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ABSTRACT 

Urac il dehydrogenase (EC 1 . 2 . 99 . 1 ) , an enzyme which 

c atalysed the oxidat ion of urac il or thymine to the corres

p onding barb ituric acids , has been purified in a typical 

preparat ion , 85-fold with an 1 8% recovery of the init ial 

act ivity pre sent in a ce ll-free extract from Nocardia 

c orallina . The enzyme was considered to be 95-98% pure by 

g e l  electrophore sis . It has a molecular we ight of approxi-

mat ely 298 000 , det ermined by both gel f iltrat ion and 

sedimentat ion equilibrium centrifugation and c ons ists of 

t wo each o f  three dissimilar subunit s ,  with molecular we ights 

of 91 000 , 36 000 and 21 000 as det ermined by sodium dodecyl 

sulphate -- polyacrylamide gel e lectrophoresis . The sp ec

trum of the enzyme is similar to that of milk xanthine 

oxidase and rabbit l iver aldehyde oxidas e  (Raj agopalan & 

Handler , 1 964) , and i s  typical of nonheme iron flavoproteins . 

The flavin prosthet ic group was ident ified as flavin adenine 

dinucleotide . It was demonstrat ed that the enzyme contains , 

p e r  mole of prot ein , 1 mole of FAD , 4 atoms of nonheme iron 

and 4 mol e s  of labile sulphide . The amino acid compo sit ion 

of uracil dehydrogenase  has been  determined.  Other proper

t i e s  report ed for the enzyme include substrat e and e lectron 

acc eptor specif ic ity , Km for urac il and thymine , pH opt imum , 

and the effect of various inhibitors on enzyme activity . 

In addition , the purified enzyme has been shown t o  exhibit 

'aerobic dehydrogenase' act ivity . 
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1 . 1  

1 . 1 . 1  

CHA PTER 1 

INTRODUCTION 

General introduction 

Pyrimidine catabolism 

The present study of pyrimidine catabolism in.Nocardia 

corallina was undertaken as an e xtension of previous 

investigat ions by Batt & . Woods ( 1 95 1 ,  1961 ) ,  which had 

1. 

shown that , in this organism, uracil and thymine were o xidised 
I 

t o  the corresponding barbituric acids . The enzyme,  "uracil 

dehydrogenase (EC 1 . 2. 99 . 1 ) "  which catalyse s the init ial step 

in o xidat ive catabolism of uracil or thymin� is the sub j ect 

of this the sis . 

Pyrimidine bases  are degraded in·humans, higher animals, 

parasitic worms, plant seedlings and microorganisms . Two 

principal pathways for pyrimidine cat abolism o ccur in nature : 

a reduct ive pathway and an oxidat ive pathway . Thymine and 

urac il can be catabolised by either pathway, while cytosine 

and 5-methylcyto s ine are first deaminat ed to uracil or thymine , 

respect ively . In addition, thymine may be oxidised to urac il 

and co2• The above pathways are discussed below, in order 

to give some appreciat ion of the role of uracil dehydrogenase 

in pyrimidine catabolism . 

I 
Deamination of pyrimidines 

Cytosine and methylcytosine are init ially deaminated to 

yield uracil and thymine, respect ively' before further 

degradation of the pyrimidine r ing_system occurs . 

It has . been reported that cytosine and 5-methylcyto s ine 

were converted to uracil and thymine � re spect ively, by a 

yea s t  extract (Hahn & Haarman, 1 926) and bacteria ( Iwat sura 
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& Chikano, 1923 ;  F riedman & Gots,  195 3) . Yeast cells as 

well  as ce ll-free e xt racts and intact c e lls of Escherichia · 

c o l i  contained cyt o s ine deaminas e  which catabolised the 

conversion of cytosine to uracil ( Chargaff & Kr eam, 1948).  

Studies �with Bacterium sp . ( Wang & Lampen, 1952a) and 

Coryne bacterium ( Hayaishi & Kornberg, 1952) indicated that 

deamination of cytos ine to uracil was probably the first st ep 

and t he uracil was then oxidised . F or e xample, Wang & Lampen 

( 1952a)showed that when cytosine-adapted Bacterium sp . was 

incubated with cytosine anaerobically, the spectrum of uracil  

was observed in the incubat ion mixture . Suspensions of 

Rhodospirillum rubrum rapidly deaminated cytosine and 5 -

methylcytosine t o  urac il and thymine , respect ive l y  (Goodwin 

& Passo rn,1961). Uracil was rapidly absorbed and metabolised 

by germinating rape s eeds but part of the uracil was convert ed 

int o  cyt o s ine (Evans & Axelrod, 1961).  Recently, Vilks & 
Vitols (1973 )  showed that the yeast Rhodotorula, grown on 

5 -methylcytos ine as sole nitrogen source deaminat ed this 

compound to thymine . 

O xidat ive conversion of thymine to uracil 

A pathway for the convers ion of thymine to uracil, 

suggested by the results of F ink et al . ( 1956) using rat 
I 

l iver slices,  was lat er established in N eurospora crassa 

(Williams & Mitchell,  1969) . The sequent ial, enz ymic o xygen

at ion of thymine resulted in the format ion of 5-hydro xy

methylurac il, 5-formyluracil and 5-carbo xyuracil,  respectively. 

The latter was then converted to uracil . This s ystem has 

not been reported in bacteria . 
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R educt ive pathway 

The st eps involved in the reduct ion of uracil and thymine 

have been e stablished as shown in F igure 1 . 1  (F ink et al . , 

1 956) . The init ial react ion is  the reduct ion of uracil or 

t hymine to the corresponding dihydropyrimidine . Subsequent 

hydrolysis in two step s  leads to �-alanine or �-aminoi sobuty-

rat e , co2 and ammonia . 

It appears that this pathway o ccurs wide ly in nature . 

Evidence for a reduct ive pathway was initially obtained by 

various inve st igators from studies with animals (Fink �al . , 

1 95 3 , 1 95 6 ; Batt & Exton , 1 956 ; Fritz son & Nakken , 1 956 ; 

Frit z son , 1 957 ; Frit z son & Pihl , 1 957) , Clostridium uracilicum 

( Campbell , 1 957a , b) and N .  cras sa ( Woodward et al . , 1 957) . It  
-- -

has also been de scribed in man ( Gart ler , 1 959) , normal and 

leukemic leukocyt es (March & Perry , 1964) , rat tape worm , 

Hymeno lept i s  diminuta ( Campbell , 1 960) , Hydrogenomonas facilis  

(Kr aemer & Kaltwasser , 1 969) , germinat ing rape se eds (Evans 

& Axe lrod , 1 961 ; Tsai & Axelrod , 1 965 ) , and Jack pine 

seedling ( Pit e l  & Durzan , 1 975 ) . 

The individual enzymes involved in the reductive path-

way have been purified and studied by Grisolia & Cardo s o  

(1 95 7 ) , Wallach & Griso l ia (1 957) , Caravaca & Grisolia (1958) , 

Campbell (1 957 , 1958) , Fritz son (1 960 ) and Goedd e  et al . 

(1 970) . 

Oxidat ive pathway 

The re sult s obtained by various authors with bacteria , 

as de scribed be low , have led tome scheme for the oxidative 

degradat ion of uracil and thymine as shown in F igure 1 . 2 .  

The init ial reaction i s  the oxidat ion of uracil or thymine 



0 

HN� o�N)J 
H 

u r ac i l 

d ihy d rou rac i l  d i hyd rothy m i n e  

1�20 I H�O 
- dihydropy r i m idinase {Ec 3-5·2·2)-

COOH C�OH 

rH2 
'

ct2 IH2 ciiCH3 

c CH2 c CH 2 rY" 'N / o"-' ' / 
H � . 

p-u r e idop rop ion ic  acid .p-u reido isob uty ri c acid 

1 H'2o -p-u re idop ropionase (EC 3·5·1·6) -l..i;o 
CH3 

N H2-CH2-CH2-CO O H  NH2-CH2-CH- COO H  

p- a l a n i ne p-amino is ob uty ri c a c id 

F ig u re 1.1 pathway of the reductive catab ol is m of u rac i l  

and thy m i n e  

4 
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to barbituric acid or methylbarbituric acid . Subsequent 

hydrolysis yields malonic acid or methylmalonic ac id with 

ure a which is then hydrolysed to co2 and ammonia . 

The oxidat ive catabolism of uracil t o  isobarbituric 

acid and thymine to thymine glycol was first sugge sted by 

Cerecedo ( 1 927 , 1 930 , 1 93 1 ) .  The f indings were based on 

feeding studie s with dogs , where thymine or uracil led to an 

increase in observat ion ure a  excret ion.  Lara ( 1 95 2a ,  b )  

clearly demonstrat ed that the pathways propo sed by Cerecedo 

did not apply to thymine-adapted ce lls of N .  corallina . 

However , he suggested the oxidat ion of thymine to form 

barbituric acid , but this seems unlikely from subsequent 

re sult s (Batt & Woods , 1 95 1 ; Hayaishi  & Kornberg , 1 952) . 

Oxidative catabolism of pyrimidines has b e en studied 

princ ipally in certain aerobic soil b acteria ( e . � . Nocnrdin , 

f-'lycobactcrium, Corynebo.cterium spp . ) which were capable of 

Growing on pyrimidine s as the sole source of carbon and 

nitrogen . 

Wang & Lampen ( 1 951 ) report ed that rest ing cells of 

an unident ified spe c ies of b acterium ( tentat ively ident ified 

as Bacterium sp . by Wang & Lampen , 1 952a) oxidised urac il , 

thymine or cyt o s ine to co2 and ammonia . In the ir later 

studies us ing cell-fre e extract s of this same organism , the 

authors ( 1 952b ) ident if ied b arbituric acid as the oxidat ion 

product of urac i l . The react ions were carried out aerobic

ally in the presenc e of methylene b lue . 

Batt & Woods ( 1 951 )  rep orted that uracil or .thymine , 

but n6t cytosine , was oxidized by an unident ified bact erium 

and found that the oxidat ion product of thymine had an 



u rac i l  1 ��
2

-uraci l  

t hym i n e  

dehydrogenas e�c J.2.99·0-l ��2 

0 
11 

H N/"....,)H2 

o��N 'o 
H 

barb itu r ic ac id 

1 2�20 
barb iturase (ec 3.5.2.1) 

CO O H  N H2 I I 
CH2 + C:O 
I I 

COO H  N H2 

ma lon ic u r e a  

ac id 

1 H�O 

2NH 3 + co·2 

0 
" 

H N�_..CH3 

o"�N)�o 
H 

5 - m ethy lb a rb i tur ic acid 
I 
: + : 2H20 

' 
N H 2 COOH 
I I 

C=O + HC-CH3 I I 
N H2 COO H  

u rea met hy lma lonic 

1 H�O 

ac id 

2N H 3 + C02 

F ig u re 1.2 Pathwav of t he ox idat iv e  cat ab o l ism of 

urac i l  and thym i n e 

es tab l is h ed reac t i ons 

------..;,.. t en t a t iv e  reac t i ons 

6 
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absorpt ion maximum a� 268 nm . Lat er Hayaishi & Kornberg 

( 1 951 )  characterised the compound as 5-methylbarbituric 

acid . 

7 

Lara ( 1 95 2a) reported that thymine was oxidized by cells  

of  N .  corallina and that barb ituric acid was rapidly metabolised. 

I n  a subsequent paper, Lara ( 1 95 2b) , described aerobic 

studies with c ell-free e xtract s of  N. corallina which showed 
-

that the catabolism of barbituric acid proceeded quant itatively 

according to the following equations : 

B arbituric acid + 2H2o Urea + malonic acid ( 1 . 1 ) 

Urea + ( 1 . 2) 

In studie s by Hayaishi & Kornberg ( 195 1 )  using a 

part ially purified enzyme from a strain. of Mycobacterium, 

urac il and thymine were oxidiz ed in the presence of methylene 

b lue  to barbituric ac id and 5-methylbarbituric acid, re spec

t ively .  A strain of Corynebact erium also metabolised urac il 

and thymine to the same product s .  

In further studies (Hayaishi , 1952; Hayaishi & Kornb erg, 

1 95 2) it was demonstrated that partially purified enz ymes 

from uracil-adapted c ells of Mycobacterium, hydrolysed 

barbituric acid by the react ions ( 1 . 1 )  and ( 1 . 2) given 

previous+y .  Urease , present in crude preparat ions of the 

organism, converted the urea to co2 and ammonia, but this 

enzyme was absent in the part ially purified enzyme prepara

t io n .  f>1alonic acid was produced in 80 - 90% yield from such 

preparat ions . The further metabolism of malonic acid could 

not be demonstrated e ither 1£ vitro or 1£ vivo , although it 

is utilised by_other bacterial species ( Challenger et�. , 
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1927 ; Karlson , 195 0 ;  G ray , 1952;  H ayaishi , 195 4) . 

Hayaishi & Ko rnbe rg (1952) suggested that a labile compound 

which yie lds malonic acid in the isol at ion pro c edure may b e  

the t rue and rapidly metaboliz ed int e rmediate in the barbi

turase re action . They also repo rted that 5-methylbarb ituric 

acid was not att acked by the c rude or the part i ally purifi ed 

p rep arations although it was actively metabolized by thymine

adapted cells . The met abolic fat e  of 5-methylbarbituric 

acid was not known . The autho rs noted the inst ab ility o f  

5-methylbarbituric ac id, which was p re sumed t o  b e  due t o  auto

o xidat ion.  

In addition to  the studie s in mic roorganisms , Nakagawa 

( 1956) reported that in he althy men fed thymine, both 

thymine and 5 -methylbarbituric ac id , identified by spect ro

photometry, we re obt ained in urine samples aft e r  24  hou rs . 

Be rnabei ( 1958)  was the f irst autho r to repo rt methyl

malonic acid as an inte rmediat e  of thymine metabolism . In 

his studie s ,  using perfused , isolated rat live r, methylmalonic 

acid was formed f rom thymine , and malonic acid f rom uracil . 

B iggs & Doumas ( 1963 ) clearly demonst rated that int act 

cells of Co ryneb acte rium spec ies could conve rt thymine o r  

5-methylbarbituric ac id to methylmalonic ac id and ure a ,  but 

the yield of methylmalonic ac id was so low that it may not 

be on the main p athway for thymine c at a�olism . Cell-free  

ext racts were unable to c at alyse 5-methylbarb ituric acid 

degradat ion although they could hydrolyse barbituric ac id to 

malonic acid and urea. 

It has not been possible  to demonst rat e that malonic acid 

and methylmalonic acid are no rmal int ermediat e s  1£ vivo . 

Unpublished wo rk by Pearce ( 1974) and Husain ( 1976) suggests 
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that , in pyrimidine c atabolism by N .  corallina , these acid s  

are derived from malonyl-CoA and methylmalonyl-C oA .  1'1alonic 

acid has b een observed as a product of b arb ituric acid 

in vitro only , and B att & Woods ( 1 961 ) were unable to demon

strate an activation system f or malonic acid in N. corallina 

extracts . Neither c ould they �emons trate growth of the 

o rBanism on malonate as  sole carboti sourc e .  N . corallina was , 

however , able to grow on methylmalonate as sole carbon sourc e .  

'1 . '1 . 2 Urac il dehydrogenase 

Induced enzyme s for the oxidation of uracil and thymine 

have been described in several b acterial species  isolated by 

enrichment culture s  in which a pyrimidine ( e ither urac il; 

thymine or cytosine ) was the s o le carbon and nitrogen s ourc e  

( Hayaishi & Kornb erg , '195 '1 ,  '195 2 ; B att & Woods , '195 '1 ,  1 96'1 ; 

\-fang & Lampen , '195 '1 ,  1 952a , b ; . Lara , 1 952a , b ) . 

The enzyme which catalysed the oxidation of urac il or 

thymine ( in the pre s ence of methylene b lue and oxygen) to 

b arbituric acid or 5 -methylbarbituric acid , respective ly , was 

partially purified from uraci l-grown cells  of Bacteriuo sp . 

and named 'uracil oxidase' by Wang & Lampen ( 1 952b ) . S ince 

the ratio of the rate of oxidation of uracil  to that of thymine 

remained the same throughout the steps of the purif ication 

proc edure , 'they sugge sted that the same enzyme ( uracil oxi

dase )  was respons ibl e  for the oxidation of urac il and thymine . 

They also suggested that methylene blue acted as a hydrogen 
' 

carrier in the oxidation of uracil in the pre sence of oxygen.  

Hayaishi & Kornberg ( '1951 )  also obtained the partially 

purified enzyme from a strain of Corynebacterium and 
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a strain of Mycobacterium , which were capable of catalysing 

the o xidat ion of uracil or thymine to the corresponding 

barbituric acid . The presence of methylene blue was necessary 

for the reactions . · 

Hayaishi & Kornberg ( 1 95 2) purified the enzyme , 'urac il

thymine oxidase ' ,  2. 5 fold ( by ammonium sulphate fract ion

ation) from enz yme e xtract s of a strain of Mycobact erium which 

was capable of convert ing urac il and thymine to barbituric acid 

and 5-methylbarb i tur�c acid, respectively . Their re sults , which 

were in agreement with those of Wang & Larripen ( 195 2b) , indicated 

that urac il and thymine were oxidised by the same enz yme . It 

app e ars that the 'urac il oxidase' of Wang & Lampen ( 1 95 2b )  

and 'uracil-thymine o xidase '  of Hayaishi & Kornberg ( 1 95 2) 

represent the same enzyme ( from different sourc e s ) . Hayaishi 

& Kornberg ( 1 952) , using part ially purified uracil-thymine 

o xidase studied the specificity of the enzyme for various 

pyrimidines and reported an opt imum pH for thymine and uracil 

o xidat ion of approximat ely 8 . 5 . Michaelis constant s of 

0 . 35 x 1 0-4 and 1 . 31 x 1 0-4 M were obtained for thymine and 

uracil , respectively,at pH 8 . 5  and 22-25° C. Hayaishi & 
Kornberg ( 1 95 2) were unable to suggest a role for the methylene 

blue in the react ion catalysing the oxidat ion of thymine or 

uraci l .  

Subsequently,  the enzymes ,  'uracil oxidase' (Wang & 
Lampen , 195 2b) and 'uracil-thymine oxidase' (Hayaishi & 
Kornberg , 1 95 2) were named uracil dehydrogenase , E C  1 . 2. 99 . 1  

( Barman , 1 969; The Commission on Biochemical Nomenclature , 

1 973 ) . 



1.2 A im of t he pre sent invest igat ion 

Urac il dehydrogenase which cat alyses the oxidat ive 

cat abolism of uracil or thymine has not been purified or 

studied in detai l .  The aims of this inve st igat ion were 

therefore: 

11 

1 .  t o  purif y urac il dehydrogenase from Nocardia corallina 

grown on thymine as sole sourc e of carbon and nitrogen , 

and 

2 .  define the propert ies  o f  the enzyme . 



2. 1 

( i )  

CHAPTER 2 

MATERIALS AND METHODS 

Source of mat erials 

Enzyme s and prot e ins 

1 2  

Cyt o chrome C ( horse heart , 90-100%  purity) was obt ained 

from Koch-Light Laboratorie s Ltd . , a-chymotryp s inogen A ( bovine 

pancreas , 6x cryst allised) from Brit ish Drug Houses Ltd . 

( BDH ) , and apoferrit in from Schwarz/Mann C o .  Myoglobin , 

ovalbumin and bovine serum albumin were obtained from Mann 

Research Laboratory Inc. (kit of protein mol. wt. markers). 
Ribulos ebiphosphat e carboxylase ( EC 4 . 1. 1 . 39) from Spinacia 

( Ellis , 1 973) with a purity great er than 90% was a gift from 

Dr . J. \v. Lyttleton ( DSIR , Palmerst on North) . The foL: .. owing 

prot eins were obtained from Sigma : lactate dehydrogenase 

(EC 1 . 1. 1 . 27), a cryst alline preparat ion from rabbit rouscle  

( Sigma Type II ) ; pyruvat e kinase (EC 2 . 7 . 1 . 40), a crystalline 

preparat ion from rabb it muscle ( Sigma Type I I ) ; catalase 

(EC 1 . 1 1 . 1. 6) ,  a crystalline �x crystallised) preparation 

from bovine live r ; D-amino-acid oxidase ( EC 1. 4 . 3 . 3 ) ,  a 

crystalline preparat ion from hog kidney and snake venom 

( Crotalus atrox) . 

The apoenzyme of D-amino-acid oxidase was prepared by 

the method of Friedman ( 1965 ), using commerc ial crystalline 

D-amino-acid oxidase ( Sigma) . Preparation of the apoenzyme 

was carried out at 0-4°C. To 0 . 25 ml of suspens ion of crysta

lline D-amino-ac id oxidase ( 1. 25 mg of protein, 21 Sigma units ) 
was added 9 . 5  ml of 0.1 M-sod i um phosphate buffer ,  pH 7.2, 3.5 
ml of s·aturated ammonium sulphate,. and finally with s t i rring 

and slowly , 5 . 6  ml of 0.05 M-sulphuric ac id. The mixture 
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was centrifuged and the supernatant discarded . The prec ipi

t at e  was resuspended in 5 . 0  ml of saturated ammonium sulphat e 

solut ion , .centrifuged , and the supernatant discarded . The 

prec ipitate was then resuspended in 6 . 0  ml of 0. 1 M- sodium 

pho sphate buffer , pH 7 . 2, to give a clear solut ion which 

showed no activity when tested for D-amino-acid o xidase 

( Se ction 5 . 5 . 3 )  in the absence o f  added F AD.  

( ii) Other chemicals  

Thymine , uracil and other pyrimidine derivat ives ( e xcept 

5 -methylbarbituric acid) were obtained from Sigma . NADP was 

obtained from BDH , NA D and NADH from Sigma . Riboflavin was 

obtained from BDH , FAD ( sodium salt ) from Calbiochem and FMN 

( sod�um salt ) from C. F .  Boehringer & Soehne GmbH Mannhe im ,  

G ermany . Thiamin hydrochloride was obtaine d from F luka A . G .  

Buchs S . G . , Swit zerland. The following e lectron accept ors 

were obtained from Sigma : Nitro Blue Tetrazolium (NBT) , 

p-Iodonitrotetrazolium Violet ( INT) , 2 , 6-dichloropheno lindo

phenol ( D CI P) , and phenaz ine methosulphat e ( PMS) . Methylene 
I 

blue was obtained from BDH . A crylamide and N , N -methylene-

b isacrylamide were obtained from Bio-Rad Laboratories ( Elec-
' , . 

''., trophoresis  grade) and N , N  , N  , N  -tetramethylenediamine from 

Koch-Light Laboratories Ltd . Amido Schwarz was purchased 

from BDH and Coomas s ie Bri l l i ant Blue (R 250) f rom Oolab 

Laborato r i es Inc. · 

Dimethyl-p-phenylene diamine sulphate was obtained from 

BDH , diethylmethylmalonate from Aldrich Chemical Co . Inc . 

( U. S . A. ) ,  and B lue De xtran from Sigma • . 

Mo st other chemicals were of analyt ical grade but reagent 

grade materials were used when high purity was not essent ial . 



5-Methylbarbituric acid was prepared by the method of 

Holmberg ( 1 945 ) . Urea was condensed with diethylmethyl-

malonate in the presenc e  of sodium methoxide to give the 

1 4  

sodium salt of 5-methylbarbituric acid which was twice 

recrystallised in water . 5-Methylbarbituric acid was obtained 

by dis solving the sodium salt in a minimum volu�e of boiling 

water , ac idified to pH 2 with concentrated HCl , and recrystall

ised from water unt il the filtrat e was chloride free . The 

final product obtained after washing with absolut e ethano l  

and drying over CaC 12 in a de ssicator , had a melt ing po int 

of 204° 0.  The ultraviol et absorption spectrum ( in 0 . 1  M-NaOH 

and in 0 � 05 M-Tris-HCl,pH 8 . 85 )  is shown in F igure 2 . 1 .  The 

molar extinction coefficient s in 0 . 1  M-NaOH ( 269 nm) and in 

0 . 1  M-phosphat e buffe� pH 7 . 0  ( 267 nm ) were 16170 and 1 9720 

litre · mol-1 · cm-1 , respectively , (Hayaishi & Kornberg , 1 952 , 

obtained corresponding values of 1 7300 and 19700 litre · mo l-1 • 

cm-1 ) .  

( iii) Mat erials used for the purif icat ion of uracil 

dehydrogenase 

Fibrous cellulose powder ( CF-1 ) was obtained from 

... , What man W & R Balston Ltd .  The f ollowing materials were 

obtained from Sigma : Sephadex G-200-40 ( super f ine ) , 

Sephadex 4B-200 , DEAE-Sephadex A-50-120 and DEAE-cellulose 

( f ine) . 

Calcium pho sphat e gel was prepared according to the 

method of Keilin and Hartree ( 1 938) using 40 g of Cacl2�H20 
(Univa�) and 68 g of Na3l'o4.12H20 (Riedel de-Haen). The yield of 

gel obtained by centrifuging ( 4200g , 10  min. ) was approximat ely 

290g wet wt .  The gel was stored at 0-4°0 ( for not more than 

one week b efore use ) . 
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Hydroxyapat it e was prepared according to the procedure 

of Tiselius et al . ( 1 956) as described by Bernadi ( 1 971 ) and 
--

stored at 0-4°C in 0 . 01 .fi1-Na2Hro4 • 

C alcium pho sphat e gel deposited on ce llulo se was prepared 

according to the method of Ko ike & Hamada ( 1971 ) .  The gel

ce llulos e  was st ored at 0-4° C in 0 . 02 M-sodium phosphat e 

buffer,pH 7 . 0  ( for not more than two weeks before use ) . 

( iv) Solutions 

All solut ions , buffers and reagents were prepared using 

deionized distilled water . 

Buffer solut ion , 0 . 05 M-Tris-HC l ,  pH 8 . 85 ( 25° C� was 

used in the preparat ion and purif icat ion of uracil dehydro

genase throughout the inve st igat ion except where otherwise 

stat ed . 

2 . 2  Preparat ion of c olumns for enzyme purificat ion 

Materials for the column were obtained or prepared as 

det ailed in Sect ion 2 . 1 .  Buffer solut ion , 0 . 05 N-Tris-HCl , 

pH 8 . 85 ( prepared as in Section 2 . 1 ) , was used throughout 

exc ept where otherwise stated . 

2 . 2 . 1  Separose-4B column 

Sepharose-4B-200 ( swollen part icle size 40-190 �m diameter) 

obt ained as an aqueous suspens ion , was equilibrat ed with 

buffer , degassed under reduced pressure and poured into a 

4 . 1  cm ( diamet er) x 80 cm glass column (plugged with glass 

wool) as de scribed in the manual 'Sephadex-gel filtration in 

theory and pract ice• lPharmac ia F ine Chemicals C o . ) . The 

column was then equilibrated by e lut ing with about 3 column 
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volume s of buffer at 0-4° C .  E quilibration was monitored by 

measuring the conduct ivity and pH of the e luat e and the 

homogene ity of the packing was checked by passing �hrough 

Blue Dextran 2000 . 

2 . 2 . 2  DEAE-cel lulose column 

DEAE-cellulo se ( fine ) was treated success ively with 0 . 5  

M-HCl ,  deionised dist illed wat er , 0 . 5  M-NaOH and de ionised 

dist illed water as de scribed in the informat ion leaflet 

1 Advanced Ion Exchange Celluloses 1 ( Whatman W & R Balston 

Ltd . ) .  The re sin was then e quilibrated with buffer , degassed 

and the fines removed.  The suspens ion of DEAE-cellulose was 

transferred into a gl�ss co lumn ( plugged with glass woo l )  

( 3  .. 5x25 cm or 3 . 7x52 cm) and allowed to  ·sett le by gravity . Equil

ibrat ion of the column with the appropriate buffer ( 0 . 025 

N-Na2HP04 in 0 . 05 M-Tris-HC l , pH 8 . 85 ,  or 0 . 05 M-Tris-HCl ,  pH 

8 . 85 )  was perfo rmed as de scribed for Sepharo se-4B ( Sect ion 2 . 2 . 1 )  • 

. 2 . 2 . 3  Column o f  calc ium phosphate gel deposited on cellulose 

A suspens ion of Whatman CF-1 fibrous cellulose p owder 

( 40 ml , 10% w/v in 0 . 02 M-sodium phosphat e buffer pH , 7 . 0) was 

mixed with a suspension ( 1 00 ml) of the gel-cellulose ( pre

pared as described in Section 2 . 1 )  with vigorous st irring . 

This procedure was recommended by Koike and Hamada ( 1 971 ) to  

increase the flow rate of the column . The mixture was then 

diluted with an appropriat e  volume of 0 . 01 M-Na2HP04 in 0.05 M

Tris-HC�pH 8.85, degassed , and poured into a 3 . 5x30 cm glass 

column (plugged with glass woo l ) . This was allowed to  pack 

by gravity . Equilibration of the column with 0 . 01 M-N8.;2HPo4 in 

0.05 M-Tris-HCl , pH 8 . 85 ,  was performed as described for 

Sepha�ose-4B ( Sect ion 2 . 2 . 1 ) . 
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Hydroxyapat ite ( prepared as described in Section 2 . 1 )  

was packed and equilibrated with 0 . 01 M-sodium phosphat e 

buffer , pH 8 . 85 ,  in a smaller column ( 1 . 8x30 cm) . 

2 . 2 . 4  DEAE-Sephadex A-50 column 

DEAE-Sephadex A-50 (part icle size 40-120 �m diamet er) 

was swo llen in buffer at room temperature ( 5  days) . The gel 

suspension was then degassed , and packed into a 3 . 8x30 cm 

glass column (plugged with glass woo l )  following the procedure 

described for Sepharose-4B ( Section 2 . 2 . 1 ) . The column was 

e quilibrated with 0.10 M-Naol i� 0.05 M-Tris-HCl, pH 8.85. 

2 . 2 . 5  Sephadex G-200 column 

A 2 . 6x60 cm glass column (plugged w�th glass wool)  was 

packed with Sephadex G-200 ( super f ine , part icle size 1 0-40 �m) 

us ing the same procedures as described above for DEAE-

Sephadex A-50 . The homogeneity of the gel bed was checked 

·with B lue Dextran 2000 by the same procedure used for the 

. Sepharose-4B column ( Sect ion 2 . 2 . 1 ) . 

Analyt ical methods 

Spectrophotometry 

The following instrument s were used for recording absor

ption spectr.a : 

( i) Beckman ACTA T . M .  III S�ectrophotomet er (Beckman Instru

ments , Inc . , U . S . A . )  

( ii)  Perkin E lmer Model 1 24 Spectrophotometer ( Perkin-

Elmer , U . S . A . ) 

( iii) Shimadzu Model MPS-5000 Spe ctrophotomet er ( Shimadzu 
I 

Seisakusho Ltd . , Kyoto , Japan) 

( iv) Unicam SP . 800 Spectrophotometer (Pye Unicam , England) . 
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F luorimetry 

F luorescence of flavin solut ions was measured with a 

Turner M odel 430 spe ctrofluorimeter (G . K. Turner A ssociat e s , 

C al ifornia)  equipped with a thermostat ically c ontrolled 

wat er-bath at 25° C and a recorder (Electronik recorder 

Model T 02 NI-H , To shin E lutron Co . Ltd . , Japan) . The excita

t ion wavelength was set at 460 nm and the emission wavelength 

at 550 nm. The emi s s ion slit width was set at 60 nm .  A 

l inear relationship existed betwe en the f lavin concentrat ion 

and fluorescence over the range 0 . 2 - 1 . 6  �g of riboflavin/ml 

in 0 . 01 M -HCl .  

2 . 3 . 3  Protein est imat ion 

2 . 3 . 3a Standard prot e in assay 

Prot e in concentrat ions were rout inely det ermined , 

following precip itat ion with trichloroacetic ac id using the 

method of Lowry et al . ( 1951 ) . Crystalline bovine serum 

albumin ( Cohn Fract ion V) was used as a standard ( Sigma ) . 

2 . 3 . 3b Alternat ive assays 

A lt ernative procedure s for prote in estimat ion included 

the ultraviolet b iuret react ion (Ellman , 1 962) using cryst a

lline bovine serum albumin as a standard or the micromethod 

for the determinat ion of nitrogen ( Jaenicke , 1974) us ing 

(�rn4 ) 2so4 as the nitrogen standard. 

Estimat ion of pyrimidines 

C oncentrations of the pyrimidine s ,  thymine , urac il , 

5-methylbarbituri c  ac id ( 5-MBA) and barbituric acid ( BA )  were 

estimat ed spectrophotometrically . 



( a) In culture medium during growth of N.  corallina 
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In thymine growth medium , thymine and 5-MBA were both 

present simultaneously . The method used by Bat t  ( 1952) for 

the est imat ion of binary mixtures of pyrimidine s  was ext ended 

in this work for the different ial quant itative e st imat ion of 

thymine and 5-MBA in a mixture . 

Spectra of the four pyrimidine s are shown in Figure 2 . 1 .  

It can b e  seen that under alkaline conditions thymine but 

not 5-MBA , absorbs at 295 nm whereas at 270 nm both compounds 

absorb . In a mixture of thymine and 5 -MBA, the concentration 

of thymine could be estimated from the absorbance at 295 nm .  

The contribut ion of this conc entrat ion o f  thymine t o  the 

absorbance at 270 nm was calculat ed and subtract ed from the 

absorbance at this wavelength for the mixture ; the difference 

in absorption at 270 nm was then due to 5-MBA and it s �oncen

trat ion was calculated .  All  the relevant molar extinct ion 

coeffic ient s  det ermined are listed in Table 2 . 1 . 

For the det erminat ion of pyrimidine s in a growth medium, 

an aliquot of the culture supernat ant solut ion was diluted 

with sodium hydroxide solution ( final concentrat ion 0 . 1  M) to 

give an absorbance ( at 295 nm) between 0 . 1  and 1 . 0 .  The 

concentrat ions of thymine and 5-MBA were then determined as 

above . 

( b ) In enzyme assay mixtures 

In a react ion mixture , containing either thymine or 

uracil , for the assay of urac il dehydrogenase , a known initial 

concentrat ion of thymine or urac il was pre sent . This was 

converted quant itatively to 5 -MBA or BA at a rate dependent 

on the enzyme act ivity . The ext ent of this conversion over 

a part icular t ime interval was measured by the change in 
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absorbance at a single  wavelength . Since the molar ext inction 

coefficient s of 5-�ffiA and BA were much greater than those  of 

thymine and urac il (Table 2 . 1 )  at 270 and 255 nm, respectively , 

the rate of increase in absorbance at this wavelength ( at 270 

nm or 255 nm for thymine or urac il oxidat ion) served as the 

basis for measurement s (Hayaishi & Kornberg , 1 952) . For 

oxidation o f  thymine in a c e ll of 1 cm light path: 

- AT 
AA 

= A 5-MBA = 2�0 
120 0 

or t1A270 of 1 absorbance unit is equivalent to 8.2?x1o-2 
�mol of thymine conv�rted/ml 

where , 

- AT = change in thymine concn. (M)  

= change in 5-MBA c oncn .  (M)  

= change in absorbance at 270 nm 

( 2 . 1 )  

A5-MBA 

AA270 
1 2090 = difference between € for 5-MBA and € for thymine 

at 270 nm in 0 . 05 M-Tris-HCl,pH 8 . 85 (Table 2 . 1 ) . 

Similarly , for the oxidation of uracil 

AA 
- A U = L\ BA = 

1 1  ��� 
o r  �A255 of 1 absorbance unit is equivalent t o  8 . 80x1 o-2 

�mol of urac il converted/ml 

where , 

- AU = change in uraci l  concn . (M)  

ABA = change in barbituric acid concn. ( M )  

AA255 
= change in absorbance at 255 nm 

( 2 . 2) 

1 1365 = difference between Efor BA and E.for urac il at 

255 nm in 0 . 05 M-Tris-HC� pH 8 . 85 (Table 2 . 1 ) . 

If both thymine and urac il are pre sent in the react ion 

mixture , measurement must be made at two wavelengths . The se 

) 
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were set at 270 nm and 250 nrn , s ince , at these wavelengths , 

the interference of absorbance betw e en thymine oxidation 

( at 270 nm) and urac il oxidat ion ( at 250 nm) was minimised 

( se e  F igure 2 . 1 ) . A suitable spectrophotometer for simultan

eous recording at both wavelengths was not available and a 

spe ctral scan was made at int ervals ( 2  min ) us ing the 

Unicam SF. 800 spectrophotometer . 

The concentrat ions of thymine and urac il were calculated 

using the molar ext inct ion coeffic ient s of pyrimidines in 

0 . 05 I"I -Tris-HC l ,  pH 8 . 85 Cr able 2 . 1 )  as follows: 

Let , 

.6. T  = 

and .6. U = .6. BA 

( symbols def ined as in equat ions 2 . 1 and 2 . 2) 

.6.A270 = absorbance change at 270 nm due to the changes of 

thymine and uracil concentrations 

.6. A250 = absorbance change at 250 nm due to changes of t hymine 

and urac il concentrat ions . 

In the molar ext inct ion c oeffic ient s given , the super

script refers to the compound (T = thymine , U = urac il , 

5 -MBA = 5-methylbarbituric ac id and BA = barbituric ac id) and 

the subscript refers to  the wavelength .  

Then , �70 = E f or thymine a t  270 nm and s imilarly for all 

other molar ext inct ion coeffic ients 

� 
1\iBA 

. A 1\;lBA  + � u . A u + '11::. 270 � 1• '11::. 270 � 

• • . .6.A270 = 1 2090 ( - .6.T ) - 3 1 95 ( - .6.U) ( 2 . 3 ) 



F igure 2 . 1  Absorpt ion spe ctra of pyrimidine s 

A ,  1 . 0x10-4 1·1-thymine and 7 . 5x10-5 M-5-methylbarbituric 

acid dissolved in 0 . 05 M-Tris-HCl ,  pH 8 . 85 ;  

B ,  1 . 0x10-4 M-uracil and 7 . 5x10-5 M-barb ituric acid 

dissolved in 0 . 05 r-1-Tris-HC l ,  pH 8 . 85 ;  and 

C ,  1 . 4x10-4 M-thymine and 5 . 7x10-5 M-5-methylbarbituric 

acid dissolved in 0 . 1  M-NaOH . 
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TABLE 2 . 1  

f-10LAR EXTINCTION COEFF ICIENTS OF PYRH1IDINES 

The concentration of pyrimidines were as indicat ed in 

F igure 2 . 1 .  

The values are the absorbance unit s at the indicated wave-

lengths in the appropriate mediums calculated for a 1 M 

solution in a 1 cm light path cell at 25° C .  

0 . 05 fvl-Tris-HCl , pH 8 . 85 0 . 1  M-NaOH 

Pyrimidines € at Eat 

270nm 250nm 255nm 270nm 295nm 

Thymine 6620 4755 5890 4570 4720 

5-Methylbarbituric 1 8710 5945 9790 1 6050 0 ac id 

Uracil 5695 6875 7735 

Barbituric acid 2500 1 6100 1 9100 
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Similarly , 

= 

= 1 1 90 ( - 6 T) + 9225 ( - 6U) 

Solving 6T and 6U from equat ions 2 . 3  and 2 . 4  we obtain : 

· - 6 T = ( 8  6 A270 + 2 . 77 6 A250) X 10-5 

- 6 U = ( 1 0 . 48 6A250 - 6 A270) x 10-5 

The e quat ions ( 2 . �  and ( 2 . 6) were used t o  calculat e the 

25. 

( 2 . 4) 

( 2 . 5 )  

( 2 . 6) 

amount of thymine and uracil  converted in the assay mixture 

when both compounds were present . 

In the methods described above for determinat ion o f  the 

changes in pyrimidine concentrat ions �n enzyme assay mixtures ,  

no account was taken of the ultraviolet absorbance of 

methylene b lue and its reduced form ,  leuco-methylene blue . 

However , it is shown in Sect ion 6 . 1  that the absorbance due 

to  methylene b lue and l euco-methylene b lue did not change 

s ignif icantly with t ime under the experimental conditions 

used.  

Assays for uracil dehydrogenase activity 

2 . 3 . 5a Spe ctrophotometric assay 

( i) Standard enzyme assay 

Uracil dehydrogenase was routinely assayed by a spectro

photometric assay adapt ed from that of H ayaishi & Kornberg 

( 1 952) . Thymine was oxidised in the pre sence of methylene 
' 

b lue  to  give 5-methylbarbituric acid and the react ion was 

followed by measuring the increase in absorbanc e at 270 nm due 

t o  the format ion of the product ,  5-methylbarbituric acid , 

at 25° C .  The changes in absorbance were monitored in a 3 ml 
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quartz cuvette with a 1 cm light path either with a Unicam 

SP . 800 or a Unicam SP . 500 spectrophotomet er equipped with 

a constant temp erature control cuvette compartment . The 

concentrat ion of methylene blue ( 2 . 5x10-5 M) chosen , was that 

which gave the maximum rate of thymine oxidat ion in air 

( Sect ion 6 . 8) and at the opt imum pH of 8 . 85 ( Sect ion 6 . 3 ) . 

The standard assay mixture ( 3 . 0  ml ) contained 0 . 3  �mol  of 

thymine , 0 . 075 �mol of methylene b lue , 150 pmol of Tris-HC l ,  

pH 8 . 85 ,  and sufficient enzyme t o  produce a change at 270 nm 

from 0 . 005 to 0 . 045 absorbance units/min at 25° 0 .  The 

react ion was started by the addit ion of enzyme . 

The enzyme activity was measured over the init ial linear 

port ion of the rate curve , the amount of thymine oxidised 

being calculat ed as in Sect ion 2 . 3 . 4 .  A unit of enzyme 

act ivity is defined as that amount of enzyme which cat alysed 

the oxidation of 1 . 0 �mol of thymine per min at 2 5. c in the 

standard assay mixture . Specific activity is defined as 

unit s per mg of  prote in .  Protein was determined by the 

method of Lowry et al . as described in Sect ion 2 . 3 . 3a .  

( ii )  Alternat ive enzyme as say 

For studying the catalyt ic propertie s  of the enzyme 

the standard enzyme assay conditions were varied by alt ering 

one of the following parameters : - t emperature , pH , ionic 

strength , substrate or nature of electron acceptor.  The 

details of methods are given in the relevant sec t ion of  

Chapter 6 .  G enerally , where the reduced electron acceptor 

was reoxidise d  by air , the reaction was followed at 270 nm 

if thymine was the substrate or at 255 nm for uracil . In 

some cases ( for example in the absence of oxygen or where a 



27 

tetrazo l ium salt was used as the electron acc eptor) , the 

react ion was followed at the appropriate wavelength for the 

electron acceptor . 

( iii) Anaerobic enzyme assay 

The r �duct ion of various ele ctron acceptors by thymine , 

catalyzed by uracil dehydrogenase , was studied in a Thunberg 

cuvett e .  This was made from a 1 cm spectrophotometric cell 

fused to a glass tube ( 1 . 2 cm x 5 cm) which was in turn joined 

to the t op part of a Thunberg tube . The length of tube was 

sufficient to prevent the solut ion in the cuvette from 

bubbling over into the stopper on evacuat ion. 

For assays with this cell , enzyme solut ion was plac ed 

in the stopper and the other reagent s in the cuvette .  The 

stoppered cuvett e  was then alt ernately flushed with oxygen

free nitrogen and evacuat ed us ing a water-pump for a total 

of four t imes to ensure anaerobic condit ions . The nitrogen 

( 99 . 5% ,  New Zealand Industrial Gas Ltd. ) had been bubbled 

through alkaline pyrogallol solut ion to remove traces  of 

oxygen as described by Voge l , 1 956 • The reaction was then 

started by tipp ing in the enzyme from the stopper , and 

followed at the appropriate wavelength in the spectrophoto

met er . 

2 . 3 . 5b A ssay of uracil dehydrogenase act ivity using an 

oxygen electrode 

Oxygen uptake was followed at 25° C  using the C larke 

Oxygen Electrode unit (Rank Brothers , Bott ishham , Cambridge , 

England) connected t o a c irculat ing water bath and attached 

to a Honeywell  recorder ( Brown Electronik , Honeywell Control 

Ltd . , Gt . Britain) . The react ion mixture in the electrode 
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chamber contained ,  in a tot al of 3 . 0  ml , 0 . 1 25 f.Lmo l  of methy

lene blue , 150 f.Lmol of Tris-HC l , pH 8 . 85 ,  urac il dehydrogenase 

and ( added last ) a pyrimidine sub strate to init iat e  the reac

tion . A potent ial of 0 . 6  V was appl ied betwe en the p lat inum 

cathode and the s ilver reference e le ctrode which was covered 

with a teflon membrane � The react ion mixture was st irred at 

high speed using .a small magnetic st irrer bar . Before addit ion 

of the pyrimidine substrat e , the reaction mixture was 

e quilibrated for 1 0  min at 25u C .  The plunger was then 

inserted and the collar adjusted at the po int where the 

react ion mixture had just entered the small hole in the 

plunger . The pyrimidine substrate ( 3-30 f.Ll) was added through 

the small hole in the plunger using a microsyringe ( Sc ient ific 

Glass Engineering Pty . Ltd . , Melbourne , Australia) . 

The teflon membrane was normally changed after being 

used for 2-3 day s . The surface of the electrode s was c leaned 

with 15�-6 NH40H t o  remove AgCl dep o s it s  and , if necessary , 

polished with a liquid metal polishe r .  

The oxygen electrode was cal ibrated b y  two methods . 

( i) The re lat ive calibration method of De l ieu · &  Walker ( 1 972) , 

in which excess  reducing agent ( sodium dithionit e )  was used 

to de-oxygenat e the chamber . The f o llowing react ion o ccurred :  

-----:>;;. NaHS04 + NaHS0 3 ( 2 . 7) 

The accuracy of the method depended on published figure s 

for the oxygen content of air-saturat ed water ( 0 . 253 f.Lmol/ml 

at 25u c ) . The chart recorder was adjusted so that 1 s cale 

division repre sent ed 0 . 01 f.Lmol of oxygen . 

( ii)  The absolute calibrat ion method of Robinson & Cooper 

( 1 970) , in which an accurately known limit ing concentrat ion 
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of NADH was used , in the pre s ence of Pl"lS and c at alase , to 

reduce a stoichiometric amount of oxygen . The reactions 

involved were : 

PI•1S + NADH + PJ.VISH2 + NAD+ ( 2 . 8) + H ... 

Pf"1SH2 + 02 )11 Pr1S - + H202 ( 2 . 9) 

H202 ... t 02 + H20 ( 2 . 10)  

sum : NADH + H+ + 1 
2 02 NAD+ + H20 ( 2 . 1 1 )  

The amount of oxygen consumed was det ermined from the 

stoichiometric amount of NADH oxidized.  The upt ake of 

oxygen was then expre ssed as �mo l of oxygen/scale d ivision .of 

the chart paper . 

2 . 3 . 6  Ident if ication and e st imat ion of FAD 

2 . 3 . 6a Identif ication of FAD 

The followinG t e sts  were used to determine the nature 

of the flavin pro sthetic group of uracil  dehydro�enase . For 

the se t e st s  it wa s neces sary f irst ly to release the pro s-

thet ic group fror.1 the enzyme . This was done by heat ing 

the purif i ed uracil  dehydrogenase ( specific act ivity 8 . 0 

t o  1 0 . 2  units/mg) for 5 min at 1 00° C ,  and �he product was 

referred to as heated urac il  dehydrogenase (HUD) . 

( i)  Paper chromat.ography 

Free flavins and standards were separated by descending 

chromatography in t wo different solvent systems ( Kilgour 

et .§1. , 1 956) : 

Solvent 1 ,  5% ( w/v) Na2HP04 
Solvent 2 ,  butan-1 -ol/acetic ac id/wat er ( 4  

vol . ) ;  the upper phase was used.  

1 5 ,  by 
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Chromatography was carried out at 28-29° C on Whatman 

no . 1 paper ( 46x57 cm sheet s , pre-equilibrated in the 

chromatographic tank) , and in darkness  in order to minimise 

the photodegradation of the flavins which were located on 

chromatograms by their yellow fluore scence under u . v .  light 

( 350 nm) . 

( ii )  Fluorescence analysis aft er pho sphodiesterase 

treatment . 

( iii)  React ivation of D-amino-acid oxidase apoenzyme . 

Details for the above two tests are given in Sect ions 

5 . 5 . 2  and 5 . 5 . 3 .  

2 . 3 . 6b 

( i) 

Estimation of FAD 

Spectrophotometric as say 

The FAD content of uracil dehydrogenase was derived 

from the visible spe ctrum as detailed in Section 5 . 4 .  

( ii) F luorometric assay 

FAD content was e stimated as de scribed by Burch ( 1 957) . 

The method was adapt ed from methods previously de scribed by 

Bes sey � �· ( 1 949) and by Burch et �· ( 1 948) . It was 

bas ed on the fact that an increase in fluorescence occurred 

when FAD was split to FMN by acid hydrolys is . FAD was 

extracted from the nat ive enzyme by treatment with cold 

trichloroacetic acid ( 10% f inal concentration) and the 

protein rapidly removed by centrifugat ion. One aliquot of 

the supernatant was then neutralized ( non-hydrolyzed control)  

and was stored for  48 h at 0-4° C while another aliquot was 

incubat ed for 48 h at 25° C prior to neutralisat ion 

( hydrolysed sample ) .  Bessey et al . ( 1 949) showed that 



' . ,  

3 1  

under these condit ions o f  hydrolysis  ( 10% trichloroacet ic 

acid , 25° 0 )  FAD had a half-life o f  about 1 h ,  and hydro lys i s  

was e s sent ially comple��d in 48 h .  Duplicate riboflavin 

standards were c arried through the same procedure ·as for 

the enzyme . 

The fluorescence of both hydrolyzed sample s and non

hydrolyzed controls were measured ( Section 2 . 3 . 2) both 

before (F1 ) and after (F2 ) reduct ion with sodium dithionit e , 

as described by Burch ( 1 957) , in order to correct for any 

non-flavin fluoresc ent substanc e s  which might be present . 

Calculat ion of FAD cont ent of the original sample was 

based on the formula of Burch ( 1 957) , but omitt ing the 

dilut ion factor used by Burch . 

Concent ration of FAD = (Rt - Ri) /0 . 85 

where R .  = apparent riboflavin c oncentration in non� 

hydrolyz ed c ontrol 

= concentrat ion of riboflavin standard 

x (F 1 - F2) control standard 

and Rt = apparent riboflavin c oncentrat ion in hydrolyzed 

sample 

= concentrat ion of riboflavin standard 

x (F 1 - F2) incubated standard 

Metal analyses  by atomic absorpt ion spectrophotometry 

Analysis of the metallic e lements pre sen� in the 

purified urac il dehydro.genase was kindly conduct ed by 

Dr . R . D .  Reeve s , using a Varian Techtron Mode l  AA-3 · Atomic 
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Absorpt ion Spectrophotometer ( T e chtron Pty . Ltd . ,  Melbourne) 

with a Varian Techtron CRA-63 Carbon rod atomiz e r, and a 

R ikadenki recorder ( Kegyo Co . ,  Ltd . ,  Tokyo ) .  

All glassware was washed with detergent and water, 

rinsed with �qua regia and washed successively with dis

t illed water and de ionized water, as a precaut ion against 

contaminat ion by metallic ions . Dialysis tubing was 

cleaned free from metals by the method of McPhie ( 1971 ) . 

Standard solutions of 1 �g/ml and 2 �g/ml of salts of F e, 

Zn, Mg, Cu, Ni, Co, Mn and Mo (BDH, AnalaR)  were prepared · 

in deioniz ed dist illed water . 

For e ach metal , appropriat e  standards, samples and 

blanks were all analysed in triplica�e, on samples of 2 �1 

applied with an Eppendorf-type micro syringe (Eppendorf 

Ltd . ,  W e st Germany) . The ope rating conditions ( wave lengths, 

t emperature program, etc . )  were selected as opt imum for 

the metal being assayed . The accuracy of each assay was 

assessed in terms of the standard deviat ion of triplicat e 

sample s . 

2 . 3 . 8 Amino acid analysis 

Analysis of the amino ac id composition of the purified 

uracil dehydrogenase was performed according to the 

procedure of Spackman, Ste in and Moore ( 1 958)  using a 

B eckman 1 20 C amino acid analyser . 

Aliquots ( 0 . 2 ml) of purified enzyme ( 1  mg/ml in 0 . 025 

M-Tris-HCl, pH 8 . 85 ;  spe c ific act ivity 10 . 6  unit s/mg ) 

were ' · lyophi l i sed in heavy . walled Pyrex tubes . 

After the addit ion of 2 ml of constant boiling HCl ( 5 . 9  M)  
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the tube s were sealed under a vacuum ( 0 . 05 m� Hg) and 

incubated at 1 1 0° C  ! 1° C to hydro lyse the protein .  Dupli

cat e  sample s were hydrolysed for 24 , 48 and 72 h .  After 

hydrolysis the tubes were opened and the samples dried 

rap idly in an evacuat ed dessicator over so lid sodium hydro

xide . Before analysis each sample . was dissolved in 0 . 1  ml of 

citrate buffer , pH 2 . 2  ( 0 . 2  M with respect to Na+ ) .  

The hydrolyses and chromatography were kindly per

formed by Dr . G . G .  Midwinter . The analyser was calibrated 

u sing a Beckman standard amino acid calibrant mixture ( 0 . 05 

�mo l  of each amino ac id) . Peaks on the effluent curves 

were integrated manually by multiplying the height of the 

peak by the width at half the height . 

Analysis of labile sulphide 

Labile sulphide was determined spectrophotometrically 

as described by King and Morris ( 1 967 ) . This method had 

been adapted from that described by Fogo & Popowsky ( 1 949) . 

The sodium sulphide solut ion was standardised by 

oxidat ion with potas s ium iodate st andard in an alkaline 

medium as described by Vogel ( 1 961 ) . 

2 . 3 . 10 Molecular we ight e.st imat ion 

2 . 3 . 10a Ultracentrifugation analysis 

Sedimentation e quilibrium ce�trifugation of the nat ive 

enzyme was performed according to the method of C hervenka 

( 19 70) .  The method is a modif icat ion of the meniscus 

deplet ion t echnique of the original procedure of Yphant is 

( 1964) . Studies were carried out in a Model E Beckman 

ultracentrifuge using Rayleigh interference optic s .  The 



instrument was kindly operated by the late Dr . J . W .  Lyt t leton � 

Measurements of vert ical fringe displacement s , � y ,  of 

three l ight fringe s  at each radial distanc e , r ,  were made 

with a Mann Type 829C Comparator . The average molecular 

weight was calculat ed from the slope of a plot of the 

natural logarithm of the fringe displacement , � y ,  against 

the square of the radial distance , r ,  by the following 

equat ion : 

mol . wt . = 2RT 
( 1  - ) 2 - V  p W 

Where R i s  the gas content , T i s  the absolut e tempera

ture , w is the angular veloc ity , v is the part ial spe c if ic 

volume of the enzyme , p is the solvent density . 
-The part ial specific volume of the enzyme , v was deter-

mined ( according to Cohn & Edsall , 1 943 ) from the amino 

acid composit ion ( Section 5 . 3 )  using the specific volumes 

of the const ituent amino acid res idue s .  

2 . 3 . 1 0b Sephadex G-200 gel filtrat ion 

The mo lecular we ight of the nat ive enzyme was e st imated 

on a c olumn ( 2 . 6x60 cm) of Sephadex G-200 ( prepared as in 

Sect ion 2.2 .5 ) calibrat ed at 0-4° C with known molecular 

we ight prote ins according to the procedure de scribed by 

Andrews ( 1 965 ) . The column was equilibrated at 0-4° C with 

0 . 05 M-Tris-HCl ,  pH 8 . 85 ,  containing 0 . 10 N-NaC l .  Samples  

were dissolved in the equilibration buffer ( 1 . 5 ml) , applied 

to  the column and then eluted with the same buffer u sing a 

flow rate of 1 0-1 5  ml/h . The effluent was collected in 3 ml 

fract ions . Prote ins and Blue Dextran were determined as 
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follows : uracil dehydrogenase by the standard enzyme assay 

( Section 2 . 3 . 5a) ; catalase by the disappearance of H2o2 
followed at 240 nm (Chance & Maehly , '1 95 5 )  ; bovine s.erum 

nm ·  , albumin , ovalbumin and apoferritin by absorbance at 230 

myoglobin by absorbance at 407 nm ; ribulosebiphosphate 

carboxylase by absorbance at 280 nm ;  and Blue Dextran by 

absorbance at 620 nm . The e lut ion volume corresponding to 

maximum concentrat ion of a solut ion was estimated from an 

e lut ion diagram by extrapolat ing both sides of the solut e 

peak to an apex.  11. calibrat ion curve was prepared by p lott ing 

e lut ion volume against the logarithm of the mo lecular we ight . 

The standard markers were used in various c ombinations with 

and without urac i l  dehydrogenase at levels of 0 . 3-5 . 0  mg of 

each . The molecular weight of uraci l  dehydrogenase was then 

det ermined from it s elution volume by use of the calibrat ion 

curve . 

2 . 3 . '10c Electrophore sis 

Determination of molecular we ights of subunit s by sodium 

dodecyl sulphate - polyacrylamide gel  electrophoresis  ( SDS 

p olyacrylamide gel  electrophores is)  is  described below in 

Sect ion 2 . 3 . '1 '1b . 

2 . 3 . '1 1 Polyacrylamide gel e lectrophoresis 

2 . 3 . '1 1 a  Polyacryl amide gel electrophoresis of the nat ive 

enzyme 

· Analyt ical gel  e lectrophores is (Gabrie l ,  1 97'1 ) of the 

purifi ed native enzyme was performed at 0-4° C in a 7 . 5% acryl

amide ( 0 . 3% N , N ' -methylene-b isacrylamide ) gel using 0 . 1 M

Tris/0 . '1  M-Glyc ine buffer , pH 8 . 7  as  the reservoir buff er.  
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A conventional tube-ge l electrophores is apparatus ( based on 

Davis , 1 964) equipped with a constant current power supply 

unit (Vokam SAE 2761 , Shandon ; Shandon Sc ient ific Co . Ltd . , 

London) was used . Gels ( 0 . 6  x 1 3 . 0  cm) were pre-electrophor

e sed for 1 h at 4 mA per gel and electrophoresis of the 

purified nat ive enzyme was carried out ( at 4 mA per gel) unt il 

the dye ( bromopheno l b lue) approached the bottom of the gel .  

Proteins were stained with 0 . 25% Coomassie Brilliant Blue in 

a mixture of 7% ace t ic acid and 25% methanol for 6 h and 

destained according to the procedure of Reid & B ieleski ( 1 968) . 

A further gel was stained with Amido Schwarz ( 1% Amido Schwarz 

in 7% acet ic acid) and destained using the same procedure as 

used for Coomassie Brilliant B lue . The stained gel was 

scanned with a Canalco mode l G gel scanner at 570 nm .  

F or locating uracil dehydrogenase on the gel , the two 

following techniques were used : 

1 .  The non-stained gel was frozen by placing on solid c ar

bon dioxide , and then sliced transversely with razor b lade s 

into 1 mm slices . Each slice was homogenised with a glass 

rod in 0 . 05 M-Tris-HCl , pH 8 . 85 and the extract , after 

settling , was used in a standard enzyme assay ( Section 2 . 3 . 5a) . 

2 .  The ge l was stained for enzyme act ivity using the t ech

nique based on the transfer of electrons from reduced enzyme 

t o  phenaz ine methosulphate ( PMS) and then to Nitro Blue 

T etrazo l ium (NBT ) , forming an insoluble purple formazan 

derivat ive (Quast e l , 1 957 ; Nachlas et �. , 1 960) . Urac il 

dehydrogenase was sho\vn to cat alyse such an ele ctron transfer 

( Sect ion 6. 0) . A react ion mixture consisting of 50 mi•l-T ris

HCl , pH 8 . 85 ,  0 . 3  mM-PI'-18 , 0 . 06 mfvl-thymine and 0 . 1  mM-NBT was 

prepared immediate ly before use . After electrophoresis , the 
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gel was removed and washed once in 0 . 05 M-Tris-HO l ,  pH 8 . 85 . 

The gel was incubated in a test tube cont aining the above 

assay mixture at room temperature ( 20-22° 0 )  and in the dark. 

Deep purple bands indicated the location o f  uracil dehydro

genase activity . If thymine was excluded from the react ion 

mixture no band appeared .  When sufficient staining had 

occurred ( 20-30 min)  the gel was removed and washed twice in 

0 . 05 M-Tris-HOl , pH 8 . 85 ,  before being stored in 7 . 5% acet ic 

ac id. p-Iodonitrotetrazolium Violet ( INT) could be used in 

place of NBT in the above staining procedure . 

2 . 3 . 1 1b  SDS-p olyacrylamide gel electrophoresis 

The molecular we ight of the subunits of the_ enzyme was 

est imated according to  the procedure of Weber � al . ( 1 972) 

by e lectrophoresis in polya¥rylamide gels in the presence of 

sodium dodecyl sulphate (SDS) . 

Electrophore sis was performed in 1 0% polyacrylamide gels 

containing 0 . 1  M-phosphate buffer , pH 7 . 0  and 0 . 1% SDS at 

room t emperature ( 20-22° 0 ) . The electrophore sis buffer was 

0 . 1  M-phosphate buffer , pH 7 . 0 ,  containing 0 . 1% SDS . Standard 

proteins and the purified enzyme were heated at 100° 0 for 

2 min in the presenc e  of 1% SDS and 1% 2-mercaptoethanol .  

Gels  ( 0 . 6x1 3 . 0 cm) were pre-electrophoresed for 3 h . at 6 mA 

per gel and e lectrophoresis of the sample was carried out 

( at € mA per gel) until the dye ( bromophenol blue ) approached 

the bottom of the gel .  Proteins on gels were stained with 

Ooomassie Brilliant B lue for 1 2  h and destained according 

t o  the procedure of R e id & Bieleski ( 1 968) . A further gel 

was stained with Amide Schwarz , de stained by the procedure 

as used for Ooomass ie Brilliant Blue and scanned as descr ibed 
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in Sect ion 2 . 3 . 1 1 a .  

F or the extraction of prote in from gels o f  the nat ive 

enzyme the slic e s  were homogenized with a tissue grinder 

(Potter-Elvehj em )  in approximately four volume s of 0 . 05 M

Tris� HCl , pH 8 . 85 .  The gel was removed by centrifugation 

and the extract ion repeated a further two time s .  The combined 

extracts were concentrated with an ultrafiltrat ion cell over 

an XM-50 membrane (Amicon corp . ) .  All  the above procedures 

were c arried out at 0-4° C .  

2 . 4  Bacteriological methods 

2 . 4 . 1  Organism 

Nocardia c orallina , strain S ,  used in the present 

invest igat ion was isolated by Batt & Woods ( 1 95 1 )  and identi

f ied as N .  corallina by Professor H . L. Jensen ( Batt & W oods , 

1 961 ) . 

The organism was maintained in slope culture at 0-4° C on 

glucose-yeast extract -agar of the following c omposit ion ( g/1 ) : 

KH2Po4 , 3 . 40 ; ( NH4) 2so4 , 3 . 00 ;  MgS04. ?H2o ,  0 . 10 ;  thiamin 

hydrochloride , 0 . 025 ; yeast extract (Difco ) , 0 . 50 ;  glucose , 

? . 5 ;  agar ( Davis) , 20 . 0 .  The pH was adjusted to 7 . 0  with 

5 M-NaOH before adding the agar . After heat ing to dissolve 

the agar , the medium was dispensed into small screw-cap 

bott les ( 1 0  ml e ach) and then autoclaved ( 1 21° 0  for 20 min) . 

Subcultures were made at monthly intervals onto  fre sh 

s lopes ,  which were incubated at 30° 0 for 30 h ,  then stored 

at 0-4° C .  
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2 . 4 . 2  Growth in a liquid culture med ium 

The thymine culture medium cont ained ( g/1) : KH2Po4 , 

'1 3 . 60 ; I>'IgS04 . 7 H2o ,  0 . 10 ;  thiamin hydrochloride , o'. 03 ; and 

thymine , 2 . 00 adjusted to pH 7 . 0  with 5 f"l-NaOH . A liquo t s  

( 330 ml ) o f  medium were dispensed into '1 litre conical 

flasks p lugged with cotton wool bef ore autoclaving at 1 21 ° 0 

for 20 min. 

Bacteria from a fre sh s lope ( which had not been stored 

at 0-4° 0 )  were transferred to  a primary flask containing 

. 330 ml of thymine culture medium and incubated at 30° 0 with 

shaking at 150 rev . /min on a New Brunswick rot ary shaker 

(Mode l G-25 ) . Bacterial growth was me asured by following 

the absorbance at 600 nm in a Bausch and Lomb Spectronic 

20 Spectrophotometer . The pH of the medium was alpo 

measured . Thymine and 5-methylbarbituric acid were e st i-

mat ed in aliquo t s  a s  de scribed in Sect ion 2 . 3 . 4 .  At a 

period of approximat ely 30 h ,  when the growth had reached 

the lat e exponent ial phase , the organisms were examined 

us ing l ight micro scopy and gram staining to check for t he 

pre sence of cont aminant s .  Aliquot s ( 10 ml ) were then 

sub cultured into each of 1 5  secondary flasks containing 

the same medium as the primary flask ( 330 ml/f lask) . The se 

secondary flasks were incubated under the same condit ions 

a G  the primary f lask.  The organisms were harvest ed early 

in the stat ionary growth phase by centrifuging at 5000 b 

for '15 min at 2° 0 .  The organisms were washed t wice with 

cold 0 . 05 1'-1-Tris-HC l , pH 8 . 85 , and centrifuged at 1 0000 g 

for '10 m in and 2° 0 .  The pellets were stored at -20° 0 unt il 

required . 
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2 . 4 . 3  Preparat ion o f  cell-free extracts 

Various methods of cell disrupt ion were t e st ed t o  

det ermine the method giving maximum yields o f  uracil dehydro

Genase . The de3re e of disrupt ion was determined by examin

at ion of the disrupted organisms us ing light micro scopy and 

gram staining and also by as saying for both prot e in ( Sect ion 

2 . 3 . 3a) and urac il dehydro�enase act ivity ( Section 2 . 3 . 5 a) . 

Organisms were disrupted in 0 . 05 M-T=is-HCl , pH 8 . 85 ,  at 

0-4° C and the final extract was obtained by centrifuging 

at 20000 g for 20 min at 2° C .  

( i) Grinding with alumina 

The pellet of organisms , alumina and the buffer in the 

ratio of 1 : 3 : 1 . 5 ( w/w/v) were ground at 0-4° C in a 

precooled mortar for 5 min . The slurry was dilut ed with 1 0  

volume s of buffer ( w/v) and centrifuged . 

( ii) Grinding with glass beads 

The pe llet s , glass beads ( for gas chromatography , M e sh 

80 , BDH ) and the buffer in the rat io of 1 : 2 . 5  : 1 ( w/w/v) 

were mixed in a Sorvall omnimixer . The mixture , in an ice

c ooled stainless cup , was st irred for three 5 -minute periods 

( at maximum speed setting) with 5-minut e intervals for 

cooling . It was then dilut ed with the buffer ( 4 . 5  ml/g wet 

we ight of p e l l et s )  and c entri fuged. 

( iii) Disintegrat ion by sonic disint egrator 

The pe llet s were re suspended in buffer at a dilut ion of 

1 : 10 ( w/v) . The suspension was sonicated ( M . S . E .  1 00 watt 

ultrasonic dis int egrator) at 20 kHz at 0-4° C , for a total 

sonicat ion time o f  40 min , u sing 15-sec  burst s ,  alternat ing 

with a 1 5-sec cooling period.  It  was then c entrifuged . 
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( iv) Disintegrat ion with a French pres sure apparatus 

The operat ing procedure was as described by French & 

Milner ( 1 955 ) . The pellet s were routinely resuspended in 

buffer at a dilut ion of 1 1 5  ( w/v) , disrupted t wice in a 

French pre ssure apparatus (Aminco , American Inst . Co . Inc . )  

at 8000 p . s . i . ( 5 . 6x107 Pa) and centrifuged . For certain 

experiment s the _ cell concentrat ion and number of pas sage s  

through the French pre ssure apparatus were varied a s  de s

cribed in the appropriat e sect ions of the thesis . 



CHAPTER 3 

GROWTH OF Nocardia corallina AND PREPARATION OF 

CELL-FREE EXTRACTS 

3 . 1  Growth of N .  corallina 

42 

For routine work , bat ch culture methods in shake flasks 

were used ( as de scribed in Section 2 . 4 . 2) . Organisms were 

init ially grown· on a thymine culture medium in the primary 

flask unt il they reached the late exponential phase of growth. 

Aliquots  were then transferred to fresh medium in secondary 

flasks and harvested at an early stage of the stationary 

phase .  A yield of approximat ely 1 g wet wt . of organisms 

per g of thymine was obtained.  The yield of organisms 

obtained us ing thymine as the sole source of carbon and 

nitrogen was limited by the low solubility ( 4  g/1 )  of thymine . 

The growth charact erist ics of N .  corallina in the secondary 

flask are shown in Figure 3 . 1 .  

3 . 2  Preparat ion of cell-free extract s 

Using the various methods of disrupt ion ( Section 2 . 4 . 3 )  

t o  obtain the maximum yield of uracil dehydrogenase, the 

levels of the enzyme in the extracts are given in Table 3 . 1 .  

The specific act ivity of uracil dehydrogenase was comparable 

in extract s obtained by all four methods used in this pre

liminary study . Grinding with glas s  beads gave the maximum 

yield of uracil dehydrogenase , but the French pressure 

apparatus gave a yield approaching that obtained with glass 

beads and was the most convenient method for routine use . 

In subsequent experiment s  a 2-3 fold increase in yield 

of enzyme was obtained by using a 1 15 ( w/v) cell dilut ion 

instead of 1 :  10 ( w/v) (Table 3 . 2) . Further passages through 



F igure 3 . 1  Growth characterist ics of N .  corallina in culture 

medium 

N .  corallina was grown in thymine culture medium ( 330 ml) 

and incubated at 30° C with shaking ( 150 rev ./min) . Bacterial 

growth was measured by following the absorbance at 600 nm 

( curve A }. Thymine and 5-methylbarbituric ac id were deter-

mined in aliquots as de scribed in Section 2 . 3 . � ( curve B and 

C ,  respectively) . The pH of the medium during growth was 

measured ( curve D) . The cells were harve sted near the end of 

the logarithmic phase of growth at the t ime indicat ed by the 

arro w .  
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TABLE 3 . 1  

URAC IL DEHYDROGENASE RELEASED FROM N .  corallina USING 

VARIOUS �lliTHODS OF CELL DISRUPTION 

C e ll-free extracts were prepared ( as de scribed in 

Section 2 . 4 . 3 )  from N .  corall ina ( 1  g wet wt . port ions of the 

same bat ch) . The act ivity of uracil dehydrogenase was det er

mined ( Section 2 . 3 . 5a) immediately after obtaining the 

extracts .  

Volume Total Protein Total Specific 
Method ( ml )  enzyme ( mg/ml) protein act ivity 

(unit s )  ( mg)  ( unit s/mg) 

Grinding with 10 . 5  2 . 6  1 . 65 1 7 . 3  0 . 15 

a lumina 

Grinding with 5 . 2  4 . 0  6 . 54 34 . 0  0 . 12 

glass beads 

Disintegrat ion by 10 . 5  2 . 8  1 . 91 20 . 1  0 . 14 

sonie disintegrator 

Disintegrat ion us ing 1 0 . 5  . 3 . 5  2 . 81 29 . 5  0 . 12 

a French pressure 

apparatus a 

a Thre e  passages through a French pressure apparatus with 

pellets suspended in buffer at 1 : 10 ratio ( w/v) . 
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t he French pressure apparatus up to a total of f ive , increased 

the yield of enzyme slight ly but the spec ific act ivity 

decreased (Table 3 . 2) .  Two passages were therefore used 

routinely for the preparat ion of cell-free extract s .  



47 

TABLE 3 . 2  

LEVEL OF URACIL DEHYDROGENASE RELEASED FROM N .  corallina 

USING A FRENCH PRESSURE APPARATUS 

Cell-free extracts were prepared from N .  corallina ( 1  g 

wet wt .  portions of the same batch) by passing bacterial 

suspensions ( 1 : 15  w/v in 0 . 05 M-Tris-HCl ,  pH 8 . 85 )  through 

a French pre ssure apparatus ( as de scribed in Sect ion 2 . 4 . 3 )  

up to a total of five passage s .  The act ivity of uracil 

dehydrogenase was determined ( Section 2 . 3 . 5a) immediate ly 

after obtaining the extract s .  

Pas sage s through V olume Total 
the French ( ml) enzyme 

pre ssure apparatus ( units)  
(x  t imes )  

1 14 . 3  7 . 0  

2 14 . 3  8 . 7  

3 14 . 3  7 . 9  

4 14. 3 9 . 4  

5 14 . 3  9 . 2 

Prot ein Tota� 
( m  /ml ) prot e �n g ( mg)  

2 . 85 40 . 8  

4 . 51 64 . 5  

5 . 52 78 . 9 

6 . 1 7 88 . 2  

6 . 42 91 . 8  

Spe c ific 
act ivity 

( unit s/mg) 

0 . 17 

0 . 1 3 

0 . 10 

0 . 1 1 

0 . 1 0 
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CHAPTER 4 

PURIFICATION OF URACIL DEHYDROGENASE FROM N .  c orallina .... 

4 . 1 Determination of  spe c ific activity of .ura�il 

dehydrogenase 

The standard assays for determination of enzyme activity 

and protein concentration are detailed in Section 2 . 3 . 5a and 

2 . 3 . 3a ,  respect ively . 

4 . 2  Purificat ion of uracil dehydrogenase 

All st eps of the purificat ion procedure described were 

carried out at 0-4° C .  

Step 1 Preparat ion of cell-free extract s 

C ell-free extracts were prepared. ( as de scribed in 

Sect ion 3 . 2)  from frozen N .  c orallina by passing 20 g ( wet wt . )  

aliquots of bacteria suspended in 300 ml of 0. 05 M-Tri s-HC l ,  

pH 8 . 85 ,  through a French pre ssure apparatus . Broken c ells 

were removed by centrifugation ( 20000 g ,  20 min , 2° C ) . A s  a 

rout ine procedure , four ( 20 g )  batches of ce lls were extracted 

and each extract ( 300 ml) was immediately assayed for uracil 

dehydrogenase act ivity and then treated with calcium pho sphate 

gel ( step 2) . Table 4 . 1  shows typical results for 4x20 g of 

cells . The stability of uracil dehydrogenase in c ell-free 

extracts was highly . variable . This instability was c ompletely 

overcome after treatment with calcium phosphate gel but not 

following ammonium sulphate fract ionat ion.  

Step 2 Treatment with calcium phosphate gel 

Each extract ( fresh ; 300 ml) was added slowly ( 10 min) 

with mechanical st irring to a separate port ion of calcium 

pho sphate gel ( 1 10 g wet wt . )  which had been aged for 1 week 
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aft er preparat ion (prepared as in Sect ion 2. 1 ) . After the 

addit ion was complet ed , st irring was cont inued using a 

magnet ic st irrer for further 45 min . The suspens�on was 

centrifuged ( 4200 g ,  1 0  min , 2° 0 )  and the supernatant so lu-

tion which was f ound to contain le s s  than 3% of tot al unit s 

of enzyme activity was discarded . The gels  were stored ( 2° 0 ) 

for up t o  3 h and· then all four lot s were comb ined and extrac

ted by st irring ( 10 min by manual st irring , 45 min with a 

magnet ic stirrer) with 0 . 025 M-Na2HP04 in 0 . 05 M-Tris-HO l ,  

pH 8 . 85 .  The preparation w�s centrifuged ( 4200 g ,  1 0  m in , 

2° 0 )  and the supernatant containing enzyme was retained . The 

gel was extracted , re centrifuged f our time s and the super

natants were pooled ( 4000 ml) and assayed for uracil dehydro

genase ( Table 4 . 1 ) . 

Step 3 First DEAE-ce llulose chromatography 

The object of this step was t o  c oncen�rate the enzyme 

rapidly and to effect some degree of purification. The 

combined extract s  ( 4000 ml) from the calc ium pho sphat e gel 

step were applied to a 3 . 5x16 cm column of DEAE-cellulo se , 

previously equilibrated with 0 . 025 M-Na2HP04 in 0 . 05 M-Tris

HOl , pH 8 . 85 ( Section 2 . 2 . 2 ) . Stepwise elut ion was carried 

out with 0 . 05 M-Tris-HO l , pH 8 . 85 ,  containing initially 

0 . 18 M-NaOl  ( 400 ml) and then with 0 . 27 M-NaO l ( 800 ml)  to  

elute the enzyme . The flow rate was 375 ml/h and 1 0  ml frac� 

t ions were collected.  Fractions with a uracil  dehydrogenase 

act ivity greater than 0 . 12 unit s/ml of _el�ate were poole� ( 230 

ml) and diluted with 0 . 05 M-Tris-HOl ,  pH 8 . 85 ,  to 500 m l .  

The diluted enzyme solut ion was assayed for urac il  dehydro

genase act ivity ( Table 4 . 1 ) . 
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St ep 4 Ammonium sulphat e fract ionat ion 

The enzyme solut ion from st ep 3 ( 500 ml) was fract ionated 

using ammonium sulphate . Uracil dehydrogenase was recovered 

in the fract ion between 30-60%· ( NH4) 2so4 saturat ion . F inely 

ground solid ( NH4) 2so4 ( 98 g)  was added at the rate of 

approximat eiy 5 g/min with continuous stirring . After a 

further 30 min stirring the mixture was centrifuged ( 9500 g ,  

1 5  min , 2° C ) . The precip itat e was discarded and a further 99 
g of (NH4 ) 2 so4 was added to the supernatant solut ion with 

st irring , which was cont inued for a further 45 min .  The 

prec ipitat e from this step was collected by c entrifugation 

( 1 2500 g ,  15  min , 2° C )  and redissolved in 0 . 05 M-Tris-HC l ,  

pH 8 . 85 ( 15 ml) , t o  give a clear reddish brown solution 

which was assayed for uraci l  dehydrogenase ( Tabl e  4 . 1 ) . 

St ep 5 Sepharo se-4B gel filtrat ion 

The preparat ion ( 1 5  ml) obtained from the ammonium 

sulphat e fractionat ion ( step 4) was applied · to a 4 . 1x57  cm 

column of Sepharose-4B previously e quilibrat ed with 0 . 05 

M-Tris-HCl , pH 8 . 85 ( Section 2 . 2 . 1 ) . The co lumn was e lut ed 

with the same buffer and 10 ml fract ions were collect ed at a 

flow rate  of 60 ml/h . Prote in was e st imat ed by reading the 

absorbance of alt ernat e fract ions at 280 nm . The e lut ion 

pattern is  shown in F igure 4 . 1 .  Fract ions containing enzyme 

with act ivity greater than 0 . 24 unit s/ml of e luat e  w e r� pooled 

to give a total volume of 210 ml . The enzyme solution was 

concentrated to 1 5  ml in an Amicon ultrafiltrat ion cell  over 

an XM�50 membrane (Amicon Corp . ) and assayed for urac il 

dehydrogenase act ivity (Table 4 . 1 ) . 
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Step 6 Second DEAE-cellulo se chromatography 

The concentrated solut ion ( 15 ml)  from Sepharose-4B gel 

filtrat ion ( step 5 ) . was applied to a 3 . 7x43 cm column of 

DEAE-ce llulose , previously equilibrated with 0 . 05 M-Tris-HCl , 

pH 8 . 85 ( Section 2 . 2 . 2) .  The column was washed with one res in 

bed volume of 0 . 05 M-Tris-HCl , pH 8 . 85 ( 400 ml) , followed by 

stepwise e lution with 600 ml of 0 . 1 9  M-NaCl in 0 . 05 M-Tris

HCl , pH 8 . 85 ,  and then by 1 000 ml of 0 . 27 M-NaC l  in 0 . 05 

M-Tris-HCl , pH 8 . 85 ,  to  elute the enzyme . The c olumn e ffluent 

was monitored at 280 nm and 1 0  ml fractions were c ollected 

( flow rate 90 ml/h) . The elut ion pattern is shown in 

F igure 4 . 2 .  Fractions containing enzyme with activity great e r  

t han 0. 12 un i t s/ml o f  e luat e  were pooled t o  give a total 

volume of 366 ml . The enzyme solut ion was concentrated to  

approximate ly 5 ml  in an ultrafiltrat ion cell . The concen

trated enzyme was de salted by dilut ing with 1 0  volumes of 

0 . 05 M-Tris-HCl , pH 8 . 85 ,  and the enzyme concentrated again . 

The de salt ing process  was repe ated three times and the f inal 

enzyme solution ( 5  ml)  was diluted with 0 . 05 M-Tris-HCl ,  

pH 8 . 85 ,  t o  25 ml and assayed for uracil dehydrogenase · 

activity ( T able 4 . 1 ) .  

Step 7 Chromatography with calcium pho sphat e gel depo s ited 

on cellulose  

The enzyme solut ion ( 25 ml)  from the second DEAE-ce llu

lose chromatography ( step 6) was appl ied to a 3 . 5x28 cm 

column of calcium phosphate g e l  deposit ed on cellulose ( pre

pared ·as in Sect ion 2 . 1 ) , previously equilibrated with 0 . 01 

M-Na2HP04 in 0 . 05 M-Tris-HCl ,  pH 8 . 85 ( Sect ion 2 . 2 . 3 ) . The 

column was washed with a one third resin bed volume of· the 

Na2HP04/Tris-HC 1 buffer ( 90 ml) , followed by the elut ion of the 
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enzyme with a linear gradient of Na2HP04 in 0 . 05 M-Tris-HCl ,  

pH 8 . 85 . For product ion of the continuous gradient , the 

mixing chamber containe d  350 ml of 0 . 01 M-Na2HP04 in 0 . 05 

M-Tris-HCl , pH 8 . 85 and the reservoir contained 350 ml of 

0 . 10 M-Na�4 in 0 . 05 M -Tris-HCl ,  pH 8 . 85 .  The column 

effluent was monitored at 280 nm and 1 0  ml fract ions were 

collected ( flow rate 20 ml/h) . The elution pattern is 

shown in F igure 4 . 3 .  F ract ions having an enzyme activity at 

least 0 . 1 2 units/ml of eluate were combined ( 260 ml) and 

concentrated in an ultrafiltrat ion cell to about 5 ml . The 

conc entrated enzyme was desalted in an ultrafiltrat ion cell 

with 3x50 ml of .0. 05 M-Tris-HCl ,  pH 8 . 85 ,  or unt il the f iltrat e 

gave the same conduct ivity reading as the washing buffer . 

The reddish brown solut ion of concentrated enzyme was dilut ed 

t o  10 ml and assayed for uracil dehydrogenase act ivity 

(Table 4 . 1 ) . 

This step was also attempted with a column of hydroxy

apat ite prepared as in Section 2 . 2 . 3  ( bed dimensions 1 . 8x20 

cm) . The elut ion followed the same pattern and the same 

recovery and degree of purificat ion were obtained as with 

calcium phosphate gel depos ited on cellulose , but the flow 

rat e was slow ( 6  ml/h) for routine use . 

Step 8 DEAE-Sephadex A-50 chromatography 

The concentrat�d enzyme solut ion ( 10 ml) from calc ium 

pho sphate gel adsorpt ion chromato graphy ( st ep 7 )  was applied 

to a 3 . 8x22 . 5  cm column DEAE-Sephadex A-50 , previously e quili

brated with 0 . �0 M-NaCl in 0 . 05 M-Tris-HCl ,  pH 8 . 85 ( Section 

2 . 2 . 4) . The column was washed with a one fourth res in bed 

volume of the NaC l/Tris-HCl buffer ( 65 ml ) , fo llowed by the 

e lut ion of the enzyme with a linear gradient of NaC l  in Tris-HC l ,  
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pH 8 . 85 .  For product ion of the cont inuous gradient , the 

m ixing chamber contained 270 ml of 0 . 10 M-NaCl in 0 . 05 M-Tris

HCl ,  pH 8 .  85 and the reservoir contained 270 ml of 0 .  50 M-NaCl 

in 0 . 05 M-Tris-HCl ,  pH 8 . 85 .  The column effluent was moni

t ored at 280 nm and 10 ml fractions were collected ( f low 

rat e  20 ml/h) . The e lut ion pattern is shown in F igure 4 . 4 .  

F ract ions having an enzyme act ivity at least 0 . 24 unit s/ml of 

e luate were pooled ( 94 ml) , concentrated in an ultrafi ltration 

c e ll and dilut ed to 10 ml . The c oncentrated solution of enzyme 

was assayed for uracil dehydrogenase activity (Table 4 . 1 ) . 

Step 9 Sephadex G-200 gel f iltrat ion 

The concentrat ed enzyme solution ( 10 ml) from DEAE

Sephadex A-50 ( st ep 8 )  was appl ied to .a  3 . 6x29 cm column of 

Sephadex G-200 , previously e quilibrated with 0 . 05 1"1-'l'ris-HC l , 

pH 8 . 85 ( Sect ion 2 . 2 . 5 ) . The enzyme was e luted with the same 

buffer at a f low rat e of 15 ml/h . The c olumn effluent was 

monitored at 280 nm and 10 ml fract ions were collected . The 

e lut ion pattern (F igure 4 . 5 )  showed a s ingle sharp enzyme peak 

( V  e = 1 35 ml)  , slightly after the void volumes ( V  0 = 120 ml). 

The enzyme peak was regularly distributed corresponding to 

the protein peak .  Fract ions having enzymic act ivity great er 

than 0 . 50 unit s/ml of e luate were po.oled ( 46 ml) and concentrat ed 

in an ultrafiltrat ion cell .  The f inal reddish brown enzyme 

solution ( 2 . 25 ml ) was assayed for uraci l  dehydrogenase 

(Tab le 4. 1 ) . 

A� outl ine of the isolat ion and purificat ion process  is 

summarised in Table 4 . 1 .  Approximately 85 fold purificat ion 

was obtained with an 18% yield of enzyme . 
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PURIFICATI Q�,, OF u�A C IL :UI:;nYDB.O Gl�l :.AS 3 

T o t a l  
S t e p  Pr e para t i o n  

Vo l um e  
en zym e  

Pr o t e in 
( m l ) ( me;/m l ) 

( un i t s ) 

1 Pr e parat i on o f  c e l l- fr e e  e x t ra c t s 1 200 6 3 2 . 8  4 . 38 

2 Tr e a t m en t  w i t h  c a l c i um p h o s p hat e g e l  4000 5 5 2 . 5 0 . 4 5 

3 Fir s t  DEAB- c e l l u l o s e  c hromat o gr a p hy 500 4 1 3 . 8 2 . 07 

4 Amm on i um s u l p ha t e frac t i on a t i on 1 5  3 97 . 0  1 7 . 00 
( 30 - 6 0% frac t i on ) 

5 S e p h ar o s e�4B g e l  f i l t ra t i on 1 5  4 37 . 7  1 5 . 4 0  

6 S e c on d  DEAE- c e l l ul o s e  c hromat o gr a p hy 2 5  283 . 8 3 . 2 2 

7 C hr omat ogr a p hy w i t h  c a l c i um p h o s - 1 0  24 1 . 9 2 . 60 
phat e g e l  d e p o s i t e d on c e l l u l o s e  

8 DEAE- S e pha d e x  A- 5 0 c hr omat o gr a p hy 1 0  1 6 1 . 4 2 . 1 2  

9 S e p h a d e x  G- 2 00 6 e l  f i l t rat i on 2 . 2 5  1 1 7 . 5  5 . 00 

T o t al 
pr o t e in 

( mg ) 

5 2 5 6  

1 800 

1 03 5  

2 5 5  

2 3 1  
-

80 . 5  

2 6  

_ 2 1 . 2 

1 1 . 3 

3 -;: s c i f i c  
2. G � i v i t y  D l d  ( . , I ) .r o t.::. l "G s mg 

0 . 1 2  1 

0 . 3 1 2 . 6  

0 . 4 0  3 . 3  

1 .  5 6  1 2 . 9  

1 . 89 1 5 . 7 

3 . 5 3 2 9 . 2  

9 . 3 0 7 7 . 2  

7 . 6 1 6 3 . 3  

1 0 . 40 86 . 7 

u
� 



F igure 4 . 1  Sepharo se-4B ge l filt rat ion of 30-60% 

ammonium sulphat e fract ion from N .  corallina 

About 255 mg of prot e in containing 3 97 units of 

urac il dehydrogenase was applied to  the column ( 4 . 1x57 cm) 

previou s ly equilibrated with 0 . 05 M-Tris-HCl , pH 8 . 85 . The 

c olumn was e luted at 4° C with the same buffer . Fract ions 
' 

o� 1 0  ml were colle ct ed and aliquots were assayed for 

uracil dehydrogenase ( Se ct ion 2 . 3 . 5a) and for absorb ance at 

280 nm .  The c olumn void volume (V0 ) was 275 ml . 
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F igure � . 2  DEAE-cellulose chromatography of the urac il 

dehydrogenase preparat ion from the Sepharo se-4B 

co lumn 

About 231 mg of prot ein containing �38 unit s of 

uracil  dehydrogenase was appl ied t o  the column ( 3 . 7x�3 cm) 

previously equilibrated  with 0 . 05 M-Tris-HC l ,  pH 8 . 85 .  After 

washing at 4° C with 400 ml of the same buffer , the column 

was e luted with 600 ml of 0 . 1 9  M-NaCl in 0 . 05 M-Tris-HC l ,  

pH 8 . 85 and then 1 000 ml of 0 . 27 M-NaCl in 0 . 05 M-Tris-HCl , .  

pH 8 . 85 .  F ract ions of 1 0  ml were collected and aliquot s 

were assayed for uracil dehydrogenase ( Sect ion 2 . 3 . 5a) and 

for absorbance at 280 nm .  
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F igure 4 . 3  Calcium pho sphat e chromatography of the 

uracil dehydrogenas e  preparat ion from the 

DEAE-cellulo se column 

About 81 mg of prot e in cont aining 284 unit s of uracil 

dehydrogenase was applied to the column ( 3 . 5x28 cm) previously 

e quilibrat ed with 0 . 01 I•1-Na2HP04 in 0 . 05 M-Tris-HC l , pH 8 . 85 .  

After washing at 4° C with 90 ml of the equil ibrating buffer , 

the column was e lut ed with a l inear gradient of Na�P04 
( 0 . 01 1'-1 t o  0 . 1 0  M)  in 700 ml of 0 . 05 M-Tris-HCl buffer , 

pH 8 . 85 .  Fract ions of 1 0  ml were c ollected and aliquo t s  

. were as sayed f o r  urac il dehydrogenase ( Section 2 . 3 . 5a)  and 

for absorbance at 280 nm • 

. , • \  
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F igure 4 . 4  DEAE-Sephadex A-5? chromatography of the 

urac il dehydrogenase preparation from the 

calcium pho sphate column 

About 26 rng of prot ein containing 242 unit s o f  

uracil dehydrogenase was appl ied to the column ( 3 . 8x22 . 5  cm) 

previously e quilibrated with 0 . 10 l\1-NaC l  in 0 . 05 M -Tris

HCl , pH 8 . 85 .  After washing at 4u c with 65 ml of the 

equilibrat ing buffer , the column was eluted with a linear 

- gradient of NaC l  ( 0 . 10 M to  0 � 50 M )  in 540 ml of 0 . 05 M

Tris-HC l , pH 8 . 85 .  Fract ions of 10 ml were collected and 

aliquot s  were assayed for uraci l  dehydrogenase ( Section 

2 . 3 . 5a)  and for absorbance at 280 nm .  
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F igure 4 . 5  Sephadex G-200 gel filtrat ion of the urac il 

dehydrogenase preparat ion from the DEAE
Sephadex A-50 column 

About 21 mg of prot e in containing 1 61 unit s of 

urac il dehydrogenase was appl ied to the column ( 3 . 6x29 cm) 

previously e quilibrated with 0 . 05 M-Tris-HCl , pH 8 . 85 .  The 

column was e lut ed at 4° C with the same buffer . Fract ions 

of 1 0  ml were collected and aliquots were assayed for 

uracil dehydrogenase ( Sect ion 2 . 3 . 5a) and for absorbance at 

280 nm . The column void volume (V0 ) was 1 20 ml . 
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4 . 3  Homogene ity of the purif ied urac il dehydrogenase 

65 

The purified enzyme obtained from the last step of the 

purificat ion procedure ( Sect ion 4 . 2) was submitted to  p o ly

acrylamide ge l e lectrophoresis as de scribed in Section 

2 . 3 . 1 1 a .  O n  staining with Coomassie Brilliant Blue , the gel 

showed the pattern of bands illustrat ed in F igure 4 . 6 .  

To locate the enzyme on the gel , two techniques were 

employed ; f irstly , by assaying enzymat ic act ivity in 

extracts of slices cut from the gel and , secondly , staining 

for enzymat ic act ivity on the ge l .  The experimental details 

are described in Sect ion 2 . 3 . 1 1 a .  The results (Figures 4 . 7 ,  

4 . 8) showed that the major band ( major enzyme component ) 

and the two slow moving bands ( minor enzyme component s )  all 

c ontained enzymat ic act ivity . 

Gels which had a h igh loading of prote in showed 

addit ional traces of fast moving faint bands which were 

enzymatically inact ive . A spectrophotometric gel scan 

ind ic.ated that these inactive component s accounted for not 

mo�e than 5% of the total protein and in some preparations , 

less  than 2% . 
The proteins corre sponding to the minor and major bands 

were extracted from the g�ls and the subunit structure of 

the proteins examined by SDS-polyacrylamide ge l e lectro

phoresis . The bands showed an ident ical subunit structure 

c onsist ing of four polypeptide s ( Sect ion 5 . 2 ,  Figure 5 . 5 ) , 

thus  indicat ing that the minor bands were derivat ives , 

presumably oligomers , of the maj or band . Furthermore , these 

results indicate that it was unlikely that either band was 

contaminated with non-enzyme protein.  



F igure 4 . 6 Po lyacrylam ide Ge l e l e c t rophore s i s  patt ern of 

the nat ive enzyme 

The puri f i e d  urac il dehydro�ena s e  ( 50 �g ; spe c if ic 

act ivity 1 0 . 4  unit s/rnG ) , wa s appl ied to a 7 . 5% acry lamide 

ge l . The gel and e l e ctrode buffer was 0 . 1 M-Tris/0 . 1  M-

glyc ine , pH 8 . 9 , and e l e c t rophore s i s  was at a cons t ant 

current o f  4 rr�/gel unt i l  t h e  tracking dye ( indi cat ed by the 

marker wire ) re ached the b o t t om of the ge l . 



c. 

F igure 4 .  7 Locat ion of uracil  dehydrogenase act ivity 

aft er ge l electro12hore s i s  b;:L enz;y:me assa;:LS 

on gel extracts 

Procedure s are de scribed in Se ct ion 2 . 3 . 1 1 a .  The 

urac il dehydrogenase preparat ion ( 60 �g ; spec if i c  act ivity 

10 . 2  unit s/m5) was applied to the 7 . 5% acrylamide ge l .  

A . The urac il dehydrogenase act ivity profile from 

the non-stained gel .  

B .  The ge l was stained for prot e in with C oomassie 

Brilliant Blue . 

' '  
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F igure 4 . 8  Locat ion o f  urac il dehydrogenas e  act ivity 

after gel electrophore sis by act ivity staining . 

Procedure s  are described  in Section 2 . 3 . 1 1 a .  The 

uracil dehydrogenase preparat ion ( 60 �g ; spe c if ic act ivity 

1 0 . 2  unit s/mg) was applied t o  the 5% acrylamide ge l .  

A .  The ge l was stained for uracil dehydrogenase 

act ivity . The bands ident ifying uracil dehydrogenase activity 

re sult from the reduction of N itro B lue Tetrazolium by 

reduced phenaz ine methosulphat e in a react ion which is 

coupled to the oxidation of thymine by uracil dehydrogenase . 

B .  The gel was stained for prote in with C oom�ssie 

Brilliant Blue . 
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5 . 1  

5 . 1 . 1  

CHAPTER 5 

CHAHACTERIZATION OF URACIL DEHYDROGENASE 

( CHEMICAL AND PHYSICOCHEMICAL PROPERTIES) 

Molecular we ight of the nat ive enzyme 

Gel filtrat ion on Sephadex G-200 

72 

The molecular we ight of uracil  dehydrogenase was e st i- . 

mate d  by gel f iltrat ion on a Sephadex G-200 column calibrated 

with proteins of known molecular we ight . Experimental 

details are de scribed in Sect ion 2 . 3 . 10b . The re sult, 

shown in F i3ure 5 . 1 , c orresponds to a molecular we i�ht of 

approximately 300 000 for the nat ive enzyme . 

5 . 1 . 2 . Analyt ical ultracentrifugat ion 

Sedimentat ion equil ibrium studie s of nat ive urac il 

dehydrogenase ( specific act ivity 1 0 . 4  unit s/mG) by the 

met hod de scribed in Se ct ion 2 . 3 . 1 0a were performed at a 

prot ein concentrat ion of 0 . 8  mg/ml in 0 . 025 r·1-Tris-HC1 , 

pH 8 . 85 . An e quilibrium state  was reached between 1 0  and 

20 h .  The fringe pat terns were photographed on t o  glass 

plat e s . F igure 5 . 2 shows a p lot of the natural logarithm 

of fringe displacement ( ln AY) against the square of radial 

distanc e ( r2 ) ;  a slope of 0 . 96 was obtained . The part ial 

spe c ific volume of the enzyme calculated from the amino 

acid content was 0 . 70 g/ml ( Sect ion 5 . 3 ) . From the se data , 

the average molecular we ight of the nat ive uracil dehydro

genase was calculated to be 298000 and this value was used 

throughout the remainder of this thesis . 
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F igure 5 . 1  Molecular we ight est imat ion of urac il dehydro

genase by Sephadex G-200 ge l· filtrat ion 

Plot of e lution volumes against the logarithms of 

molecular weights for prote ins on a Sephadex G-200 column 

( 2 . 6x60 cm) at pH 8 . 85 . Experimental details are d e s c r ib e d  in Sect

t i on 2 . 3. 10b. The arrow indicates the po sition at which uracil 

dehydrogenase was eluted.  Protein standards : myoglobin , 

mo l .  wt . 1 7800 ; ovalbumin , mol .  wt .  45000 ; bovine serum 

albumin , monomer mol .  wt . 67000 ; catalase , mol . wt . 230000-

250000 ; apoferrit in , mol . wt . 480000 ; rib ulosebipho sphate 

carboxylase ,  mol .  wt .  5 25000 and B lue Dextran , mol .  wt . 

2000000 . 
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F igure 5 . 2 Molecular we ight determinat ion of urac il 

dehydrogenase by sedimentation equilibrium 

The purified urac il dehydrogenase ( 0 . 8  mg/ml , specif ic 

act ivity 10 . 4  unit s/mg) was centrifuged at 6852 rev ./min at 

1 5° 0 for 20 h.  The plot represent s the natural logarithm of 

fringe displacement ( l n  � y )  against radial squared ( r2 ) .  
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5 . 2  Subunit structure 

77 

The subunit structure of urac il dehydrogenase was 

inve stigated by polyacrylamide gel e lectrophoresi� in the 

pre sence of sodium dodecyl sulphat e ( SDS) . The e lectrophor

et ic system is de scribed in Sect ion 2 . 3 . 1 1b . Aft er heat ing 

in the presence of 1% SDS and 1% 2-mercapto ethanol ,  the 

purified enzyme showed three dist inct components on gel 

electrophoresis (F igure 5 . 3 ) . The molecular we ights of the 

three subunits were est imated from the calibrat ion curve 

(F igure 5 . 3 ) to be 92000 , 36000 and 21000 . A scan of the 

gel stained with Amido Schwarz showed the relative absor

bance of the three stained subunit s to be 4 . 9  : 2 . 6  : 1 . 0 

(F igure 5 . 4) .  A ssuming a proport ionality b etwe en the int en

sity of staining and protein content , these re sults suggest ed 

that the enzyme subunits were pre sent in the rat io of 

1 . 1  : 1 . 2  1 . 0 .  Thus , a like ly subunit structure of the 

enzyme is 2 polypept ides of molecular we ight 92000 , two 

polypeptides of molecular we ight 36000 and two polypept ide s 

of molecular we ight 21000 giving a molecular we ight for the 

nat ive enzyme of 298000 . 

Since polyacrylamide gel electrophores is of the nat ive 

enzyme yielded , in addit ion to the major band , two minor 

bands which were enzymat ically act ive , an investigat ion of 

the subunit structure of each enzyme component was carried 

out . Gel  electrophoresis of the purified nat ive enzyme was 

performed , and one gel was stained ( Sect ion 2 . 3 . 1 1a) for 

uracil dehydrogenase activity . Areas corresponding t o  the 

two minor bands and the single major band were cut from 

fourt een gels which had been run in pa�alle l to the stained 
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gel . These were extracted , concentrat ed , and reanalyzed 

for subunit structure by SDS-polyacrylamide gel electro 

phoresis . The details of procedures are described in 

Sect ion 2 . 3 . 1 1 b .  As shown in Figure 5 . 5 , the subunit 

structure of the minor enzyme components are ident ical t o  the 

major  enzyme component . Somewhat unexpect edly the enzyme , 

aft er extraction from the gel (polyacrylamide gel elect ro

phoresis  of the nat ive enzyme ) appeared to contain four 

subunit s of molecular we ights 92000 , 71000 , 36000 and 21000 . 
The origin of the addit ional 71000 p o lypeptide will b e  

discussed later ( Section 7 . 2) . 

5 . 3  Amino acid composit ion 

The amino acid composit ion of the purified uracil 

dehydrogenase was determined as described in Sect ion 2 . 3 . 8  
and is given in Table 5 . 1 .  Duplicat e  analyse s were carried 

out . The values of amino acid residues  per mole of enzyme , a s  

listed i n  Table 5 . 1 , were based o n  the molecular we ight for 

the nat ive enzyme of 298000 obtained from sedimentation 

equ ilibrium ( Sect ion 5 . 1 . 2) .  Allowance was made for the 

pre sence of 1 mole of FAD, 4 atoms of Fe anq 4 at oms of lab i le 

sulphide per .298000 g of enzyme� Trypt ophan was  des�royed by 

t he acid  hydrolys i s  and t he s eparate determinat i on of t rypto� 

· · phan c ontent was  not performed, becaus� of the very l imit ed 

supply of purif ied enzyme. In determining the value s  

pre sent ed in Table 5 . 1  the tryptophan cont ent was arbi

trarily assumed to  be z ero . If , e . g . , 50 res idues of 

tryptophan were p resent per mole of enzyme , t�e value s in 

Table 5 . 1  would all need to be lowered by about 3% . 



F igure 5 . 3  SDS-polyacrylamide gel electrophore sis of 

uracil dehydrogenase 

Procedure s are described in Sect ion 2 . 3 . 1 1b .  

A .  E lectrophoretic pattern o f  uraci l  dehydrogenase .  

The amount of enzyme applied was 20 �g ( specific activity 

1 0 . 4  unit s/mg) . 

B .  Molecular we ight determinat ion of the uraci l  

dehydrogenase subunit s .  

Prote in standards : bovine serum albumin , mol .  wt .  

67000 ; ovalbumin , mol .  wt . 45000 ; chymotrypsinogen A ,  

mol . wt . 25000 ; cytochrome C ,  mol .  wt .  1 2270 . Eac4 protein 

,( 20 to  30 �g) was applied to  a separate gel . The mob ility 

of uracil dehydrogenase subunits are indicat ed by arrows . 
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F igure 5 . 4  Scan�ing of SDS-polyqcrylamide gel of urac il 

dehydrogenase 

Procedures are described in Sect ion 2 . 3 . 1 1b .  Prote ins 

were stained with Amido Schwarz . The amount of the appl ied 

enzyme was 20 �g . 
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F igure 5 . 5  SDS-polyacrylamide ge l electrophore s i s  of 

o l igomers of uracil  dehydrogenase 

Procedure s  are de scribed in Section 2 . 3  . •  1 1b .  

A .  Elect rophoret ic pattern o f  enzyme extract ed from 

minor bands ( 1 )  and enzyme extracted from maj or band ( 2) . 

B .  Mo lecular we ight determination of the subunit s .  

Prote in standards :  bovine serum albumin , mol .  wt .  

67000 ; pyruvat e kinase , mol .  wt . 57000 ; ovalbUmin� mol .  wt .  

45000 ; lactat e  dehydrogenase , mol .  wt . 36000 . Each protein 
' 

( 20 t o  30 �g)  was app lied to  a s eparate gel . The mobility 

of uracil dehydrogenase subunits are indicat ed by arrows . 
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TABLE 5 . 1  

AMINO ACID COMPOSITION OF URAC IL DEHYDROGENASE 

FROM N .  corallina 

Analyses were performed as described in Sect ion 2 . 3 . 8 .  

The results are expressed as amino ac id residue s per mo le 

of uracil dehydrogenase ( mo l .  wt . 298000 ) .  

a 

b 

c 

Amino ac :.i.d 

Lys ine 
Hist idine 
Arginine 
A spart ic acidd 

Threonine 
Serine 
Glutamic acidd 

Proline 
Glyc ine 
Alanine 
Cyst ine ( half ) 
Valine 
Methionine 
Isoleuc ine 
Leucine 
Tyro sine 
Phenylalanine 
Tryptophan 
( NH3 ) 

R e s idue s  per mole of enzyme 

( neare st integer) a 

92 
64 

132 
235 
157b 

181b 

281 
149 
242 
295 
462b 

46c 

1 1 7  
1 92c 

0 
68b 

75 
not determined 

( 142) 

Average value s  of 24 , 48 and 72 h hydrolysis  were used 
for calculat ion 

Values were c orrected by extrapolat ing to z ero t ime of 
hydrolysis 

Average values of 48 and 72 h hydrolysis were used for 
calculat ion 

d Amide content was not determined 
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The re lat ive proportions of cyste ine and cyst ine , glu

tamate and glutamine , and aspartate and asparagine were not 

deter�ined . 

Following the procedure de scribed by Cohn & Edsall 

( 1 943 ) , the part ial spe c ific volume , v ,  of 0 . 70 ml/g was 

calculat ed from the specific volume s of constituent amino 

ac id residues  ( without regard to tryptophan content ) . If 
allowance was made for the pre sence of tryptophan at , say , 

50 residues/mo le of urac il dehydrogenase ,  the calculat ed 

part ial spe c if ic volume remained unaltered . 

From the amino acid and ammonia composit ion and the 
I 

pre sence of 1 mole of FAD, the . nitrogen content of purified 

urac il dehydrogenase was calculat ed to  be 1 6 . 7,% .  This value 

would not have been altered appre c iably ( less than 0 . 6% ) by 

the pre sence of up to 100 re s idue s  of tryptophan/mo le of 

urac il dehydrogenase . 

5 . 4 Spectral charact erist ics 

The absorpt ion spectrum of urac il dehydrogenase ,  shown 

in F igure 5 . 6 ,  give s a maximum at 273 nm and an A280/A260 
rat io of 1 . 1 6 .  The millimolar ext inct ion coeffic ient of the 

enzyme at 280 nm was calculat ed to be 284 litre · mol-1 · cm-1 • 

The protein concentrat ion was det ermined by the method of 

Lowry et al . ( 1 951 ) . 

The visible and near ultraviolet absorpt ion spectrum of 

urac il dehydrogenase ,  shown in F igure 5 . 7 ,  resemble  the 

spe ctra of rabbit l iver aldehyde oxidase , and shows the 

absorption in the region from 500 t o  700 nm charact erist ic of 
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iro n  c ontaining flavoproteins (Rajagopalan & Handler , 1 967 ) . 

The spectrum of  the enzyme with maxima at 325 nm and 445 nm 

and a pronounced shoulder at approximately 550 nm , . i s  typ ical 

of an iron flavoprotein .  Minor shoulders are also pre sent 

at 415  nm and 470 nm . When the enzyme was treated with a 

small amount of dithionit e ,  the absorbance decreased through 

the region 400 nm to 600 nm (Figure 5 . 8) . 

The ratio A450;.A550 can be used as a measure of the 

iron/flavin ratio for iron flavoproteins (Rajagopalan & 

Handler , 1968 ) , e . g . , the A450;A550 for bovine milk xanthine 

oxidase and aldehyde oxidase equals three c orre sponding to 

an F e/FAD ratio  of 4 ,  whereas dihydroorot ic dehydrogenase 

exh�bits an A450/A550 rat io of 5 . 9  corresponding to  an F e/FAD 

rat i o  of 1 .  The visible spectrum of uracil dehydrogenase is 

s imilar to aldehyde oxidase (F igure 5 . 7 )  and shows an 

A450!A550 rat i o  of 3 . 0 (Table 5 . 2 )  indicating that this 

enz3me has an F e/FAD ratio of 4. From metal analyse s ( Sect ion 

5 . 7) it is known that uracil dehydrogenase contains 4 atoms · 

of F e  per mole of enzyme and it c ould therefore be deduced 

that uracil dehydrogenase contains 1 mole of FAD per mole of 

. . . , enzyme . 

F igure 5 . 9  shows the absorpt ion spectrum of uracil 

dehydrogenase ,  the spectrum of an e quivalent amount of FAD 

(1 mole of FAD/mole of ur·ac i l  dehydrogena se ) ,  a:nd the d ifference 

spec trum . The difference spectrum , can be used as a measure 

of t he absorpt ion characterist ic s of protein-bound iron 

(Rajagopalan & Handler , 1 964) . S ince the absorbance of 550 

nm of uracil dehydrogenase is considered to be due to  4 atoms 

of F e  per mole of the enzyme ( based on the metal analyses , 

Sect ion 5 . 7) , the molar extinct ion coefficient of the p rot e in-



TABLE 5 . 2  
C.ALC V LAT I Gl� OP r.�OLA:� .Ki;.T INCTIOH C0:2;?F 1 C IEL T 3  FUR I11Ut'J :?ROL 

'l'riE V I S IBLE ABS Oi1.!?T IOi� S PhC:.rrtUh. OP L rt.A.CIL :UE-'iY.LJ.R u GhL ASE 

The ab s or b an c e s  ar e from t h e s p e c tr lliJ o f  ur a c i l  d e hy dr o g en a s e  ( Figur e 5 . 7 ) . Cal c u l a t i on 

o f  t h e  mo l ar ex t in c t i on c o e ff i c i en t s p er a t om of Fe w a s  b a s e d on t h e m o l e c ular w e i g h t  for t b e  

n at ive en zym e o f  298000 ( S e c t i on 5 . 1 . 2 ) , an iron c on t ent o f  4 at om s /m o l e of enzyme ( sect i on 5. 7 ) ; anj 
1 mo l e  of. FAD/mole of e:nzyme;  t h e  m o l ar ex t in c t i on c o effic i en t  o f  1 1 300 l i t r e/mo l/ cm wa s  us e d  for 

FAD a t  450 cm C :lh i t by , 1 95 3 ) . Th e pr o t e in c on c entrat i on v:as d e t ermin e d  by t h e - m e t h o d  o f  Lowry et a l . 

C on cn . o f  
en zym e 
( mg/m l ) 

6 .  6 1  

S p e c i f i c  
a c t i v i t y  

( un i t s/mg ) 

1 0 . 4 

A 0 A450 A450  55 
A5 50 

0 . 7 5 6  0 . 24 9  3 . 04 

A450 due 

t o  FAD 

0 . 2 5 1  

A450 d u e  

t o  F e  

0 . 505 

' p er a t om o f  
F e  a t  450  nm 
l i t r e/m o l/ cm 

5689 

E: p er a t om o f  
F e  a t  5 5 0  n m  
l i t r e/mo l / cm 

2805 

A450 ( ab s orban c e  a t  450 nm ) due t o  FAD = 1 1 3.00 x c on c n . o f  en zym e ( mg/ml )  
298000 

A450 due t o  F e  was t a ken as A450 m i n u s  A450 due t o  FAD 
A450 due t o  Fe 298000 E p er a t om of Fe at 450 nm = 4 x f c on c n . o en zyme 

E per a t om o f  Fe a t  550  nm 
A550  = --·4·---- X 298000 

c oncn . of en zym e (mt;/ml)  

(mg7ml ) 

en 
en 



F igure 5 . 6  Ab sorpt ion spectrum of urac il dehydrogenase 

The spectrum of purified uracil dehydrogenase was measured 

in 0 . 05 M-Tris-HCl , pH 8 . 85 ( 2 . 280 mg prot e in/ml , spe c if ic 

aot ivity 10 . 4  unit s/mg) . 
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F igure 5 . 7  Visible ab sorpt ion spectra of uracil dehydro

genase and aldehyde oxidase 

--------- ' the spectrum of the purif ied uracil 

dehydrogenase was measured in 0 . 05 M-Tris-HCl ,  pH 8 . 85 

( 6 . 6 1 3  mg of protein/ml , spe c ific activity 1 0 . 4  unit s/mg) ; 

and , the spectrum of rabbit liver aldehyde oxidase 
- - - - -

was recorded by Rajagopalan & Handler ( 1 964) . 
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F igure 5 . 8  Effect of dithionite on the ab sorpt ion 

spectrum of uracil dehydrogenase 

A ,  the spectrum of the purified uracil dehydrogenase in 

0 . 05 M-Tris-HCl , pH 8 . 85 ( 3 . 442 mg of pr.ote in/ml ,_ spec ific 

act ivity 1 0 . 4  unit s/mg) . The total volume was 1 . 2 ml ; and 

B ,  the reduced spectrum after addition o f  0 . 5  mg of 

· sodium dithionite �  
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F igure 5 . 9  Difference spectrum of uracil  dehydrogenase 

Top graph : the spe ctrum of the purified uracil dehydro

genase in 0 . 05 M-Tris-HCl , pH 8 . 85 ( 6 . 61 3  mg of protein/ml , 

spe c ific act ivity 1 0 . 4  units/mg ) . Bottom graph : the spectrum 

of the equivalent amount of FAD ( 1  mole of FAD/mole of urac il dehy

drogenase ) in 0 . 05 M-Tris-HC l , pH 8 . 85 .  Middle graph : enzyme 

spe ctrum minus the flavin spectrum . 

Inset A :  difference spectrum of aldehyde oxidase . T op 

graph : oxidised enzyme . Bottom graph : equivalent amount 

of  FAD . M iddle graph : enzyme spectrum minus flavin sp ectrum . 

Inset B :  differenc e spectrum of xanthine oxidase . Graphs 

c orrespond to those for Inset A .  ( Insets A and B are repro

duced from the ·paper by Rajagopalan & Handler , 1 964 . ) 
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bound iron may be calculat ed . The mo lar ext inct ion coeff

ic ient of prot e in-bound iron at 450 nm was also calculat ed , 

aft er allowing for the ab sorbance at 450 nm due to the con

tribut ion of FAD ( assuming 1 mol of' FAD/mol of' enzyme ) .  The re s

ult s are shown in Table 5 . 2 .  The molar ext inct ion coeffic

ient s  per atom of iron of 5700 litre " mol-1 " cm-1 for Fe at 

450 nm and 2800 l itre " mol-1 " cm-1 for Fe at 550 nm were 

obt ained .  The se  value s agree we ll  with tho se  report ed by 

Rajagopalan & Handler ( 1 964) for aldehyde oxidase ( 5000 and 

2750) , xanthine oxidase ( 5500 and 2750) , and dihydroorot ic 

dehydrogenase ( 5500 and 2750) . 

5 . 5 

5 . 5 . 1  

Ident if icat ion of flavin pro sthet ic group 

Paper chromatography 

De scending paper chromatography of heat ed urac il dehy

drogenase (HUD) and standard flavins was performed as de s-

cribed in Sect ion 2 . 3 . 6a .  The re sult s are summarised in 

Table 5 . 3 .  In b oth solvent s , heat ed uracil  dehydrogenase 

revealed a singl e  flavin component , which had an RF value 

corre sponding to that for FAD . In solvent 1 ,  the compound was . 

ret arded compared with standard FAD ( probably as a re sult of 

int erac t ion with non-flavin component s of the heat ed-enzyme 

·preparat ion) . However , aft er co-chromatography of standard 

FAD with heat ed uracil dehydrogenase in this so lvent , only 

a single spot was observed ( apart from minor FAD degradat ion 

product s )  giving an RF value corre sponding t o  heated uracil 

dehydrogenase . The se re sult s sugge st that the prosthet ic 

group · from heat ed uracil dehydrogenase was FAD , with no FMN 

being det ected . 

5 . 5 . 2  Fluore scence analysis ( release of FMN by snake venom) 

It is known that flavins charact erist ically show a 

greenish-yellO\v f luorescenc e in aqueous solut ion.  The f luo-
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.re scence per mole of riboflavin is e qual to that for FMN , 

but not for FAD . Bessey et al . ( 1 949) reported that the 

fluorescence of pure FAD in water at a neutral pH was 

approximately 9% of that of free riboflavin . The increase 

in fluorescence which . occurs when FAD is split to FMN serves 

as the basis of ident ifying FAD . 

On incubation of FAD with the venom of Crotalus atrox , 

an increase in f luorescence occurred (Figure 5 . 10 )  sugge st ing 

the release of FMN by phosphodie sterase ( cf .  Sullivan , 1 968 ) . 

Urac il dehydrogenase , after heat ing t o  liberate the f lavin 

prosthet ic group ( Sect ion 2 . 3 . 6a) , showed a similar increase 

in fluorescence on treatment with the snake venom , but 

standard FMN showed no net increase above that of the c ontrol 

(F igure 5 . 10) . The results from the s e  analyses were consid

ered t o  c onfirm the presence of FAD in uracil dehydrogenase . 

5 . 5 . 3  React ivat ion of D-amino-acid oxidas e apoenzyme 

The act ivity of D-arnino-ac id oxidase can b e  assayed 

spectrophotometrically in a coupled system with lactat e 

dehydrogenase according t o  the following react ions : 

Pyruvate + + NADH + H ----_:;> Lactate  + NAD+ 

Catalase must be added to remove the H2o2 • 

( 5 . 2) 

If the prosthetic grqup (FAD) "of D-amino- acid oxidase 

is removed , activity is lost . However , the enzyme may be 

reactivated by adding FAD , but not FMN , t o  the mixture . This 

react ivat ion forms the basis of the quantitat ive assay of 

FAD de scribed by De Luc a  et al . ( 1 95 6 )  and was used as  the 

bas is of the qualitat ive assay reported here . 
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B_F VALUES OF THE FLA VINS AND HEATED URACIL 

DEHYDROGENASE BY DESCENDING PAPER CHROMATOGRAPHY 
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Exp erimental details were de scribed in Sect ion 2 . 3 . 6a .  

Solvent systems : 1 ,  5% ( w/v) Na2HP04 in wat er ; 2 ,  butan-1 -

ol/acetic acid/water ( 4 : 1 : 5 ,  v/v) ( upper phase ) .  The RF 
values quoted are from average s from duplicat e  sample s . 

Previously report ed values ( ascending chromatography , D imant 

et al . , 1 952) are given i� parentheses . 

a 

b 

Flavins 

FMN 

FAD 

R iboflavin 

HUDa 

HUDa + FAD 

Solvent 1 

( RF ) b 

0 . 50 ( 0 . 48 )  

0 . 35 ( 0 . 35 )  

0 . 28 ( 0 . 30 )  

0 . 26 

0 . 29 

Solvent 2 

( RF ) b 

0 . 1 3 ( 0 . 1 3 )  

0 . 04 ( 0 . 05 )  

0 . 32 ( 0 . 30 )  

0 . 04 

0 . 04 

the RF quoted is  that of the flavin component 

RF values for the principal flavin component ; minor 

degradation product s were also observed with standard 

FAD , FMN and r iboflavin 

HUD heat ed urac il dehydrogenase 



F igure 5 . 10 Effect s of Crotalus atrox venom on flavins 

and heat ed uracil ,dehydrogenase 

Each fluorimeter tube contained init ially , in a total 

volume of 2 . 5  ml , 250 �mol of phosphat e buffer , pH 7 - �  and 

t he sample to be tested . The init ial fluorescence  of each 

sample was recorded ( Section 2 . 3 . 2) and at the points indi

cated by arrows , 2 . 0  mg of Crotalus atrox venom ( in 50 �1 of 

0 . 1  M-phosphate buffer , pH 7 . 0) was added to each tube , and 

the change in fluorescence was recorded . 

A ,  FAD ( 0 . 1  �g) ; 

B ,  FMN ( 0 . 02 �g) ; 

C ,  HUD , heated urac il dehydrogenase ( 0 . 22 �g) ; and 

D ,  control ( 0 . 1  f"I-phosphate buffer) . 
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When FAD was added to the complete  system containing 

D-alanine , NADH , D-amino-ac id oxidase apo enzyme , lactat e  

dehydrogenase and catalase , the react ion c ould be followed 

by the decrease in absorbance at 340 nm (F igure 5 . 1 1 ) . 

If FMN was added instead of FAD , no decrease in absorbance 

occurred .  If heat ed urac il dehydrogenase was added , a 

decrease in absorbance was apparent , indicat ing the pre sence 

of free FAD in the heat-treat ed urac il dehydrogenase pre

parat ion .  

5 . 6  Quantitat ive det erminat ion of FAD 

The flavin prosthetic group of the purified urac il 

dehydrogenase was qualitat ive ly ident if ied as FAD ( Se ct ion 

? . 5 )  and it was quant itative ly determined by the following 

methods . 

5 . 6 . 1  Spectrophotometric assay 

The FAD or FMN cont ent of a simple flavoprotein can 

normally be determined directly from the ab sorbance at 448 nm 
or 450 nm ( e . g .  W illiams & Hager , 1 966 ; Sullivan , 1 968 ) . 

However , examinat ion of the spectrum of uracil  dehydrogenase 

( Sect ion 5 . 4 ,  Figure 5 . 7 ) sugge sted that the enzyme con

tained non-heme iron , which contributed to the absorbance 

at 450 nm . The pre sence of iron in the enzyme was con

firmed by atomic absorpt ion spe ctrophotometry ( Section 

5 . 7) . Because of the pre sence of iron , an alternative 

method for determining the FAD content from the spectrum 

of urac il  dehydrogenase had to be devised ( Sect ion 5 . 4)  

and when this was applied it gave an estimate of 1 mole 

of FAD per mole of enzyme ( mo l . wt . 298000) . 



F igure 5 . 1 1 React ivat ion of D-amino-acid oxidase apoenzyme 

by FAD and heated urac il dehydrogenase 

The reaction mixtures in a f inal volume o� 3. 0 ml c on-

t ained 1 00 �mol of pho sphate buffer ( pH 7 . 5 ) , 0 . 40 �mol of 

NADH , 150 S igma units of catalase (5  �g of prote in) , 81 S igma 

unit s of lactate  dehydrogenase ( 0 . 1  mg of prote in) , 1 15 �mol of 

DL-alanine , 20 �g of D-amino-acid oxidase apoenzyme (prepared 

as described in Section 2 . 1 )  and the sample to be t este d .  The 

incubat ion was carried out at 25° 0 and the reaction was 

start ed by the addition of alanine . 

A ,  C ontrol ( 0 . 1  M-phosphate buffer , pH 7 . 5 ) ; 

' \ �\ B ,  FMN ( 0 . 03x1o-3 �mol ) ; 

c ,  FAD ( 0 . 15x1o-3 �mol ) ; and 

D ,  HUD ( heated uracil dehydrogenase , 200 �g) . 
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5 . 6 . 2  F luor ometric assay 

The fluor ometric assay used for the determinat ion of 

FAD in urac il dehydrogenase depends on the increase in 

f luorescence when FAD is hydro lysed to FMN . The method is 

described in Sect ion 2 . 3 . 6b .  As  shown in Table 5 . 4 ,  an 

increase in fluorescence occurred when urac il dehydrogenase 

was incubated in 1 0% trichloroacetic acid , but no increase 

occurred when riboflavin was treated in the same way . From 

the value in Table 5 . 4 ,  the amount of FAD in t he 10% tri

chloroacetic acid supernatant from uracil dehydrogenase may 

be calculated us ing the formula in Sect ion 2 . 3 . 6b .  The value 

obt a ined w a s  0. 46 �g _of _ FAD/ml _of the �riginal purified  enzyme 

solution.  The enzyme conc entrat ion w�s 0 . 706 mg/ml and 

using 298000 for the molecular weight of uraci l  dehydrogenase 

( Sect ion 5 . 1 . 2) , an FAD cont ent of 0 .  25 mol of FAD/mol of urac il 

dehydrogenase was calculated . 

5 . 7  Metal content 

Analysis of the metal cont ent of purified urac il dehy

drogenase was p erformed by the atomic absorption spectro

photometry as de scribed in Sect ion 2 . 3 . 7 .  The standard 

assays for det erminat ion of enzyme activity and protein 

concentration are descr ibed in Sect ions 2 . 3 . 5a and 2 . 3 . 3a ,  

respect ively . 

Concentrated purified uracil  dehydrogenase in 0 . 05 

M-Tris-HCl , pH 8 . 85 ,  ( as obtained from Sephadex G-200 in 

the last step of purificat ion , Sect ion 4 .2 ) had been s tored 

in t he · frozen state for about s ix months and was used in 

the . subsequent studies . After thawing , the enzyme had a 

spe c ific act ivity of 7 . 70 unit s/mg corre sponding t o  approx-
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TABLE 5 . 4  

FLUOROMETRIC DETERMINATION OF FAD 

Urac il dehydrogenase was a purified preparat ion ( spec

ific act ivity 1 0 . 1  units/mg) of not less than 95% purity on 

polyacrylamide gel electrophoresis ( Sect ion 4 . 2) . The 

prot e in concentrat ion was an average of re sults from the 

three methods de scribed in Section 2 . 3 . 3 ) . To a 0 . 3  ml 

sample of enzyme was added 1 . 2  ml of cold 1 2 . 5% trichloro

acetic ac id .  Aft er 1 5  min at 4° C ,  the samples were c entri

fuged . From the supernatant , one aliquot of 0 . 5  ml was 

immediately neutralised with 2 . 5  ml of 0 . 2  M-K2HP04 and then 

left for 48 h in the dark at 0-4° C .  A second aliquot of 0 . 5 ml 

was incubated for 48 h in the dark at ?5° C and then neutralised 

as above . The f luorescence of each sample was measured 

( Sect ion 2 . 3 . 2) both before (F 1 ) and after (F2) the addition 

of 25 �1 of a fre shly prepared solut ion of 1 0% sodium dithi

onite in 5% sodium bicarbonat e .  At the same t ime 0 . 3  ml 

aliquot s of riboflavin standard ( 0 . 5  �g/ml) were treated in 

the same way through the entire procedure . 

Sample 

Uracil dehydrogenase 
( 0 .  706 mg protein/ml) 

R iboflavin 
( 0 . 5  )g/ml , in 0 . 01 
M-HCl 

F luorescence ( arbitrary unit s)  

Non-hydrolysed 
C ontrol 

Hydrolysed Sample 

F1 F2 F1 F2 
Before After Before Aft er 

reduct ion reduct ion reduction reduct ion 

1 9 . 5  0 . 1  78 . 5 2 . 5  

75 - 3 0 . 1  74 . 5  1 . 5 
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imately 74% of the original activity of the fre shly pre

pared enzyme . 

Preliminary analysis with a preparation of  purified 

uracil dehydrogenase (5 mg of pr.ote in/ml ), exhaust ively dialysed 

( at 0-4° 0 ,  95 h) against de ionized distilled wat er ,  showed 

that F e , Cu , Zn and Mg were all present ( at ) 0 . 5  a.t_oms/mo].e of 

enzyme ) but the levels of N i , Co , Mn and Mo did not differ 

significantly from the blanks ( '< 0 . 2  atom,s/mole of enzyme ) .. 

Dialysis  against de ionized distilled v1ater caused pre c ipi

tat ion of the enzyme and complete loss of act ivity in the 

standard enzyme assay .  R ep licate metal analy s e s  showed only 

poor agreement with this turbid suspension , p o s s ibly due to 

the difficulty of  accurate ly pipetting 2 �1 of sample s of a 

non-homogeneous suspension . Therefore , in subsequent 

analyse s , the enzyme was dialysed against Tris-HCl , pH 8 . 85 ,  

in which uracil dehydrogenase remained soluble . 

E st imat ion of Fe , Zn , Mg and Cu in the purified uracil 

dehydrogenase was performed . Samples were prepared in the 

following ways and each sample was assayed for enzyme 

act ivity ( standard enzyme assay ,  Sect ion 2 . 3 . 5a) to det er

mine whether any of the dialysis procedures affect ed the 

act ivity . Prote in was determined by the method of Lowry 

� �· ( Section 2 . 3 . 3a) . 

( 1 )  Concentrated purified enzyme ( 0 . 30 ml , 2 . 25 mg of 

protein/ml ,  spec ific act ivity 7 . 70 unit s/mg) was diluted 

with approximate ly three volumes of 0 . 025 M-Tris-HCl , pH 

8 . 85 .  The final preparation was assayed for the enzyme 

act ivity and stored ( 0-4° 0 , 1 1 0  h) during the preparat ion of 

- .  
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enzyme in subsequent preparations . The enzyme after storage 

showed full enzymic act ivity i . e .  100% of the original 

act ivity . 

( 2) Enzyme diluted as in ( 1 )  ( a f inal v o lume of approxi

mately 1. 2 ml) was dialysed ( 0-4° 0 , 1 1 0  h) against 0 . 025 

M-Tris-HCl , pH 8 . 85 ( 8x1 litre ) . The enzyme after dialysis 

ag�in retained full enzymic act ivity ( 100% original act ivity) . 

( 3 )  Concentrated enzyme ( 0 . 3  ml) as in ( 1 )  was diluted 

with approximate ly three volumes of 0 . 025 M-Tris-HCl , pH 

8 . 85 , containing the chelat ing agent s , 2 mM-EDTA and 1 mM-1 , 

10-phenanthroline and assayed for the enzyme activity . The 

enzymic act ivity of this preparation was not affected by the 

pre sence of chelat ing agent s under the condit ions used . 

It was then dialysed (0-4° 0 )  against 0 . 025 M-Tris-HCl , pH 

8 . 85 containing 2 mM-EDTA and 1 mM-1 , 10-phenanthroline ( 5x1 

litre ) and then dialysed ( 0-4° 0 )  against 0 . 025 M-Tris-HC l ,  

pH 8 . 85 ( 3x1 litre ) . The latter dialysis with buffer was 

to remove the chelating agent s . Th·e total dialysis t ime 

was 1 1 0  h .  The. enzyme preparation after dialy s is contained 

102% original act ivity . 

Samples prepared as by the three procedures  were then 

used for atomic absorption spectrophotometric analyse s .  The 

results are shown in Table 5 . 5 .  The amount s are expre ssed 

as atoms of the respective metal per mole of uracil dehydro

genase ( based on .mol . wt .  298000 of urac il dehydrogenase 

· obtained from ultracentrifugat ion , Section 5 . 1 . 2) . 

It was clear that dialysis against buffer ( 0 . 025 M-Tris

HCl , pH 8 . 85 )  re sulted in a partial loss of Z n .  Dialysis 

against buffer containing chelat ing agents ( 0 . 025 M-Tris-
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HC l ,  pH 8 . 85 cont aining 2 rnM-EDTA and 1 mM-1 , 10-phenanthro

line)  however , removed most of the Cu and Zn and about a 

half of the fvlg , without affe ct ing the Fe content . Enzyme 

act ivity was not affected by e ither dialysis  procedure . 

The se re sult s indicate  that the purif ied enzyme con

tained , p e r  mole of' prote in,, 4 at om s  of' t ightly ll> ound Fe , 2 at om s  of 

loosely bound Zn , 1 atom of rather l o osely b-ound Mg and a 

fract ional amount of loosely bound Gu . 

The re sult s also show that the Z n ,  Mg and Cu are not 

required for enzyme activity . They do not show , however , 

whether F e  is requ ired for act ivity , s ince F e  c ould not 

be removed by the dialysis procedures used. 

5 . 8  Labile sulphide content 

Labile sulphide was det ermined ( Se ction 2 . 3 . 9) us ing 

Na2s as the standard sulphide . Bovine serum albumin ( which 

contains cysteine but no labile sulphide ) gave no colour 

react ion under the assay condit ions . From a calibrat ion 

curve , an amount of uracil dehydrogenase ( specif ic act ivity 

10 . 2  unit s/mg) cont aining 0 . 342 mg of' prot ein gav e an ab sorb anc e 

equivalent t o  4 . 75nmol of sulphide . This was calculat ed t o  

b e  4 . 1  mol e s  o f  sulphide per mole o f  uracil dehydrogenase 

of mol . wt . 298000 ( Sect ion 5 . 1 . 2) . 
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TABLE 5 . 5  

ESTI��T ION OF THE IRON, Z INC , MAGNESiill1 AND COPPER CONTENT 

IN THE PURIFIED URACIL DEHYDROGENASE 

Atomic absorpt ion spectrophotometric analyse s for met al

l ic content of purified enzyme prepa�ations ( sp e c ific 

act ivity 7 . 70 units/mg) : ( 1 ) , purified enzyme ( 0 . 506 mg of 

prote in/ml) ;  ( 2) , enzyme ( 0 . 553 mg of prot e in/ml )  dialysed 

against 0 . 025 M-Tris-HCl , pH 8 . 85 ;  and ( 3 ) , enzyme ( 0 . 5 25 mg 

of protein/ml) dialysed against 0 . 025 M-Tris-HC l , pH 8 . 85 

c ontaining 2 mM-EDTA and 1 mM-1 , 1 0-phenanthroline and then 

dialysed against 0 . 025 M-Tris-HCl , pH 8 . 85 .  The detail s of 

the preparat ion of enzyme samples are de scribed in the t ext . 

Result s were based on a molecular we ight for the nat ive 

urac il dehydrogenase of 298000 ( Sect ion 5 . 1 . 2) . 

a 

Metallic ions 

Fe 

Zn 

Mg 

Cu 

a Metal content ( atom s/mole· of enzyme ) 

( 1 )  ( 2) ( 3 )  

I 
4 . 09 + 0 . 2  4 . 1 2  + 0 . 2  4 . 08 + 0 . 2  

- -

2 . 89 + 0 . 1  2 . 06 + 0 . 1  0 . 3 1 + 0 . 1  
- -

0 . 90 + 0 . 1  0 . 93 + 0 . 1  0 . 55 + 0 . 1  
- -

0 . 44 + 0 . 03 0 . 43 + 
-

0 . 03 0 . 1 1  + 
-

0 . 03 

The met al content of each sample was correc t ed by sub

tracting the amount present in the app�opriat e blank . 

Each value is expressed as  the mean of three assays  � 
the standard deviation . 



CHAPTER 6 

CHARAC TER IZAT ION Oli' UHA C I L  DEHYDROGENASE 

(CATALYT I C  ACT IVITY) 

6 •. 1 Validity of the enzyme as say 

1 1 1  

The assay of uracil dehydrogenase act ivity was based 

on the ch�nge in ab sorbance at the opt imum wavelength for 

the part icular pyrimidine used ( 255 nm for urac il , 270 nm 

for thymine ) . This assay i s  val id , only if the change in 

ab sorbance is due s olely to oxidation of the pyrimidine . 

Since methylene b lue shows s ignificant absorpt ion in the 

region 250-270 nm ( see F igure 6 . 1 ) , it was nec e s s ary e ither 

to show that reduct ion of met hylene b lue did not contribute 

apprec iably t o  the obs erved changes in absorb ance , or t o  

correct for  changes i n  absorbance 111i t h  methylene b lue pre s ent . 

( i ) Aerobic as say 

Under aerob ic condit ions reduced methylene b lue is  

rap idly re-oxidised by molecular oxygen (Re id , 1 930 ; r·1acrae , 

1 93 1 ; Jone s , 1 969) . Accordingly , during the oxidat ion 

of thymine or urac il by uraci l  dehydrogenase ,  a steady state 

c oncentrat ion where the rate o f  reduct ion of methylene 

b lue  and the rate  of re-oxidat ion of the . reduced product 

( leuco-methylene b lu e )  are e qual may be expected . The 

s ituation \vas examined by follov.ring the absorbance  of a 

standard uracil dehydrogenase assay react ion mixture at 666 

nm ( the abs orption maximum for methylene blue in 0 .  05 l\I-Tris

HC l , pH 8 . 85 , F igure 6 . 1 )  while the rat e of thymine oxidat ion 

was d�termined at 270 nm in an ident ical react ion system . 

:F igure 6 . 2 shows  that for two different rat e s  of thymine 

oxidat ion by uracil dehydrogenase , a steady state methylene 
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blue oxidat ion-reduct ion leve l ( measured at 660 nm) was 

reached within 1 min . In most enzyme assays , the change in 

absorbance at 270 nm was linear for a period of sever�l 

minut es ( see Sect ion 6 . 2 ) and it was not necessary to follow 

the absorbance within the first minute . During the period of 

linear enzyme react ion , the concentrat ions of oxidised and 

reduced forms of methylene blue did not change , and the 

obs e rved change s  in absorbance at 270 nm were cons idered t o  

be due solely to the conversion of thymine to 5-methylbarbi-

tur ic ac id . 

At the higher enzyme concentration used (F igure 6 . 2 ,  B ) , 

the urac il dehydrogenase leve l was 0 . 01 1  unit s/ml and the 

st eady state level of methylene b lue was 3% reduced ( reduced 

methylene blue concentrat ion 0 . 75x10-� ) .  In F igure 6 . 2 ,  A ,  

the uracil dehydrogenase level was 0 . 003 unit s/ml and the 

steady state leve l of methylene b lue was 2% reduced ( reduced 

methylene blue concentrat ion 0 . 5x10-�1 ) . The re sult s showed 

that the steady state levels of methylene blue and reduced 

methylene blue depended on the rat e of enzyme react ion . In 

most of the exp eriment s report ed in this chapter ( Chapt er 6) , 

the level of enzyme was not greater than 0 . 003 units/ml ; 

henc e the conc entrat ion of . methylene blue would differ , in 

the steady state , by not more than 2% from the concentrat ion 

added ( 2 . 5x10-5M ) . 

( ii) Anaerob ic assay 

Under anaerobic condit ions , methylene blue was reduced 

to l euco-methylene blue during thymine oxidat ion . The absor

bance changes at 270 nm due to methylene b lue and its reduced 

form were examined . Since reduced methylene blue could not 
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be obtained pure for spectrophotometry , it s absorption spec

trum was obtained indirectly by difference spectrum in the 

pre s ence of pyrimidines by the following procedure . Methyl

ene blue was c omplet e ly reduced by thymine with uracil  

dehydrogenase in the ab sence of air under the  experimental 

condit ions de scribed for F igure 6 . 3 .  Assuming a stoichio

metric relationship between thymine oxidised and methylene 

blue reduced , and since the init ial conc entrat ion of thymine 

and methylene blue are known , the amount s of thymine and 5-

methylbarb ituric acid in  the resu lt ing react ion mixture 

( after complet e reduction of the methylene blue ) could b e  

determined from the known amount qf methylene blue reduc ed . 

The combined spectrum related to the amount s of thymine and 

5 -methylbarbituric acid in the mixture could be deduced from 

their standard spectra ( Sect ion 2 . 3 . 4 ,  F igure 2 . 1 ) . The 

difference betwe en this calculat ed spectrum and the observed 

spectrum in the react ion mixture provided a difference spec

trum due to reduced methylene blue . This is shown in 

F igure 6 . 3 .  The spectrum of the e qu ivalent amount of methyl

ene blue is also shown in F igure 6 . 3 .  From this f igure it 

can be seen that no change in absorb ance at 270 nm o ccurred 

when methylene b lue was reduced . A c cordingly , the observed 

abso�bance change at 270 nm was assumed to be due sole ly to 

the conversion of thymine to 5-methylbarbituric acid . 

Methylene b lue reduct ion would interf ere with the 

measurement of urac il oxidat ion in the absence of oxygen ,  

since uracil oxidation is followed at 255 nm . Anaerobic 

studie s were therefore confined to assays with thymine as 

the substrate . 



F igure 6 . 1 Absorpt ion spectrum of methylene blue 

The spectrum of methylene blue ( 2 . 5x1o-5 M) was 

measured in 0 . 05 M-Tris-HC l ,  pH 8 . 85 .  
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F igure 6 . 2  Absorbance change s during the oxidat ion of 

thymine by urac il dehydrogenase under aerobic 

c ondit ions in the pre sence of methylene blue 

The st andard enzyme assay condit ions ( Section 2 . 3 . 5a) 

were used . The react ion was started by the addition of the 

enzyme . The change in absorbance at 270 nm ( 6 A270) was 

rec orded . In an ident ical reaction mixture the absorbance 

change at 660 nm ( 6 A660 ) \vas recorded , before and after 

the addit ion of enzyme . 

A .  The amount of enzyme used in the assay m ixture 

was 0 . 009 unit s ( 0 . 88 �g of protein ; spec ific act ivity 1 0 . 2  

unit s/mg) . 

B .  The amount of enzyme in the assay mixture used 

was 0 . 033 unit ( 3 . 24 �g of prot e in ; spe c ific act ivity 1 0 . 2  

unit s/mg) . 
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F igure 6 . 3  Spe ctral analysis to det ermine the absorpt ion 

spectrum of reduced methylene b lue 

The react ion mixture ( 3 . 0  ml) in a Thunberg cuvette 
contained 0 . 3  �mol of thymine , 0 . 055  �mol of methylene blue � 
and 150 �mol of Tris-HCl , pH 8 . 85 .  Uracil dehydrogenase ( 5  �1 , 
containing 4 . 94 �g of prot e in ,  specific act ivity 1 0 . 4  unit s/mg) 
was placed in the hollow stopper . The cuvett e was alt ernately 
f lushed with nitrogen and evacuat ed ( Sect ion 2 . 3 . 5a) a total 
of four t ime s .  After the init ial spectrum in the region 650 
nm to 700 nm was recorded , enzyme was added by t ipp ing the 
cuvette  and the rate of thymine oxidat ion was fo llowed at 
270 nm .  The reaction was completed after 1 6  min at 25v c ,  as 
judged by the absorbance at 650-700 nm , and the ab sorpt ion 
spectrum in the region 225 nm to 300 nm was recorded ( curve A) • 

. Thus , 0 . 055  �mo l of methylene blue had been reduced and 
0 . 055 �mol  of t hymine \vas oxidised_ t o  5-rnethylbarb ituric acid 
( assuming a sto ichiometric react ion between thymine and 
methylene b lue ) . 

Curve A shovJS the spectrum of the react ion mixture 
containing thymine , 5-methylbarbituric ac id and reduced 
methylene b lue ( at 16 min) . 

Curve B shows the calculat ed spectrum of a solut ion 
containing thymine and 5-methylbarbituric acid at the con
centrat ions calculated t o  be present in A .  

Curve C nhows t he difference spectrum , A -B , which io 
due to  reduced methylene b lue . 

Curve D shows the spe ctrum of a solut ion containing 
methylene b lue at the concentrat ion used in this experiment . 
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6 . 2  Linearity of the enzyme assays 

1 20 

In studies with the part ially purified enzyme using 

standard assay condit ions , the react ion rate was proportional 

to the amount of enzyme over the range of enzyme concentra

t ions used (F igure 6 . 4) . The assay of enzyme act ivity was 

also linear with t ime for at least 1 5  min , or until approxi

mately 14% of the thymine had been converted to 5 -methylbar

b ituric acid (Figure 6 . 5 )  with 0 . 001 unit s/ml in the as say 

mixture . Thus , over a range of enzyme concentrat ions from 

0 . 005 down to 0 . 0005 units/ml , the react ion was l inear for 

from 3 to 30 min . 

6 . 3  Effects of pH and ionic strength on enzyme 

act ivity 

( i) Opt imum pH 

F igure 6 . 6  shows that opt imum pH at 25° C for the puri

f ied enzyme with thymine as a substrata was at pH 8 . 85 .  The 

pH-act ivity curve is a symmetrical bell-shaped curve with 

h igh act ivity ( over 95% of maximum activity) in the range 

of pH 8 . 6  to 9 . 0  and a sharp maximum act ivity at pH 8 . 85 .  

In the region of pH overlap betwe en the two buffers , Tris

HCl and Glyc ine-NaOH , ident ical act ivit ies were observed 

with the two systems , suggesting that neither buffer aff ected 

the act ivity of the enzyme at the concentration used. Higher 

concentrations of Tris-HCl ,  pH 8 . 85 (up to 0 . 1 0  M or ionic 

strength of 0 . 085 ) were not inhibitory (Figure 6 . 7) . 

( ii)  Ionic strength 

The ionic strength of the standard enzyme assay react ion 

mixture of 0 . 043 was opt imal for activity ( Figure 6 . 7) . · 

Within· the range of ionic strength 0 . 02 to 0 . 09 at pH 8 . 85 ,  
. I 



F igure 6 . 4  Propo rt ional ity betwe en enzyme c onc ent rat ion 

and the rat e of enzyme reaction 

The enzyme was as sayed under st andard as say condit ions 

( Se c t ion 2 . 3 . 5 a) . The enzyme used was the p artially pur if ied 

e nzyme after tre atment with calcium pho sphat e gel ( S e ct ion 

4 . 2 ,  s t ep 2) which had a spec ific activity of 0 . 21 unit s/mg . 
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F igure 6 . 5  Linearity of the enzymic react ion with time 

The enzyme sample was the same as that used in the 

experiment which gave the result s shown in Figure 6 . 4 .  The 

amount of the enzyme in the assay was 14 . 65 �g of prote in 

( specific act ivity 0 . 21 unit s/mg) .  The enzyme was .assayed 

under standard assay condit ions ( Section 2 . 3 . 5a)  ( 0 . 3  �mol of 

thymine init ially pre sent ) . 
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F igure 6 . 6  Effe ct of pH on the rat e of the enzymic 

react ion 

Standard enzyme assay condit ions ( Section 2 . 3 . 5a) were 

used except that 0 . 05M of the indicated buffers and pH ( 25° 0 )  

( prepared a s  de s cribed by Dawson , 1 969) were subst ituted for 

the standard 0 . 05 M-Tris-HCl ,  pH 8 . 85 .  Purified enzyme (1. 1  

pg of prote in in 3 ml total , spe c ific act ivity 8 . 7  unit s/mg 

in the standard assay) was used. The value s p lotted are 

means of duplicat e s  whose result s d id not differ by more than 

� 5% . The result s are expre s sed as a percentage of the · 

act ivity observed in the standard as say .  
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the act ivity was litt le  affected ( 95-100% maximum act ivity) . 

Out s ide this range , the act ivity was somewhat lower at 

- ionic stren�th down t o  0 . 01 and a st eady decrease pccurred 

above 0 . 09 ionic strength . Activity was reduced to about 

50% of the maximum at an ionic strength 0 . 45 .  

6 . 4  

( i) 
Stability of the enzyme 

Storage 

The stability during storage of the crude enzyme from 

cell-free extracts vms studied at 0-4° 0 and pH 8 . 85 as 

des cribed in the legend to F igure 6 . 8 .  The crude enzyme 

could be kept under these condit ions for 10 h with less . than 

10% loss o:f activity . The enzyme had lo st hal:f o:f it s 

act ivity after 30 h .  However , the stability of the enzyme 

in cell-free extracts was highly variable . The concentrat ed 

purified enzyme (5 mg of protein/ml , spec ific  a·c t i  vi  ty 10 .. 4 
unit s/mg) could be stored in the frozen state at -20° C in 

0 . 05 M-Tris-HCl ,  pH 8 . 85 ,  for over 6 months with less than 

25% loss of act ivity . A d i lute solut i on ( 0. 1  mg of prot e in/ml ) 

of thawed purified enzyme which had previous ly been stored 

at -20° 0 for 6 months lost a further 30% of it s activity 

aft er 3 weeks at 0-4° 0 , pH 8 . 85 .  

( ii ) pH 

The stability of the purified enzyme in the pH range 

7 . 5  to 10 . 0  was examined us ing two buffer systems , Tris-HCl 

and Glyc ine-NaOH at 0-4° 0 .  R e sults and experimental details 

are shown in F igure 6 . 9 .  Decreasing the pH decreases the 

stab ility of the enzyme and the enzyme is more stable at pH 

Value s  above 8 . 5  with a slow loss of act ivity . The remaining 

act ivity after storage at pH 1 0 . 0  for 70 h was 96% of the 



F igure 6 . 7  Effect of ionic strength on the rat e of enzymic 

react ion 

The as say condit ions were those of the standard enzyme 

assay ( Sect ion 2 . 3 . 5a) , except that the ionic strength of the 

assay mixture was varied as follows : Tris-HCl ,  prepared by 

dilut ing 1 �1-Tris-HCl , pH 8 . 85 ( 25° C )  solution ( approx. 1 . 5 

M-Tris was adjusted to pH 8 . 85 at 25° C with HCl solut ion and 

diluted to 1 . 0 M )  to the appropriat e final ionic strength . 

The enzyme samp le Has the same as that used in the experi

ment which gave the result s shown in Figure 6. 7 ( 1 • .  1 !J.g of .  pro

tein in 3 ml assay) . 

Plott ed point s are the means of duplicates , which did 

not differ by more than about 5% , and are expre s sed as a 

percentage of the act ivity ob served in the standard assay .  
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original act ivity and 21% at pH 7 . 5 .  

( iii) Temperature 

1 30 

The temperature stability and heat inact ivat ion of the 

purif ied enzyme at pH 8 . 85 was studied at the various t em

peratures shown in F igures 6 . 10 and 6 . 1 1 . At 40° C ,  the 

enzyme lost only 5% of it s original act ivity in 90 min . At 

60° C ,  50% loss occurred in about 10 min , while at 70° C ,  over 

90% inact ivat ion occurred in this t ime . 

6 . 5  Pyrimidine specificity 

The spec ificity of urac il dehydrogenase for different 

pyrimidines was studied by two methods . 

( i) Spectrophot ometry 

Any substrate of uracil dehydrogenase which absorbs in 

the ultraviolet spectral region should show a change in it s 

absorpt ion spe ctrum during an enzymic reactipn. To t e st 

pot ent ial substrates by this method , st andard enzyme assay 

condit ions were used except that thymine was replaced by 

the test compound ( 0 . 10 mf·1 final concentration except where 

indicated) . The amount of enzyme used in each assay was 

1 . 7 �g of purif ied urac il dehydrogenase ( spec ific act ivity 

8 . 88 unit s/mg) . The react ion mixture was scanned ( between 

225 and 450 nm) before and aft er the incubat ion period of 

30 min . The reference cuvette contained uhe same mixture 

but without the compound to be t e sted.  No change s  were 

observed in the absorpt ion spectrum with any of the follow

ing c ompounds : cyto s ine , 6-aminouracil ( 0 . 05 mM) , 2-thio

uracil , 6-methylurac il , thymidine , thymidine-5-monophos

phat e , uridine and uridine-5-monopho sphat e .  This sugge st s 

that none of these compounds were substrates for uracil 
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dehydrogenase . 

Dihydrourac il and dihydrothymine shov1ed no absorbance 

in the region 250-450 nm before or after incubation.  

( ii)  l"ieasurement of oxygen uptake 

The enzyme was t e sted , using the oxygen electrode , 

for the ab ility to catalyz e  the oxidation of various pyrimi

dines listed in Table 6 . 1 .  The oxygen e lectrode was cali

brat ed using the method of De lieu & Walker ( Se ct ion 2 . 3 . 5b ) . 

Among 24 compounds t e st ed ,  only seven were assoc iated with 

oxygen uptake in the assay system . For each of the se 

seven compounds , change s in the ultraviolet absorption 

spe c tra during the react ion with uracil dehydrogenase 

( F igure 6 . 1 2) conf irmed that they were substrates . The 
(., 

seven act ive substrates  were , apart from urac il itself , 

all 5-subst ituted uracils . The nature of the substituent 

group (R)  on the 5-posit ion of the pyrimid ine . determined 

the rate of reaction and the following order of react ivity 

was e stablished for the compounds . 

6 . 6  

Nature of R group : CH3 > Br > I > H > F > OH ::::- CH20H 

\vith R = N02 or COOH , no act ivity was detected .. 

Electron acceptor specific ity 

The activity of uracil dehydrogenase with various elec

tron acceptors was inve st igated by following the change in 

abs orbance under anaerobic condit ions unless otherwise 

indicated (Table 6 . 2) . When thymine was omitted fro� the 

incubat ion mixture no absorbance change was observed with any 

r 



F igure 6 . 8  Effect of storage on the stability of uracil  

dehydrogenase in cell-free extract s  

Cell-free extracts ( 2 . 8  rng/ml in 0 . 05 M-Tris-HCl ,  

pH 8 . 85 ;  specific act ivity 0 . 1 2 unit s/mg) prepared with a 

French pre s sure apparatus ( Section 3 . 2)  were held at 0-4° 0 .  

At 10 h intervals up to 70 h ,  aliquot s were taken and assayed 

for the enzymic act ivity us ing the st andard enzyme assay 

( Section 2 . 3 . 5a) . 
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F igure 6 . 9  Effect of pH on the stab ility of the purified 

enzyme 

The purified enzyme ( final c oncentrat ion 0 . 01 mg/ml , 

spe c ific activity 1 0 . 2  unit s/mg) was incubated at 0-4° C  at 

the appropriate pH using the buffer systems : 0 . 05 M-Tris

HCl buffer , pH 7 - 5-8 . 5  and 0 . 05 M-Glycine-NaOH buffer , pH 

9 . 0 -1 0 . 0  ( prepared as described by Dawson , 1 969) . At the 

t ime s shown , aliquot s ( 100 f.Ll) of the enzyme were t aken and 

�s sayed using the standard procedures ( Sect ion 2 . 3 . 5a ) . 
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F igure 6 . 1 0  Temperature stability of the purif ied enzyme 

The purified enzyme ( f inal concentration 0 . 01 1  mg/ml ,  

spe c ific act ivity 10 . 2  unit s/mg) was incubat ed at the indi

cat ed temperature for 10 min in 0 . 05 M-Tris-HC l ,  pH 8 . 85 .  

After incubat ion , the enzyme was cooled to  0° C in an ice bath 

and aliquot s  ( 100 �1)  were assayed immediate ly for enzymic 

act ivity . Standard assay condit ions were used ( Sect ion 2 . 3 . 5a) . 
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F igure 6 . 1 1  Heat inact ivat ion of the purif ied enzyme 

The purified enzyme ( 0 . 01 2  mg/ml )  was held in 0 . 05 M

Tris-HCl , pH 8 . 85 ,  at the indicated temperature for up to 

90 min. At the appropriat e t ime int ervals ,  aliquot � ( 1 00 �1) 

of enzyme were taken , cooled to 0° C in an ice bath and 

immediately assayed for enzymic activity . Standard assay 

conditions . were used ( Sect ion 2 . 3 . 5a) . 
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of the electron acceptors t�sted .  In the pre s ence of thy-

mine , seven of the electron acceptors were reduced . B enzo

quinone and phenaz ine metho sulphat e ( PMS) were the most 

efficient acceptors . Dichlorophenol-indopheno l , NAD+ , NADP+ 

were not reduced ( Table 6 . 2 ) . 

The react ion rate with Nitro B lue Tetrazo l ium or 

p-Iodonitrotetrazolium Violet was increased approximat e ly 

two-fold ( not shown in the t able ) by inclus ion of PMS ( 0 . 15 

�mol )  in the assay mixture . The comb inat ion of PMS and 

t etraz o l ium salt was used for locat ing uracil  dehydrogenase 

on polyacrylamide gels ( Se ct ion 2 . 3 . 1 1a) . 

The oxidat ion of thymine by PMS in the pre sence of 

uracil dehydrogenase was also assayed by following the 

aerobic format ion of 5-methylbarbituric acid at 270 nm ,  as 

in the standard assay with methylene blue ( Se ct ion ·2 . 3 . 5a) . 

Over the range of PtvlS concentrat ion 0 . 82x10-5 t o  5 . Ox1 0-5 !'1 

the react ion rat e was constant indicat ing that the enzyme 

was already operat ing at its maximum rate, . V .  This rat e 

w i th PMS w as tw i c e  the value of V obt ained with  methylene 

b lue under ident ical  as say c ondi t i on ( Section 6. 8 ) .  

6 . 7  Specific act ivity and calculat ion of enzyme 

concentrat ion 

F re shly purified enzyme had a specific act ivity in the 

standard as say ( Section 2 . 3 . 5a)  from 1 0 . 0  to 1 0 . 4  unit s/mg . 

If it is assumed , basing on polyacrylamide gel  electrophor

esis of the nat ive enzyme ( Se ct ion 4 . 3 )  that the enzyme of 

1 0 . 4  unit s/mg was 98% pure , then the pure nat ive enzyme 

would have a spe c if ic activity of 1 0 . 6  unit s/mg . A s  
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TABLE 6 . 1 
SUBSTRATE SPECIFICITY OF URACIL DEHYDROGENASE 

The assay mixture contained , in a total volume ( before 
adding the compound to be t e s t ed) of 3 . 0 ml , the purified 
enzyme ( 10 �g of protein , spe c ific act ivity 1 0 . 4  unit s/mg ) , 
0 . 1 25 �mol of methylene blue , 1 50 �mo l  of Tris-HC l , pH 8 . 85 ,  
and 23 �g of cat alase ( 675 Sigma unit s ) . The react ion was 
start ed by the addit ion of the compound to be t e sted ( 0 . 3  
�mol in 0 . 03 ml of water) .  Incubat ion was at 25° C ,  in an 
oxygen e le ctrode ce ll ( as de scribed in Sect ion 2 . 3 . 5b) . F or 
the f ive most act ive substrat e s , the reaction was allowed 
to run to complet ion and then two further suc c e s s ive addit ions 
of t e st compound were made ( e ach 0 . 3  �mol of substrat e ) . The 
oxygen uptake is expressed as the average init ial rate for 
the three succe s s ive assays . In the case of a. non-substrat e , 
no react ion occurred and further additions of 1 . 2  �mol and 
then 1 . 5 �mol of the test compound were made ( giving a f inal 
concentrat ion of 1 . 0 mM) . 

Thymine 
Uracil 
5 -Bromouracil 
5 -Iodourac il 
5 -F luorouracil 

Compound t e st ed 

5 -Hydroxyuracil ( isobarbituric acid) 
5 -Hydroxymethyluracil  
5 -Nitrouracil 
I soorot ic acid ( urac il-5-carboxylic acid) 
Cytosine 
5 -Hethylcytosine 
2-Thiouracil 
Thymidine 
Thymidine monophosphate 
Uridine 
Uridine monophosphate 
D ihydrothymine 
D ihydrouracil 
6-Aminouracil 
6-r•Jethyluracil 
O rot ic acid 
B arbituric acid 
2-Thiobarbituric ac id 
A lloxan 

Oxygen uptake 
( nmol of o2/min) 

94 
3 2  
5 0  
3 7  
1 6  

4 . 2  
0 . 5  
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



F igure 6 . 1 2 Spectral change s during the oxidat ion of 

various pyrimidine s 

React ion mixture s  were taken from Table 6 . 1 .  A separat e 

0 min sample was set up for each sub strate ( 0 . 1 mM- substrate 

in buffer and methylene blue as in Table 6 . 1 ,  but wi�hout 

enzyme ) .  React ion samples were all dilut ed after incubation 

with buffer and methylene blue ( concentrat ions as in Table 6 . 1 )  

t o  a level equivalent t o  0 . 1  mM init ial substrate concen

trat ion . Spectra of 0 min sample s and of diluted incubation 

sample s were recorded immediately in a Unicam SP . 800 record

ing spectrophotomet er with buffer and methylene blue ( concen

trat ions as in Table 6 . 1 )  in the reference tube . 

Incubat ion t ime s : a and d ,  1 5  min ; b ,  c and e ,  25 

min ; f ,  90 min ; and g ,  1 80 min . 
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TABLE 6 . 2  
SPECIF IC ITY OF URACIL DEHYDROGENASE FOR ELECTRON ACCEPTORS 

The as say react ion mixture contained , in a total vo lume 
of 3 ml , 150 �mo l  of Tri s-HC l ,  pH 8. 85; 0. 3 prnol of _ thymine, 
the ind icated amount of electron acceptor and the purified  en
zyme ( 0. 1 ml c ont a ining 3. 8 pg of protein; spec ific activity 
8 . 9 uni t s/rng ) .  The reac t i ons  were carried out anaerob i c a lly 

in a Thunberg cuvette ( Sect ion 2 . 3 . 5a) unless otherwise 
indicat ed and were start ed by the addition of enzyme for the 
incubat ion at 25° C .  The change in absorbance was followed 
at the appropriat e wavel ength over a period of 1 0  or 20 min . 

Electron acc eptor 

Name l 
K3F e ( CN ) 6 
Cyt ochrome c 
1 , 4-Benzoquinone . ,  

1 , 4-Naphthoquinone 
2 , 4-Dichlorophenol-

indophenol i 
PNS I 

i 
Nitro B lue Tetrazoliuma l 
p-Iodonitrotetrazolium ! 

Violet a 1 
NAD+ I 

I 
NADP+ j 

� 
A(b Absorbance 

( nm) 
�mol 1 0  min 

1 . 00 420 1020 
0 . 1 5 550 21 200 
3 . 00 300 2318c +0 . 5  
3 . 00 340 
0 . 15 600 �1 000 

0 . 1 5 I 388 �0500 -0 . 5  
5 . 00 : 550 d 

I 5 . oo I 500 d +0 . 30 

0 . 30 340 6220 
0 . 30 340 6200 

a react ion carried out aerob ically ( Sect ion 2 . 3 . 5a)  

change 

20 min 

-0 . 03 
+ 0 . 10 

+ 0 . 10 
0 

+ 0 . 1 6 

0 
0 

b difference between molar ext inction coefficient of reduced 
and oxidised form at the wavelength c ited ( Dixon , 1 971 ) .  

c at 295 nm 
d reduced product insolubl e  



, ,  

145 

described in Sect ion 6 . 4 . 1 , the enzyme slowly lost activity 

on storage . For this reason , the concentration of enzyme 

in subsequent studies ( Se ct ion 6 . 8) was calculat ed from 

the re sult of the standard enzyme assay performed at that 

t ime . Thus , if the standard assay gives an act ivity of 

X unit s/ml , then the c oncentration o f  act ive enzyme protein 
X ( at 100% pure ) in the assay mixture would be 1TI:b mg/ml . 

6 . 8  Effect of substrat e  c oncentration 

The enzyme c oncentrations in this sect ion were c alcu-

lat ed as de scribed in Sect ion 6 . 7 .  

a .  Thymine 

The act ivity of uracil dehydrogenase was determined at 

various thymine c oncentrations with methylene blue as the 

alternat e substrate .  The methylene blue concentration used 

( 2 . 5x1 o-5 . M )  gave the maximum react ion rate with 1 . 0x10-4 

M-thymine in air ( see d .  in this section) . The result is 

shown in F igure 6 . 1 3 .  The enzyme exhibited normal Michaelis

Menten saturat ion (hyperbolic)  kinet ics .  An analysis of 

the data by the double rec iprocal p lot of Lineweaver & 

Burk ( 1 934) gave Km for thymine of 1 . 08x10-4 M at 2 . 5x10-5 

M-methylene blue and pH 8 . 85 ,  25° C .V was f ound t o  be 7. 63xlo-3 

rrool of t hymine/min/ml , which, with  an enzyme c oncent rat i on of 

0. 363 pg of enzyme/ml ,  gav e the spec ific act iv i ty of 21. 02 

prnol of t hymine/min/mg. . Three separate det erminati Qns 

gave s imilar values for the Km and the specific  act ivity 

( differences within � 3% ) .  

b .  Uracil 

To determine the affinity of uracil dehydrogenase for 

urac il ( methylene blue as the alternate substrat e ) , standard 
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enzyme assay condit ions ( Sect ion 2 � 3 . 5a)  were used except 

that thymine was replaced by uracil at various concentr�� 

t ions and the reaction rates were followed at 255 nm to 

f o llow the f ormation of barbituric ac id as de scrib ed by 

Haya ishi & Kornberg ( 1 952) . The methylene blue c oncent ra

t ion used ( 2 . 5x1 0-5 f>'l ) gave the maximum rat e with 1 . 0x1 o-4 M 

uracil in air ( see d .  in this sect ion) . From an analysis  

of the data (Fi�ure 6 . 14) , Km for  uracil was calculat ed to  

be 4 . 0x1 0-4 rvr at 2 . 5x1o-5 M-methylene blue and pH 8 . 85 ,  25u c .  

V was found t o  be 6 . 45x1 0-3 f.Lmol of urac i l/min/ml , whic�, w i t h. 

an enzyme concentration of 0 . 297 f.Lg ot . enzyme/m�, gave the 

spe cific activity of 21 . 71 f.Lmo l  of uray il/min/mg. 

c .  Thymine and uraci l  

Since thymine and uracil were both substrate s  of uracil 

dehydrogenase ( Sect ion 6 . 5 )  an att empt was made t o  deter-

mine whether the two compounds competed for the same bind

ing s ite on the enzyme . The method for measuring the rate 

of oxidation of each pyrimidine in the presence  of the other 

is  de scribed in Sect ion 2 . 3 . 4 .  

F igure 6 . 1 5 shows the dependence of rat e of both 

thymine and uracil oxidat ion on the thymine concentrat ion 

when the latter was varied betwe en 0 and 1 . 4x10-�1 at a 

f ixed uracil c onc entration ( 1 . 2x10-4 M )  with methylene blue 

( 2 . 5x1 o-5 M)  as the alternat e substrat a .  The rat e of uracil 

oxidat ion decreased with increasing thymine c oncentrat ion , 

showing half maximum rate ( or 50% inhibit ion) at approxi

mat e ly 1x10-4 M-thymine . An analysis  of the data ( not shown) 

by the double reciprocal of Lineweaver & Burk ( 1 934) gave 

an apparent Km for thymine of 0 . 86x10-4 M ,  which is  less  

than the K determined in the abs ence of urac i l .  The  s ig-m 
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nif icance of this re sult will be c onsidered in the Discuss ion 

sect ion . 

When the experiment was performed . at various urac il  

concentrat ions (0  to 1 . 6x10-4 M )  at  fixed thymine conc en

trat ion ( 0 . 8x10-4 M) , it could be seen ( Figure 6 . 1 6) that 

the rat e of thymine oxidat ion was not apprec iably affected 

within the range of uracil  concentrat ions use d .  The 

scat ter of point s  was too great to allow the determinat ion. 

of the Km apparent for uraci l .  

The data \vere not sufficient t o  determine the . type 

of inhibition in either case . 

d .  Methylene b lue 

The activity of uracil  dehydrogenase was determined at 

various methylene blue concentrat ions with thymine or urac il  

a s  the  alternate sub strate . 

The plot of the init ial veloc ity a�ainst substrat e 

concentrat ion with thymine ( 0 . 1  mM) as the alternate sub-

strate was found to be sigmoidal rather than hyperbolic 

( F ir;ure 6 . 17) . The opt imum methylene blue concentrat ion was 

in the range 1 . 7x1o-5 to  3 . 0x10-5 M with the half maximum 

rate at approximately 0 . 5x1o-5 M-methylene blue at 0 . 1 mM

thymine and pH 8 . 85 ,  25° C .  V was found to be 2 . 6x10-3pmol . of 

thymine/min/ml , which , with an enzyme concentration of 0. 248 

pg of enzyme/ml� gav� the specific activity of 10. 48 pmol of 

thymine/min/mg . The double rec iprocal plot (F igure 6 . 1 7 , B )  

i s  non-l inear , and no determination o f  K was possible . m . 

\Vith uraci l  ( 0 . 1  mM ) as the alternate substrat a , the 

result s obtained were s imilar to those with thymine . The 
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curve is  also s igmo idal (F igure 6 . 1 8 ) , giving an optimum 

methylene blue c oncentrat ion in the range 2 . 0x1o-5 to 

5 . 0x10-5 M ,  with the half maximum rat e at approximat e ly 

0 . 5x1o-5 I·1-methy lene b lue at 0 . 1  mM-uracil and pH · 8 . 85 , 

25° C .  V was found to be 2 . 1 x1o-3 �mol of uracil/min/ml ,  

which , with an enzyme concentrat ion of 0 . 478 �g of enzyme/ml , 

gave the specif i c. activity of 4 . 39 �mol of uracil/min/mg . 

e .  Phenaz ine metho sulphat e 

The act ivity of urac il  dehydrogenase was determined 

at various phenaz ine methosulphat e ( PMS) concentrations with 

thymine as the alt ernat e substrate . Standard enzyme assay 

condit ions ( Sect ion 2 . 3 . 5a) were used , except that methylene 

blue was replaced by varying concentrat ions of PMS . Since 

reduced Pl''lS is very rapidly oxidised by molecular oxygen 

( Jones , 1 969) , it was assumed that the absorbance change 

at 270 nm , during oxidat ion of thymine by the enzyme , was 

not affected by changes in the concentrations of PI'-1S and 

reduced PIVJS ( as shown in the analogous case with methylene 

blue , Sect ion 6 . 1 ) .  Hence , the rat e  of react ion was deter

mined by the rat e of change in absorbance at 270 nm ,  as 

de scribed for the standard enzyme assay ( Sect ion 2 . 3 . 5a) . 

The results are shown in F igure 6 . 19 .  Since , the rate 

curves were non-l inear part icularly at high conc entrat ions 

of PMS ( from 5x1 o-5 to 1 0x1o-5 M ) , the init ial veloc it ies  

( v) were correspo ndingly inaccurate .  At  lower concentrat ions 

of PfviS , o . 8x1o-5 to 4 . 0x1o-5 JVI , v ,was approximat e ly constant . 

Over this range of substrat e concentrations , therefore , the 

enzyme was operat ing at the maximum rate . V was found t o  be 

approximately 7 . 2x1 o-3 �mol of thymine/min/ml , which , with an 
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enzyme concentrat ion of 0 . 32 �g of enzyme/ml , gave the spec if ic 

act ivity of  22 . 5  �mol of thymine/min/mg. Since lowe.r concen

trat ions of substrate were not used , no est imate of Km can 

b e  made , but the half maximum rate must be considerably l e s s  

than 0 . 4x10-5 M-PMS at
.
0 . 1 mM-thymine and pH 8 . 85 ,  25° C . 

The re sults from the data in F igures 6 . 1 3 , 6 . 14 ,  6 . 17 ,  

6 . 18 and 6 . 1 9  are summarised in Table 6 . 3 . The enzyme is  

shown to have approximately the same V with either thymine 

or uracil as the substrate . V for methylene blue with 

thymine as the alt ernate substrate is great er than that 

f or methylene blue with uraci l .  V for PMS with thymine as 

the alternate substrate is greater than that for methylene 

b lue . The affinity of the enzyme for _ thymine is greater 

than that of the enzyme for uracil . The affinity of the 

enzyme for PMS is gre at er than that of the enzyme for 

methylene blue . 

6 . 9  Effect of misce llaneous inhibitors and act ivators 

on enzyme act ivity 

The effect of various compounds including metal ions , 

chelating agents , flavins , H2o2 and inhibitors on the activity 

of urac il dehydrogenase was . invest igate d .  Details o f  exp eri

mental conditions are given with the Tables  6 . 4 ,  6 . 5  and 

F igure 6 . 21 . 

Table 6 . 4  and F igure 6 . 20 show the effect of metal ions 

on uracil dehydrogenase  act ivity . All met al salt s tested 

were inhibitory to the enzyme . From the T able , the enzyme 

was only sl ightly inhibited by Ba2+ , Mg2+ and ca2+ at 0 . 1 mM 

while zn2+ , Fe2+ , cu2+ and Cd2+ were potent inhibitors and 
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TABLE 6 . 3  

KINETIC PARAiviETERS FOH URAC IL DEHYDROGENASE 

Value s are for react ion at 25° C ,  pH 8 . 85 , ionic 

strength 0 . 043 as in the st andard enzyme as say condit ions 

( Sect ion 2 . 3 . 5 a) , and are det ermined from the data in 

F igure s 6 . 1 3 , 6 . 14 ,  6 . 1 7 , 6 . 1 8 and 6 . 1 9 .  The enzyme con-

centrat ions were calculated as  in Sect ion 6 . 7 .  

Substrate A Substrat e B 

Thymine 1'1ethylene blue 
( 2 . 5x1o-5 f'!l ) 

Uracil fv1ethylene blue 
( 2 . 5x1o-5 M )  

!VI ethylene blue Thymine 
( 1 . 0x10-

4 IVl ) 
l"lethylene blue Uracil 4 

( 1 . 0x10- f·'l) 
PMS Thymine 4 

( 1 . 0x10- 1"1 ) 

Enzyme 
concn . 
( �g/ml )  

0 . 363 

0 . 297 

0 . 248 

0 . 478 

0 . 320 

V K 
( �mo l/min/mg) m

4 ( x  1 0  M )  

21 . 02 1 . 08 

21 . 71 4 . 00 

1 0 . 48 0 . 05a 

4 . 39 0 . 05a 

22 . 50 (0 . 04a 

a substrat e conc ent rat ion for the half maximum rate at 0 . 1  

mM of the corre sponding alt ernate substrate .  



F igure 6 . 1 3  Dependenc e of the rate of react ion of urac il 

dehydroBenase on the concentrat ion of thymine 

with methylene b lue as the alternat e substrata 

Standard enzyme assay condit ions \vere used with different 

thymine c oncent rat ions as shown on the graph . Purif ied urac il 

dehydrogenas e  was used in the assay ( 0 . 01 1 6 units � 1 . 09 �g 

enzyme in a t otal a s say volume of 3 ml ) . Plotted point s are 

the means of duplicat e , which did not differ by more than 

approximat ely 5% . 
A ,  init ial react ion ve loc ity as a function of 

thymine concentration ; and 

B ,  double rec iprocal plot of dat a from A .  
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F igure 6 . 14 Dependenc e of the rat e  of react ion of urac il 

dehydrogenase on the concentrat ion of uracil 

with methylene blue as the alternat e sub strate 

The enzyme preparat ion ( 0 . 0094 unit s ; 0 . 89 �g enzyme in 

a total assay vo lume of 3 ml ) was the same as that used in 

the experiment for which the re sult s are shown in Figure 6 . 1 3 � 

Standard enzyme assay condit ions were used except that thymine 

was replaced by uracil at various concentr�t i ons and the 

reaction rat e s  were followed at 255 nm . Plotted  point s are 

the means of dup licates , which did not differ by more than 

approximat e ly 5% . 

A ,  init ial reaction velocity as a funct ion of uracil 

concentrat ion ; and 

B ,  double recipro cal plot of dat a from A .  
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F igure 6 . 1 5 Rat e s  of oxidat ion of thymine and urac il at 

f ixed init ial urac il concentrat ion but varying 

thymine concentrat ions with methylene blue 

as the alt ernate sub st rat e 

The enzyme preparat ion ( 0 . 01 unit s � 0 . 94 �g e nzyme in 

a t otal assay volume of 3 ml ) was the same as that de scribed 

in t he legend to F igure 6 . 1 3 .  Standard enzyme assay condi-

t ions were used with diff erent conc entrat ions of thymine 

-4 between 0 and 1 . 4x10 M at a f ixed urac il concentrat ion of 

( 1 . 2x10-4 M ) . The react ion rates  were followed at 270 nm 

and 250 nm wavelengths ( see Section 2 . 3 . 4 ) . 

A ,  the init ial react ion veloc ities  for thymine 

oxidat ion were plotted against the conce nt rations 

of thymine ; and 

B ,  the init ial react ion ve loc it ies for urac il 

oxidat ion were p lott ed · against the conc e ntrat ions 

of thymine . 
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F igure 6 . 16 Rat e s  of oxidat ion of t hymine and urac il at 

fixed init ial thymine concentrat ion but 

varying urac il concentrat ions with methylene 

blue as the  alt ernat e substrat e 

The enzyme preparat ion ( 0 . 01 unit s � 0 . 94 �g enzyme in 

a t otal assay volume of 3 ml)  was the same as that described 

with F igure 6 . 1 3 .  Standard enzyme assay condit ions were used 

with urac il concent rat ions between 0 and 1 . 6x1o-4 M and at a 

f ixed thymine conc entrat ion of 0 . 8x10-4 M .  The react ion 

rat es were followed at 270 nm and 250 nm wavelengths ( see 

Sect ion 2 . 3 . 4) . 

A ,  t he init ial react ion veloc ities for urac il 

oxidat ion were plotted against the conc entrations 

of urac il ; and 

B ,  the init ial react ion velocit ies for thymine 

oxidat ion were p lotted against the concentrations 

of uracil . 
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F igure 6 . 1 7  Dependence of the rate of reaction of uracil 

dehydrogenase on the concentrat ion of methy

lene blue with thymine as the alternate 

substrate 

The enzyme preparat ion was the same as that used for 

the experiment described with F igure 6 . 1 3 . Standard enzyme 

assay conditions were used with different concentrations of 

methylene blue and thymine at an init ial concentrat ion of 

0 . 1  mM .  The enzyme preparat ion used contained 0 . 0078 units 

( 0 .  74 IJ.g of �nzyme ) in _a: tot al a s s ay v olume of' 3 _ml. Plot t,ed 

point s are the means of dupl icates , which did not differ by 

more than approximately 5% . 

A ,  init ial react ion velocity as a function of 

methylene blue concentration ; and 

B ,  doubl e  reciprocal plot of data from A .  
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F igure 6 . 1 8  Dependence of the rate of reaction of urac il 

dehydrogenase on the concentrat ion of methylene 

blue with uracil as. the alternate substrat e  

The enzyme preparat ion was the same a s  that de scribed 

in the legend to F igure 6 . 1 3 . Standard enzyme assay con

dit ions were used except with different conc entrat ions of 

methylene b lue and uracil ( 0 . 1  IDM) instead of· thymine . The 

reaction rat e s  were followed at 255 nm . The enzyme prepar

at ion used cont ained 0 . 0152  units ( 1 . 43 �g of enzyme ) in a 

t ot al assay volume of 3 ml . The init ial reaction velocit ies 

were p lotted against the concentrat ions of methylene b lue . 

Plotted points are the means of duplicat e s , which did not 

d iffer by more than approximate ly 5% . 
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I F igure 6 . 1 9  Dependence of the rat e of urac il dehydrogenase 

on the concentrat ion of phenaz ine methosulphat e 

with thymine as the alt ernat e substrat e 

The enzyme preparat ion ( 0 . 0102 unit s � 0 . 96 �g enzyme 

in 3 ml assay volume ) was the same as that used for the 

experiment described with F igure 6 . 1 3 . St andard assay con-

d it ions were used with different conc entrat ions of phenaz ine 

methosulphat e in place of methylene blue and with thymine at 

a concentrat ion of 0 . 1  rni"l . The init ial reaction velocit ies  

were plotted  against the  concentrat ions of phenaz ine metho-

sulphat e .  
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F e2+ showed a greater inhibitory effect than F e3+ . A wide 

range of concentrat ions was t e sted for each metal ion and 

it was found that the percent age of inhibition was propor

t ional to the logarithm of the inhibitor concentrations 

over the major part of the range of concentrat ions tested 

( F igure 6 . 20) . 

The effe ct of various che lat ing agent s on uracil de

hydrogenase act ivity are shown in F igure 6 . 21 .  Murexide 

and cupron had small effect on the enzyme while 8-hydroxy

quinoline inhibited it to approximately 40% . No inhibit ion 

was observed with any of the other chelat ing agents tested .  

Treatment with diethyldithioc arbamat e ;  ethylene diamine-

t etra-acetic acid ; I 
� , � dipyridyl and 1 , 1 0-phenanthrol ine 

could have produced a s light stabilization of the enzyme 

( compared to contro l ) . 

The effect of other compounds on the act ivity of 

urac il dehydrogenase are shown in Table 6 . 5 .  The enzyme 

was very sensitive to the sulfhydryl reagent s p-chloro

mercuribenzoate and iodoacetat e  but unaffected by iodo-

acetamide . The enzyme was inhibited to some extent by 

metal binding agent s such as potassium thiocyanate and it 

was very sensitive to potassium cyanide . The enzyme was 

also very sensit ive to H2o2 and 2-mercaptoethanol .  Among 

the flavins , FAD did not affect the enzyme but FMN and 

r iboflavin showed some inhibit ing effect . R iboflavin was 

a more powerful inhibit or than FMN . Potassium ferricyanide 

app eared to be an act ivator for the enzyme ; it did not 

oxidise thymine in the absence of enzyme under the assay 
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TABLE 6 . 4-

EFFECTS OF r�IETAL IONS ON THE ACTIVITY OF URACIL DEHYDROGENASE 

Metal ions were added t o  the standard enzyme assay mix-

ture prior to the addition of enzyme . Standard assay 

( Sect ion 2 . 3 . 5a)  was used except that metal salts were added 

at the indicat ed concentration .  The pH and volume of the 

assay mixture were kept constant ; the assay system ( 3  ml)  

c ontained 1 . 1  �g of enzyme ( spec ific  act iv i ty 9. 2 unit s/mg ) .  

The result s are expre s sed a s  percentage inhibit ion at two 

representat ive inhibitor concentrat ions . 

% Inhibit ion at inhibitor concn . of 
C ompounds tested 

0 . 1  mM 1 . 0 mM 

BaC 12 (1 65 

MgC12 8 50 

C aC 12 1 3  50 

NnC 12 4-0 57  

NiC 12 52 84-

C oC 12 57  

F eS04- 85 

NH4-F e  ( SO 4-) 2 4-1 

F ec 13 67 

CuC 12 71  

Z nC 12 86 

A 1C l3 4:8 

C dC 12 76 



F igure 6 . 20 Effe cts of metal  ions on the act ivity of 

urac il dehydrogenase 

Semilogarithmic plot of the perc entage inhibit ion of 

the enzyme act ivity aga inst the concentrat ion of the metal 

salts . The experimental conditions were de scribed as in 

the legend to T able 6 . 4 .  
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F igure. 6 . 21 Effec t s  of che lat ing agent s on the act ivity 

of uracil dehydrogenase 

The enzyme solut ion ( spec if ic activity 8 . 5  unit s/mg) 

was pre incubated with each of chelat ing agent s at pH 8 . 85 

and 0-4° C ( 23 �g of enzyme in a f inal v o lume of 1 ml in 0. 05 

M-T·r is-HC l , pH 8 . 85 ) . The concentration of each chelat ing 

agent in the pre incubation mixture is shown on the f igure 

or given below . A liquots ( 0 . 05 ml) of the mixture s  were 

t aken for the as say of enzyme at the t ime indicat ed and the 

standard enzyme assay ( Sect ion 2 . 3 . 5a) was used . Other 

chelat ing agent s te sted ( not shown on F igure ) were : 

ethylene diaminetetra�acetic ac id ( 1  mM) ; a , � -dipyridyl 

( 1  mM) ; 1 , 10-phenanthroline ( 1  mM ) ; t o luene 3 , 4-dithiol 

( 0 . 2  mM) and dimethylglyoxime ( 0 . 1  mM) . The se all gave 

r e sult s  similar t o  those of diethyldithiocarbamate or the 

· · control , the f irst t hree following more clo sely t o  the curve 

f o r  diethyldithiocarbamate .  
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TABLE 6 . 5  

EFFECTS OF MI SCELLANEOUS COJYlPOUNDS ON THE ACTIV ITY OF 

URA C IL DEHYDROGENASE 

The concentrat ion of each compound in the react ion 

mixture is shown in the table . The experimental condit ions 

were the same as de scribed in the legend to Table 6 . 4 .  The 

re sult s are expre ssed as percentage activity of the contro l 

( in normal standard enzyme as say without inhibitors added) 

at the indicated concentrat ions . 

C ompounds t e st ed Concn. 96 Act ivity relat ive 
( rruVJ) to the control 

C ontro l none added 100 

Iodoacetamide 1 . 00 102 

Iodoacetate 0 . 1 7 60 
0 . 34 0 

p-Chloromercurib enzoat e 0 . 1 7  0 

2-Mercaptoethanol 0 . 50 6 
1 . 00 4 

KSCN 1 . 00 90 
2 . 00 78 

KCN 0 . 01 20 
0 . 02 0 

H202 0 . 002 6 
0 . 004 0 

FAD 0 . 01 99 

FfVlN 0 . 01 90 
0 . 02 86 
0 . 03 73 

R iboflavin 0 . 01 30 
0 . 02 0 

K3F e ( CN ) 6 0 . 003 1 1 6  
0 . 01 0  1 21 
0 . 033 156 
0 . 1 66 156  
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condit ions used . 

6 . 1 0 St oichiometry of oxygen upt ake for thymine oxidation 

The uptake of oxygen for thymine oxidat ion had been 

studied , in vivo (Batt & Woods , 1 961 ) , u s ing a cell suspen-

s ion of Nocardia corall ina . The re sult s showed that approxi-

mately half a mole of mo lecular oxygen was taken up for each 

mole of thymine oxidise d .  The stoichiometry of . the react ion 

is shown in the following equat ion : 
0 

l_�HJ HN:):H3 
( 6 . 1 )  + i 02 

o�N 
H H 

thymine 5 -methylbarbituric ac id 

In the pre s ent studies ,  the sto ichiometry of oxygen 

upt ake for thymine oxidat ion with the purified uraci l  dehy-

drogena se was det ermined using an oxygen e lectrode . It was 

calibrat ed by the absolute calibrat ion method of Rob inson & 

Cooper , 1 970 ( as de scribed in Sect ion 2 . 3 . 5b)  immediat e ly 

before use . 

F igure 6 . 22 shows the recorder re sponse ( pen deflect ion) 

· ' on the addit ion of various amount s of NADH . Knowing the 

amount of NADH added and the pen deflect ion ( scale divis ions ) , 

�he �mo l of oxygen per scale divis ion could be calculat ed 

( Table 6 . 6) by u s ing the stoi�hiometry of the following 

reac t ion:  

+ NADH + H + � 02 ---� NAD+ H 0 + 2 ( 6 . 2) 

The recorder re sponse in term of �mol of oxygen/scale 

division ( calibrat ion constant ) varied with the amount of 

oxygen present in the reaction m ixture ( Table 6 . 6) . Change s 
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were reproduc ible showing a c onsist ent decreas e  in the cali-

brat ion constant with decreas ing oxygen concentrat ion , and 

it was possible t o  draw a calibrat ion curve relat ing f.LIDOl of 

oxygen/scale division to the pen posit ion on the chart 

( Figure 6 . 23 ) . T he uptake of oxygen �or thymine oxidat ion 

could be estimat ed by the use o� this calibrat ion curve . 

The uptake of oxygen by thymine in the presence of the 

purified uracil dehydrogenase is shown in Figure 6 . 24 .  The 

result s were calculated in t erms of moles  of oxygen/mole of thy

mine and are shown in Table 6 .  7 ,  and it was found that for each 

mole of thymine oxidised , 1 . 08 + 0 . 04 (8)  mol e s  of oxygen was 

consumed . This re sult is in agreement with the following 

react ion : 

0 
HN�H3 

O� NJ + 
H 

uracil H20 + 02 dehydrogenase> 

Addit ion of cat alase aft er the f inal thymine oxidat ion 

( Figure 6 . 24) caused the production o� 0 . 36 f.Lmo l  of oxygen , 

which was equivalent to 0 .  43 rpole o� oxygen per mole of t hy

mine . The theoret ical value for the two react ions ( 6 . 3 )  and ( 6 . 4), 

( 6 . 4) 

is  0 . 5  mole of 0A7gen per mole of t hymine . 

6 . 1 1  Anaerobic assay of urac il dehydrogenase act ivity 

During the oxidation of thymine in air , catalysed by 

uracil dehydrogenase and with methylene blue as an electron 

accept or , methylene blue was reducyd to leucomethylene blue 

which then reoxidised at a rat e wh�ch , in the steady state 



F igure 6 . 22 Calibration of the oxygen e l ectrode by serial 

addit ions of different amount s of NADH t o  the 

react ion vessel  

The reaction mixture cont ained 20 �g of PMS, BOO S igrna 

units ( 26 .  7 j.l.g) of · catalase .and 285 prnol of p't)_o sp�hate buffer, 

pH 7 . 4  in a total volume of 3 ml , at 25° C .  Addit ions of 

NADH are shown by arrows .  
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TABLE 6 . 6  

CALIBRATION OF THE OXYGEN ELECTRODE USING PHENAZ INE 

METHOSULPHATE AND LIMITING CONCENTRATIONS OF NADH 

( Data from F igure 6 . 22 )  

NADH Pen deflect ion · Pen posit ion on �mol of oxygen 
added a the chart at mid-

I 
( �mol) ( scale divisions) point of oxidat ion s cale division 

( scale divisions) 

0 . 1 78 5 . 9 3 . 0 0 . 0151  

6 . 0  8 . 9  0 . 0148 

6 . 5  15 . 2  0 . 01 37 

0 . 223 8 . 5  22 . 7  0 . 01 3 1  

8 . 8  3 1 . 3  0 . 0126 

0 . 268 1 1 . 4  41 . 4  0 . 01 17 

1 2 . 2  5 3 . 2  0 . 0109 

a the exact concentrat ion was determined spectrophotomet

r ically using E at 340 nm of 5 270 litre · mol-1 • cm -1 in 

g lycine-NaOH , pH 10 . 0  ( as spe c ified by the supplier of 

NADH : BDH ) . 
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TABLE 6. 7 

STO ICHIOI•TETRY OF OXYGEN UPTAKE FOR THYfVJINE OXIDATION 

( Data from Figure 6 . 24)  

Thymine 
added a 
( IJ.mOl)  

0 . 049 

0 . 098 

0 . 147 

0 . 196 

l"iean 

Standard 

Pen def lection 
( scale divis ions ) 

3 . 6  

3 . 4  

3 . 6  

7 . 2  

7 . 9 

1 3 . 5  

14 . 3  

1 9 . 7 

deviat ion 

prnol of oxygen/b mole of _ oxygen/ 
scale divis 1on mo le of thymine 

0 . 0153  1 . 124 

0 . 0149 1 . 034 

0 . 0145 1 . 065 

0 . 0140 1 . 029 

0 . 01 3 3  1 . 072 

0 . 0124 1 . 1 39 

0 . 01 14 1 . 109 

0 . 01 04 1 . 045 

1 . 080 

0 . 044 

a the conc entrat ion was determined spectrophotometrically 

using € at 270 nm of 6620 litre " mo l-1 · cm-1 ( Sect ion 2 . 3 . 4)  

b values were obt ained for the corre sponded pen posit ion on 

the chart ( from the calibrat ion curve , Figure 6 . 23 ) . 



Figure 6 . 23 Calibrat ion curve of the oxygen ele ctrode 

Experimental data are from T able 6 . 6 .  The micromoles of 

-oxygen/scale division are plotted against the pen posit ions 

on the chart . 
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F igure 6 . 24 

r 

Determinat ion of the stoichiometry of oxygen 

uptake for thymine oxidat ion 

The reaction mixture contained 0 . 1 25 ��ol of methylene 

blue , 1 50 �mol of Tris-HC l , pH 8 . 85 and 15 �g of enzyme ( spec-

ifi c  act ivity 1 0 . 2  unit s/mg) in a t otal assay volume of 3 ml 

at 25° C .  Addit ions of thymine indicated by arrows . Aft er 

_ the react ion for the last addition of thym�ne was comp leted , 

800 S igma units ( 26 . 7  �g) of catalase were added as shown 

in the f igure . 
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( Se ct ion 6 . 1 ) , was e qual to the rate of methylene blue 

reduction . In the abs ence of air , however , leucomethylene 

blue can not be reoxidised , and the oxidat ion of thymine 

cont inues only until the methylene blue is all reduced . 

In studie s performed with the standard enzyme assay 

mixture under anaerobi c  condit ions ( Sect ion 2 � 3 - 5a) , the 

absorbance change was l inear with time and the rate of 

thymine oxidat ion in the absence of oxygen was much lower 

( approximat ely 1096 ) than the rat e  in the pre sence of oxygen 

(F igure 6 . 25 ) . When air was admitted to the reaction 

cuvette while the anaerobic oxidat ion of thymine was still 

proc eeding , the rate  of thymine oxidat ion increased immed

iat e ly (Figure 6 . 25 ) . The re sult s indicate that oxidat ion 

of thymine by methylene blue - uracil dehydrogenase doe s  

not require oxygen but that oxygen increases the rate o f  

reaction • . The slow rat e o f  thymine oxidat ion observed 

under anaerobic condit ions , is not significant ly enhanc ed 

by the pre sence of methylene blue at concentrat ions in 

excess  of those pre sent in the standard enzyme assay 

mixture ( re sult not shown) . 



F igure 6 . 25 Absorbance change (at 270 nm) during aerobic 

and anaerobic oxidat ion of thymine 

A .  The standard enzyme assay condit ions were used 

( Se ct ion 2 . 3 . 5a) . The assay react ion mixture (3 ml)  contain

ed 0 . 74 �g of enzyme ( specif ic act ivity 8 . 6  units/mg) . The 

reactions were carried out aerobically . 

B .  Using the identical condit ions as in A except 

that the react ions were carried anaerob ically in a Thunberg · 

cuvette ( Sect ion 2 . 3 . 5a) . A ir was admitted to  the react ion 

cuvette as shown in the f igure . 
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6 .  '1 2  The oxidase act ivity of urac il dehydrogenase 

The act ivity o f  urac i l  dehydrogenase has b e en rout 

inely det erm ined with methylene blue as the e l e ct ron 

c arrier . The result shown in F igure 6 . 26 demonst rat e s  t hat 

pur ified urac il dehydrogena se 1s capable  of cat alyz ing the 

oxidat ion of thymine with oxyc;en in the ab sence of any added 

e l e ctron c arrier . In this exp er iment , an enzyme concentra

t ion '10 t imes  higher than in the rout ine enzyme a s s ay 

m ixture wa s used . The act ivity of the enzyme app arent ly 

r e sults in the format ion of 5 -me thylb arb ituri c  a c id as 

indicat �d by the sp e c t ral chang e s  which are s imilar to 

tho s e  seen in fue pre s e nc e  of methylene b lue (F igure 6 . 27 ) . 

The act ivity with oxygen is c alculat ed t o  be  approximat e ly 

'1/2000th of the rat e with methyl ene b lue . No spe ctral 

changes  were ob serve d in the ab s ence of enzyme ( re sult not 

shown) . 



F igure 6 . 26 U lt raviolet spectra of the reaction mixture 

during the aerobic oxidat ion of thymine by 

uracil dehydrogenase 

The assay mixture ( 3 . 0  ml)  contained 0 . 3  �mol of thymine , 

150 �mol of Tris-HC l , pH 8 . 85 and 0 . 1 64 unit s of uraci l  

dehydrogenase ( spec if ic act ivity 1 0 . 2  unit s/mg) and was 

incubated at 20° C .  The spectrum of the react ion mixture was 

re corded as indicated in the f igure ; a ,  zero t ime ; b ,  1 �  h ;  

and c ,  5 �  h .  
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F igure 6 . 27 Ultraviolet spectra of the react ion mixture 

during the aerobic oxidation of thymine by 

uraci l  dehydrogenase in the pre sence of methy-

lene b lue 

The standard as say mixture ( 3 . 0 ml) contained 0 . 3  pmol 

of thymine , 0. 075 pmol of methylene blue , · 1 50 f.Lrnol of Tr i s-HCl , 

pH 8 . 85 and 0 . 0 1 64 units of urac il dehydrogenase ( specif ic 

act ivity 1 0 . 2  unit s/mg) and was incubated at 25° 0 .  The 

reference tube c ontained Tris-HCl and methylene blue at the 

same conc entrat ions as the sample tube . The spectrum of the 

react ion mixture was recorded at the t imes indicated in the 

f igure . 
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CHAPTER 7 

DISCUSSION AND CONCLUSIONS 

7 . 1  Purificat ion of urac il dehydrogen�se 

Growth of the organism : 

1 90 

The growth yield of Nocardia corallina is low for t wo 

main reasons , namely ( a) the s low growth rate of the 

organism and ( b )  the low solub ility of thymine in the 

Growth medium ( Sect ion 3 . 1 ) . In the routine cult ivat ion 

of N . corallina , ce lls were grown for 20 h iq 1 5  flasks 

( 1  litre ) and approximately 10 g of wet cells were obt ained 

from 5 l itres of culture medium . When the organism was 

required for large-scale enzyme isolations , the batch cul

ture procedure was repeated daily , over a period of 1 0  

days , t o  yield about 100 g of cells . Scaling up growth of 

the organism in a F ermace ll fermenter ( New BrunswiCk Scien

t if ic Co . Inc . ) ,  under forced aerat ion and stirring at 30° C , 

in 20 l itres of the .culture medium was not very successful 

s ince the organism adhered to  the wall s  of the ve ssel above 

the level of the medium , even when ant ifoam was added .  

Preparat ion of cell-free extracts : 

The organism is  difficult to dis integrat e . Disrup

t ion · of cells by p as sage through a French pre s sure apparatus 

was selected as the rout ine method ( Section 3 . 2) .  The 

maximum yield of uracil dehydrogenase was obtained with a 

cell ·suspension at the opt imum dilution of 1 : 1 5  ( w/v) , 

and it required two passages of each cell susp ension through 

a manual operated pressure apparatus ,  to achieve this 

maximum yield.  
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Purification of urao,il ·dehydrogenase : 

Urac il dehydrogenase in most preparat ions of Qell-

fre e extracts was not very stable , losing half of it s init ial 

act ivity when stored at 0° G for 30 h. Neither 2-mercapto

ethanol ( 1mFi) nor ethylene diamine tetraacetat e  ( 1mN) had 

any apprec iable stab il izing effect on the enzyme during 

storage . The �ause of the instability of the enzyme is not 

wel l  understood . Treatment of the extract s with calc ium 

pho sphat e gel re sult s in purificat ion and an improvement 

in the stability of the enzyme and was therefore employed 

as the first step in the purificat ion procedure . The enzyme 

extracted from calc ium phosphate gel was rapidly concentrat ed 

by chromatography on a DEAE-ce llulose column . A lternatively , 

ultraf iltration could b e  used for concent ration result ing in 

a recovery o.r approximately 95% of the enzyme . A further 

4-fo ld purificat�on was ach ieved b y  ammon ium sulphate 

fract ionat ion and this was followed by gel filtrat ion through 

a c o lumn of Sepharose-4B which both desalted the enzyme and 

yie lded a small degree of purification . The spe c ific act ivity 

of most enzyme preparations from DEAE-Sephadex A-50 chroma

t ography did not increase . However , if this step �as omitted , 

the enzyme preparation obtained from the final step , 

Sephadex G-200 ge l f i ltration , showed addit ional , minor , 

enzymat ically-inact ive bands , on polyacrylamide gel ele ctro

phore sis . 

The purification procedure ( Sect ion 4 .  2 ,  Table £� . 1 )  

has been very reprodu c ible yie lding approximately 85-fold 

. purification in the specific activity with an 1 8% recovery 

of the init ial act ivity pre sent in the c ell-free extracts. 

It is  a rather more c omplex purificat ion procedure than 
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required for most enzyme s ,  and is  comparable with the 

purificat ion scheme for thymine 7-hydroxylase from Neuro-

spora crassa reported by Liu et al . ( '1 973 ) . 

Homogeneity : 

The purity of the enzyme preparation from the final 

step , Sephadex G-200 gel filtrat ion , was judged by several 

crit eria . The e lut ion p att ern of the enzyme (F igure 4 . 5 )  
from the Sephadex G-200 column gave a single protein p e ak 

which could be  superimposed on the act ivity p eak . The 

purified enzyme preparat ion when submitted to polyacrylamide 

gel e l e ctrophore sis ( Sect ion 4 . 3 )  yielded only one major  

band and two s low-moving minor prot ein bands which were all 

enzymat ically act ive . The minor protein bands account for 

no more than 2 to  5% of the t otal prot ein .  Furthermore , a 

high degre e of purity was indicat ed by the absence of leucine , 

an amino acid found in most prot e ins . Calculat ions based on 

the recovery of act ivity and the 85-fold increase in specific  

act ivity indicated that the enzyme may repre sent as  much as  

'1 . 2% of  the total prot e in in the  init ial c e ll-free ext ract s. 

7 . 2  Structure of urac il dehydrogenase 

Molecular we ight : 

The molecular we ight of uracil dehydrogenase was 

det ermined by two independent methods ( Sect ion 5 . '1 ) . Using 

the method of gel filtrat ion on Sephadex G-200 , an approxi-
\ 

mat e molecular we ight of 300 000 was obtained.  As shown in 

F igu�e 5 . '1 , the enzyme was e lut ed from the column at the 

lower part of the calibrat ion curve ext ending beyond the 

linear calibrat ion range . A value of 10% for the uncertainty 

in the molecular weight det ermination would seem to approp-
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riat e . A more accurat e re sult might have been obt ained by 

including appropriate reference pro t e ins ranging between 

250 000 and 500 000 . One of the most accurat e procedur e s for 

det ermining the molecular weight of prot e ins i s  by sedimen

tat ion equilibrium ultracentrifugat ion , although this method 

doe s require a value of the part ial specific volume , v ,  of 

the prot ein .  In the pre sent work t h e  apparent spe c ific  

volume of uracil  dehydrogenase has been calculated from it s 

amino acid comp o s ition ( Section 5 . 3 ) , and this has been used 

in the calculat ions for the sedimentat ion equilibrium experi

ment s . Using this approach , a molecular we ight of 298 000 

has been det ermined for uracil dehydrogenase , and this value 

was used where required throughout the thes is . 

Subunit structure : 

Polyacrylamide gel electrophore sis of urac il dehydro

genase in the presence of the powerful denaturing agent SDS , 

indicat ed that the enzyme is composed of three ,dist inct 

subunit s ( Sect ion 5 . 2) . The mob ility of polypept ides  in SDS

polyacrylainide gels  is prop ort ional to the logarithm of the ir 

molecular weight s and by including appropriat e standards it 

was det ermined that the uracil dehydrogenase subunit s p o s s e s s  

mole cular we ight s of 9 2  000 , 36 000 and 2 1  000 . From a scan 

of the stained gel  it seemed likely that these  polypept ides 

were pre sent in the native molecule in an equimolar rat io .  

By c omparison with the molecular weight of the enzyme , as 

determined by the sedimentat ion e quilibrium analysis , it is 

suggested that the nat ive mole cule cont ains two e ach of the 

three  dissimilar polypept ide s .· 

When urac il dehydrogenase is fract ionated by poly-
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acrylmnide gel e l ectrophore sis in the absence of detergent s , 

some enzymatically act ive minor bands are observed and the se 

are thought to corre spond to oligomers of the enzyme . 

Consist ent with this interpretation i s  the observation that 

the prote in corresponding to  these minor bands posse ss  

identical subunit structure , as  det ermined by SDS-polyacryl

amide gel electrophore sis , to  the major protein band . One 

puz z l ing aspect of this finding was that both the major and 

minor bands gave rise t o  a polyp ept ide of molecular we ight 

71 000 , in addit ion to the expected polypept ide s of mo le cular 

weight s 92 000 , 36 000 and 21 000 . The most likely exp lan

at ion of this re sult is that the addit ional polypeptide is  

·the result of proteolyt ic cleavage of the polypeptide of 

mol e cular we ight 92 000 . The other additional polypept ide , 

with a molecular weight of 21 000 , which would be exp e ct ed 

from this explanation , ( a) may have been removed during the 

initial acrylamide gel fract ionation of the native mole cule , 

( b )  it may be pre sent in the SDS-p olyacrylamide gel , but 

undete ct ed ( it has a predict ed molecular we ight ident ical 

to the smallest subunit of uracil dehydrogenase ) , or ( c )  it 

may have been further degraded to smaller polypept ide s .  

Certainly , the pr'oblems associated with pro teases , which 

may be  present as minor conta�inants ,  or may repre sent an 

inherent property of the enzyme be ing studied , can comp li

cat e  analyses based on SDS-polyacrylamide gel electrophores i s  

(Weber et al . , 1 972) . 

Amino acid comp o s it ion : 

No previous study of the amino acid composit ion of 

uracil dehydrogenase has been published . The present r e sult 

(Table  5 . 1 )  shows that the amino acid composit ion of the 
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purified enzyme is characteriz ed by a high cont ent of 

cystine ( half)  residue ( 1 6 . 6% of total re sidue )  and an 

ab sence of leucine . By contrast , Bray et al . ( 1 965 ) report ed 

that a highly purified milk xanthine oxidase , which is  a 

nonheme iron flavoprot e in ,  contained '1 . 5% of cyst ine ( half) 

and 8 . 7% of leuc ine . The apparent spec ific volume , v ,  of  

uracil dehydrogenase has been calculat ed from the amino 

acid composition ( Se ction 5 . 3 ) giving a value of 0 . 70 ml/g . 

This value is lower than v values for the majority of 

proteins , which fall in the range 0 . ?2 to 0. 74 ml/g (Ede l s t e in 

& Schachman , 1 973 ) , and reflects , in addit ion to the high 

cont ent of cystine , large amounts of glutamic ac id ( 10 . '1% 

of total residue ) ,  aspart ic acid ( 8 . 4% )  and glycine ( 8 . 7% ) , 

all of which have low spe c ific  volumes .  

Jvletal c ontent : 

I•1et al analysis by atomic absorpt ion spectrophoto-

metry showed that the enzyme is an iron metalloenzyme , and 

the iron content based on the molecular we ight of the enzyme 

of 298 000 was calculated to be four atoms of iron per mole 

of prot e in (Table 5 . 5 ) . Since exhaust ive dialysis of the  

enzyme against iron chelat ing agent s did not cause any loss  

of  iron or inhibitioR of enzyme act ivity , the iron must be  

bound very tightly t o  the  protein and is pre sumably e s s en

t ial for enzyme act ivity . Since only one det erminat ion 

could be made for molybdenum , because  of the limited supply 

of the purified enzyme , the presence of molybdenum is s t ill 

doubtful . In addit ion to the pre senc e  of iron ; z inc , 

magnes ium and copper were present in all three enzyme pre

parat ions which were t e sted . However , aft er dialysis 

against chelat ing agent s , these latter ions were pre sent at 



considerably less than molar amount s and apparent ly are 

unre lated to enz yme act ivity . 
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R a j agopalan & Handler ( 1 964)  demonstrated with three  

iron cont aining flavoprot e ins ( rabbit liver aldehyde oxidase , 

milk xanthine oxidase , and Zymobact erium orot icum dihydro

orotic acid dehydrogenase ) , a direct proportionality between 

the absorbance at 550 nm ,  where flavins exhibit no absor

bance ,  and the nonheme iron cont ent . From the absorbanc e 

at 550 nm (F i�ure 5 . 7)  of urac il dehydrogenase , and the 

molar extinction coeff icient of 2900 litre · mol-1 · cm-1 for 

iron flavoprote ins (Raj agopalan & Handler , 1 968 ) , it was 

calculat ed that 3 . 9  atoms of iron were pre sent per mole of 

enzyme ( molecular we ight 298 000 ) . This value is in 

excellent agreement w&th the value obtained from the atomic 

absorpt ion spectrophotometric analyse s .  

Lab ile sulphide cont ent : 

The re sult s in Sect ion 5 . 8 showed that urac il dehy

drogenase contains approximat ely 4 atoms of labile sulphide 

per mole of the enzyme . The se  re sults show that uracil 

dehydrogenase contains equimolar amounts of nonheme iron 

and lab ile sulphide . Similar observations have been made 

for other nonheme iron flavoprot e ins , including p ig l iver 

xanthine oxidase , bovine milk xanthine oxidas e  and dihydro

orot ic dehydrogenase from � - orot icum (Brumby et al . , 1 965 } , 

chicken liver xanthine dehydrogenase (Rajagopalan & Handler , 

1 968) , and glutamate synthase from E scherichia coli ( M iller 

& Stadtman , 1 972) . ( 
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Spectral characteristics : 

Sp e ctral analyses of uracil dehydrogenase  indicat ed 

that the enzyme is  a nonheme iron flavoprotein ( Sect ion 5 . 4) . 

The flavin pro sthet ic group was identified as FAD by three 

different methods : name ly , paper chromatography , increase 

in fluorescence by snake venom phosphodiesterase , and 

act ivat ion of the D-amino-acid oxidase apoenzyme ( Sect ion 

5 . 5 ) . 

The ultravio let absorption spe ctrum of the enzyme 

(F igure 5 . 6) gave an A280;A260 rat io of 1 . 1 6 ,  which ref lects 

the strong absorption of FAD at 260 nm ,  with a m illimolar 

ext inct ion coefficient of 37 . 0 litre · mol-1 · cm-1 ( Whitby , 

1 953 ) . F or a typ ical prote in ,  crystalline eno lase , the 

rat io A280;A260 e quals 1 . 75 (Warburg & Christian , 1 9L�1 ) .  

The visible and near ultraviolet absorption spectrum 

of urac i l  dehydrogenase (F igure 5 . 7) is typical of an iron 

flavoprot e in.  FAD and FHN exhib it an A375;A450 ratio of 

0 . 82 and 0 . 85 ,  r e sp e ctively ( Whitby , 1 953) , and , in general � 
the se ab sorption characteristics are indicat ive of flavo-

proteins . However , uraci.l d�hydrogenase has an A375; A450 
rat io of 1 . 18 ,  which is significantly different from the 

absorpt ion characteristics of most flavoprote ins and 

reflects a contribut ion from the iron chromophore . The 

absorbance of simple flavoprot eins which appe ar to include 

no metal component , sue� as D-amino-acid oxidas e  ( Massey 

et al . , 1 961 ) , and L-lactate oxidase  ( Sullivan , 1 968) , in 
- - . 

the region of 450 nm , is directly proport ional to  the flavin 

cont ent . By contrast , nonheme iron flavoprot e ins such as 

xanthine oxidases  from calf liver and milk ( Kiel ley , 1 955 ; 

Rajagopalan & Handler , 1 964) , rabbit liver aldehyde oxidase 
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(Rajagopalan et al . ,  1 962) , and xanthine dehydrogenas e s  from 

chicken liver and C lostridium cylindrosporum (Remy et al . , 

1 955 ; Bradshaw & Barker , 1 960) give similar spectra showing 

significant absorpt ion in the 550 nm region and a great er 

absorb ance in the 450 nm region than that expected from their 

flavin content s . Rajagopalan & Handler ( 1 968) reported the 

exp e ct ed rat ios of the absorbance at 450 nm and 550 nm for 

different iron-t o-flavin ratio s , based on the molar extinc

tion coefficient of 1 1 300 litre · mo l-1 · cm-1 for flavin at 

450 nm , and approximat e ly 5 900 and 2900 litre · mol-1 · cm-1 at 

450 nm and 550 nrn ,  respectively , for iron .  Urac il dehydro

genase has an A450;A550 rat io of 3 ,  and is therefore compar

able t o  that of bovi_�e milk xanthine oxidase ,  rabbit 

aldehyde oxidase (Rajagopalan & Handler , 1 964) and xanthine 

dehydrogenases from chicken liver and Micrococcus lactilyt

icus (Aleman et al . , 1 965 ) which have nonheme iron to flavin 

rat io s  of 4 to 1 .  Spe ctral analyse s were made to  obtain the 

calculated difference spectrum ( enzyme minus FAD) of uracil · 

dehydrogenase ( Se ct ion 5 . 4) . There is a similarity between 

the uracil dehydrogenase difference spectrum , charact erized 

by p e aks at approximate ly 470 nm and 420 nm with a shoulder 

at 320 nm (Figure 5 . 9) , and the difference spectra of rabbit 

liver aldehyde oxidase , and milk xanthine oxidase (Rajago

palan & Handler , 1 964) . The se characterist ic absorbance 

peaks reflect the amount and nature of the protein-bound iron 

(Raj agopalan & Handler , 1 964) . However , the difference 

spectrum of urac il dehydrogenase �hows a three banded-p e ak 

in the region 400 nm to  500 nm with the addit ional peak at 

approximately 435 nm .  The latter p e ak is thought to  b e  due 

to the differenc e in the absorption spectrum of prote in-



bound flavin of uracil dehydrogenase  compared with fre e  

flavin . Free FAD in aqueous solut ion at pH 7 . 0  has a 

vis ible spectrum with peaks at 375 nm and 450 nm (Whitby , 

1 953 ) , whereas for mo st flavoprote ins , these peaks are 

shifted by a small , but varying degree (Palmer & Massey , 

1 968) . 

FAD cont ent : 

F rom spectral analysis it was e st imat ed that there 

was one mole of FAD per mole of urac il dehydro�enase 

( Sect ion 5 . 6) . By contrast , fluorometric analysis gave a 
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value of 0 . 25 mo le of FAD per mole of the enzyme . The lower 

value obtained from fluorometric analysis was possibly due 

to FAD being not quantitatively re leased from the apoenzyme 

under the condit ions of extraction used ( 10% trichloroacetic 

acid , 4° C �  15 min ) . In most flavoproteins , e . g . , milk 

xanthine oxidase and rabbit liver aldehyde oxidase (Raj ago

palan & Handler , 1 964) and glutamate synthase from 

Escherichia coli (Miller & Stadtman , 1 972) , FAD or FMN are 

he ld by noncovalent linkages and are completely released by 

heat ing or denaturation \vith acids . By contrast , the flavin 

· ·  pro sthetic group o f  enzymes ,  such a s  succinic dehydrogenase 

from aerobic yeast or mammalian mitochondria (Singer et  al . , 

1 957 ; Kearney , 1 960) , sarcosine dehydrogenase  and dimethyl

glycine  dehydrogenase from mitochondria of rat liver (Frisell 

& Mackenzie , 1 962) and monoamine oxidase of bovine kidney 

mit o chondria (Erwin & Hellerman , 1 967 ) are held by covalent 

bonds t o  the pept ide chain and . only liberat ed aft er pro

longed proteolyt ic digestion. The covalently bound-FAD of · 

' 

succinic dehydrogenase was first isolated as a pure flavin 
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p eptide in � 960 by Kearney . D etails concerning this t ightly 

bound flavin can be found in reviews by Singer et al . ( � 95 7 )  

and B einert ( � 960) and recent studie s  have b e e n  describ e d  

b y  Singer e t  al . ( � 97� ) , Singer & Edmonson ( 1 974)  ·, and 

Singer & Kenney ( � 974) . 

Fre e FAD is re leased from the enzyme aft er denatur

at ion of the protein by heat ing since the flavin from uracil  

dehydrogenase was shown to be  capable of act ivating the 

D-amino-acid oxidase apoenzyme ( Sect ion 5 . 5 . 3 ) . Unfortunate ly 

t he rat e of release of FAD from uracil dehydrogenase has 

not been examined .  Therefore it is not possible to dist in-

guish betwe en the enzyme containing one or two types of 

bound FAD . If one type of bound FAD is pre sent then it is 

released very slowly . If two types  of FAD are pre sent , in 

the rat io of � : 3 ,  then the latter type is very t ightly 

bound and resistant to release by acid or heat treatment . 

Irre spect ive of the exact nature of the bound FAD , it is 

concluded from the spectral analysis that the�e is one mole 

of FAD per mole of uracil dehydrogena�e . 

7 . 3  Propert ies of uracil dehydrogenase 

The enzyme appears to have a high substrat e specificity 

with only thymine , uracil and 5-subst itut ed urac ils serving 

as substrat es ( Se ct ion 6 . 5 ) . All : compounds t e sted which 

differed from uracil  in subst itutions at posit ion � ,  2 ,  4 ,  

or 6 were inactive , as also were the 5 , 6-dihydro-pyrimidine s 

( T able 6 . 1 ) . 

The Km value s for thymine and uracil have been shown 

to be 1 . 08x1o-4 M and 4. 0x1 o-4 M ,  respectively ( T able 6 . 3 ) . 
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The se values are approximate ly three t ime s greater than the 

c orresponding values of � - 35x10-4 M and 1 . 31x10-4 M reported 

by  Hayaishi & Kornberg ( 1 952)  for  a 2 . 5-fold purified 

uracil-thymine oxidase from a Mycobact erium sp . If thymine 

and uracil  bind t o  identical sit e s  on the enzyme then corn-

p et ition between the two substrates  should re sult in an 

apparent increase in the K for both pyrimidine s .  When the m 

apparent Km for thymine was determined in the presence of 

uracil ( Sect ion 6 . 8  ) a value of 0 . 86x10-4 M was obtained , 

which i s  less than the Km determined in the absence of the 

c ompetitor .  One int erpret at ion of this re sult is that 

urac il and thymine bind to non-ident ic·al sit e s  and that the 

b inding of urac i l  enhance s  the b inding of thymine . However , 

because of the problems assoc iated w{th obtaining spectral 

analyse s when both substrate s  are present ( Sect ion 2 . 3 . 4) ,  

further studies are required to clarify this p o int . 

The effe ct of a variety of compounds on the activity 

of uraci l  dehydrogenase was investigat ed ( Se ct iorr 6 . 9) . The , 

enzyme was inhib ited to various degree s  by all the met al 

ions t e sted ( Table 6 . 4) and chelat ing agent s generally 

stabilized the enzyme during storage (Figure 6 . 21 ) . An 

except ion was 8-hydroxyquinoline , it s pre senc e during 

enzyme storage resulting in a signif icant loss  in enzyme 

act ivity.  The thiol reagent s ,  p-chloromercuribenzoate  and 

iodoac etate , inhib ited the enzyme (Table 6 . 5 )  suggest ing 

that an essent ial reactive thiol group is pre sent . A 

s imilar sensit iv�ty to p-chloromercuribenzoat e  is exhib ited 

by xanthine oxidase from milk and chicken liver 0·1ackler 

et al . , 1 954 ; and Daisy e t  .Q1 . , 1 955 ) . 

Urac il dehydrogenase , l ike many other metalloflnvo-
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proteins (Rajagopalan & Handler , 1 968 ) , can ut ilize  a wide 

variety of electron acceptors (Table 6 . 2) . Among the natural 

e le ctron acceptors ,  cytochrome c ,  but not NAD or NADP , was 

f ound to act satisfactorily . The purified enzyme is also 

c apable of react ing with oxygen in the absence of any added 

e lectron acceptor , although the rate is only 1/2000th that 

obt ained with methylene blue under aerobic condit ions ( Section 

6 . 1 2 ) . This is the f irst demonstrat ion of such an aerobic 

dehydrogenase act ivity for uracil dehydrogenase and contrast s 

with previous account s for ' uracil oxidase ' from a Bact erium 

sp . (VJang & Lampen , 1 952b) , ' urac il-thymine oxidase ' from a 

Mycobacterium sp . ( Hayaishi & Kornberg , 1 952) , and enzyme 

e xtract s from No cardia corallina ( Lara , 1 952b ) . In the se  

c ases ne ither the  uptake of  oxygen nor the removal of sub

strate was reported t o  occur when thymine or uracil was incu

b ated with enzyme in the pres ence of oxygen alone . Remy 

e t  al . ( 1 95 1  and 1 955 ) have reported that xanthine dehydro

genase from chicken t issues , which cat alyses the oxidat ion 

of xanthine or hypoxanthine , exhibit s aerobic act ivity of 

o nly about 1% of that in the presence of methylene blue . By 

convent ion such oxidoreductas e s , like uracil dehydrogenase , 

are kno\vn as dehydrogenases and not oxidase s .  

The rate of thym�ne oxidation , by uracil dehydrogenase , 

in the pre sence of methylene b lue i s  markedly decreased by 

the absence of' oxygen (F igure 6 . 25 ) . This decrease in the · 

rate . does not appear to be s imply a reflection o f  the deple

t ion of methylene blue . It has been report ed by H andler 

et  al . ( 1 964) for a group of nonheme iron flavoprote ins 

( bovine milk xanthine oxidase , rabbit l iver aldehyde oxidase , 

and dihydroorot ic ac id dehydrogenase from Zymobact erium 

orot icum) , that reduction of oxygen o ccurs re sult ing in the 
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format ion of the superoxide radical , 02- .  McCord & Frido

vich ( � 969) reported that in the aerobic oxidat ion of xan

thine by milk xanthine oxidase , 02- is generat ed and is the 

actual reductant of cytochrome C .  In the ir lat er· studies  

( � 970) using chicken xanthine dehydrogenase ,  these  authors 

demonstrat ed the production of 02- in the pre sence of methy

lene blue . Massey et al . ( 1 969) demonstrated many flavo

prot ein oxidases do not produc e significant amount s of 02- ,  

whereas the f lavoprot e in dehydrogenases do . The l ike ly 

p o s s ibility that 02- is produced in the aerobic oxidation 

of thymine by methylene blue-uracil dehydrogenase has not 

been examined in the pre sent inve st igat ion. 

It has been demonstrated with cell-free extract s ( Wang 

& Lampen , 1 952b ; and Lara , 1 95 2b)  and in vivo (Batt & \rJoods , 

1 96� ) that the oxidation of thymine or uracil results in 

the consumpt ion of 0 . 5  mole of oxygen per mole  of pyrimidine . 
� 

By contrast , purified uracil dehydrogenase consumes 1 mole 

of oxygen p er mol e  of thymine ( Section 6 . 10) . It i s  sugge s

t ed that this discrepancy is due to  the presenc e  of cat alase 

in cell-free extract s  or in vivo , which releases  half of the 

consumed oxygen by the decomp o s ition of hydrogen p eroxide 

produced during the react ion. By analogy to the oxidat ion 

of xanthine by xanthine oxidase (Aleman et al . , � 965 ) , it 

may be as sumed that during the oxidat ion of thymine cat aly-

sed by uracil dehydrogenase ,  the pxygen atom introduced 

int o the substrate molecule arises  from wat er .  Po s sibly 

through the intermediate formation of a superoxide radical , 

oxygen is reduced by uracil dehydrogenase to hydrogen p er

oxide . The stoichiometry of the reaction is given in 

equation 6 . 3  
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Metalloflavoprot e ins include some of the most comp lex 

of all known enzymes .  In this invest igat ion , such a prote in , 

urac il dehydrogenase , has been purified from Nocardia 

corallina and it s basic structural feature s have been 

charact erised.  Some feature s of the enzymic reaction have 

been studied , but clearly much remains to be done . F ie lds 

for future study include the nature of act ive sit e , a 

det ailed analys i s  of the role played by iron-sulphur , FAD , 

. and oxygen in the electron transfer scheme , and the ident

ificat ion of the in vivo e lectron transport syst em . 
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