked sn their =ide=- The=e culture= were

incubgted for 5 er ó day= at rc:ûrn temperature untir a

thick myceriar rnat developed and spr¡rangia appeared ts
be plentiful upcrn microscopic exasnination,

tc) Germling preparation

Each sf the El4 Rsux bottles hraE shaken vigorou=Iy
and filtered through a double layer ef cheeseclath ints

=teri Ie ? L Erl enrnyer f la=ks. About óÕL-t mL s{ thi =

sp{]re suspension ¡¡as dispensed into each of 1? =terire
? L Erlenmyer flask= containing EurJ rnl- FyË mediurn.

0
The=e cultures u¡ere incubated at 

"B 
c with csnstant

shaking for 1? hours {hr}. The celr= were harvested by

=uctÍt:n f i lter on a l,¡lhatrn-rn #1 f i lter in å pla=tic
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f unnel and washed twi ce wi th -vçu rn|- di =ti l r ed water.

The fungal cake was diced and imrnediately frozen in
liquid nitrogen. The fungu= r+as either =tored at this

(]
stage (-7tl C) Br used f or the purif icatisn of ribs-
nucleotide reductase.

{IV} Purificstion t:f ribonucleotide reductase

Frszen AcÞ1ya þ1gb=iana cubes ( lOrl-lEOg) ¡.¡ere

greund ts a f ine powder in 1iquid nitrogen r,¿ith å pre-

cooled rnsrtar and pestre and rnixed with ån equal

vc:lurne,/s¡eight of isslation buffer (5t1 mt",t Hepes-pH j.b,

5 rnH di thi sthrei tsl and ?5o rnH Eucrt:se i n di sti I r ed

water). The rnixture was further ground with a Beckrnan

pol ytren {sr lu rni nutes (mi n ) on i ce. The mi xture wÈ=
o

then centrifuged at lSrOOOxg fc:r ?0 min at 4 C. The

supernatant c¡as made L] .5 7. pretarnine sulphate Bver a 1L-)

min period with stirring Gn ice. This rnixture was then
tf

centrifuged at 15r{r00>lg fsr lS min st 4 C. The pellet

was redissolved in isslation buffer csntaining å mFl ATp

{adeno=ine tripho=phate) and centri{uged at 1srù{)Ùxg

{trr 15 min- The pellet wa= redi==olved in isolatisn

buffer (u,¡ithsut added ATP) and centri{uged again at
o

l5'LlL-loxg f sr 15 rnin at 4 t. The resulting supernatant

shswed ån approlrimately ?tl fold puri{ication of

ribonuclestide reductase. This =upernatant was rnade 6
rnFT ATP and was placed c:n å xHlurlA ultraf ilter (Arnicsn

Diaflc: {i lter that retains rnolecules greater than

lLlÕrr-tö{t rnolecular weight). A#ter =everal hours at åL-}
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psi t:f nitrogen, the retentate (about lt) mL) was

rernoved and rnade lüfj rnH potassiurn chloride. This

=olutisn was =ubjected to the sarne ultrafiltratien and

the f inal f i ltrate þ{ås made 0.68 T. streptornycin

sulphate. This rni:rture was centrifuged at lErt)1t6;.¡g {or
E

15 minutes at 4 C and the supernatant was dialyzed fsr
4 hsur= again=t ? change= sf 4 L e{ ?L1 ml,4 Hepes-pH j.g,

SmH dithiethreitol. As pre=ented in the Fesults section
{Figure 7), the ribonucleotide reducta=e in this

fractisn proved ts be åpproximately 15(l fold purified.

(V) Standard ribenucleotide reductase as=ay

The assåy fer the reductit:n of CDp (cytidine

dipho=phate) wås a msdi{ied version of the reaction

used by Lewis et aI (L97â;L977\. A total reaction

rni:,:ture of 15tJ ¡r L contained 3? mH cold tDP, t1.33 nrnsle
L4 '/

C-CDP, å mFl dithiothreitol , å rnM ATP, SCr ml"l Hepe=-pH

7-6 and up to ltlu /uL E+ cel I extrast. The reactisn wås
o

incubated at 37 C {or Scf min and terrninated by heating

in a bsiling water bath fsr 4 minutes. I mg CrstÈlgs

atto;j venorn was added to convert the deoi:ycytidine

pho=phates ts deoxycytidine {Cory,1973) . The reactisn
B

was incubated for I hr at 37 C and terrninated bv

heating in a boiling water bath for 4 rnin. The reaction

mi:.:ture was then passed through a colurnn of Dowe>: 1-

borate {Steeper tt Steuart, 197i}). The cslumn wa= wa=hed

with 5 mL e{ distilled water and the eluant csntaining
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the deo:<ycyti di ne þcðE col l ected. rÕ mL ef Fi =her
scintiverse rr wås added ts each sampre for liquid

=ci nti I I ati on counti ng. Enzyrne acti vi ty was e:<pressed

ðs nan(]rnsl es cDF reduced per mi I I i grarn protei n per

hour.

The ion exchange resin {Dowe>: l-Borate} was

prepared by converting Dcr¡+ex l-chloride x Ël (?LlLt - 4t-!Ll

rnesh ) to the borate f srrn. Thi s wa= accompr i shed by

resuspending 5oo q of the resin in 6 L ef saturated
ssdium bt:rate r,¡ith stirring ffvernight at rst:rn ternpera-

ture- The resin was then filtered sn è large Euchner

funner and resu=pended in ansther 6 L sf saturated
ssdiurn berate. The resin was filtered in the sårîe

rnånner after it had =tirred overnisht. After washing

t¡ith 1ó L o{ deioni=ed water, the Dowe:< l-Bsrate wðs

rnade ints a thick srurry with the addition e{ a srnall
e

arnount ef deionized g.¡ater and =tsred at 4 C_

(VI) Stendard Frotein Assay

The =tandard åssay procedure used fer protein
deterrnination was the "Bio-Rad" method using the Bis-
Rad prt:tein determination frit (Technical Bulletrn
1t151¡. A series sf standard= (lÕt]-BÖtr 

¡g bevine EerLrrn

albumin./mL) were fir=t prepared using iselatien buffer
{5O rnH Hepes-pH 7.6, 5 ml"t dithiothreitol and "Er} rnl"l

sucrgse i n di sti 1led water ) . Ll . 1 rn|- o{ these standard=

and diluted =arnples of the extracts were placed in te=t
tubes. The Bi o-Rad reagent was di I uted 1 : S wi th
deioni=ed water and å 5 mL aliquot added to each
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sårnFle. The tubes s{ere mi:<ed by gentle inversion and ,

after 5 rnin , the ah=srbance at EgE nanorneters wàs

recsrded. A{ter plotting the =tandards on arT abssrbance

verslls concentratic]n trurve, the protein content o{ the
extracts r¡as deterrnined.

{vrr} Preparatian and storage of l"lorecular ultrafilters

Two di f f erent Arni con Di ef 1s ul traf i l ter= t{ere u=ed

in the puri#ication proce=E. The xHlorJA mernbrane uúÈE

used tt¡ separate rnol ecul es greater than lt)r), Outl

rnol ecul ar wei ght f rorn the srnar l er rnor ecul es i n the
e>:tracts. The Ul"l 10 rnernbrane wås used to bsth

concentrate and degalt sorne e{ the rarge volurnes e{

extracts-

The xl'llt)oA rnernbranes u¡ere =saked in distilled water
o

prior .to use. The filtration tosk place at 4 C under

pre=sures nst exceeding óO p=i. After use, the filters

t"lere washed t¡i th I I'l gsdi um chl ori de f sI I t:wed by

distilled water and stored v¿et in La 7. ethansl./wster at
(f

4t.

The UH1O rnembraneg g.¡ere =oaked i n ?S T.

glycerin./water f sr at least lL-t min f ollse,red by a I hr

rinse in disti I led water t several change= ) . The
t]

filtration took place at 4 C at pre=Eures as high ag gÕ

p=i. The rnembranes were cleaned by washes with 1 H

sodiurn chlsride and di=tilled water and stored in the

sarne rnanner as the Xl"llÖOA mernbranes.
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{VIII} Tritiated Thymidine Uptake

The uptake s{ tritiated thymidine by Êcb1ya rnycelia
h,as rnonitsred to determine the optirnum tirne a{ter
gerrni nati on f sr the harvest of the rnycel i a f or the
purificatisn of rÍbonucreetide reductase. Let¡is et Èr

{19-76} =howed that the Epetrific actir¡ity o{

r i bonuc I est i de reductase peaked at the sarne t i rne ðs

the peal'; rate of thymidine incerporatÍen into acid
precipitable rnatter wa= observed.

seven si:<-day Rou¡< hottles s{ Achtya rnycelia were

added to SoL-l rnt- of PYG mediurn in a ? L shaker flask and
g

incubated in an orbital shsker (17u rpm) at zB c. After
*j

? hr , ltlit yt- of tå- Hl-thymi di ne { 1 mci /mL stsck
concentratit:n) !,¡as added to the culture making it O,lÌ

Ci,/mL. Af ter ansther ? hr, å ?E mL al i quot ef the

culture wås rernoved, mi¡led with ?E mL sf cold 
=uT.

trichloroacetic acid {TcA} and allc:wed to =it for lu
E

min at 4 C- The mi:rture u.¡as then f iltered through ä

glas= fibre filter (prewashed v¡ith 1rlz. TDA). The filter
wa= then washed tt¡ice u¡ith each ef cold s7. TCA and cold
phosphate-buffered =aline (FES), fallowed by drying in

o
a 2t1o c oven fsr 5 rnin. The filte,r wa= then placed in å

=cintillatit:n vial with 1 mL Arnersham NCS ti=sue
tl

=slubilizer and incubated {t:r I hr at 6u c. After the
vial had ceored, 65 lL or csncentrated hydrochlsric/
acid {HCl} t+a= added as well a= E mL sf scintiyerse
I I tFi =her ) . Ti me-ceur=e al i quot= were tEl::en hour1,¡



27

until 1å hours after gerrninatit:n and HEre treated

exactly ås described above.
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SOURCES DF I"TATERIAL

l'lt:st biochemical= were obtained from sigma chernicgl

cornpany,5t. Lsuisrl''|o er frorn Fi=her scientific f,ornpany

Ltd., lEl Plymouth St., ÞIinnipegrl"lB. l"laterials that were

purchased *rsrn sther sourtres åre 1i=ted belsw.

Arnrnonium =ulfate Aldrich Chemical Co., F.ü.Bo>l
2t)6(t, I'li 1t+aukee, [.Ii sconsi n , USA

Bl eornyci n Bri stol Labt:ratsri e= of tanada
BelIeville, Ontaris

L4
C-CDP Arnersham Cerp., EOS lroqueis Rd.

Oakville, Entaris

Dowei: AGI-XB Bis-Rad Labs, 314{t Univer=al Dr.
exchange re=in l"li==issa'uga, ûntario

Fi l ter=: Xl"lltlùA, Ul'llL] Arni csn Corp. , L?26 t¡lhi te üaks
Blvd., üakviIle, üntario

glass f ibre Gelrnan Sciences, f nc- , ?g06 Diab
5t-, l"lontreal , Gluebec

cel l ulose 9fhatrnan f nc. ,9 Bri dewel I pl ace
Clifton, New Jersey, USA

Guana=ole B. l¡loodsrJr.& L-H.f¿.edda U.S,
Netisnal Cancer Institute
Silver Springsr HD, USA

l"lAIGl B. tdoodg, Jr. & L. H. l¿-edda
(see above)

NCS ti EELre sol ubi I i =er Amer=harn Corp. {=ee above}

Feptone Difco Lsbt:ratories
Detroi t, l"li chi gan r USA

Prstein Assay Eio-Rad Labg (=ee above)
3
H-thymidine Arnersharn Corp. {=ee above}

Yea=t E>rtract Difco Labsratsries {see absve)
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RESULTS
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{I) Furificatisn o+ Ribanuclet:tide Reductase

(a) Grou¿th and har.¡est ef rnycelia

cultures of Êshlya klebEÍanå were rnaintained as

described in the l"lateriar= and f"lethods- rn order to
deterrnine the optimum tirne ts harve=t the gerrninating

spore= fr:r the purificatian of ribonucleotide
reducta=e, their uptaÞ:e of tritiated thymidine wa=

rnoni tored. Lerai s et al ( lg76) shr:s+ed that the =peci f i c

activity of ribonuclestide reductase peaked at the sarne

time as the peak rate sf thymidine incorporatic:n into
acid precipitable rnatter wès sbserved. Figure I

illustrates the incorporatisn sf tritiated thymidine by

gerrninating spere= of Êchlya klebEiana. There wås rlo

appreciable arnount of incorporation until ? hr after
gerrninatisn when a great bur=t sf thymidine uptake wåE

ob=erved. The peak in the rate ef upta[.:e occurred at 1"

hr after germination, =howing a seven feld increase

Ever the rate at I hr. Over the next 4 hr, the rate
dropped gradual I y tt: about ?./3 ef i t= peak val ue.

Achlya mycelia ¡dere harvested at LZ hr after spore

gerrni nati on f or the puri f i cati en

reductase-

of ribonucleetide

(b) Purificatisn prott:col

A =cherne sf the rnethsd o{ en=yrne purificatisn

which yielded the best results is presented in Figure
? . Thi = rnethod expl oi ted the cha,racteri sti c aggregati on

o{ the en=yrße when in the presence of & mH ATp- The
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Figure 1: Thymidine uptake by gerrninating spores of

Êch1ya klgbEiana-

A ? L f laslt r¿ith 5ix:r mL PyEì medium and

5i)Õ mL germinating spt:res u¡a= rnade r_¡. 1

¡.lCí / nL wi th H-thymi di ne. ?5 rn|- sarnp I e=/
were taken hourly and treated åE

de=cribed in l-taterial= and t"lethods.
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3H-THYMIDINE UPTAKE (DPMXI O-3I1 OMI)
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Fi gure Furification =cherne fc:r ribsnuclet:tide

reducta=e frorn Achlya klebsíana.

ïhe protocol is de=cribed in detail in

lTateri g1s and l-'lethad=- The e>:tract

appl i ed to the XHlürlA ul traf i I ter was

al ready puri { i ed 
"tl 

f ol d. The resul t ef

the fir=t ultrafiltration was a 5E} fold

purificatien. The second ultrafiltration

step re=ul ted i n a 15r:) +sl d puri f i cati on.
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dryrpor.ldered Êcblya + equal vo1/wt ist:latisn bu{fer
t

l-polytron 1O minute=r or ice
í-centrifuged fsr ?ü minutes at
i 151'-. :< g

supernstant
I
¡

i -rnade û . 
=7. 

protami ne sul f ate ,i-centrifuged ft:r 15 minutes at
i151:xg

¡rl
pel let supernatant

ll¡¡
i-redissol.¡ed + å mH ATP, di=carded
!-centrifuged for 15 minutes at
i151:xg

la
l¡

supernatant pel I et
,rIt

di scarded I -.red i ssel ved - ATP,
i-centrifuged 15 minute= at
í 151.. x g

pellet =upernatant (?il x ruri{ied}
¡r
ll

discarded i-rnade å ml'l ATP,
i -XHlütrA uI traf i l ter
¡

I
¡

retentate (5El x nurified)
l-
¡

i-rnade lrlü mf"l ld-Cl ,
! -Xl''llrltlA ul traf i l ter
I
I

¡
¡

f i I trate
¡
I

di scarded

retentate fi Itrate
l¡
ll

di =carded i-rnade tl. ô57. streptornyci n
i sulfate,
i -centri f urged 15 mi nutes at
i 151.: x g
l-dialyzed fsr 4 hours
i

15ü x purified e::tract s{ Êcblya trDP reductage
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èggregåte precipitated when rnixed with {t-=y. protarnine

sulfate but di==sciated when the ATF and pretarnine

sulf ate were rernoved, rernaining ås a f unctional enryrne.

The å ml'l ATP caused the en=yrne to aggregate and be

retai ned by the Xl"llriOA rnernbrane ( 1u{}. ÕLlL-} HH

ur traf i l ter ) . hlhen lt1tl ¡¡¡"'¡ ¡';ç1 was added , the aggregate

dis=sciated and wa'= able to pas= thraugh that sårne

rnembrane. This rnethod yielded a fairly high degree o{

purif ication (approxirnately 15t fs1d) and proved to be

the rnost gentle appreach.

The ribonucleetide reductase frsrn Êch1ya Hå=

very sengitive te dilutien. Any purificgtit:n =tep that

resulted in low protein concentratisn= resulted in huge

lcs=es of en=yrne activity. Le¡¡is and tdright { 197El}

showed that the activity of ribsnucleotide reducta=e

decrease= legarithmical 1y with decreasing protein

concentratisn. For this reåEon, ultracentrifugation wëE

an unsllctressful step åE þfa's any chrsrnatsgraphy that

greatly increased sarnple volurne. Lost activity u¡as nst

restored hy concentration so =teps were taken to ensure

such dilution did not take place. hlhen grinding the

f rszen mycel i a mats r ñE rnc:re than ån equal

volurne./t^reight t:f i=olation huf f er was used {1 mL per S

cel 1=). The smallegt ptr=sible volt-rrres Èdere used to

resuspend the variou= pellets. Gel filtratit:n steps for

de=alting were replaced by dialysi=. Csncentrating the

sarnple extracts algo proved di++icult as the enzyrne

seerned to be e;rtrernel y =en=i ti ve to de=tructi sn by
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arnrnEnium sulfate. cooper tL?TT) sugge=ted that the salt
shsuld be added a5 a =slutisn in the=e cases and that
the durati sn s{ thi s ei{po=urÊ be mi ni rni zed. The=e

suggestisns did nt:t help ;rE it caused the volurne tt: be

increa=ed and eäposur= *åE rengthy during dialysis.
Even the use sf gg.ggggy. pure arnrnoniurn sulfate (Aldrich

chernicsl co--"Gold Lahel"), ground ts a fine powder wag

too destructive. Ei:perirnents u¡ith pt:lyethylene grycol
(PEË) 

=howed that the en=yrn= ws= precipitated by L=T-

PEG but at ån unacceptable rss= o{ specific activity.
A hollow fibre concentratsr wa= arso ernployed, but

¡¿ith limited slrctreEs. A large proportion e{ the pretein
hrðE lo=t in the csncentrator and the pretein that wåE

concentrated had quite Iew specific activity. The

Arni csn Di af 1B ul-l 1L-l ul tra{ i r ters gave the be=t resul ts
in both the arnsunt ef protein recovered and in
maintaining high specific activitie= sf the e:<tracts
after concentration. The drawback with both o{ the=e

rnechani cal concentratsrs wås the arnsunt e{ ti rne

required for the process ( ? - S hour=).

Ansther step that wåE ernplayed to keep protein
concentratisn= ahove å criticar Ie.¡eI was the additisn
e{ bovine Eerurn arburnin {ESA) to the extracts. l'lost

assÈryS hrEre perf(]rrned on extract= that wrre at lea=t
L-l- 5 mg./ml t i + they were I ess cencentrated thsn thi =,

=uf{icient ESA was added} - FSA was sften added in

csncentratit:n= as high as E rng,/rnl to irnpreve activity.
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{ I I ) Characteri sti c= of the Re,ducta=e As=ay

(a) E{fect of pH

The ef f ect of pH Bn the spec i f i c gct i '¡i ty of

r i bsnuc 1 ec:t i de reducta=e wa= deterini ned by rna[:: i ng ð,

series o{ buffer= =panning the range t:f pH E.ó - B.g.

The f irst =ub=et ot that rð,nge tpH S.ó - 6-4) wå= made

u=ing ?-tN-Horphal inslethanesul{enic acid {HES) .

Fipera=ine-NrN'-bist?-ethanesurfsnic acidr (prpEs) u¡as

u=ed f sr the range ef FH É.4 - 2.4. N-?-Hydro:<yethyl-

pipera=ine-N'-?-ethanesul{snic acid (HEFES} wå= u=ed

{sr pH ó.4 - E}.ü- Tristhydro:rymethyl )aminernethane

{TRIS) was used f sr the range of pH 7.{r - E}.Et- Each

å--såy tube conta.ined the =ame en=yrne preparstion t11-B

mg,/ml). Figure 3 indicates a rather nårrew pH range fcr

e{f ecti'¡e reduction a{ CDP tpH 7.? - B.E), t+ith eptimurn

pH being 7-8. HEFES at trH 7.8 was chesen a= the

standgrd CDF, reaction bu{fer.
(b) E{fect of Temperature

The effect sf ternperature on CDF reductir:n rrlåE

deterrnined by dispensing ?5Õ tlg o{ ån enzyrne Frepårå-
tion ints duplicete reactisn tubes in each of fsur

o
dif f erent water baths (?3, ?8, .17 and 4= C). E-rch

temperature had a =epåråte contrsl tube a= well, t¡ith

BSrl replacing the en=yrne. Figure 4 shows å rather

nårreu{ ternperature preference for the en=yffiEr with the
(f

optirnurn ternperature being 37 E even though the fungu=
B

grsws cptimally at :B C. The =tandard f,DF redu=ts=e
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Figure 3: The effect ef pH on the CDP reductase åEsåy.

Ag described in the Haterials and l"lethods,

reacti sn rni xtures Here prepared ursi ng

different buffer solutions {HES, FIFEST HEFES

and Tris) covering a pH range of 5.6 - B.S.

The assay was perforrned in the usual rnanner.



5Y

1.2

1.0

oJ

o-o
O
-(t)o
c
C

t-

=F
O

I
lJ-
õ
tJ-¡
(L
Ø

0.8

0.6

o.4

0.
5.6 6.0 6.4 6.8 8.0 8.4 8.87.2 7.6

pH



40

Figure 4= The re=ponse o{ tDF reductase to changes in

temperature.

The assay wås perforrned as destrribed in the

l"Tateri aI s and Hethods except that 4

different incubation temperatLrres ulere used

cr:ncurrentl y.
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åssåy h¡ås perf(]rfned åt 57 t.

{c) Ef{ect ef Dithisthreitsl En CDF Reductisn

A range o{ dithiothreitol (DTT} csncentration= {ü -
1? mH) was tested fsr their effect c:n CDF reduction.

Each tube received 295 fs o{ än Er¡=yrne preparation

thet was dialysed again=t a buffer csntaining no DTT.

Fi gure 5 i nd i cates that Eorne en= yrne act i vi ty rernsi ned

even in the absence o{ DTT- specific activity incres=ed

steadily to a pealt at 6 mH DTT fsllowed by a graduat

drop in activity frern ó mH tt: 1? mH. The =tandard ås=åy

csnditisn= for CDF reductien included ó mH DTT-

{d) Ef{ect o{ Adenssine Tripho=phate Csncentretion

Fi gure 6 sher"t= the e{ { ect o{ i ncrea=i ng

concentratit:ns s{ adenosine triphosphate {ATP) Bn the

rate of CDF reductian. There wa= quite a bit ef en=yrne

activity even in the ab=ence sf ATP. Specific activity

peslted at ó ml"l ATP and decreased until a csncentration

sf 14 mFl ATP was reached. Subsequent additisns of ATp

{ 14 - ?t1 ml,l) had ntl ef f ect on the speci {ic activi ty.

Thi = f i ndi ng was consi stent ¡¡i th tht:se s{ l'loore and

Hurlbert (19ó6) in marnrnalian =y=terns in t¡hich it r'lð=

fsund that ATF s¿as required f or rnailirnum CDF reduction-

The standard assåy sf CDF reduction by Êcb1ya

preparatisns csntained 6 mf.l ATF-

{e} Requirernent of Hagnesiurn Ion=

The addi ti en sf rnagnesi urm i ons tHgCI 
_ 
) to the CDP

¿
redncta=e a=-sa'y rni:lture di d not enhance =peci f i c

¿cti v'i ty at al 1 . Th= addi ti an s{ rnagne=i ur* has been
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Figure 5: The e{fect o{ increasing concentratir:n= of

dithisthreitsl on CDF reducta=e.

The standard CDP reduction ðEsåy rlfåE

perfsrrned e>lcept that increa=ing

concentrations s{ DTT were sdded to the

a=Eay tube=.
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Figure ó: The respsnse ef cDF reductase to increa=ing

concentration= t:f ATp-

The åssåy was per{orrned a= befere e:lcept

that the csncentrstisn of ATp r¡¡ss varied
frsrn Cl - 2ç mtt.
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Table 1. Effect o{ tlgCl En CDF redutrtåEe activity

tl'lgCl I (mH)
rf¿

7- Specific Activity

?

fJ

4

Ð

1U

1"

14

Itrl

"tr

1u07.

59.9

45. rt

53.6

60.9

6b-9

A7=

56.3

7El. A

llttt7. activity = 1.51 nmele CDP,/mg./hr
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shourn te enhance CDF reducta=e in E. çolitEngstrðm et
al,1979-) , g- çeteyisiae {Vitol= et å1,197ü} , rabbit

bene rnarrow tHopper , 197?) , trålf thymus {HattaI i sns et

al , 19€} 1 ) , and Chi ne=e harn=ter c:Väry cel l s (Hard= and

t{rightr1984a). Hopper (1ç7:} and Hattaliano et al

{ 19gl ) =uggested that rnsgne=i urn i sn= prornoted the

binding together t:f the tws non-identical subunit= sf

ribonucleetide reducta=e. TsbIe I indicåtes that this

addition rnåy actually inhibit =light1y the reduction sf

CDP. Tyr=ted and Ëarnulin 1tg.7?.) fsund that the presence

t:{ rnagne=Íurn ions was nct essential f or CDP reduction

in phytahemågglutinin =timulated hurnan Iymphocyte=.

Hagnesiurn ions were not included in the standard assay

for CDP reduction.

fe

{f} Respense to fncreasing Frotein Concentration

Figure 7 shr:r'rg the ef f ect that increa=ing arnountg

pretein had En CDP reductase activity. Up to "25
of extract, the effect ef added BSA wäE not

detected. At this point, the tu¡o curve= diverge and the

curve with added BSA rose at rnuclr fa=ter rate. Thi=

h,ås con=istent with the finding= ot Lewi= and blright
( 1978) and þiu= i k and SJri ght ( 198{t } and =ugge=t= that

the enu yrne may be di ssoci ati ng at I er¡ protei n

csncentrations (Hopperrl97?)- On the basi= o{ the=e

findingsr the standard CDP reductisn åssay þrag

performed u=ing at least ù.5 mg

=arnpl e= =uppl ernented r+i th BSAi .

e{

e{ protein {di Iute
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Figure 7z The effect of pretein concentration on the

rate o{ CDP reduction-

The arnsunt of pratein e;<tract added to the

assay tubes wås vari ed f rom 5U - 4L1O

fS. The cllrve {t:r en=yrne e>;tract alone

i s pI otted u¡i th (r) whi I e the tubes that

received Õ.5 mg BSA are pletted t+ith (f).

The assay r.ra= perfsrrned in manner described

in the l"laterials and l"lethsd=.
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{g} Standard CDP Reductase A=say Conditicrns

The gtanda,rd csndi ti c:n= {sr the ås=ay of tDp

reductisn are presented in Table 2. The assay Hås

carried out in a total volume of t5{t ¡lLr EB the vslurne

of 5{t mt'l HEPES pH 7.8 wa= altered í "..o*rnsdate the

vari su= addi ti'¡e= bei ng tested.

The propertie= of CDF Reductase f rern Êchlya år-e

presented in TabIe 3. The ef{ects ef varisus additions

Ðr ornissiens on the activity s{ the enzyme are

enpressed.
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Table ?- Standard CDF reduction åEEay conditisns

- S? rnl"l cel d CDP
L4

- O.f,f, nrnole C-üDP

- 6 mf,t dithiothreitel

- å ml.,t ATP

- Srf ml"l HEFES bu{{er pH 7. B

- at least Ll.5 rnç¡ tstal protein./assay peint

(]
- reactien was carried c:ut at 37 C fsr iO rninutes

and wa= terrninated by boiling ft:r 4 minutes.
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Table f,. Propertie= sf CDF redutrtðse frsrn Êcblya

ümi --=i cn Er Add i t i sn 7. Acti vi ty

cernpl ete

_ ATF

- DTT

- l"tgtl
2

+ 4 ml-1 dËTF

+ l il ml"l CTP

+ 1r-l mH dCTF

+ 1{l rnl,! dTTF

+ 
"üL) ml"l hydrexyurea

l rrö7.

77 I

4â.7

l tlL-t

340

"=6
a1

15

?rr
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(III) f,linetics of CDP Reductsse frorn AchIya

ta) kirn f or CDF

Figure B is g Lineüseaver-Eurl* double reciprocal
plot showing the dependence of reactÍon rate upon CDF

csncentration with ó ml"t ATF ag the po=iti'¿e ef f ector.

The curve i= linesr and girres an apparent l¿-m value of

"u rnl'T cDF and a vrnai: value gf l3-s nrnsre= cDF,/rng,/hr.

tb) E{{ect of dATP en CDF reductase

Figure I indicetes that dATF had nB inhibitory

e{fect Gn the CDP reducta=e o{ Êchlya t:IebEigna. Vitols
gt al t197t-t) =howed that dATP was inhibitory to CDp

reduction by EacchåLornyçes cgrevisiatr. Thelander et al
(197?.) dernsnstrated dATF inhibition of ribenucleotide

reductase in E=cherichia cgli- hlright tlgA3) reported

that the CDF reductase of Chine=e hamster ovåry cells
was inhibited by dATP.

Figure 1ù shou{= that the CDP reductase s{ Ach1ya

wåE gctual ly sti rnul ated tup ts *1 {oI d } by addi ti on of

=rnalI arnount= of dATP. This e:< Feriment was perf srrned by

altering bsth the concentratisn o{ dATF snd ATP tie.

the ratis of dATP./ATP was altered). The additisn sf i),s

rnH dATF caused an increase in gctivity s{ about 1ótr7.

Ever the range of 1-5 ml"l ATF. I mH dATF cau=ed more

than 5ü117. =tirnulation ef activity sver the sarne rånge

cf ATF concentratit:ns. The addition sf ? mf"l dATP cs,u=ed

a ?557. stirnulation t*ith ?.5 mH ATF present but this

=timulatisn dropped ts 1ót7. st 5 mH ATP.
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Figure B: Deterrnination of f,lrn for trDP with ATP as ån

act i '¿att:r .

The standard CDP a=say wa= perforrned e>lcept

that the concentratisn e{ CDP v¿as varied

f rorn u- I -I rnf-t. A Li neweäver-Eurk doubl e

reciprocal plot was generated and the l,im

fsund to be ?il ml',| .
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Figure 9: The response sf CDP reductase to dATp.

The assay ¡dås perf ormed i n the månner

described in the l'laterials and lTethods, The

tubes received frorn il - 1t-) mH dATp-
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Figure 1u: The ef{ect sf alteríng the dATP/ATP

the rate t:f CDP reduction.

Each assåy tube received a range of

ATP. The tubes in the tQl plot slss

U.5 ml'l dATP. These in the {O) ptet

l.u mH dATF and in the tÂl plot , z

rati cr Erl

1-5mt4

recei ved

recei ved

mH dATF.
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{c) Effect of dETF on CDP reductisn

Figure 11 shows that CDP reducta=e activity r,.lðE

enhanced by the additisn o{ dETF. t{ith f, inl"! dËTp.

activi ty was elevated 3- g fold. Further additisn=

el i ci ted å I esser re=ponse hut at lÕ ml"l dËTp

stimulation u¿a= stitl 
".5 ford. Thelander et ar {1979)

=ht:used that dGTF wa= Ínhibitory te CDp reductian in

E=cherichfa qg!l_. hlright {199f,} r-eported that dGTF u¡as

inhibitory te the CÐP reductase ef thinese harn=ter

ovary cel1s.

{d} Effect af dTTF en CDF reduct-r=e

The additisn o{ dTTP caused =ub=tsntial inhibition

of CDF reduction. Figure 1? =how= a msrked decrease in

activity when I mH dTTP sgas sdded (about 5r-I7. acti'¡ity).

t{hen 5 ml{ dTTP was added, CÐF redr_rcta=e activity wåE

reduced to just L47-.

te) Re=ponse o{ CDP reductase tt: dtTP additicn

The addition s{ dCTF had a minirnsl ef f ect En CDF

reducta=e. This i= dernon=trated in Figure 13. There is

a slight increase in activity t1f,7:) when 3 mH dCTF {,rfa=

added. An addition sf ltf mH dCTF caused å 197. decrea=e

i n CDF reducti on. Hards and !Jri. ght ( 1994b ) reported a

rnc:re drarnati c =ti mul ati on {about 15 f ol d at 4 ml,l dtTF}

o{ the CDP reductase in Chin==e harnster Evary ceI1s.

{+ } E{f ect sf CTF an üÐP red'-rcta=e

The addition sf CTP to the reaction rni:<ture o{ the

CDP reductase aesÈry cau=ed an increa=e Ín Epetrifi=

acti vi ty. Fí gure 14 shsy¿s i gr-rduel i ncrea=e i n
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Figure 11: Activation trf CDP reducta=-e by dËTP.

A range of Ll - 1ü mH dGTF was added to the

aEEåy tube= and the CDF reduction a=såy wåE

perfarrned a= previously described.
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Figure 12; Inhibitisn s{ CDF reductase by dTTP.

The CDP reducta=e aEEåy t.las perforrned ag

before with the sddition of L1 - 1O mH dTTF.
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Figure 13: Re=ponse of CDP reductase to the addition of

dCTF.

The CDF reductase assåy u¿as carried out as

degcribed in the l.laterials and l"lethodg with

the additisn of I - 1O ml"t dCTP to the ås=ay

tubes.
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Figure 14: The respsn=e of CDP reductase to the

addition o{ CTF.

The CDP reductase ås=åy was per{orrned in

the rnanner previou=ly descrihed. The a==ay

tube= al sc received I - ?t_i mH CTp.
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atrti vi ty unti I lu mH crP u¿hen a ?. 6 {sr d sti mul ati on

hfËrs produced. Further additisn= (up to ?{r mH crp} did
not a{fect this level t:{ stirnula.tion.

{g} Re=ponse o{ CDp reductase tt: ËTp

Figure 15 irrustrates the response of tDp reductase

to the presence of GTP as a positive e{fector in the
absence of ATP. The curve i= sirnilar to Figure 6

iEff ect r:f ATP) in that it shows that there is sorne

activity in the absence e{ any activatsr (GTF t:r ATp}

but that speci f i c acti vi ty i ncrea=ed to a max i rnurn wi th
the additien of the activator (in bsth cåses ó ml'l).

Figure 1å i= the Lineu¿eaver-Burk prot of initial
reactisn rates using ó rnt"l GTp as the po=itive ef {ecter.
This Eurvr is linear and yields an apparent Hrn varue of

16 mH CDP and a Vrna>: value of 67-ù nrnoles CDp,/mg./hr.

Hard= and t'Jright t 19Ël4b) reported this same ef f ect in
the Chine=e harnster ovary systern, r+here CiTp csuld

replace ATP as the positive ef{ector.

{h) Effect of UDP on DDp reductase

Figure L7 indicate= that the additisn of UDp did
not inhibit the reduction ef tDF. Cery (1979) had

postulated that UDP would act as å cernpetitive

i nhi bÍ tor of cDP reducti on i n Ehrl i ch rurnor ce1 r s

becau=e beth CDP and UÐF reduction require ATp a= ån

activatt:r. Also, the tws =ubstrates ðFparently bind at
the Earne catalytic site in rnarnrnalian celr= and =hould
campete {or thi= site, heurever he did nt:t find this
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Figure 15: GTP a= a replacernent a{ ATp as the activator

s{ CDF reducta=e.

The =tandard f,DP reductase ç¡as sarried sut

t¡ithout any ATP in the reaction mi;<ture.

This vras replaced by Ü - lt-l mÌ,| GTp.
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Figure 1ó¡ Deterrninatisn l.--m {r:r CDP r,¿ith GTP as the

acti vator -

Thi= åssðy was dene in the sarne rnanner äg

in Figure I er:cept that ICDFI ranged frsrn

4 - 4ö rnH and 6 mH GTP was u=ed as the

activator. The [,irn wss found ts be ló mll

CDF.
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Figure 17= The reEpense o{

addition o{ UDF.

CDP reductase to the

The CDP reducta=e år=åy was performed as

de=cri bed i n the Hateri aI s and l-lethods

with a range of CÐP ct:ncentration= o{ Ll .(Jl

to {}.4 rnl"l. üne =et of assay tube= didn't

receive any UDF (a ) . The tubes

that forrn the (f) plot received ù.5 mH UDP.

The ta) set received 1.t1 ml"l UDP. A dsuble

reci procal pl clt r.rËt= made wi th a si ngl e

Iine that repre=ents aIl the point=.
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r,ti th en=yrne Frepåred f rr:rn Ehrl i ch Turner cel I =.
Therefere, the result= ebtained c{ith CDp reductg=e

prepared frorn Êchlya re=ernble tho=e t:b=erved by Cary

(,1979j -

ti ) Inhihitisn t:f CDF reductase by hydroxyurea

The i ntrr:ducti on of hydroxyurea tHu) to the

optirni=ed åEsay conditions cau=ed ínhibitit:n of üDp

reduction. Figure 1A i I lustrates thi= e{{ect. The

addition of ?4 ml-l hydroxyurea cau=ed a Eû]/. reduction in
cDF reductase activity r¡hile onry Zt't7- activity rernained

after the addition sf ?CrLl mt"l hydro:<yurea. The=e were

extrernely high dsse= sf drug ts illicit thi= degree of

inhibition. Vitols Et al {197O) added E mH hydror:yurea

to e:<tracts sf Saccbar_oqyEe= cereviEiag and found 
=4y.

of the CDP reductase activity remained. t{right (l9Bj)

reported that the addition sf C)-7 rnF,l hydroxyurea cau=ed

an Bü7. decrea=e in the CDF reductsse activity of

Chinese harnster oväry cel1 e:rtracts.

{jl Response r:f CDF reductase to go=sypol

The addition of gossypol (an antiproliferati*¡er

rnal e anti f erti t i ty agent - Chang Et aI , lgg{r) had no

effect trn the CDP reductase sf AcÞlya trlËbgiana. Table

4 indicates that there h¡as nc: apparent inhibitisn of

=pecific activity caused by this drug. HcCIar+-y et sl

tl9BE) demonstrated that the ribenuclestide reducta=e

of rnouse L cel I s was very =ensi ti ve ts inhibitisn by

go==ypa1 . At å drug csncentration of ju--t 5(:l

ËM, en=yrne acti'¿ity u¡as reduced tc less than Lt-ri/. l¡lhen
I
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Figure 1E: CDP reductðEe activity in the presence t:f

increasing concentra.tions s# hydro;ryurea.

The standard CDP reductase ässay Hås

carrÍed out- Csncentrstions sf hydroxyurea

frorn t! - ?rf,Õ rnl*l u¿ere added to the åE=èy

tubes.
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Table 4, Effect t:f go==ypol on tDF reducta=e

[ËossypelJ ,./ *, 7. Speci f i c Acti vi ty

U

1U

2tr

4L]

ó{--l

Btr

1{r0

SrrO

4ÚL-)

111Õ7.

Eró.1

113.9

43.3

E}3.3

E}ó.1

119.4

1 i)L-t. Õ

97 .2

1Ot17. activity = tl).3ó nrnole CDP./mg./hr
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A tirnes as rnuch go=sytrBl (u-4 mt"l) nas added to Achlya

CDP reductager fiG ef fect s{a= detected.

{k) Respon=e of CDP reductase te guana:ele

Table 5 shsws that the addition Bf very large
arnounts of guana=ale had nÐ inhibitory e{fect sn the

CDP reducta=e o{ Êcblya klebsiëna. Lewis and hlright
(197El) found that the cDP reductage prepared frorn

Chi nese harnster Evary cel I s was sen=i ti ve to
guËrnå=ole; the addition of ? rnH guanazole caused a 657.

decrease in CDP reductisn. The addition t:f as much a'E

5C¡ rnl"l guanazore did not inhibit the cDF reductase of

Êch1ya(see Table 5).

{1) Effect of I'TAIf,l on CDP reductase

Table 6 shor¿s that l"lAIE (4-l',lethyl-S-Amino-l-Formyl-

i=oquinol ine Thiosernicarba=ene) had nt: inhibitory

effect En CDP reductase frorn âch1ya. In {act, it =eerned

to enha,nce sFecif ic activity by a= rnuch as Éó7. tat tt.4
ml'l). Preidecker Et al (194ö) reported that partially

puri f i ed extracts f rorn rat Novi kof f Turnor cel 1g

subjected to 25 /UH i,lAIU shewed E,37- inhibition of CDp

reducti sn.

tm) Response of CDP reductase to bleornycin

The introduction c:{ bleornycin to the as=ay for EDp

reductase with Acblya en=yrne preparations did nst cau=e

any inhibition t:{ specific activity. Table 7 indicates

that high levels s{ the drr-rg actually enhanced CDP

reducti en (7ú7 
f 14 bl eornyci n cau=ed ån i ncrease te

activity. HcClarty e! e! t198å)??,7.97. of control
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Table 5. E{fect of guanazole En CDp reductase

[Ëuana=c:le] (mH] 7. Speci f i c Acti vi ty

t-t

I
E
J

1(r

15

?11

25

3{)

?q

4L-r

45

5Õ

1ö07.

76. B

83- 7

(fq?

77.=

Els- 6

94. i)

64.4

117- rt

45. ó

8r0.9

1tlE}- 6

1{ltt7. Act i vi ty : 41 . E} nrnol e CDF./mg./hr
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Table 6. Effect of t4AIü on CDP reductase.

tHAIul (, 
f¡1') 7. Speci { i c Acti vi ty

o

I r-r

100

15()

"ütr
4r-){¡

1ür-17.

1ó4.5

L47.4

149.3

14E}. 1

1ór1. B

16ó. ù

1Öù7. Actiyity = 41.8 nrnale tDF./mg./hr

HAICI = 4-Hethyl-S-Amins-1-Formyl isoquintrl ine
Thi o=emi carbazsne
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TabI e 7. Effect o{ bleornycin 0n CDP reductass

tBleernycinl t ¡H)/
7. Speci { i c Acti vi ty

{l

?U

qr-r 7

1Õi¡

15r1. 7

?r-lr-l

3u7

4L){}

5t}7

óoo

7r17

Erlt

9L17

1 . L] rnl"l

1üu7-

81. t)

79.9

s1.7

135- 9

I r-rr-r q

1116- 7

9-4.7

141.5

14ó- 5

:f2.9

??tt.4

2(lù.4

1É6.2

10ö7. Activity = 38.4 nrnsle CDF./mg./hr



85

described 15 - "ÌJ'/. inhibition sf CDF reductien by

e>rtracts o{ rnt:lrse L ce1 Is when e:<posed ts 6 p ¡'1

-/
bleornycin.

(IV) Surnrnary of the Effecters of CDP reductsse

Strrne of characteristic response= o{ CDP reductase

frern Êchlya klebsiana te a variety o{ pesitive and

negative e{{ectors and antiprel i{erative drugs are

pre=ented in Table El. Vitols et aI (197ü) was u=ed åE

the source of the data on Qaç.c[åtÉEyces cgrevisiae. The

characteri =ti cs of the E=cheri chi a qS!i en=yrne h¡ere

fsund in the work of Thelander et al (L979J, Hogenkamp

t19El4) and Cohen et al {19El5). The inf orrnation about

the CDF reductase frorn Chinese harnster ovary cel 1s wås

taken f rorn tilright ( 1983) and Hards and kfright { 1944b) -

The data absut the Helpg= sitrple:,= II CDP reductase wa=

=upplied by bJright (1983), Hus=ar and Bacchetti (1981)

and Ct:hen et ê1 t1985). The characteri=tics sf the CDP

reductase of T4 phage was taken frorn the work af

Hogenkarnp { 1984) , Fel I rnan {1974) , Cohen et al ( 19El5}

and Berglund (t97?r.
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TabI e A. Cornpari sen s{ the ef f ectors of EDp

reductase frsrn variEuE strurtre=

\. dATP dGTP dTTP UDF ATP GTP f"tqCl" DTT Hu f'tAIE Ëuan

\-------
Ê.tl . + + U + + {r + -+ L1* (l*

S.c. + + +

E.c. + + + +

CH0++++

H=II 0 {} u O +

T4+tj+++t+

* = e:<trernely hiqh level s{ drug used

+ = activation

- = inhibition

L1 = no ef fect

Ê.k. = Êcblya kleb=iana

S. c. = €acchar_ornytre= cerevi Ei ae

E.c- = E=cherltrblå cEIi

CHB = Chine=e harn=ter ovÈrry cell=

H=II = Hetpes sirnpleä II

T4 = T4 bacteriophage
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Ribsnucleotide reductage wac_ partially purified

f rorn Achlya l<lebsianË, å cornmtrn water rnould. The on=et

of S-pha=e ysa= deterrnined by monitoring the rate at

e¿hich tritiated thymidine was incorporated intcl acid

preci pi tabl e rnateri a,l {LeE¿i s gt å1 , Lg7ât . Thi s

indicated that 1? hsur= s,f ter e-Fore gerrnination v¡as the

ti rne ts harve=t the f ungal rnycel i a to sbtai n the

rnax i mal arnount sf ri bsnucr et:ti de reductase (Fi gure r ) .

Lewis et al 1t97e-) reported that the peak o{ thymidine

uptai';e and rnax i rnal CDP reductase speci { i c acti vi ty
occurred at g hsurs after spore gerrninatisn but chose

ta rsutinely harve=t the celIs a{ter 10 hour=. This

tirne differentre was rnost like1y due ts differences in

the growth conditisns. Leu¿is Et al tlgTå) used G v
E?

rnedÍa in 15 L carbcry= incubated at ?E C with aeratiCIi.

Thi= study {ound that PYE mediurn in ? L flasks in ån

orbital shaker previded better growing cenditionsr was

rnc:re ea=i ly rnanaged, and yielded higher CDF reducta=e

=pecific activities.

The en=yme purificatit:n was de=igned te e:<ploit the

characteristic aggregation s{ ribonucleotide reductase

when in the pre=ence e{ ATP, Youdale et aI tlgg?)

reported that ATP caused the aggregation sf the Ll (Hl)

subunits sf regeneråting rat I iver ribenucleotide

reductase- They had rea=oned that becauçe the optimurn

ef f ectt:r ssnc=ntration sf ATP was 3.3 ml-l , Ll purif ied

in the presence sf ATF u¿ould yield ån en=yrne activated

tc: reduce CÐP {r"{hen recç¡mbined r¿ith L?,/t"l?}. They fsund
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that aggregates re=u1ted, increasing the apparent

rnsl ecul ar wei ght by roughl y lt) f oI d {rneasured by

rnol ecul ar ex c I usi sn hi gh perf orrnance I i qui d

chromatography) - These aggregate= disssciated uuhen the

EårnFIe u.¿as made tf - 1 l"l potassÍurn chloride.

Thelander et al tl9grl) {eund that dTTp caused F,ll of

calf thyrnu= tt: f errn dirners, dATF cau=ed tetrarner= and

ATF produced bsth dirners and tetrarners. They suspected

that these nucleetide effectt:rs rnanife=ted their

activatisn or inhibition by inducing cenforrnational

changes in the en=yme that resulted in aggregation.

Brswn and Reichard t19å?) reported that dATP caused

the aggregation of both 81 and E? o{ the E. celi

enuyrne. The addition c:f dATF or ATP resulted in the

f srrnati on of aggregates sf 1"1 I { "dye f racti En " ) o{

ri bsnucl eoti de reductase f rern EhrI i ch turnor cel 1s

(l..lippenstein and Cory, 1978).

This =tudy shst¡ed that ó ml'l ATP resulted in rnore

CDF reductase retai ned by the Xl"ll{rtlA ul traf i l ter ( i e.

rnore aggregation) than did 3.3 ml"t. Further increases in

the ATP cc:ncentration did nst irnpreve the purificatisn.

It should be noted that å ml't ATP HaE the optimurn

concentratisn for activating CDF reductit:n (Figure ó).

Thege aggregates pr-ecipitated when rnixed in lü-3'|i-

protamine sulfate and centrÍfuged but when the

resulting pel Iet u'¿as redissolved in igt:latic:n buf f er

withsut ATP, =ub=equent centrifugstion left the tDP
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reduËtàse åctivity in the supernatant (Figure l).

The additirln of luÕ ml.,t lr-CI was su{ficient to
dissociate the aggregate= retained by the Xt'llrluA

ultra{i Iter and did not de=troy en=yrne activity
(assayed after dialysis). Thi= ccrncurs with the

findings o{ Youdale et a! {lgE"} and f,lattaliano et aI

{ 19E}1) .

The ribonuclestÍde reducta=e from Achtya kleÞ=iatra

láråE f sund to be extrernery sen=itive ts di lutit:n.
csncentratien o{ dilute extract= did not restore cDp

reductase activity. Lewi= and blright (1?7Bl reported a

logarithmic decrease in en=yme activity u¡ith decreasing

protein csncentration with Chinese harnster Bvary celIs,

in agreernent with the =tudies sf Feterson and l"losre

(1976). Sirnilar non-linear response to protein trsntren-

tration was repr:rted by Hopper ltSTZJ fsr ribonucleo-

tide reducta=e frsrn rabbit bene rnarrew and in mt:use L-

cel I s by þ.iu= i k and Þfri ght t 19Erl ) .

As a result of this =ensitivity, purification =tep=
that might increase sarnple volume profoundly were nst

successful. Ultracentrifugation was not used snd gel

{iltration was replaced by dialy=is. Bsvine serum

alhurnin t¡as added ts e;<tracts a= a pretein carrier to

protect the enzyrne f rorn thi = di 1r-rti sn e{f ect. Lewi s

{197S} fsund that the additisn sf BSA did net prevent

the inactivation sf ribenuclestide reductase frsm

Chi nese harnster Evary cel I s. Eniyrne a=såy= h¡ere

perforrned t:n ei¡tracts frorn Êcblya that ¡qere at least



v.t

O.5 mg./m|_ prgtein (=uf f icient BSA was added to rnore

dilute samples).

The CDF reductase frsrn ÊcþIya was alss very easily
destroyed by arnrnoni urn sul f ate and by po1 yethyl ene

glycol sE these could not be used to concentrate the
en= yrne - vi ts1 = et al { 197o } encsuntered the såÍne

probrern in the purification sf rihonucleotide reducta=e

f rorn Eêcchar_crüytres cgrevi si ae. No CDp reducti on

activity was detected in e>:tracts that had been exposed

ts ç.? ml"l arnrnrniurn sulfate. Similarly, Ll .? H godium

chlaride left only about 1o7. of contror activity and

rJ.2 tl potas=iurn phophate lef t about Zrl7. activity- They

suggested that thi s i nhi bi ti t:n was rnost I i l:el y a re=ult
o{ increased ionic =trength (not caused by the species

sf isn itself). The yea=t ribsnucleotide reductase was

f ournd te be very rln=table (Vitols et aI ,lg7t1 ; Larnmer=

and Fol 1rnå.nn, 1?El4) . The en=yrne di==ociated in =-olutisn

ints it= component =ubunit= which were sub=equently

i rreversi bly darnaged.

Leu¡i s et al (,L97&t assayed the acti vi ty of CDF

reductase from Acblya in a rnånner that dif{ered in

several ways frorn that found in the Haterials and

Hethsdg. They included lO ml"l HgCl r 1ü rnl'1

?
dithisthreitol , 10 mH ATp and tl.4 mlT CDp in SL-) rnl*l Hepe=

B
at pH 7-E end ran their assay= {or år_l minutes at 3"

Thi= study indicated that sorne change= to these

pararneter= u¿c¡ul d be bene{ i ci al .

The additisn e{ rnagne=ium it:ns had ncf pasitive
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effect on CDP reductian- fn fact, they may have caused

a =light inhibitisn s{ the reaction (TabIe l}.
Hagnesium was smitted frorn the standard CDp reductase

åssËry- Tyr=ted and Gamulin (ts79) reported that the

en=yme from phytohemagluttinin-stimurated hurnan Iympho-

cytes did not require rrlagne=iurn ions fer cDp reduction,

Engströrn Et al {1ç79) found that they did not have to
include rnagnesiurn in their purificatÍsn s{ the calf
thymus ribonucleotide reductase in contrast ts their
studies Bn the E. coli en=yrne. They also reported that
the calf thyrnus en=yrne =howed åpprt:xirnately T-ör. rna:<irnal

activity u¡hen rnagne=iurn wès t:mitted {rom the as=ay-

llagne=ium ions are not required by the en=yrne {rsrn

bacteriophage T4 (EerglundrlgT?J. The =ubunits o{ thi=

en=yrne are bound tagether rnuch rnore tightly and do nt:t

di==ociate upon purification. Hu==ar and Eacchetti
(19El1) fsund that the ribsnucleotide reductase induced

by Herpes sirnplex virus did not require rlrågnesiurn ions

{or activity.

The optirnum trBntrentratisn sf dithiothreitol in the

CDP reductase Èr=Say was deterrnined tc: be 6 mt"l iFigure

5). Thi= seems ts be a =tsndard value lc,r

ribonucleotide reductase as=åys. Hu=zar and Eacchetti

{ l?Ell} used 6. ? mf,l di thi oerythri tol {gn anal og of DTT}

in the a=ssy B+ activity in e:ltract= sf Herpes =implex
virus*in{ected baby harnster hidney cells. Hards and

I'Iright (19E}4a) u=ed å rnl-,i ÐTT in the e=say for reducta=e
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acti'/ity in intact permeabili:ed Chinese harnster ovåry

ce11=. l"lattal i ano et g1 ( 19E}1 ) uged 6- " ml"l DTT i n the

as=ays of activity in extracts t:f calf thymus.

The ct:ncentration sf ATP u=ed in the standard üDp

reducta=-e a==åy with extracts f rorn Êchlya klebsianÉ wåe

ó mH (Figure ó). hJhen ATF was omitted, i7-SZ. of control

activity wa= detected- This is consigtent with the

{ i ndi ngs of lïosre and Hurl bert ( 196ó} ; that ATp wåE

required fsr rnaximal CDP reduction- '

The decisisn tc: include 3? rnl{ CDp in the assay wås

ba=ed En the deterrninatisn o{ the fc-rn for CDp. Figure 1å

=hc:wed thi= deterrninstisn to be 1ó ml"l CDF. Thi= is

relatively high; l"loore and Hurlbert (196ó) report a Hrn

f sr CDP o{ 13 - 47 f,rf,l fer the en=yrne frsm Noviksff
t

hepatorna. Larsssn t19É?) reported a f..rn fsr CDP of Iu

¡.f M in regenerating rat Iiver. Cory tl97g) f ound the þ.imt-

f or üDP to be "ó.å ¡l'l tor the en=yrne f rern Ehrlich

turnsr cell=. The en=yrne frorn calf thymu= had a l¿-rn fer

f,DP of 3{t - =" lH {Erikssen et al ,L9791 .

The pH at which the CDP reducta=e å=Eay wèE

perf orrned with åchlya extracts v,ras pH 7.El (Figure 3),

Eìreater than 9tì7. trf rna:.:irnal activity occurred t:ver a

rånge clf trH 7.4 - E}.3. Thís ig a nårrow range when

cornpared to that reported by Lar=son t19å9) for the

en=yrne f rorn regeneråting rat I iver. Lewis (t978) alss

fournd a large pH range {or the CDP reductase å=såy on

e;<tracts s{ ühinese harnster svåry cell=.

Simi larly, the ternperature range {or ma;<imal CDF



94

redutrtåse åtrti./ity r,qas relatively nårrBw {Figure 4} -

Lewis et al (L976) perforrned cDP reductase assåys with
tf

Achlya e:<tracts at ?? C, the ternperature LrsLlålly u=ed

to grow the fungu=. Interestingly, this study þ{ith

partiar 1y purif ied ÊcÞlya enzyrne preparatisns =hst¡ed
o

only 5-=7. of rna:timal Epecific activity occurred at ?? Cr
o

when cornpared ts ån opti rnurn ternperature of J7 c.

Ereater thgn 9i)7. sf rnaxi.rnar activity occurred t:ver a
Eg

ternperature range of about 34 - Jg c. Lecfis (rg7s)

found a rnuch larger ternperature rånge for the enzyrne

isslated f rorn Chinese harnster svary celIs.

The addition ef dATP had nB inhibitory effect En

CDP reductisn by Êchlya (Figure g). Figure tü shsw=

that, ðt low levers of ATPr dATF caused a gtirnulatisn

sf cDP reductase activity o{ up to ioü7.. Ribsnucleotide

reductase {rsrn rnarnrnal i an sources i s general 1y i nhi bi ted

b,/ the addi ti en of dATP (Hurphree e! al , 1968;

Lar=son,1973; Chang and üheng, lgTgb; Eriks=on ,Lg7gi
Hards and hfrightrlgg4b). Vitsl= Et g1 tl97Õ) =howed
that dATP s{as inhibitery tt: CDF reductit:n by

EaccbatoqyEe= cerEvisiag. The en=yrne frorn E. cSJi wðg

inhibited by dATP (Thelander rL979). Hus=ar and

Eacchetti t 19811) showed that the enzyrne induced by

Herpe= sirnplex r I s.¿a= rnuch rnore resi=tant to inhihition

by dATF than the cel l ul ar {baby harnster ki dney ce1 1 )

en=yrne {the viral en¡yrne was =trsngly inhibited by ATF

theugh). Berglund t197?) feund that dATF wss å prirne

activatsr s{ CDP reduction hy the Enryrre induced by



95

bacteriaphage T4.

CDF reductase activity in âcb1ya was activated by

the addition dGTP tFigure 11). An increa=e in activity

ef 3-B {trld ¡^rss ob=erved usith the additien of = ml'Í

dËTP. The E. csI i enzyme wa= inhibited by dGTF

( Thel ander , Lg79', . Hards and bjr i ght t l9B4b ) reported

that dGTF inhibited tDP reducta=e frsm chinese harnster

ifvå.ry ce1 I s.

The CDF reductase f rorn Êchl ya wðs rnarkedl v

inhibited by the additisn sf dTTF {Figure t").

Inhi bi ti c:n of CDP reductase by dTTP i s a t+i del y

observed phenernenon {rat ernbryo-Hurphree gt aI ,lgóB;
Nevi kof f hepatr:rna-l*lst:re and Hurl bert , 196ó; cal { thymu=-

Eri ks=en gt al , 1979¡ hurnsn Hol t-4F-Chang and

Cheng,1?79b; Chinese harnster t:vary ce1 I-Hards and

bJri ght , 19E}4b ) . The addi ti on sf dTTF =ti rnut ated the

reduction sf CDF in E- col i {Larsson and

Reichardrl966) and in bacteriophage T4 tEerglundrIgT?j.

The additien r:f dCTF hsd very little effect sn the

reduction of CDF by Êchlya {Figure 15) . A =t ight

enhancement ( 137.) wås seen st ? mH düTP. Hard= and

hlright { 19EI4a} reported a rncre dramatic stirnulatic¡n
(abc¡ut 15 fc:ld at 4 mFl dtrTF) of the CDF reductase from

Chine=e hamster Evary cel1s. The prirne activatsr of üDF

reductase frern bacteriophage T4 wa= {ound to be düTP

tEerglund, L97?t.

The addition s{ tTP to the CDP reductsge of Achl.¡a
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resulted in a ".6 fald stirnulation of eFetrific

activity {Figure 14). blright trt al {1991) reported that

at 1 mH CTP, ËDF reductian in harn=ter cel IE wåE t:nly 1-

i7, of contrsl activit.¡.

Thi= =tudy índÍcsted thet GTP could replace ATF ss

+-he prirne ecti'¡ater of CDP reductien in ÊcÞIya (Figlrre

15). The l.-m f sr CDF wa= Ioþ{er u¡hen GTF wa= the

acti'¡-:tsr (1É mH CDF-Figure 16) than when ATF was used

{'"û mt'l CÐF-Figr-rre E). Hards and t{right (19S4a) reported

th i s =arne phenornenon i n üh i ne=e harn=ter t:våry cel I s

wi th rna:-: i mal *t-12yrne acti'¡i ty at L1 . ? rnH ËTF. Thi =
sugge=t= that rnedel s devel oped to e;rpl ai n the

al 1o=teric propertie= s{ ribsnucleatide reducta=e

=hourl d gi ve rnore =eri eu= consi derati on ts ËTP å=- i

po=itive e{fector s{ en=yrne activity than has occurred

1n rnåny cåEes {e. g, Thel ånder and Reichard ,1979) .

The addition sf UDF to the CDF reductase sf AchLva

Cid not result in any observed inhibitisn (Figure L7]r.

Cory t197?) had pastulated ibut did not sb=erve in the

Ehrlich tumor =y=tern) that there would be competitive

inhibiticn ef CDP reductisn b./ UDP becau=e ATF i= the

prirne actÍvËtt:r for bsth reductions. Larsst:n and

F:eÍchard (1çåó) reparted carnpetitive inhibitisn

between üDF and UDP with the en=vrne f rorn Escherichis

ccl i . IJarCs snd ÞJri ght { 1984b } f ournd that +-here w'==

cornpetitive inhibitien between CDF and UÐF ¡.¡ith

r i bonurc I et:t i Ce reduct ase i n

Chi ne=s harn=ter s\,sry ce1 1=.

intact perineabili=ed
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The introductisn o{ hydroxyurea to the assay of CDF

reductase frorn Êch1ya caused =ubstantial inhibition

when present in very high levels {Figure 1A}. Let+i= et

al (t976) reported that 1.t) mtt hydroxyurea caused BEi7.

i nhi bi ti c:n of man i rnal CDP reducti sn by the Êchl ya

en=yrne. Vitel s e! å1 ( 197tt) f ound that 5 mF,l hydroiryureå

Ieft 34f. centrol activity with the Eaccbarsmyqe=

cetevisiae enryrne. bJright { 1?El3) reported that u.7 cnH

hydro;<yurea caused ðn BO7. decreåc-e in the tDP reduction

by Chinese harn=ter svary cell=. The E, cc:li en=yme

shor.¡ed about the =ame sen=itivity as the rnarnrn¿lian

en=yrne (Cshen gt al ,19El5). The ribsnuclestide reductsse

f rern bacteriophage T4 =hou¡ed 7{r7. inhibititrn by rl.5 rnH

hydro>ryureå. Cshen et af { 19E}5} u=ed t1 .65 rnl'l to reduce

the acti vi ty of the Herpe= si rnpl e:r i nduced en=yrne by

Erì7

Gossypol had ns ef{ect on the CDF reductase frorn

Achlya (Table 4). l"lcClarty Et al (19451 demsnstrated

that the ribsnuclet:tide reductase ef rnouse L-celIs wa=

very sensitive tcr inhibitien by ges=ypol {le== than ltl:/.

activity rernained at 5t-l ,¿¡Fl ges=ypo1) - No ef{ect r"la=
./

observed with the addition of {}.4 mH go=sypal te the

Êchlya en=yrne.

The additisns sf very large arnsunt= o{ guena=ole

had ns inhibitery eftect t:n the CDF reductase {Table

5). Euanazsle concentratisns tt] yield 5t17- inhibition

are u=ual 1y sbeut 1U time= hi gher then that c{
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hydro:.ryurea (l"tsore and Hurl b,ert , 19Bg) . Leu¡i s and blri ght

{197El) found that ? mH guanazole cau=ed a ó57. decrea=e

in CDP reduction by Chine=e harn=ter Bvary cells. The

enzyme f rsrn Herpes si rnpl ex l'låE i nhi bi ted by 5rr7. wi th 4

rnH guana=sIe (Cohen Et aI , 19El5).

Table á =how= that l-lAl[l had nt: inhibitory effect En

the CDP reducta=,e frr:rn ÊcbIya. The apparent enhancernent

o{ activity (åé7. at t].4 mH} sùa-- msst like1V due to the

i nhi bi ti on o{ sorne c:ther en=yrne catal y= i ng a' si de

reaction (eg. pht:sphatase). Preidecker et gl {lgBÕ}

reported that 33 ng/mL {{t- lf, ,/14, tlAIGl caused g?'I

inhibition of the CDP reductase frc:m rat Novikt:ff

turnsr. They alsc¡ f ound that SLltlLl ng./ml t19.2 ,fl,l, t"lAIE

caused 467. i nhi bi ti on of the E. cc1 i enzyrne (Ftl¡J of f,lAIË

= ?5?.36), Cshen et a1 {1995} found that Õ.3 I f"l HAIG¡

cau=ed 5ù7. i nhi bi ti on af the Herpe= si mpl e;<-i nduced

en=yrne y¡hi 1e the cel I uI ar (baby harn=ter ki dney ce1 I =)

en=yrne Has inhibited to the sårne extent by ju=t O.t 7f1
HAIU.

The CDF reductase f rern Ach1ya u¡as not inhibited by

bleornycin (Table 71. As in the ca=e E¡ith HAIG. the

enhancernent of actívity l"?7.97. at u.7t17 mFl) t.las rnost

likely due the inhibitiCIn e{ ansther en=yrne cataly=ing

å =i de reacti on. I'lcCI arty Ët al { 19E}ó) reported that

mutant= of rnguse L-ce1 I = u¿i th eI e';ated 1 evel s s{ r i bo-

nuclet:tide reductase were hypersen=itive ts blearnycin

{3{¡7. activity rernained at e /* a{ter treatrnent vcith

hydroxyurea) . They alss found that the en=yrne wåE rnade
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hyper=ensi ti ve by pretreatrnent wi th hydre:ryurea,,

gl¡ånåiole sr HAIG and suggested that these drugs cau=ed

a confsrrnational change in the f"lZ subunit e>tposing the

i rt:n group to chel ati en by bl eornyci n.

Csncl u=i r:n

Table E} presents a cornpari=on o{ the ef{ector= t:f

cDF reductase f rom s variety of sources. hlhile sorne

rnsr ecul es had a si rni I ar e{ f ect Bn al I thege f orrn= s{

the en=yme tDTTrhydro:<yurea), other= provelted å rånge

of effect=- ATP i= an activator sf CDp reductase in aII

but Herpes virus- The insen=itivity to (and activation

by) dATP s{ the AcÞIya enzyrne and its lac}t of å

requirernent fer rnagnesium ions =uggest that this en=yme

i s rnore aki n to the vi ral Iy-i nduced enzyrnes. It hs=

rüore in Eernrnsn ¡+ith these ferrn= than the enzyme frsrn

Saqchala[yceE cerevisiae, ¡¿hich requires rnågne=iurn isn=

as wel l ås thit:redsxin,/thieredexin reductase f or

activity and is =trongly inhihited by dATP. The en=yme

i= distinct frsrn the Chinese hamster ovary ribonucleo-

tide reductase in its response to dATP, dGTF, UDP and

rnagnesi urn i ons.

The relative in=ensitivity ts the snti -
proliferative drug= tested Bn the AcbIya enzyrne rnafie=

it distinct from alI these ft:rrn= sf ribonucleatide

reducta=e. The respc:nse to hydroxyurea and guana=ole

suggest thst the free radical af the Êchlyg en=yrne mu=t

be =ernehow =hiel ded {rorn these drug= by the protein
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dornai ns arsund the radi ca1 . Al ternati vel y, there rnay

be å large exce== s{ the radical-centaining =ubunit in

these cells. The resistance to the effects sf bleornycin

and I'IAIE suggest that the iron grer-rp rnay be protected

by a protein conf srrnatisn that dif f er= {rsrn sen=itive

enzyrnes, An eilcess crf the iron-ct:ntaining =ubunit in

ÊchIya woul d al =t: e:<plai n thi s observati on.

The u.¡ork pre=ented i n thi = thesi s i ndi cate= that

the ribsnuclet:tide reducta=e frorn Achlya differs in

several interesting wåys {rorn the en=yrne isolated f rorn

sther =Burces. However, further wt:rk with hornogeneous

enîyrne preparations is required to analy=e these

differences in detail- Clearly, Êchlya ig a good strurtre

of fungal en=yrne for future =tudieg sf this key

activity ef DNA synthe=i=,
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