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PREFACE 

The investigations reported in this thesis may be 

divided into two broad classifications, namely 

le Purification and properties of ribonucleoside 

triphosphate reductase. 

2. Purification and properties of thioredoxin 

and thioredoxin reductase . 

Chapter I contains background introductions to the 

above top ics and includes a discussion on allosterism 

on the basis of currently proposed models which exp lain 

the phenomenon of multireactant kinetics Methods are 

discussed whereby these various mechanisms may be 

differentiated . Chapter II describes the final 

purification of ribonucleotide reductase to electro­

phoretic homogeneity by the use of a new discontin­

uous buffer system developed for the pur pose. The 

investigation of the properties of this electrophoret­

ically homogeneous material is described in Chapter 

III . Chapter IV records the purification and propert­

ies of thioredoxin and thioredoxin reductase ~ 
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FIG. I.l. Ribonucleotide reduction. 

The react ion proceeds without cleavage of the 

glycosidic bond or any of the phosphate linkages. 
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CHAPTER I 

INTRODQCTION 

Ribonucleotide reduction. The synthesis of deoxy­

nucleotides from ribonucleotides or ribonucleo$ides 

WqS demonstrated by the in vivo incorporation of labeled 

ribonucleosides into cellular DNA of rat tissues 

(Harnrnarsten et al., 1950). Rose and Schweigert (1953) 

were able to demonstrate such incorpoEation into the 

DNA of Lactobacillus leichrnannii 313 and rat tissues 

without cleavage of the glycosidic bond. Subsequently, 

Larsson and Neilands (1966) showed that ribonucleotide 

reduction is the exclusive biosynthetic pathway for 

deo~yribonucleic acids in regenerating rat liver . These 

in vivo . observations have been confirmed by the isolat-- --
ion of enzymes from several sources which catalyse the 

reaction shown in Fig. I.l. 

One of the most extensively investigated ribo­

nucleotide reductase systems is that isolated from 

E~ch~richia coli B by Reichard and his colleagues. The 

reaction coupling the reduction of CDP to dCDP with 

NADPH involves the participation of four prote i ns 

(Fig. I.2). These are thioredoxin (Laurent et al., --
1964), thioredoxin reductase (Moore et al., 1964), and 

proteins B1 and B2 , all of which have been highly 

1 



I 

,: 

[I 

11 

purified (Holmgren et al., 1965; . Brown et al., 1967, 

19 6 8) . The latter two proteins have values of S 20 ,w 

of 7.8 Sand 5.5 s, respectively. 

The molecular weight of the B2 subunit has been 

estimated as 82,000, whilst that of B1 has not been 

so definitely established . Neither of these proteins 

2 • 

is active alone, but together, in the presence of 0.01 M 

2+ . Mg , they form the active complex which has been 

characterised in the ultracentrifuge with an S of 20 ,w 

8.8 S, Preliminary binding studies, performed on the 

separated subunits by the method of Hununel and Dreyer 

(1~62) indicate that the nucleotide modifiers bind to 

the protein B1 • Brown et al. (1967) have concluded 

that the ribonucleotide reductase of E.coli is anal­

ogous to aspartate transcarbamylase from the same 

organism characterised by Gerhart and Schachman (1965) 

in that the reductase ~ontains non identical regulat­

ory and catalytic subunits. However, no definite 

measurements of binding of substrate to either subunit 

in the presence or absence of modifiers has been 

demonstrated for this enzyme. 

Kinetic investigation of the purified reductase 

indiqates that all ribonucleoside diphosphates can be 

reduced by the one system. Various nucleotides act as 

1 
' 
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activators or inhibitors of the reduction. rn · view of 

the high concentration of Mg
2+ present, the nucleotides 

presumably act as the magnesium complexes. dTTP and 

dATP activate and inhibit, respectively, the reduction 

of all four of the nucleoside diphosphates, dGTP 

stimulates the reduction of the purine diphosphates, 

while ATP activates for pyrimidine-diphosphate reduction. 

dCTP - is - slightly stimulatory _for GT~ reduction (see 

Fig. I. 3) . 

It has been clearly demonstrated that the E. coli 

reductase is independent of 5'-dA-cobalamin or other 

cobalt-containing coenzymes. Brown et al. (1968) have 

shown that protein B2 contains about 2 moles of non 

haeme .iron per 82,000 molecular weight unit. The re­

quirement for this prosthetic group, suggests that it 

ma y fill a s imilar pos i tion in the hydrogen transfer 

chain to that of 5'-dA-cobalamin, in the case of the 

enzyme system isolated from L. leichmanni_i. 

Of the mammalian systems known to catalyse the 

r eduction of ribonucleotides, the best characterised 

is the ribonucleoside diphosphate reductase found in 

cell-free extracts of the ascites form of Novikoff 

rat hepatoma (Moore and Reichard, 1964; Moore and 

Hurlbert, 1966). In general, this system bears many 

I 
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similarities to that isolated from E. coli, both in 

substrate specificity and in me t al requirements. It 

should be noted that the present knowledge of this 

enzyme is so far based only on a partly purified 

system~ Although the requirement for Fe
3+ was first 

demonstrated in this system (Moore and Reichar d, 1964), 

the complexity and the low degre e of purity rendered 

evaluation difficult . The hydrogen donor has been 

identified as NADPH mediated by thioredoxin and 

thioredoxin reductase (Moore, 1967) . 

Cobamide-dependent ribonucleotide reduction in 

Lactobacillus leichmannii .. The first indications that 

cyanocobalamin, or a derivative, was involved in ribo­

nucleotide reduction in this organism were provided by 

t he nutrit i onal studi es of Kitay et al. (1950) and 

Shive ~ -al. (1951), who replaced vitamin B12 with deoxy­

ribonucleotides as an essential growth factor. Downing 

and Schweigert (1956) demonstrated that addition of the 

vitamin to growing cultures of L. leichmannii supplied 

with uniformly labeled thymidine- 14c caused significant 

dilution of the label incorporated into the bacterial 

DNA. Guanosine- 14c could be incorporated into the DNA 

of the cell only in the presence of vitamin B12 (Manson, 

1960), and the preliminary studies of Dinning and Spell 

1 . 
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(1959) on the vitamin dependence for the incor poration 

of ribose-1- 14c into t he DNA was confirmed by Blakley 

and Barker (1964 ) , who definitely established the 

presence of a cobamide-dependent ribonucleotide reduct­

ase in cell-free extracts of this organism. Subsequent 

purification of this enzyme has been followed by exam­

ination o f i t s specifi c r equirements with regard to 

hydrogen donor, cobami de coenzymes, nucleotide substrates 

and modifiers 0 As discussed later, the physiological 

hydrogen donor for the system is reduced thioredoxin 

(Orr, and Vitals, 1966), but . the thioredoxin system 

isolated from E ~ coli B (Laurent et al., 1964; Vitols 

and Blakley, 1965) and the model hydrogen donor, 

reduced lipoic acid (Blakley, 1965) have been used in 

many of the in vitro studies Q 

5'-dA-Cobalamin has been used for the majority 

of the in vitro studies, but with 2 mM GTP as substrate, 

a-(benzimidazolyl)-5'-deoxyadenosylcobamide has the same 

- 7 apparent Km (8 x 10 M; Vitols et al~, 1967a). 

a-(Adenosyl)-5'-deoxyadenosylc obamide is less active 

-6 (apparent Km 2~8 x 10 M) . 2w,5'-Dideoxyadenosyl-

cobalamin, although slightly active itself, acts as a 

competitive inhibitor in the presence of 5'-dA-

cobalamin The absolute requirement of a cobamide-

coenzyme for ribonucleotide reduction cannot be re-



placed by cyano-, hydr oxo- or methylcobalami n . 

Nucleoside t r iphosphates are the s ubstrates of 

the reaction (Blakley et ale, 1965 ). The rate of re­

duction of the var iou s nucleotides i s a f unction of 

the hydrogen donor and ioni c str e ngth u s e d 0 Wi th 

E.coli t h i oredox i n as t h e hydr ogen donor a nd Om2 M 

potassium phosphat e , p H 7n 5, dPcreasing activi ty is 

observed, GTP > CTP > ATP > UTP > I TP (Vitals et al., 

1967a). However , when assayed with reduc ed lipoate 

in the presence of 1 M sodium acetate, maximum activity 

is shown by GTP followed by ITP, ATP, CTP and UTP 

(Blakley, 1966a). The effect of various deoxynucleo­

side triphosphates on the reduction of ribonucleotides 

by reduced thioredoxin is shown in Table I.l. 

6. 

Hydrogen donor specificity of ribonuc leotide 

reductases. Purification of the E. coli r ibonucleoside 

diphosphate reductase by Reichard and his colleagues 

lead to the discovery of t he two pr o t ein system which 

provides the coupling of NADPH to ribonucleotide 

reduction . This system c omprises thior edox i n (Laur ent 

et al e , 1964), a small protein (mol ~ wt. 12,000 ) , which 

contains only two half-cystine residues. These residues 

are capable of reduction by NADPH in the presence of 

a specific flavoprotein, thior edoxin reductase (Moore 

et al , 1964) " - Reduc ed thioredoxin is the physiological 



-=- -· . ,_ -· •. - ...: .: -~---

TABLE I.l,. Ribonucleotide · reduction by the · enzyme · isolated from 

L. leichmannii in presence and absence of deoxyribonucleotides 

Results are expressed as percentages of the rate of GTP reduction under 

assay conditions with 4 µM DBC coenzyme, 7 µM thioredoxin, 18 µg thioredoxin 

reductase and 20 µg of ribonucleotide .reductase in 0.2 M. Phosphate buffer, 

pH 7.5. 

Substrate 
1 mM 

GTP 

ATP 

CTP 

UTP 

ITP 

None 

100 

20 

36 

14 

6 

Deoxyribonucleotide added (1 mM) 

dGTP I dATP I dCTP 

86 

103 

41 

23 

5 

104 

15 

102 

14 

6 

92 

15 

31 

37 

7 

Adop t ed f r om Vita l s et als (1967a ) s 

-- - - - -

dTTP 

96 

17 

32 

17 

38 

I 
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hydrogen donor for ribonucleotide reduction. Both of 

these proteins have been extensiv ely studied (c.fe 

Holmgren f 1968; Thelander, 1968). 

Dihydrolipoate and other dithiols capable of 

cyclic oxidation are effective as the hydrogen donor 

for the r e action . The demons tration that reduced 

thioredox i n isolated from Eo coli could be used in the 

reaction with an apparent K of 4 x 10-6 M (c.f. 
m 

K 1.0 x 10- 2 M for reduced lipoate), suggested that a 
m 

similar system was present in L~ leichmannii (Vitals - - ~-

7. 

and Blakley, 1965). This prediction has been verified 

by the isolation of thioredoxin and thioredoxin reduct­

ase from this organism (Orr and Vitols 1 1966) and the 

preparation of these components will be described. 

Other cobamide-c oenzyme dependent ribonucleotide 
_ RCXZ ~ - tE.;L..Z!DX :.-3.S •• ;:&AIW :X..Z C $¥2(\ SX:S: :CS. 

reductase. Recently Cowles and Evans (1968) have 

described the isolation and partial purification of 

ribonucleotide reductase from Rhizobium meliloti 

and have characterised some of its propertiese No 

data is yet available on the structure of the enzyme, 

but it appears to bear some similarities to the system 

isolated from L~ leichmannii. The preferred cobamide 

is 5'-dA-cobalamin, but although direct comparison 

of the conditions is not possible, the apparent K for 
m 



this enzyme (K = 5$5 x 10-6 M) appear s to be h i gher 
m 

than that reported for the L 0 leichmannii reductase 

(8e8 x 10- 7 M) a Substrate i nhibition occurs at high 

levels but 2 mM GTP provi ded max i mal reduction ® The 

rates of reduction of other nucleoside triphosphates 

isf however , lower than f or the corresponding diphos­

phateo Further clarification of the substrate 

specificity awaits greater purity of the isolated 

protein o Cowles and Ev ans (1 968 ) have reported the 

unpublished observations of Wong, that a thioredoxin 

system has been isolated from this organism~ 

Table I G2 provides a summary of the ribonucleotide 

reductases which have been isolated and partially 

purified. 

Allos t erisms Regulation of enzymic r eactions by 

the specific action of end products of a reaction 

sequence were clearly demonstrated by Umbarger (1956) 

and Yates and Pardee (1956 ) ~ This feedback control 

phenomenon was often accompanied by sigmoidal or "S" 

shaped plots of initial velocity against substrate 

concentration, which d i ffered from the hyperbolic plots 

and linear double reciprocal plots observed for enzymes 

fulfulling the requirements of the Michaelis-Menten 

(1913) hypothesis~ 

8" 



TABLE I.2. Properties of ribonucleotide reductase isolated from various sources 

E. coli Novikoff Hepatoma L. leichmannii R. meliloti 
- -- - -

-

Best substrate CDP CDP GTP (GTP) 

Hydrogen transfer NADPH-+ FADH-+ NADPH-+ FADH-+ (NADPH -+ FADH -+ (NADPH -+ FADH -+ 
system SH SH SH SH 

' -+ (Fe3+) I -+ (Fe)+) r -+ 5'-dA-cobalamin) I -+ 5'-dA-cobalamin) 
SH SH SH SH 

Metal requirement Mg2+ Mg 2+ Fe3+ Nil Unknown 

Activator ATP dTTP ATP dTTP dGTP dATP dCTP Unknown 

Inhibitor dATP dATP - -

Subunit structure 
2+ 

Bl Mg B2 Unknown Unknown Unknown 

Features shown in parenthesis are results from preliminary investigations. 
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Desensitisation to feedback control was observed in 

some enzymes following treatments with heat or organic 

mercurials, and dissociation of the protein molecule 

under these conditions lead to the proposal by Monod and 

Jacob (1961) and Gerhart and Pardee (1962) that feed­

back contro l was mediated at a site which was interacting 

with but distinct fromf the substrate site . Monod and 

Jacob used the term "allosteric" to define a modifier 

which bore little steric resemblance to the substrate. 

This original, concise definition has been expanded 

to embrace several o t her concepts which have been 

summarised by Koshland and Neet (1968) . Enzymes have 

been classified as allosteric, if they demonstrated 

one or more of the following characteristics : the 

possession of a modifier site d i stinct from the catal­

ytic site; if a sigmoidal relationship existed between 

initial velocity and/or substrate binding as a function 

of reactant concen ration, be it substrate or modifier; 

if the reaction sequence is at a branch point in a 

metabolic pathway; or if the kinetics o r other 

properties of the enzyme conformed to one of the models 

which have been proposed to explain the kinetic and 

thermodynamic effects observed. Following the interpret­

ation of Koshland and Neet, the term "allosteric effect" 
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will be used to define the change in binding or activity 

at the catalytic site caused by the binding · of a molecule 

at a different site Q No direct effect is assumed · between 

modifier and substrateµ and the effect of .modifier on· the 

catalytic site is assumed to result from a structural 

modification of t h e enzyme 

Biologica l f unction of allosteric enzymes o The 

differences in initial velocity observed over small 

changes in substrate concentration, as well as causing 

the sigmoidal kinetics, provide the organism with a wide 

range of catalytic activity@ This range of activity 

may be extended in either direction by the effect of 

allosteric modifiers. The advantage to the cell lies 

in the fact that these effects offer mechanisms for 

immediate control of biological syntheses ~ Induction 

and repression of enzymes, while constituting important 

factors in the overall r egulation of cell growth, are 

subject to a long lag phase and cannot participate in 

the fine regulation necessary in the actively growing 

cell~ 

Care must be exercised however, in the extrapolat­

ion .of in vitro data to .the conditions present in the 

cello Allosteric effects observed with ribonucleotide 

reductase require relatively high concentrations of 
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FIG. I.4. A. Plot of initial velocity as a 

function of substrate concentration for an 

enzyme which conforms to the Michaelis-Menten 

(1913) formulation. 

B. Double reciprocal form. 
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modifierf far in excess of the levels normally attrib­

uted to tissues o However, only limited information is 

available with regard to intracellular compartment­

alisationf both with regard to membrane barriers and 

kinetic association of enzymes which may facilitate 

th e maintenance of highe r con centrati on s of reactants 

in the v i cini t y o f t he ac t ive si t es than in the general 

cell sap (c~f ~ Atkinson, 1968 ) . Repression and de­

repression by deoxynucleotide concentration probably 

contributes s ubstantially to the regulation of deoxy­

nucleotide synthesis in Lo leichmannii (Blakley and 

Vitals, 1968 ) ., 

Kinetic representation of an allosteric enzyme. 

For an enzyme which conforms to Michaelis-Menten 

(1913 ) kineticsf the plot of initial velocity as a 

function of substrate concentration is a rectangular 

hyperbola, the double reciprocal plot of which is 

linear~ The intercepts of this line on the ordinate 

and abscissa provide, respectively, the reciprocal 

of the apparent maximum velocity (V ) and the 
max 

(negative) reciprocal of the apparent Michaelis 

constant (K ) shown in Figo I s 4~ In terms of such m app · 

a kinetic model, i nhibi t ors combine at the catalytic 

site with resultant alteration of either the V , max 
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the K or both; but usually without loss of linear-
m app 

ity of the double recip r ocal plot. 

In the case of some, but not all, allosteric 

inhibitors, the double reciprocal plots are also linear. 

However, even when linear double reciprocal plots are 

ob t ained with an alloste r ic inhibitor, it is sometimes 

possible to d ifferentiate such an inhibitor from one 

which combines at the catalytic site. In order to 

differentiate the two types of inhibitor, the initial 

velocity i s studied as a function of substrate 

concentration at vari ous concentrations of the inhibitor, 

and a family of linear double reciprocal plots is 

obtained o The secondary plot of the slopes of these 

lines as a funct ion of inhibitor concentration is 

usually linear (or in some cases, parabolic) for an 

inhibitor binding at the catalytic site whether the 

inhibition is competitivef non-competitive or un­

competitive for a particular variable substrate. On 

the other hand, the secondary replot is usually hyper­

bolic for an allosteric inhibitor. 

Departure from Michaelis-Menten kinetics with 

non-linear double reciprocal plots may occur also 

in the absence of a modifier a In the best known cases 

of this kindf the plot of initial velocity versus 
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1 
V 

B 

Multireactant kinetics. 

1 
s 

A. Plot of initial velocity as a function of 

substrate concentration. 

B. Double reciprocal plot. 

The very low activity at low substrate concen­

tration indicates that the free enzyme has a 

very low affinity for the substrate. 
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FIG. I.6. Multireactant kinetics. 

A. Substrate activation 

B. Substrate inhibition 

c. Substrate activation and inhibition 
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FIG. I.7. Activator and inhibitor effect 

on sigrnoidal rnultireactant kinetics. 
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Inhibitor effect on a special 

case of rnultireactant kinetics shown in 

Fig. I. 7. 
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Activation of multireactant kinetics. 

The unmodified reaction depic ts the presence 

of multiple forms of the enzyme which can bind 

substrate. The effect of activator is to 

promote the formation of the modifier-enzyme 

species with the higher affinity for substrate. 

The unireactant form of the kinetics is indicated 

by the dashed lines. 
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substrate concentration is sigmoidal, and the double 

reciprocal plot hyperbolic or parabolic, as shown in 

Fig o I~S o Other forms of multireactant kinetics are 

shown in Fig o I a6~ In these cases, product formation 

occurs at low substrate concentrations, but increasing 

concentrat ions e ither a ctivate the sys t em (Fig e I.6A) 

or inhibit product formation (Fig. I.6B). Fig. I.6C 

indicates the plots observed where inhibition at high 

substrate concentration is preceded by activation at 

intermediate levels o 

The kinetic observations described above may be 

modified in the presence of allosteric activators or 

inhibitors 1 as shown in Figs. I.7, 8 and 9. Generally 

speaking, allosteric activators tend to establish 

. kinetics conforming to the Michaelis-Menten hypothesis, 

while allosteric inhibitors increase the multireactant 

features of the relationshipQ Examples of these 

reactions are aspar tate transcarbamylase where aspart­

ate and carbarnyl phosphate both exhibit sigrnoidal 

kineti cs {Fi g~ I~7 ) accentuated in the presence of the 

allosteric inhi bitor. CTP ~ Sigmoidal kinetics are 

lost in the presence of the· allosteric activator, ATP. 

Fig 0 I.8 shows a special case of the previous mechanism, 

exhibited by phosphoribosyl pyrophosphate arnidotransfer-
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ase of Aerobacter aerogenes (Nierlich and Magasanik, 
· • ,. _ £ _ s :;('.!3!'b&--U& w;:;x: - ™ m.:::::cxa::oa 

1965) o The double reciprocal plot of initial velocity 

as a function of PRPP concentration is linear, but 

becomes parabolic in the presence of AMP or GMP with-

out change in the V n max Multireactant kinetics of · the 

type shown in Fig " I~6C and Fig ~ I®9 o ccur with ribo­

nucleoside tr iphosphate r eductase. Fri eden (1964) 

has deve loped i nitial velocity equations which predict 

the behaviour exemplified in Figs. I s5-9Q 

Enzyme structures proposed to explain allosteric 

phenomena ~ Various models have been described in an 

attempt to elucidate a physical basis for the effects 

encountered with allosteric enzymes~ These include 

the proposals of Sweeny and Fisher (1968), Nichol 

et al~ (1967) and Frieden (1 964), who propose a single 

catalytic site for eac h functional unit. Those of 

Monod et al o (1965 ) and Koshland et al~ (1966) propose 

multiple catalytic sites on the functional protein 

(oligomer ) which consists of several identical sub­

units (protomers) e The s i ngle catalytic site models 

will be discussed first r 

Proposals of Sweeny and Fisher (1968). This 
s .z_ a..a -- .!.!1&«5':5.E-1 •e _ =.,:: s :cc =nn _ : . '.'.'T7'-w 

model explains sigmoida l kinetics on the assumption 

that the liberation of product at the single catalytic 
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site proceeds v ia several reaction mechanisms which 

func t ion simu ltaneously 0 The authors consider only 

substrate effects, and although they do not offer any 

explanat ion f o r t h e action of allosteric modifiers 

exemplified i n F i gs c I ~7 -9, these can be rationalised 

in terms of t he mo de l i f it is assumed t hat activators 

and inhibito rs may promot e a mo re favourable or less 

favourable reaction pathway, respectively. A possible 

criticism o f the hypothesis lies in the feasibility 

of multipl e r eactions occurring at a stereospecific 

site .. 

Polymerisation (disaggregation) theory of Nichol 

et al ~ (1967) e This theory takes into account the 

significant changes in size occasionally encountered 

with enzymes on dilut i on or in the presence of substrate. 

The hypothesis explains multireactant kinetics on the 

basis of an equilibrium between monomer and oligomer 

states of the enzymer where both types of molecule can 

bind the substrate ~ The equilibrium may be represented 

nA C 

If the b i nding o n A and C is considered to be equival­

ent and if t he numb e r of binding sites on A (np) equals 

the number of bin d i ng sites on C (q), classical hyper­

bolic substrat e b i nd i ng is observed. If either of 



these conditions is not met, i.e. if the sites are 

not equivalent or np does not equal q, the binding · 

curves become sigmoidal, especially if one of the 

16. 

forms (oligomer) does not bind the reactant. Although 

not stated by the authors, sigmoidal binding would 

also be obtained if the polymeric species had a small 

but finite affinity for the substrate. The model 

assumes that each monomer possesses a catalytic site 

and a polymerisation site. In the oligomer, access of 

the substrate to the catalytic site is restricted and 

in the monomer-substrate complex, polymerisation is 

retarded. The hypothesis explains multireactant kinet­

ics as described in Fige I~S~ 

Nichol et al. (1967) do not consider allosteric 

activation or inhibition by non-substrate ligands. A 

simple extension, namely that activators and inhibitors 

stabilise the monomer or oligomer, respectively, may be 

used to explain the phenomena depicted in Figs. I.7 and 

I.8. 

Single ca~aly~ic site, single modifier site 

(Fried~n!.occ.!.~64)" This model proposes a single protein 

with one catalytic site and one modifier site. Multi­

reactant kinetics occur if the substrate (at high 

concentration) can occupy the modifier site to provide 
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the activated or inhibited form of the enzyme. This 

effect is presumed to take place via a conformational 

change in the protein subsequent to occupation of the 

modifier site. This model can explain all examples of 

multireactant kinetics and the effects of allosteric 

activators and inhibitors described in Figs. I.5-9. 

Cooperativity (symmetry) hypothesis of Monad 

et al. (1965). The present formulation extends the 
=== 

earlier concepts of allosterism by postulating that 

allosteric proteins are composed of a number of 

identical protomers which constitute the complete oligo­

mer. - The model is described by the following state­

ments: 

1. Allosteric proteins are oligomers, the protomers 

of which occupy equivalent positions, implying 

at least one axis of symmetry . 

2. For each ligand (i.e . substrate or modifier) 

binding stereospecifically to the protein, 

there is only one site on each protomer. 

3. The conformation of each protomer is constrained 

by its association with other protomers. 

4. Two (at least) states designated Rand Tare 

reversibly accessible to allosteric oligomers. 



5. The affinity of one (or several) of the stereo­

specific sites towards the corresponding ligand 

is altered when a transition occurs from one 

to the other state . 

6. When the protein transforms from one state to 

another, its molecular synunetry (including the 

symmetry of the conformational constraints 

imposed upon each protomer) is conservedo 

18. 

In addition to these features, the model implies 

that the binding of substrate to one state of the 

enzyme displaces the equilibrium between the two states 

of the enzyme. - Lis the equilibrium constant for this 

transition R , T and 
' 

L 
[ T] m. 

The dissociation constants for a substrate bound to the 

R and . T forms are designated KR and KT, respectively. 

The term c is defined as the ratio between the dissoc-

. . K iation constants R. As shown by Monad et al~ (1965), 
KT 

the degree of "cooperativity" (departure from Michaelis­

Menten kinetics in the direction of sigmoidal plots 

of velocity versus substrate concentration) depends on 

the value of L, c and the number of protomers (n). 

This effect is more marked when Lis large, when c is 
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small and when n is greater than unity ~ This type of 

behaviour is referred to as a homotropi c effect. In 

terms of the model, parabolic double reciprocal plots 

indicate that equilibrium exists between the states 

Rand T of an oligomeric · enzyme and favours T which 

has much the lower affinity for the substrate. When 

this is not the case (e Mg ~ when L = O, c = 1 or n = 1) 

the double reciprocal plots are linear. 

Modifiers, that is allosteric activators or 

inhibitors,act by displacing the equilibrium between T 

and R, activators promoting the formation of R, the 

species of high substrate affinity and inhibitors 

promoting the formation of Tf the species of low 

substrate affinity. Monod et al. (1965) assume for 

simplicity that the substrate has a s i gnificant 

affinity only for R (i.ec does not bind to T) and that 

the inhibitor and the . activator bind only to Tor R 

state, respectivelyG These restrictions are not 

essential for the treatment of the model, and Monod et 

al. (1965) are aware that in a practical situation, 

substrate and modifiers would show significant binding 

to all states of the enzyme. The effect of allosteric 

modifiers on the sigmoidal phenomena have been termed 

heterotropic. The model explains kinetic plots as shown 

in Fig. I.7 and I.8 . The model predicts positive homo-
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tropic effects and both positive- and negative hetero­

tropic effects o 

Frieden (1967 ) has indicated that as the equation 

derived by Monod et al e (1965 ) deals wi th ligand bind­

ing rather than initial ve l o c ity data, the use of - the 

modified relationshi p t o app l y t o k i n e t i c investigat~ 

ions is only valid if t h r ee assumptions are met: 

(i) that conversion of enzyme from one form to- the 

other is not a rate limiting step i n the overall 

reaction; (ii) that the modifier affects only the 

equilibrium bet ween the two forms and does not affect 

their intrinsic kinetic parameters; and (iii) the 

derived equation can define substrate effects, but is 

not valid for heterotropic effec ts e Therefore, while 

the equations derived by Monod et al a (1965 ) may 

interpret thermodynamic data, the form modified for 

use with initial velocity data mu st be interpreted 

with caution " 

Induced fit (sequential ) model of Koshland et al~ 

(1966), Kirtley and Koshland (1967 ) and Haber and 
- - -

Koshland (1 96 7) - This theory provides for a larger 

number of hybrid states than does that of Monod et al~ 

(1965) ~ The mode l has general application and Haber 

and Koshland (19 67 ) have shown that the simultaneously 

occurring changes in subunit conformation postulated 

20. 
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in the Monod et al ·( 19 65 r theory provides - one - of - the 

limiting cases for the sequential hypothesis n· The · model 

proposes that a flexible interaction exists between· the 

ligand (substrate or modifier) and the protomer which 

induces a conformational change in the latter with an 

alterati on in t he subs t rate b i ndi ng ID The effect of 

t his conformat ional change on adjac en t protomers will 

depend on both the magnitude of the induced change and 

the strength of the inter-protomer bonds. This theory 

proposes subunit structure and equilibrium between at 

least two conformational states. The equilibrium may 

be perturbed by the binding of substrate or modifier. 

Various arrangements of the model have been 

proposed for four protomers including tetrahedral, 

square and linear.. In .. the tetrahedral arrangement, 

one protomer may directly affect all three others; 

in the square, one protomer is close to two with the 

third protomer more removed; in the linear arrange­

ments, . the central protomers may interact with the two 

adjacent subunits, whilst the terminal protomers may 

act directly with only one other unit ~ Koshland et al. 

(1966) have shown that these arrangements of the 

protomers cannot be distinguished by thermodynamic 

treatments, and all arrangements are equivalent for 

the purpose of this discussion. The essential differ-

I 
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ence from the Monad et al. (1965) hypothesis is the 

relatively large number of possible hybrid oligomer 

configurations. The model predicts both positive and 

negative homotropic and heterotropic effects. 

22. 

The multireactant kinetics shown in Fig. I.7 and 

I~ 8 can be interpreted in terms of t his model . As t he 

hypothesis incorporates the concept that substrate may 

bind at the modifier site, the multireac tant kinetics 

described in Figs. I.6 and I.9 may also be explained. 

The generality of the treatment permits its application 

to almost any allosteric reaction, which, of course, 

is catalysed by a protein with the necessary subunit 

structure. However, as the initial concept was 

developed on the basis of - binding data, similar consid­

erations to those discussed for the Monad et al. (1965) 

hypothesis should be used when applying the theory to 

initial velocity studies. 

Methods of investigating regulatory mechanisms. 

Although some types of kinetic behaviour of allosteric 

enzymes (c.f8 Fig. I.6) are difficult to explain on 

the basis of many of the proposed models, all of the 

theoretical treatments described in the previous 

section are compatible with the commonly encountered 

types of multireactant kinetic behaviour. Generally, 

I 
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chemical and other physical properties of the enzyme 

must be investigated in order to determine which of · the 

various models applies to a particular system. 

Binding studies. The use of equilibrium dialysis 

and gel filtration techniques can provide important 

information for differentiation of the models. If the 

number of binding sites for substrate and/or modifier 

is large, e.g. four, this result may suggest one of 

the cooperative mechanisms. Conversely, the presence 

of only a single binding site for substrate or 

modifier excludes these . possibilities, but is consist­

ent with the Sweeny and Fisher (1968) theory. 

The plots of binding as a . function of substrate 

concentration will be sigmoidal in the case of the 

cooperative or aggregation models, but will be hyper­

bolic when the predominant .effect causing the multi­

reactant kinetics is a change in a rate limiting step 

with consequent alteration in V . 
max A mechanism in-

volving alterations in V can also be inferred from max 

the observation of unchanged binding of substrate in 

the . presence of a modifier. Binding studies may be 

used to determined whether a ligand exhibits two or 

more widely differing dissociation constants with a 

particular enzyme. Where more than one value is ob-
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tained, the mechanisms involving cooperativity · are · ex­

cluded as these models do not predict more than one 

detectable dissociation constant. The cooperative · -

. model of Monod et al. (1965) would also be excluded 

where competition existed between substrate and 

modifier for a binding . site on the protein. 

This technique appears to be a useful tool in 

determining which model applies to the situation under 

study. However, the method requires relatively large 

amounts of pure enzyme of known molecular weight and 

methods must be available . for the accurate quantitat­

ive determination of low substrate concentrations and 

of small relative changes in substrate concentration. 

Limitations in analytical methods usually cause 

relatively large errors which render interpretation 

difficult. 

Disaggregation of the protein. The theory of 

Nichol et al. (1967) postulates that disaggregation 

occurs under physiological conditions and that the 

disaggregatio~ equilibrium is influenced by substrate. 

Therefore, it _should be possible by polyacrylamide gel 

electrophoresis, gel filtration or ultracentrifugal 

analysis to detect the presence of low molecular 

weight species in the presence of substrate if the 



ll 
1, 

I 

!I 
ii 

I! 

11 

enzyme behaves as described by this model. From the 

extension of the theory previously described, the 

addition of an al l osteric modifier should affect 

such disaggregation o 

Determination of subunit structure. Tryptic 

digestion followed by peptide mapping in conjunction 

with the resul t s of amino acid analysis and physical 

determination of the molecular weight gives a value 

for the maximum chemical molecular weight. In the 

absence of identical subunit structure the chemical 

and physical molecular weight are the same, a result 

which would exclude the cooperativity models. Where 

the physical molecular weight is a multiple of the 

chemical molecular weight, the data are consistent 

with the presence of identical subunits. End-group 

analysis may be used to provide supporting evidence 

regarding the possible presence of subunits but 

quantitation is difficult~ Complete amino-acid 

sequence data provides the most unequivocal evidence 

of subunit structure. 

Subunit structure may - be indicated by a change 

in molecular weight after treatment with high concen­

trations of urea, guanidine hydrochloride or in the 

presence of mercurial compounds~ While these treat-

25. 
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ments shou l d dis rupt only non-covalent bonding, care 

should be exercised against rupture of peptide bonds 

during the investigation o 

Confor mat ional changes associated with substrate 
. -~ - -- . ~· -

26. 

and modifier b inding~ As all of the theories described 

postulate, or are compatible with, a conformational 

change induced in the enzyme by the binding of ligands, 

the demonstration of such a change does not discrim­

inate between the proposed mechanisms of allosteric 

action. However, distinctions can be made by relating 

the degree of saturation of the enzyme with substrate 

to the degree of conversion of the enzyme to the 

changed state~ For this - purpose, any property of the 

enzyme which reflects the change in state may be used. 

Such properties which have been used include sediment­

ation velocity, reaction rate with organic mercurials 

(Gerhart and Schachmanw 1968), rate of tryptic 

digestion (Mcclintock and Markus, 1968, 19 6g) and 

compliment fixation in the presence of specific 

antisera (Bethell et al., 196 8b) . Mcclintock and --
Markus (1969) have proposed that if the substrate 

concentration required to convert a given percent 

of enzyme to the changed state is plotted against the 

substrat e concentration r equired to give the same 

i 

i 

' 
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percent maximum activity, a linear relationship is 

obtained where the conformational change is sequential 

as in the Koshland et al " (1 966 ) model, but is non­

linear for a concerted mechanism as proposed by Monod 

et al. (1965) ., 

Analysis of an enzyme along the lines proposed 

above may provide sufficient data to determine which 

proposal best describes the properties of a particular 

enzyme . 

Aspartate transcarbamylase and allosterism. The 

development by Gerhart and Holoubek (1967) of a 

specific strain of E. coli diploid in the cistrons of 

aspartate transcarbamylase synthesis and especially 

selected for a limited ability to synthesise pyrimid­

ines has permitted the production of gram quantities 

of the crystalline enzyme. Largely because of con­

sequent availability of large amounts of this protein 

in pure form it is the best characterised allosteric 

enzyme at the present time. The fact that the 

structural and functional properties of this enzyme 

appear to conform to the postulates of Monad et al. 

(1965) and Koshland et al~ <1966) has stimulated 

investigation of t he mechanism of regulation of this 

enzyme. Reported physical parameters are shown in 
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Aspartate transcarbamylase catalyses the first 

step in the synthesis of pyrimidines and is subject to 

allosteric inhibition by CTP, the end product of the 

reaction . sequence, and allosteric activation by ATP. 

These effects serv e to regulate the synthesis of 

pyrimidines according to phys i ological r equirements. 

Initial velocity plots as a function of substrate 

concentration are sigmoidal in the case of aspartate 

(Gerhart and Pardeef 1962; Gerhart, 1964) and also 

with the other substrate carbamyl phosphate (Bethell 

et al~, 1968a) 0 Allosteric modifiers produce a change 

in the kinetics as shown in Fig~ I.7~ 

Mercuribenzoate (PMB ) causes dissociation of the 

enzyme into two species of different molecular weights 

which may be separated by ion exchange chromatography 

or zone ultracentrifugation~ The subunits which have 

molecular weight l nO x 10 5 and 2 ~7 x 10 4 bind 

substrates and modifiers 1 respectively (Changeux et 

al~, 1968 ) ~ The isolat ed subunits that bind substrate 

have catalytic activity greater than that of the 

native enzyme at low substrate concentrations and 

double reciprocal plots obtained with these subunits 

are linear 8 The subunits that bind modifiers 



Author 

Gerhart 

Schachman 

Herve 

Stark 

Changeux 

Gerhart 

Schachman 

Weber 

Weber 

Wiley 

Lipscomb 

TABLE I. 3. Aspartate transcarbamylase 

Year No. of Binding Sites Method used 
Molecular Weight 

Catalytic Regulatory ATC Catalytic Regulatory 

1965 8 Ultracentrifuge 
5 1. 0 X 10 5 3 X 10 4 

- 3.1 X 10 

1967 3.1 X 10 5 5 4 
1. 0 X 10 2.7 X 10 

Binding studies 

1968 4 4 e.g. dialysis 3.1 X 10 5 5 3 X 10 4 
1. 0 X 10 

1968a 3.1 X 10 5 4 2.3 X 10 4 
4.2 X 10 

1968b 
5 3.3 X 10 4 4 

3.1 X 10 1. 7 X 10 

1968 
5 3.3 X 10 4* l.7xl0 4* (3.1 X 10 ) 

*These values for the molecular weight of the subunits were calculated from the model postulated 

from crystallographic studies namely six catalytic and six regulatory subunits. 

Method 

Ultracentrifuge 

N Terminal amine 
acid analysis 
Fingerprint 

Ultracentrifuge 

Ultracentrifug-
ation 8 M urea 

Amino acid 
sequence 

Crystallography 



(regulatory subunits) are completely devoid of 

catalytic activity ~ Preliminary studies of sediment­

ation in the presence of 3M guanidine hydrochloride 

suggested that t he catalyti c s ubuni t (mol~ wt. 1.0 x 

10 5 ) comprises "two or more" pol ypeptide chains 

(Gerhart and Sc hac hman, 1965 ) and led to the assump-

tion that the enzyme i s compri sed of f our regulatory 

subunits and four catalytic subunits ~ Studies by 
,> 

Herve and Stark (1967 ) using end group analysis and 

peptide mapping substantiated this hypothesis. 

Earlier binding studies (Gerhart and Schachman, 1965) 

indicated the binding of 8 moles of modifier analogue 

per mole of enzymef and it was assumed that each 

regulatory subunit contained two modifier binding 

sites ~ Subsequent binding studies by Changeux et al. 

29. 

(1968 ) have been interpreted as only one binding site 

per regulatory subunit and one substrate site for 

succinate (analogue of aspartate) on each of the 

catalytic units~ The structure of this enzyme appears 

to provide the fi r st evidence for the regulatory 

system described by Monad et al~ (1 965) with an oligo­

meric structure composed of four catalytic-regulatory 

unit monomers ~ The binding of substrate in conjunct­

ion with the physical measurements of sedimentation 
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velocity and rate of reaction with PMB have been 

interpreted by Changeux and Rubin (1 968 ) in terms 

of this concerted cooperative model c Evidence is sub­

mitted that with only 1 5% of the protein bound with 

substrate analogue, 5 0% of the enzyme exists as the 

loose configurat i o n (iae. the R state of the Monod 

et al n (1965) hypothesis ) r 

Mcclint ock and Markus (196 8 present data on the 

tryptic d i gestion of aspartate transcarbamylase in 

the presence of substrate (aspartate) and allosteric 

modif i ers (CTP and ATP ) . In contrast to the studies 

described abov e , these authors found that the variat­

ion of the state of the enzyme as measured by its 

susceptibility to proteolytic digestion in the 

presence of various concentrations of substrate, 

exactly correlated with the curves of activity as a 

function of the substrate concentration. They con­

sider that the sequential mode l of Koshland et al. 

(1966) offers the more cons i stent explanation for 

these phenomen a n Mcclintock and Markus (1 969) 

conclude that binding of substrate and analogue may 

differ in their effect on the intersubunit binding. 

Fellenberg et a l~ (1 968 ) have studied aspartate 

transcarbamylase using compliment fixation with 



specific antisera as a measure of the conformational 

change in aspartate transcarbamylase and its subunits. 

Their findings suggest that the maximum effect ob­

served on the complete molecule after the binding of 

ligand is in the particula r subunit bound, be it 

catalytic or regulatoryc In the apparent absence of 

the concerted effect predicted by Monad et al o (1965), 

these results also seem to favour the sequential 

theory of Koshland et al~ (1966) n 

Ultracentrifugal analysis of the PMB dissociated 

subunits (Weber, 1968a) in 8 M urea appear to confirm 

the proposed structure of four regulatory and four 

catalytic subunitsf although the published molecular 

weights are somewhat lower than those of Gerhart and 

Schachman (1 965 ) E Weber (1 968b ) has now suggested, 

on the basis of amino acid sequence studies on the 

regulatory subunit, that the molecular weight of this 

4 polypeptide is 1~7 x 10 and although the sequence 

studies on .. the catalytic subunit are incomplete, he has 

postulated that the substrate structure of the enzyme 

is of the form comprising six catalytic units and six 

regulatory subunits. The crystallographic studies of 

Wiley and Lipscombe (1968 in suggesting at least two 

axes of symmetry appear to be compatible with this 

conclusione 
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The history of the investigation of this enzyme 

illustrates that data are still imperfect and that 

interpretation is difficult, especially with the 

binding studies. Molecula r weights derived from ultra­

centrifugal analysis in 8 M urea may be subject to 

lar ge errors (c~f~ Weberf 1968b ) which make interpret­

ation d i f ficult. The results of the amino-acid 

sequence studies are potentially the most accurate and 

in view of the p resent d iscrepancies, final assessment 

of structure may r equire complete elucidation of the 

amino-acid sequence. 

Ribonucle otide reductase and allosterism. Kinetic 

investigation of the two most highly purified ribonuc­

leotide reductases from E~ coli and L. leichmannii 

indicate that both enzymes are subject to allosteric 

modif ication in the presence of specific nucleoside 

triphosphates~ While both activation and inhibition 

have been demonstra ted with ribonucleoside diphosphate 

reductase, no allosteric inhibitors have been found 

for ribonucleos ide triphosphate reductase (Fig. I.2). 

Beck (1 96 7) has shown in a reaction mixture in the 

absence of alkali-metal ions, that reduction of a 

nucleoside triphosphate in the presence of the 

specific deoxynucleoside triphosphate activator may 

be inhibited to a c ertain extent in the presence of a 



non-specific deoxynucleotide, presumab l y through 

competition for the allosteric site ~ 

Vitols et al~ (1967) propose a single catalytic 

site-single modifier site model to explain the ob­

served kinetic behaviour of r ibonuc leoside triphos­

phate reductase. Subs t rate act i vat i on occurs when 

the modifier site is occupied by substrate at high 

substrate concentrations . 

Goulian and Beck (1966 ) conc l uded that reported 

multiple forms of the enzyme observ ed on polyacryl­

amide gel electrophoresis and sedimentation analysis 

were due to aggregation of the enzyme . The only 

evidence for cooperative effects was supplied by 

Beck et ale (1966); who published s i gmoida l 

33. 

plots of initial velocity as a funct i on of E.coli 

thioredoxin-(SH) 2 concentration Q However, these plots 

could not be observed in this labor ator y with E. coli 

thioredoxin (Vitols, unpublished resu l ts) nor with 

L. leichmannii thioredoxin (Orr and Vitols; 1966). 

The subunit structure of ribonucleoside diphos­

phate reductase has been well characterised ~ Goulian 

and Beck (1966) have suggested that aggregation of 

the molecule may explain the multiple bands seen on 

polyacrylamide gel electrophoresis e Apart from 
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hydrogen donor specificity, however, the reductases 

isolated from Ee coli and Lo leichmannii bear few 

similarities (Table I82) ~ The work reported in this 

thesis describes the isolation in pure form of the 

three proteins involved in ribonucleotide reduction 

in L. leichmannii and attempts to obtain evidence 

for the mechanism of allosteric regulation of the 

reductase. 

34. 



II 

11 

Ii I 

I 

: 

\ 

Ii 
,: 

1'1 

·, 
I 

1: 1. i 
I 

I 

,1, 

l 

35. 

CHAPTER II 

THE PURIFICATION OF COBAMIDE-DEPENDENT RIBONUCLEOS'IDE 

TRIPHOSPHATE REDUCTASE FROM LACTOBACILLUS LEICHMANNII 

Introduction 

Ribonucleotide reductase of Lactobacillus ·1eichmannii 

(Blakley et al., 1964; Blakley, 1965) has been extens­

ively purified in this laboratory (Vitols et al., 1967a; 

Hogenkamp, 1967). Highly purified enzyme preparations 

reduce between 50 and 180 µmoles of ATP per hour per 

milligram of protein under standard conditions 

(Blakley, 1966a) as assayed by the diphenylamine method 

(Blakley, 1966b). Chromatography of such enzyme 

preparations under various conditions on DEAE - Sephadex, 

hydroxyapatite, calcium phosphate or alumina C gel 
y 

and fractional precipitation with ethanol in the 

presence of Mg
2+ ions did not p r oduce significant 

further increase in specific activity (Brownson and 

Blakley, unpublished results). When the purified 

enzyme was examined in the ultracentrifuge under 

conditions for the determination of sedimentation 

velocity, a single, symmetrical protein boundary was 

observed (Vitols et al., 1967b). 

An alternative purification procedure for the 



I 
I, 

I' 

I 

(J 

I 

I 

36. 

isolation of this enzyme from L . · Tei'chnra·nn'ii has been 

described by Goulian and Bee~ (19 66), who have 

demonstrated a specific activity of 35 µmoles of dCTP 

produced per hour per mg of this preparation. As this 

rate of CTP reduction under conditions of activation 

by ATP is approximately 2.2 times the rate of reduct­

ion of ATP under the assay conditions used in this 

laboratory (Vitals et al., 1967a; Blakley, 1966a), 

the enzyme reported by Goulian and Beck would have 

an activity under the latter conditions of 16 µmoles 

of ATP reduced per hour per mg of protein. They have 

shown that this enzyme migrated as a single band 

during electrophoresis on cellulose acetate at three 

different pH values and that it appeared to be 

homogeneous in the ultracentrifuge. However, when 

the preparation was subjected to electrophoresis on 

polyacrylamide gel, two major and two minor bands 

were observed. 

The object of the present work was to investigate 

whether the enzyme prepared by the method of Vitals 

et al. (1967a) was indeed homogeneous as suggested 

by the initial data obtained with the ultracentrifuge, 

or whether electrophoretic examination would indicate 
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apparent heterogeneity as in the preparation by 

Goulian and Be c k (1966) . In f act, the results of 

electrophor esis on polyacrylamide gel appeared to 

indicate the presence of proteins in various amounts 

that migrated at several different velocities 

(Vitols et al., 1967b). In view of this discrepancy 

37. 

between _the results with electrophoresis on polyacryl­

amide gel and the apparent homogeneity as indicated by 

the behaviour in the ultracentrifuge, both in the work 

of Goulian and Beck and the present study, we have 

investigated the origin of the multiple bands observed 

in electrophoresis experiments. It has been shown that 

although bands of more slowly migrating protein are 

produced during electrophoresis in buffer systems whi c h 

operate at pH 9 to 10, systems which resolve in the pH 

range 5.8-8.0 separate the enzyme from other inactive 

contaminating proteins, without the production of any 

slowly migrating material. By the use of such systems 

it has been possible to demonstrate the heterogeneity 

of the ribonucleotide reductase purified by convent­

ional methods. The application of this new buffer 

system to preparative electrophoresis has enabled the 

isolation of active enzyme which will migrate as a 

I 
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single band during electrophoresis on polyacrylamide 

gel. 

Materials and Methods 

38. 

Chemicals. Acrylamide, N,N'-methylene-bis­

acrylamide and N,N,N' ,N'-tetramethylene diamine (TEMED) 

were purchased from Eastman Organic Chemicals, 

Rochester; the last reagent was redistilled under 

reduced pressure prior to use. N-tris(hydroxymethyl)­

methyl-2-aminoethane sulphonic acid (TES) and 2-(N­

morpholino)ethane sulphonic acid (MES) (Good et al., 

1966) were obtained from Calbiochem., Los Angeles. 

Enzyme preparation. Reductase was purified from 

extracts of cells grown as previously described 

(Ghambeer, 1966; Blakley, 1965). Unwashed, wet 

cell-paste (100-140 g) was suspended in seven volumes 

of 0.1 M potassium phosphate buffer pH 7.3 containing 

1 mM EDTA; cells were disrupted and debris removed 

as previously described (Vitols et al., 1967a) 

(Step 1). After removal of some impurities from the 

cell-free extract with protamine sulphate as reported 

(Vitols et al., 1967a) (Step 2), reductase was 

precipitated at pH 7.3 by the slow, mechanical addition 

of crystalline ammonium sulphate (0.36 g/ml of protein 

... 
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solution from Step 2). Stirring was continued for 30 

minutes after the addition of the ammonium sulphate, 

and the precipitated protein was collected by centri­

fugation. The precipitate was dissolved in a minimal 

volume (about 30 ml) of 0.01 M Tris-acetate buffer, 

pH 7.3, containing 1 mM EDTA, and was dialysed against 

20 volumes of the same buffer for at least four hours 

(Step 3). The reductase solution was applied to a 

110 x 4 cm column of Sephadex GlOO previously equil­

ibrated with the Tris-acetate buffer described in 

39. 

Step 3; this buffer was also used to elute the proteins. 

Active fractions were combined (total volume 100-200 

ml) (Step 4). Reductase was precipitated by the slow 

addition of crystalline ammonium sulphate (0.43 g/ml 

of solution from Step 4). The suspension was stirred 

for 30 minutes after the addition of all the ammonium 

sulphate and the precipitate collected by centrifugat­

ion. The precipitated protein was dissolved in a 

minimal volume (about 30 ml) of 0.01 M imidazole-

acetate buffer, pH 5.0, containing 1 mM EDTA and 

dialysed against 20 volumes of the same buffer for 

at least four hours (Step 5). The reductase solution 

was then applied to a 110 x 4 cm column of Sephadex 

GlOO previously equilibrated with the imidazole-

. 
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acetate buffer described in Step 5; this buffer was 

also used to elute the proteins. Active fractions were 

combined (total volume 100-200 ml) adjusted to pH 7.0 

and made 10 mM with respect to EDTA (Step 6). Protein 

was fractionally precipitated by the slow mechanical 

addition of crystalline ammonium sulphate. After the 

addition of 0.29 g of ammonium sulphate per ml of 

solution from Step 6, the suspension was stirred for 

a further 30 minutes and centrifuged. To the super­

natant solution was added 0.07 g of ammonium sulphate 

per ml of solution from Step 6 and the protein suspens­

ion was centrifuged after 30 minutes stirring. A 

further 0.07 g of ammonium sulphate per ml of solution 

from Step 6 was added to the supernatant and the 

suspension centrifuged after 30 minutes stirring. The 

three fractions of precipitated protein obtained after 

the additions of ammonium sulphate were dissolved 

separately in minimal volumes of 0.1 M DMG buffer, 

pH 7.3 (volumes 5-20 ml) and were dialysed against 

this buffer (25 volumes) for at least four hours (Step 

7). These reductase preparations had a specific 

activity in the range 50-110 µmoles of ATP reduced per 

hour per mg of protein. Total yield was 100-200 mg. 

Reductase from Step 7 was used for most of the experi-

... 
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ments described. For some purposes, less pure material 

from Steps 3 or 5 was used. 

Activity determinations on ribonucleotide reductase 

Colorimetric assay. Mixtures were prepared as 

described by Blakley (1966a) and contained 1 M sodium 

acetate. Reaction time was ten minutes. The amount 

of dATP produced was determined by the diphenylamine 

method (Bl&kley, 1966b) with the modification that the 

mixture was made 1 mM with respect to copper acetate 

prior to the addition of the diphenylamine reagent. 

Deoxyadenosine was used as a standard. Absorbance 

at 595 mµ was measured after 16 hours incubation at 

37°C. Specific activity is expressed as the number of 

µmoles of ATP reduced per hour per mg of protein. 

Spectrophotometric assay. This was performed 

with a Cary 14 recording spectrophotometer as 

previously described (Orr et al., 1966). Thioredoxin 

and thioredoxin reductase were isolated from L. 

leichmannii by a method described in Chapters IV and 

V, or from Escherichia coli as described by Laurent 

et a 1. ( 19 6 4) . 

Protein determinations. These were performed 

by the biuret method of Gornall et al. (1949), or 

spectrophotometrically from the absorbance at 280 mµ. 
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A solution containing 1 mg of ribonucleotide reductase 

per ml was shown to have an absorbance at 280 mµ of 

1.09. The reductase used for this determination was 

homogeneous when electrophoresed in polyacry1amide 

gel at pH 6.8 at 3°. A solution of this material of 

known absorbance at 280 mµ was extensively dialysed 

against distilled water and the dry weight determined 

after lyophilization. 

Analytical polyacrylamide gel electrophoresis . 

Apparatus and gels. Samples were electrophoresed 

in an apparatus manufactured to the design of Davis 

(1964). Gels were cast in uniform bore glass tubes, 

0.5 cm internal diameter and 7.5 cm long. Early 

experiments were performed with a polyacrylamide gel 

polymerised from a solution of cyanogum (Raymond et al., 

1959), but later, gels were prepared from solutions 

containing 9% acrylamide and 0.1% bis acrylamide. 

The above mixture was used routinely for all experi­

ments with ribonucleotide reductase, except where 

stated otherwise. 

Buffers. The 0.02 M Tris-glycine buffer pH 8.4, 

used throughout the apparatus in the initial experi­

ments was later replaced with the discontinuous buffer 

system of Ornstein (1964) as modified for preparative 

.... 
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electrophoresis by Thelander (1967) (Table II.l). As 

will be shown, the latter system was unsatisfactory 

for use even in analytical work and other buffer 

systems were investigated. The TEA-TES-chloride 

system also shown in Table II.l was used for the 

majority of - the present work. 

Catalyst system for gel polymer i~ation. Ribo­

flavin (13.3 µM) was added to the gel solution and 

photopolymerisation was effected with a Buchler light 

source. TEMED concentrations used were the same as 

those described by Thelander (1967) (Table II.l) . 

Temperature. Electrophoreses were performed at 

0-3°C unless otherwise stated. 

Destaining of gels. Gels stained with amido­

black were decolourised in 500 volumes of 7% acetic 

acid at 50°C in a New Brunswick gyrotary shaker. 

Although not completely destained, most protein bands 

cou~d be discerned easily after 8-12 hours. The 

protein free portions of the gels were completely 

destained after a further 8 hours shaking in more 

7% acetic acid. · Electrophoretic destaining as des­

cribed by Davis (1964) was of no use because it pro­

duced further migration of the stained protein. 

43. 
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TABLE II.l. Details of the Tris-glycine-chloride buffer 

system and the TEA-TES-chloride buffer system 

used for analytical and preparative electro­

phoresis of ribonucleotide reductase 

References 

Buffers used 

Operating pH of 
resolving gel 

Constituents of upper 
electrode buffer 

Thelander (1967) 

Tris-glycine­
chloride 

8.9-10.0 

Molarity of slow anion 0.0373 M glycine 

NaEDTA 0.001 M 

Cationic buffer 

Final pH 

Constituents of upper 
gel buffer 
(Final concentrations) 

Fast anion 

Catalyst (hydrogen 
donor) 

NaEDTA 

Cationic buffer 

Final pH 

Constituents of resolv­
ing gel buffer 
(Final concentrations) 

Fast anion 

Catalyst (hydrogen 
donor) 

NaEDTA 

Cationic buffer 

Initial pH 

Constituents of lower 
electrode buffer and 
elution buffer 

Anion 

NaEDTA 

Cationic buffer 

Final pH 

Tris 

8.3 (25°) 

.032 M Phosphate 

.0043 M TEMED 

.001 M 

Tris 

.06 M Cl 

.0065 M TEMED 

.001 M 

Tris 

8.8-8.9 (25°) 

.06 M Cl 

.001 M 

Tris 

7.0 (25°) 

Standard system 
used for electro­
phoresis of ribo­
nucleotide 
reductase 

TEA-TES-chloride 

6.8-8.0 

0.0384 M TES 

0.001 M 

TEA 

6.3 (0°) 

.06 M Cl 

.0043 M TEMED 

.001 M 

TEA 

5.8 (0°) 

.06 M Cl 

.0065 M TEMED 

.001 M 

TEA 

6.8 (0°) 

.032 M Phosphate 

.001 M 

TEA 

5.8 (0°) 
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FIG. II.l. Apparatus used for preparative poly-

acrylamide-gel electrophoresis. 
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FIG . II . 2 . Vertical cross sectional view of the 

assembled apparatus used for preparative electro­

phoresis . 

Annular bands migrate down through the gel into the 

space between the gel and the semipermeable membrane, 

and are eluted through the central capillary by the 

centripital flow of buffer . 
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Preparative polyacrylamide gel electrophoresis 
. . 

(a) Apparatus. Some initial recovery determinat­

ions were performed using the apparatus and buffers 

described by Shuster and Schrier (1967). A commercial 

apparatus, purchased from I.W. Lowe of Adelaide, was 

used for most of the preparative work described. The 

design incorporates the essentia~ features of the system 

described by Jovin et al, (1964). The basic unit (Fig. 

II.l) is relatively inexpensive because it is construct­

ed of perspex which permits greater ease of precision 

manufacture than glass. Critical dimensions of the 

gel cross sectional area and the distance between the 

electrodes are very similar to those of the Buchler 

apparatus. A schematic vertical cross sectional view 

of the apparatus is shown in Figure II.2. 

In experiments in which the elution chamber was 

filled with dye, it was found that when buffer entered 

the chamber through a single entry port (as in the 

apparatus originally purchased), this entering buffer 

swept the chamber asymmetrically. Symmetrical clear­

ing was obtained by increasing the number of entry 

points to five. 

The volume of the elution chamber determines the 

extent of remixing of fractions successively emerging 

I 
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FIG. II.3. 

B 

A. Solid perspex spacer disc used 

for the casting of the lower 

surface of the resolving gel. 

B. Press developed for the rapid 

adjustment of the height of the 

external glass sleeve. 

C. Perforated perspex support for 

the semipermeable membrane. 
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from the gel. This chamber is bounda:lbelow by the 

semipermeable membrane and above by the lower surface 

of the gel, the position of which is determined by the 

level of the glass sleeves of the water jackets. A 

press (Fig. II.3b) was developed to facilitate the 

adjustment of the position of the outer glass sleeve. 

Satisfactory results were obtained with an elution 

chamber 0.2-0.5 mM in height with a volume of 0.33 to 

0.83 ml. An elution buffer flow rate of 0.715 ml per 

minute was used with an elution chamber of these 

dimensions. 

The semipermeable membrane is held in position 

by an "O" ring at its periphery and supported under­

neath by a rigid, perforated perspex disc (Fig. II.3c). 

An elution cell with some similarities has been 

described by Gordon et al. (1967). The use of a rigid 

support for the flaccid membrane eliminates the 

necessity for hydrostatic equilibrium between the lower 

and upper buffer compartments as required in the 

apparatus of Jovin et al. (1964). The interstices of 

the perforated disc and the hollow columnar support 

were filled with gel to prevent the accumulation of 

gaseous electrolysis products under the membrane. 
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(b) Casting of gels. Gels were cast after the 

method of Jovin et al. · (1964). The lower surface of 

resolving gel was formed by sealing the lower surfaces 

of the gel chamber with the spacer disc (Fig. II.3a) 

covered by a"Visking" membrane which had been soaked 

in water. A Buchler light source provided illumination 

for polymerisation at 1303 µM riboflavin. A stacking 

gel 0.5 cm thick and a resolving gel 3 cm thick 

(vertical dimensions) were used in most experiments. 

(c) Preparation of samples. The sample, contain­

ing 10-50 mg of purified ribonucleotide reductase in 

1-5 ml of O~l M DMG pH 7.3, was mixed with sufficient 

upper gel . buffer to give a total volume of 8 ml. This 

volume of buffer contained sufficient sucrose to pro­

duce a sucrose concentration of 20% after mixture with 

the enzyme solution. The sample was pipetted through 

the upper buffer so as to form a layer directly above 

the stacking gel. After application of the sample, 

the apparatus was covered with a dark cloth. 

(d) Cooling. Coolant fluid (20 litres of water 

cont~ining 1 litre of ethylene glycol) was circulated 

from a refrigerated water bath thermostated at -1°C. 

Individual pumps were used for the external jacket 

and internal cold finger. In addition, preparative 

I 
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electrophoresis was performed in a room at 3-5°C 

unless otherwise stated. 

(e) Elution buffer f'low. This was maintained 

with a DCL reduction geared micropump (F.A. Hughes) 

at a rate of 43 ml per hour. Fractions of 150 drops 

(5 ml) were collected from a 1 mM I.D. polythene tube 

on a Gilson fraction collector. Pressures above and 

below the resolving gel were equalised by adjusting 

the effective level of the buffer in the elution 

buffer reservoir and the height of the discharge 

point at the drop counter to that of the surface of 

the upper electrode buffer. , 

47. 

(f) Power supply. Potential gradient was derived 

from a precision regulated D.C. Power Supply of Uni­

versal Electronics. Typical running potentials were 

70 volts (50 milliamps) during the migration of the 

sample through the stacking gel, and 190-240 volts 

(85 milliamps) for the resolution of the species. 

Total running time was 8-12 hours. 

(g) Assay and concentration of fractions. In 

early experiments, reductase activity was assayed on 

all fractions that contained protein as determined by 

absorbance. Later, fractions known from experience 

to contain the same protein or mixture of proteins 
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were combined and concentrated 20-40 fold prior to 

activity determinations. Samples were concentrated by 

pressure dialysis against 0.1 M DMG, pH 7.3. Pressure 

outside the dialysis tube was reduced to 30 mm Hg. 

After concentration, sac contents were dialysed for at 

least 4 hours against 0.1 M DMG, pH 7.3, and the volume 

of the dialysed solution calculated from its weight. 

Protein concentration was determined spectrophoto­

metrically. 

Determination of the stability of ribonucleotide ·reduct­

ase under the conditions of electrophoresis 

The stability of ribonucleotide reductase was 

examined under conditions as similar as possible to 

those of gel electrophoresis with respect to pH value, 

buffer, catalyst used for gel polymerisation and 

temperature. The pH of the gel during electrophoresis 

was determined on sections of the gel after 3 hours 

electrophoresis by immersion of the pieces in small 

quantities of indicator solutions or by maceration on­

to moistened indicator papers. 

Buffer solutions were prepared with pH values ex­

tending over the useful pH range for the buffer, or 

over that portion of the range corresponding to gel 

pH, as experimentally determined above. Solutions 

I 

I 



FIG. II.4. Electrophoresis of ribonucleotide 

reductase at 25° in Tris-glycine (Thelander, 

1967). The sample was 100 µg of reductase 

purified to step 7, as described in Methods. 
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0.038 M with respect to TES or glycine, or 0.06 M with 

respect to chloride, acetate or phosphate were 

adjusted to the starting pH of the resolving gel which 

was used in the system under investigation. Cationic 

buffers used for this adjustment were Tris, imidazole 

and TEA. Samples of these solutions were then adjusted 

to the various pH values in the range investigated by 

the addition of cationic buffer (for the higher pH 

values) or the acidic form of the anion (for the lower 

pH values). Samples of enzyme at a concentration of 

25-40 mg per ml were diluted ten to fifty fold by 

the buffer or were dialysed against 100 volumes of the 

buffer. The final pH of all mixtures was determined 

with a glass electrode. Enzyme was kept in the buffer 

for 6 to 20 hours at 0° or 25°C, the two temperatures 

used for electrophoresis, before assay. 

Results 

Gel electrophoresis of ribonucleotide reductase 

in Tris-glycine buffer. As seen in Fig. II.4, the 

reductase preparation, purified as described in 

Methods, appears to be a mixture of proteins when 

electrophoresed at 3° or 25°C in Tris-glycine buffer 

(Table II.1). This result contrasts with the observ-
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ance of a single symmetrical peak in the Schlieren 

pattern during sedimentation velocity determinations 

so. 

on such preparations in the ultracentrifuge. The 

different proportions of protein of low mobility seen 

in gels electrophoresed at different temperatures 

indicates instability of some component in the mixture. 

When a similar reduc tase preparation was electro­

phoresed in Tris-glycin~ buffer in the preparative 

apparatus of Shuster et al. (1967) only 30-45% of the 

applied activity could be recovered in fractions eluted 

after 5 hours electrophoresis. This poor recovery 

indicated inactivation and suggested that at least 

some of the proteins seen in analytical gels might be 

inactivated enzymes. 

Stability of ribonucleotide reductase at various 

pH values. In view of this evidence for inactivation 

of reductase during gel electrophoresis, the stability 

of the reductase was investigated in Tris-glycine buffer 

at the pH values encountered in this technique. The 

pH of an analytical gel, determined as described in 

Methods, ranged from pH 9 to 10, and Tris-glycine 

buffers including this range were prepared as describe d. 

The stability of the reductase during 16 hours exposure 

to these buffers is shown in Fig. II.5. The loss of 
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FIG. II.6. The stability of ribonucleotide 

reductase in TEA-TES buffer. 

Buffer solutions were prepared as described in 

Methods. Reductase was kept in this buffer at 

0°C (0--0) or 25°C (e e) for 16 hours prior to 

assay. 
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activity above pH 8.0 and especially above pH 8.8 is 

consistent with the poor recovery of activity 

demonstrated during preparative electrophoresis. 

51. 

The stability of the reductase in the presence of 

other buffers was examined by the same technique. 

Imidazole buffer s containin g various anions gave good 

recovery below pH 7 .0 (greater than 90%), but the 

reductase was completely inactivated in 0.16 M imidazole­

acetate pH 8.0 for 16 hours at 0°C. Imidazole-phosphate 

produced 50% inactivation under the same conditions. 

The stability of the reductase during 7 hours dialysis 

against imidazole buffers is shown in Table II.2. 

Inactivation was greatest with imidazole-acetate and 

least with imidazole-phosphate. Removal of the 

imidazole buffer by dialysis against imidazole-free 

buffer did not increase activity and suggests that the 

inactivation in imidazole buffers is irreversible. 

Addition of ATP (10 mM) to the reductase prior to ex­

posure to imidazole-acetate pH 8 did not prevent the 

inactivation. 

The stability of the reductase in TEA-TES buffer 

is shown in Fig. II.6. The results indicate that at 

0°C this system offers stable conditions for ribo­

nucleotide reductase between pH 6.8 and 8.0. Even at 



TABLE II.2. Stability of ribonucleotide reductase 
. . -

containing buffers 

Buffers were prepared as described in Methods. 

In experiment Ii the reductase was dialysed for 

7 hours at 3 ° C against imidazole-containing 

buffers. Experiment II shows the activity after 

a further 16 hours dialysis against 1000 volumes 

of 1 x 10- 3 M EDTA pH 7.3. Activity was measured 

by the spectrophotometric assay, and is expressed 

as a percentage of the initial activity. 

Buffer system Percent initial activity 

pH 8.0 
I II 

Imidazole-chloride 39 38 

Imidazole-acetate 11 8 

Imidazole-phosphate 87 70 
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FIG. II.7. Electrophoresis of ribonucleotide 

reductase at 3° in Tris-glycine or TEA-TES 
buffer. 

Gels 1 and 2, Tris-glycine; gel 3, TEA-TES. 

The buffers for gel 1 were prepared by the use of 

the anion concentrations of Thelander (1967) and 

adjusted at 0°C to the pH values shown in column 

1, Table II.l by the addition of solid Tris. 

Buffers for gels 2 and 3 were prepared as shown 

in Table II.l, columns 1 and 2, respectively. 
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FIG. II.8. Resolution ob t a i ned on polyacrylamide 

gel electrophoresis of r ibonucleotide reductase with 

various buffer systems. Samples comprised 100 µg of 

reductase purified to step 7 as described in Methods. 

Gel 1, TEA-TES; gel 2, pyridine-MES; gel 3, TEA-DMG; 

gel 4, TEA-TES-phosphate; gel 5, imidazole-MES; 

gel 6, imidazole-alanine; gel 7, imidazole-TES. The 

effect of overnight dialysis against imidazole­

acetate (0.16 m, pH 8.0, 0°C ) on the electrophoretic 

mobility of the reductase in TEA-TES buffer (gel 8) 

may be compared with that of the untreated enzyme 

(gel 9). 

I 



I: 
r, ,, 

1, 

11 

25°C there is very little loss of activity over this 

range. 

Gel electrophoresis of ribonucleotide reductase 

with alternative buffers. When the pH of the Tris­

glycine system was lowered in an attempt to increase 

the stability of the reductase during electrophoresis, 

all resolution was lost (Fig. II.7). As the enzyme 

is stable in the pH range buffered by TES, a system 

was developed with a resolving gel pH of 6.8 to 8.0, 

and the resolution obtained at 3°C can be compared 

with that of the Tris-glycine system in Fig. rr.7. 

The overall resolution obtained in the two systems is 

comparable, but the relative amount of protein of low 

mobility is much less when electrophoresed at the 

lower pH. The yellow protein represented by the band 

of highest mobility is well resolved in both systems. 

Electrophorograms of reductase preparations per­

formed in the buffer systems are shown in Fig. II.8. 

Protein resolution with pyridine-MES pH 5.8-7.0 is 

similar to that seen with TEA-TES, but the separated 

discs are not so well defined. The toxicity of 

pyridine restricts the use of this system in un­

ventilated areas. Buffers containing imidazole as 

the cation permitted good resolution, but could not be 

52. 
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FIG. II.9. The effect of adding DMG bufter 

with the protein sample on the electrophoresis 

of ribonucleotide reductase. 

Enzyme was purified as described in Methods, and 

electrophoresed in the TEA-TES chloride system .. 

Gel 1: Sample in 0.01 M potassium phosphate 

buffer pH 7.3. 

Gel 2 : Sample in 0.01 M potassium phosphate 

buffer and 0.035 M DMG buffer pH 7.3. 
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used for the reductase which is unstable in them. 

Incubation of the reductase in imidazole-acetate for 

53. 

16 hours prior to electrophoresis in TEA-TES so changes 

the properties of the inactive reductase that it no 

longer enters the resolving gel. 

The use of buffers containing DMG as the slow 

anion gave fair resolution with discrete band format­

ion, but the rate of migration was impractically slow~ 

However, the presence of DMG in the sample can en­

hance the quality of the resolution obtained with TEA­

TES buffer, and as shown in Fig. II.9, reduces 

distortion during electrophoresis. 

A summary of the results obtained with various 

buffers is shown in Table II.3. The TEA-TES buffer 

offered the best conditions for electrophoresis of 

the reductase, and has been used for the further 

purification of this enzyme. 

The effect of gel pore-size on the resolution 

obtained. The concentration of acrylamide and bis 

acrylamide used in the preparation of acrylamide gel 

determines the pore-size of the gel and the value of 

the latter which gives optimal resolution is related 

to the molecular weight of the proteins being 

separated. The optimal gel composition for the pro-

I 
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TABLE II.3. Buffer systems investigated for use in the 

electrophoresis of ribonucleotide reductase 

I:: 
0 

·.-l 
.µ 

'° u 

Tris* 

Tris** 

Tris*** 

Tris* 
(0.02 M) 

glycine 

glycine 

glycine 

glycine 

Imidazole glycyl 
glycine 

Imidazole alanine 

Imidazole TES 

Imidazole TES 

Imidazole TES 

Imidazole MES 

Imidazole MES 

Pyridine MES 

TEA 

TEA 

TEA 

Cl 

Cl 

Cl 

Cl 

Cl 

Cl 

8.3 

8.8 

8.3 

8.4 

6.8 

6.8 

Cl 6.3 

Phosphate 6.3 

Acetate 6.3 

Cl 5.3 

Phosphate 5.3 

Cl 5.3 

6.9 

7.4 

6.9 

8.4 

6.3 

6.3 

5.8 

5.8 

5.8 

4.8 

4.8 

4.8 

8.9 

9.5 

8.8 

8.4 

7.3 

7.3 

6.8 

6.8 

6.8 

5.8 

5.8 

5.8 

8.1 9-10 

8.7 9.5-10 

8.1 

8.4 8.4-10 

7.3 7.3-8.5 

7.3 7.3-8.5 

6.1 7.0-8.0 

6.1 7.0-8.0 

6.1 7.0-8.0 

5.1 

5.1 

5.1 

5.1 

6-7.5 

6-7.5 

6-7.5 

6-7.5 

5.8 7.0-8.0 

I:: 
0 

·.-l 
.µ 
~ 
r-i 
0 
[/) 
Q) 

o::; 

good 

good 

Nil 

good 

Nil 

Nil 

good 

good 

good 

good 

good 

good 

Nil 

+-
:>-t 

.µ r-i .µ 
I:: '° ·.-l 
Q) ·.-l > 
u .µ ·.-l 
'-I ·.-i .µ 
Q) I:: u 

Cl. ·.-i '° 

20 

50 

38 

70 

8 

MES 

DMG 

TES 

Cl 

Cl 

Cl 

5.3 

6.3 

6.3 

4.8 

5.8 

5.8 

5.8 

6.8 

6.8 5.8 7.0-8.0 

poor 

good 100 

tPercent enzyme activity remaining after 7-16 hours exposure to the 
resolving gel buffer at 0°C. 

*Buffers were adjusted to the pH indicated at room temperature and 

electrophoresed at 25°C. Tris used was 0.02 M. 

**Buffers were adjusted to the pH indicated at room temperature (25°C) 
but electrophoresed at 3°c. 

***Buffers were adjusted to the pH indicated at 0°C and electrophoresed 
at 3°c. 

The molarity of each anionic buffer component was the same as given in 

Table II.l, except for the Tris-glycine system pH 8.4, where the Tris 
was 0.02 M. 
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FIG. II.10. Resolution of a ribonucleotide reductase 

preparation on gels polymerised from solutions of 

various concentrations of acrylamide and bis acrylamide. 

Samples comprised 100 µg of reductase purified to step 

7 as described in Methods. 

A. Bis acrylamide concentration 0.1% 

Acrylamide concentration: Gel 1, 7~%; 

gel 3, 9%; gel 4, 10%. 

gel 2 8%· f I 

B. Acrylamide concentration 9%. 

Bis acrylamide concentration : Gel 1, 0.1%; 

gel 2, 0.2%; gel 3, 0.3%. 
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FIG. II.11. Resolution of a reductase prep­

aration on gels polymerised with different 

catalysts . 

Gell: Polymerisation by ammonium persulphate. 

Gel 2 : Polymerisation by illuminated riboflavin. 

Sample in each case contained 100 µg protein, 

purified to step 7 as described in Methods. 
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teins present in reductase preparations was deter­

mined experimentally. As shown in Fig. II.10, a 

resolving gel prepared from 9% acrylamide and 0.1% 

bis acrylamide (W/V) offered the best resolution as 

judged by the separation of the predominant protein 

from the minor contaminant which mig~ates immediately 

ahead of it in the TEA-TES system. 

54. 

The effect of catalysts used in gel polymeri·s ·ati·on 

on ribonucleotide reductase. Since ammonium persul­

phate, widely used as a polymerisation catalyst, is a 

powerful oxidising agent, possible inactivation of 

enzyme by residual persulphate in the gel was investi­

gated. The mixture of proteins disclosed by analytical 

electrophoresis in gels polymerised by ammonium persul­

phate-TEMED was compared with that seen after electro­

phoresis in gels polymerised by illuminated riboflavin­

TEMED with the results shown in Fig. II.11. The greatly 

increased proportion of bands with low mobility in the 

persulphate-polymerised gel suggests that persulphate 

or its products converts proteins present in the re­

ductase preparations to forms with lower mobility, the 

presence of these proteins being much less evident in 

gels polymerised with riboflavin. 

.J 
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FIG. II.12a. Preparative electrophoresis of 

ribonucleotide reductase. 

Standard TEA-TES buffer (Table II.1) was used. 

Sample contained 33 mg protein of specific 

activity, 45 µmoles ATP reduced/hr/mg. 

• e, Absorbance of eluted fractions at 280 mµ; 

•····•, Specific activity of concentrated 

fractions. 
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FIG. II.12b. Gel electrophoresis of proteins 

concentrated after preparative electrophoresis 

of ribonucleotide reductase. 

Gels correspond to the numbered areas on Fig. 

II.12a. Standard TEA-TES buffer (Table II.1} 

was used. Samples contained 100 µg protein. 

Gel (a) represents the original mixture prior 

to preparative electrophoresis. 
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The stability of the reductase in the presence 

of riboflavin was investigated with the results shown 

in Table II.4. Although completely stable in the 

presence of riboflavin in the dark, the reductase is 

inactivated when illuminated even in the absence of 

added riboflavin, perhaps due to sensitization by an 

intensely yellow protein present in the preparations. 

Ribonucleotide reductase is quite stable in the 

presence of TEMED at the concentrations used in the 

gel . . The concentration of this agent was therefore 

maintained at the level used by Thelander (1967) 

(Table II .1) . 

Preparative electrophoresis of ribonucleotide 

reductase. Results of the preparative electrophoresis 

of the reductase purified as described in Methods is 

shown in Fig. II.12a. The small yellow protein peak 

of high mobility has not been completely resolved 

from the larger peak containing active protein. The 

variance in the specific activity among the active 

fractions (values shown in upper curve) indicates 

that the predominant protein fraction which includes 

the active enzyme, is not homogeneous. The composit­

ion of protein fractions from portions of the main 

peak are shown in Fig. II.12b. Only three fractions 

55. -
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TABLE II~4~ The stability of ribonuc l eotide 

reductase in the presence of 
- =•-=s-...:::. :::...:.......:a:ac: _ smAa::.e:µ ::: w:x::~...w ====. __ w 

riboflavin 
u;..::; 

A reductase preparation (30 mg/ml) was 

diluted SO-fold with 0.1 M DMG pH 7.3. Ribo­

flavin was added to the tubes shown to a final 

concentration of 13 ~3 µM. Samples were illumin­

ated for 4 hours through the wall of a small 

beaker containing ice water .. Diffuse illuminat­

ion was provided by a 100 watt daylight fluores­

cent lamp at a distance of 1 meter; strong 

i11umination by an 8 watt fluorescent lamp at 2 

ems. Assay was performed by the colorimetric 

method .. 

. ' . 

Treatment s , Percent i nitial 
==R=i=b=o=f=l=a==v=i =n=;;==I=l==l =u=m=i=n=a=t=i=.=o=n~~ activity 

Present 

Present 

Absent 

Present 

Dark 

Di ffuse 

Strong 

Strong 

1 05 

79 

65 

21 

-
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Preparative re-electrophoresis 

of ribonucleotide reductase. 
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Standard TEA-TES buffer (Table II.l) was used. 

Sample contained 23 mg of protein of specific 

activity 70, which was obtained from combined 

fractions with contaminants of low mobility from 

the activity peaks of previous electrophoreses. 

• e, Absorbance of eluted fractions at 280 mµ; 

~--·~, Specific activity of concentrated fractions. 
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FIG. II. ·13b. Gel electrophoresis of protein 

concentrated after preparative electrophoresis 

of ribonucleotide reductase. 

Gels correspond to the numbered areas on Fig. 

II.13a. Standard TEA-TES buffer (Table II.l) 

was used. Samples contained 100 µg protein. 
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of high specific activity contain protein which 

migrates as a single band, and the recovery of protein 

in these fractions was 33% of the applied sample. 

56. 

Total recovery of activity and protein were 80% and 70%, 

respectively . 

The yield of electrophoretically-homogeneous 

protein can be increased by pooling fractions contain­

ing similar mixtures and again electrophoresing. The 

results of a re-electrophoresis of pooled fractions 

mainly contaminated by protein of low mobility are 

shown in Fig. II.13a and b. Protein and activity 

recovery were each 70%. Recovery of protein which 

migrates single band was 89-c Similar . as a 0 • recoveries 

were obtained from re-electrophoresis of pooled 

fractions containing contaminants of high mobility. 

Active reductase which migrates as a single band 

on gel electrophoresis can be prepared from enzyme 

with a specific activity of 50 to 110. The expect­

ation that all such homogeneous preparations would 

exhibit the same high specific activity was not 

realised, the range of values extending from 67 to 

140. 
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FIG. II.14. Gel electrophoresis of ribonucleo­

tide reductase in Tris-glycine buffer. 

Samples were purified by preparative electro­

phoresis with TEA-TES buffer. The homogeneous 

preparation was electrophoresed as follows : 

Gel 1: TEA-TES 3°C. Buffers adjusted at 0°C. 

Gel 2 : Tris-glycine 25°C. 

Gel 3 : Tris-glycine 3°C. 
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FIG _ IIvlS. Modification of ribonucleotide 

reductase during dialysis again~t Tris-glycine 

buffer. 

Homogeneous _ ribonucleotide reductase (6 mg) . 
in 

1 ml of 0.1 M DMG (pH 7.3) was dialysed for 

16 hours at 25°C against 100 volumes of Tris-

glycine buffer, pH 8.9, prepared as described in 

Methods. The protein solution was dialysed at 

3°C for a further four hours against 500 volumes 

of 0.1 M DMG, pH 7.3. The protein (100 ug) was 

electrophoresed in TEA-TES-chloride, pH 7-8 

(gel 2) and may be compared with untreated enzyme 

(gel 1) . 
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Stability of homogeneous ribonucleotide reductase 

in Tris~gfY~!~..9 buffere The effect of electrophoresis 

in Tris-glycine buffer is investigated more easily with 

pure material o Reductase purified as described by 

preparative electrophoresis in TEA-TES to a single 

migrating species gave rise to a more slowly migrating 

protein when electrophoresed in Tris-glycine at 25°C 

(FigQ II ~14 ) 5 This slow component is not seen after 

electrophoresis at 3 ° C, but some fine discs of high 

mobility are produced which could result from protein 

inactivated during electrophoresis. 

The effect of Tris-glycine buffers was investigat­

ed further by dialysis of reductase which was electro­

phoretically homogeneous in the TEA-TES system against 

Tris-glycine buffer pH 8.9 at 25°C prior to electro­

phoresis in the TEA-TES system. The production of 

protein of low mobility (Fige II.15 ) is far greater 

than can be demonstrated after the briefer exposure to 

Tris-glycine buffer that occurs during analytical 

electrophoresis. 

Preparative electrophoresis in the Tris-glycine 

system was performed on electrophoretically purified 

ribonucleotide reductase which migrated as a single 

band in TEA-TES and the quantitative recoveries of 

I 
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FIG. II.16. Preparative electrophoresis 

of ribonucleotide reductase, using the buffer 

system of Thelander (1967). 

The electrophoretically homogeneous sample was 

prepared by preparative electrophoresis at pH 

6.8, standard conditions (Table II.1). Sample 

size was 10.9 mg. Fractions were eluted with 

Tris-phosphate buffer, pH 8.1. 

• 9y Absorbance 280 mw; •--•r Activity. 
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FIG. II . 17. Preparative electrophoresis of 

ribonucleotide reductase. 

Buffer conditions were identical as for Fig. 

II.16 (Thelander, 1967), except that the 

electrophoresis was performed at 25°C. Sample 

size was 12 mg of electrophoretically homogen-
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eous protein. Fractions were eluted with Tris­

phosphate buffer, pH 8.1. e--e. Absorbance 280 mµ; 
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Gel filtration of inactivated 

ribonucleotide reductase. 

Protein sample (2 mg) was concentrated by 

pressure dialysis from the second protein peak 

shown in Fig. II.16, and chromatographed on a 

100 x 1 cm column of Sephadex G200, previously 

equilibrated with 0.05 M potassium phosphate 

buffer, pH 7.5, containing 1 rnM EDTA. This 

buffer was also used to elute the fractions. 

The elution profile obtained (~--~) is shown 

with that of a serum albumin monomer-dimer­

trimer mixture (e~). 
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protein and activity at 0 ° C were 7 0% and 53%f 

respectively. As shown in Fig. II.16, a small amount 

of protein of low activity was incompletely separated 

from the bu k of the active- material. Although the 

specific activity of the peak tube was 67 compared with 

61 of the applied samp l e, the poor recovery renders the 

method impractical for preparative use. Recov ery of 

activity is even less (20% ) when electrophoresis is 

performed at 25 ° C. As shown in Fig. II.17, activity 

is associated with the smaller protein of higher 

mobility& The specific activity in the most active 

fraction of 38 is considerably less than the applied 

protein (specific activity· 61). 

The slower mobility of the inactive protein 

suggests that this material has a decreased negative 

charge, an increased.size, or both. The molecular 

weight of the inactive protein was investigated by 

gel filtration on Sephadex G200 by the method of 

Andrews (1 964). Since the elution volume was found 

to be less than that of serum albumin dimer (Fig. II. 

18), the inactive material appears to have a molecular 

weight in excess of 140,000 as compared to that of 

70,000 for the inactive enzyme (Vitals et al., 1967b). 
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Protein concentrated from the inactive peak was­

not homogeneous on Sephadex G200 chromatography. 

This is consistent with the numerous proteins seen on 

gel electrophoresis following prolonged exposure to 

Tris-glycine buffer (Fig 0 II.1 5). 

Discussion 

Buf f e r systems for the electrophoresis of 

enzymes ~ In a recent review of gel electrophoresis 

techniques (Blomendahl, 1967), the pH values of all 

gels tabulated for use with anionic buffer systems 

were abov e pH 8.2a Several of these, including the 

Tris-glycine system, were developed initially for 

59. 

the electrophoresis of unfractionated serum proteins. 

The high isoelectric point of gamma globulins 

necessitates a high operating pH in the buffers used 

so as to ensure that all proteins migrate into the 

resolving gel~ Tris buffers have been widely .advo­

cated for the electrophoresis of enzymes (Davis, 1964; 

Thelander, 1967; Jovin et al., 1964; Shuster et al., 

1967; Gordon et al., 1967; Nishihara et al., 1967; 

Blomendahl, 1967 ) , and some enzymes are stable when 

electrophoresed at pH 8.9-10 (Thelander, 1967), but 

the 25% recovery obtained during the preparative 
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electrophoresis of deoxycytidine deaminase (Nishihara 

et al a , 196 7) is probably more typical. Biological 

activity is seldom investigated in the proteins resolved 

from serum during analy t ical gel electrophoresis, and 

all of the proteins represen t ed on the electrophorogram 

may not be p r esent as such in the applied sample. 

Tris buffers used in a discontinuous system do 

not provide a constant pH, electrophoresis being 

accompanied by a rise of 0.5 pH unit at 25 ° C (Williams 

et al., 1964) ~ When the temperature of electrophoresis 

is lowered to 0-5 ° C to protect enzymes i .there is a 

further rise of Os5 pH unit in the resolving gel due 

to changes in the pK of Tris and glycine with 
a 

temperature (Perrin, 1965; Bates et al., 1961; Datta 

et al., 1958 ) ~ The combined effect in conjunction --
with the starting pH of 8.9 accounts for the pH 10 

determined in the resolving gels during the present 

investigations Stabi lity studies on ribonucleotide 

reductase exposed to Tris buffer at the pH of the 

resolving gel clearly indicate denaturation and 

electrophores is of the reductase following such 

exposure demonstrates the retarded mobility of the 

inactivated form~ Although altered protein of lowered 

mobility can be produced by other commonly used gel 
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constituents, the artifacts seen during electrophoresis 

of ribonucleotide reductase in Tris buffers are caused 

by the high operational pH, and the production of this 

modified, inactive protein renders the buffer unfit 

for use with this enzyme , 

El ect rophoretic mobility in polyac rylamide gels 

ts influenced in part by the charge of the migrating 

species, and differences between charges on the various 

proteins will be greatest in the vicini ty of their 

isoelectric point. However, because migration rates 

are impractically slow very near the isoelectric point, 

for optimal resolution a compromise working pH must 

be found that is sufficiently removed from the iso­

electric point to e~sure adequate mobility, but not 

so far as to minimise the charge differences which 

can enhance resolution. For enzymes such as ribo­

nucleotide reductase with an isoelectric point below 

5, charge differences between the enzyme and its 

contaminants are minimised by performing electro­

phoresis in the Tris buffer system which ultimately 

reaches pH 10. In the search for alternative buffer 

systems which can operate below pH 8.0, several have 

been shown to have high resolving power. One such 

system · is imidazole-TES and although ribonucleotide 
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reductase is specifically denatured by imidazole above 

pH 7.0, this buffer system may well be useful for the 

resolution of -proteins not subject to such inactivation. 

Pyridine-MES also provides excellent resolution between 

pH SQS and 7.0 but must be used with due regard for 

the toxicity of pyridine. TEA-TES buffer afforded the 

,best resolution of the buffers tested for use with 

polyacrylamide gel electrophoresis of ribonucleotide 

reductase. The enzyme is stable in the buffering 

range of TES (pKa at 20°C 7.5, Good et al., 1966), and 

although the pKa of TEA is high (8.3, at 0 ° C, Bjerrum 

et al., 1948) compared with the experimentally 

determined working range of the resolving gel (pH 

6.8-7.8 ), recovery of activity is satisfactory and 

the system does not produce artifacts. 

The effect of other gel components on enzymes. 

Electrophoresis of ribonucleotide reductase in gels 

polymerised with ammonium persulphate as catalyst 

has been shown to produce modified protein of slower 

mobility. Similar findings have been reported from 

electrophoresis of clostridio peptidase (Mitchell, 

1967) and yeast enolase (Brewer, 1967) and chick 

interferon is inactivated by persulphate (Fantes 

et al., 1967). Of the alternative methods available 
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for the polymerisation of acrylamide solutions 

(Osterf 1954; Oster et al~, 1957) the addition of 

riboflavin provides the simplest conditions for 

visible light photopolymerisations and does not 

affect ribonucleotide reductase under dark conditions. 

Furthermore, the mixture of components for gel poly­

merisation can be poured and layered easily, provided 

it is protected from strong light which induces poly­

merisation . In contrast, when polymerisation is 

induced with ammonium persulphate, the reaction 

commences immediately the reagents are mixed, and was 

found to be so rapid in the presence of high concen­

trations of a tertiary amine such as TEA or TEMED, 

that distortion of the upper gel surface occurs. 

TEMED and EDTA did not affect the activity of the 

reductase and were maintained at the levels used by 

Thelander (1967), but their addition to the gels 

probably superfluous. 

. 
is 

A gel polymerised from 9% acrylamide and 0.1% 

bis acrylamide solution (W/V) was found experimentally 

to provide optimal resolution of the reductase from 

contaminating proteins. The reductase (M.W. 70,000, 

Vitols et al., 1967b) is similar to serum albumin in 

size (M.W. 68,000, Oncley et al., 1947) as well as 
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in mobility, and the above result may be compared with 

those determined for the latter proteine Albumin is 

separated optimally from components of faster and 

slower mobility in gels cast from 9% cyanogurn solution 

(Margolis et al., 1967 ) or from 8-10% acrylamide and 

0 .1% bis a.crylamide (W/ V) (Morris, 19 66) . Ingram et 

al a (1967 ) have shown that a gel cast fr om 9% cyano­

gum solution decreases the mobility of serum albumin 

to 50% of that in free solution~ 

The preparative application of the TEA-TES system 

has provided the only method by which the reductase 

can -be purified to electrophoretic homogeneity. 

Because the species to be separated have such similar 

mobilities, the _protein load which was routinely used 

(30 mg) was lower than reported for the electrophoresis 

of preparations containing proteins of widely different 

mobility (Shuster et al., 1967; Gordon et al., 1967). 

Homogeneity of ribonucleotide reductase. When 

electrophoresed in an innocuous buffer system, 

preparations of ribonucleotide reductase, purified by 

conventional methods, have been shown to be hetero­

geneous despite the preliminary observation of a 

single boundary during sedimentation velocity determ­

inations in the ultracentrifuge. This discrepancy 
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is not surprising as the ultracentrifuge distinguishes 

molecules by size and shapei whereas polyacrylamide 

gel electrophoresis differentiates on the basis of 

charge in addition to size and shapee 

65. 

Electrophoretically homogeneous material has been 

obtained by electrophoresis of material of widely 

different specific activity but contrary to expectation, 

all such "pure" material did not exhibit the same 

high specific activity. Instead, electrophoresis 

raised the specific activity of all preparations by 

20-30%, irrespective of the specific activity of the 

sample electrophoresed. This indicates that these 

preparations are not homogeneous, but contain protein 

of at least two different specific activities. The 

uniform mobility of these preparatio,ns in a system 

of high resolving power demonstrates the similarity 

of the constituent proteins and suggests that the 

contaminant is an inactive or l ess active form of the 

enzymea 

summary 

Polyacrylamide-gel electrophoresis in Tris-glycine 

buffer at high pH was investigated with regard to the 

stability of ribonucleotide reductaseo Activity is 

lost when this enzyme is exposed to this environment. 
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New buffer systems were sought which combine the 

high resolving power of the discontinuous system of 

Ornstein (1 964 1 with an operating pH which offers 

greater stability for the electrophoresed proteinse 

Several sys tems with potential practical application 

have been developed and inves tigated with particular 

reference .to ribonucleotide reductase whe r e resolution 

of a single main species was required~ Optimal condit­

ions to effect this separation were determinedc 

The application of t he most favourable of these 

systems to p r eparative electrophoresis has provided 

the only known means of increasing the specific 

activity of ribonucleotide reductase highly purified 

by c onventiona l methods. Preparative polyacrylamide­

gel electrophoresis of ribonucleotide reductase has 

provided milligram q uantities of electrophoretically 

homogeneous reductaseo 

The re-electrophoresis of this homogeneous prep­

aration in Tr i s-glycine buffer clear ly ind icates the 

formati on of multiple inactive spec i es associated with 

a loss of total activityG These findings indicate 

tha f in general ; the use of this buffer fo r electro­

phoresis as a criterion of purity must be exercised 

with cautiono 
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CHAPTER III 

THE PROPERTIES OF COBAMIDE-DEPENDENT RIBONUCLEOSIDE 

TRIPHOSPHATE REDUCTASE FROM LACTOBACILLUS LEICHMANNII 

Introduction 

Kinetic studies on ribonucleotide reductase of 

Lactobacillus leichmannii (Goulian and Beck, 1966; 

Beck, 1967; Vitols et al., 1967a) indicate the binding 

of nucleotide activators at a site different from the 

substrate site. This allosteric effect has been 

presumed to operate by means of a conformational change 

in the enzyme or its subunits (Beck, 1967; Vitols et 

al., 1967a; Blakley, 1967), although there is scant 

evidence from physical measurements to support this 

hypothesis. 

The ribonucleotide reductase of Escherichia coli 

has been shown to consist of two non-identical 

proteins, each of which has been extensively purified 

(Holmgren et al. , -19 6 5; Brown et al., 1967). Both --
proteins are required for activity. Although these 

reductases isolated from the two sources bear few 

similarities apart from hydrogen donor specificity 

(Blakley and Vitols, 1968), the physical properties 

of the L. leichmannii reductase reported by Goulian 
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and Beck (1 966 ) have been interpreted as evidence for 

a similar aggregated structure in this enzyme (Larsson 

and Reichard, 1967). Goulian and Beck (1966) reported 

a molecular weight of 110,000 determined by equilibrium 

sedimentation while a preliminary communication from 

this laboratory (Blakley et al., 1965) reported a 

molecular weight of 25,000 determined on an unfraction­

ated extract by the method of Leach and O'Shea (1 965). 

Although Larsson and Reichard (1967) have concluded 

that this discrepancy may indicate different polymer 

structure of the proteins isolated by the two techniques, 

subsequent analysis of a highly purified extract by 

sedimentation velocity indicated a molecular weight of 

about 70,000 (Vitals et al., 1967b) which makes the 

above hypothesis less tenable. 

Gerhart and Schachman (19 68) and Weber (19 68a ) 

have used sedimentation analysis in the presence of 

mercurials or 8 M urea containing 0.01 M mercapto­

ethanol to study the subunit structur e of aspartate 

transcarbamylase . Gerhart and Schachman have also 

used sedimentation analysis for an elegant 

demonstration of conformational changes. In aspartate 

transcarbamylase the binding of substrates or 

modifiers causes up to a 3 percent change in the 
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sedimentation coefficient of the protein. 

Difficulties in detecting similar effects with 

ribonucleotide reductase arise because of the much 

lower measured s values (2.8 Sat 4 ° compared with 

11.2 S for aspartate transcarbamylase at 25 ° ) and 

the consequently small change expected ins due to 

ligand binding. This is accentuated by the fact 

69. 

the expected experimental variation in the measurement 

of sis independent of the magnitude of this parameter. 

A greater uncertainty therefore exists in interpreting 

the significance of differences between the s of 

treated and control reductase than in the case of 

aspartate transcarbamylase. 

Various physical methods have been used to assess 

the purity of the electrophoretically homogeneous 

ribonucleotide reductase, to measure its molecular 

weight and investigate it for aggregation-disaggregation 

phenomena. Because of the well documented allosterism 

of the reductase physical evidence was sought, despite 

the above difficulties in detecting significant 

differences in the relatively small molecule, to 

substantiate the hypothesis that ligand-binding induces 

conformational changes. The reactivity of enzyme 

sulphydryl groups to various reagents has also been 

...... 
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investigated as an index of ligand-induced conformat­

ional changes. 

Experimental Procedure 

Materials 

Electrophoretically homogeneous ribonucleotide 

reductase was prepared as described in Chapter rr. 

p-Hydroxymercuribenzoate (PMB) and 5,5'-bis­

dithionitrobenzoic acid (DTNB) were purchased from 

Sigma, St ~ Louis, and methylmercuribromide (MMB), 

methylmercuric iodide (MMI) and phenylmercuric 

acetate were purchased from Kand K Laboratories, 

Plainview. Nucleotides were purchased from P-L 

Biochemicals, Milwaukee. Ribonuclease A, cytochrome 

C and ovalbumin were purchased from Sigma, St. 

Louis; soybean trypsin inhibitor from Worthington 

Biochemicals, Freehold; human serum albumin from 

Pentex Incorporated, Kankakee, and human y-globulin 

was a gift from Commonwealth Serum Laboratories, 

Melbourne; 14c · d · ' d h d f 
1 -10 oacet1c ac1 was pure ase rom 

the New England Nuclear Corporation, Boston, and 

iodoacetamide from Fluka,Buchs. 

Scintillation fluid was prepared according to 

Bray (1960). 

..... 
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Stock solutions of mercurials (10 mM) were 

prepared daily by dissolving the required amount of 

mercurial in 0.1 M KOH which contained 0.4 M (NH 4 ) 2so 4 . 

After the mercurial had dissolved, the solution was 

neutralised by the addition of KH 2Po4 . The 

concentration of PMB in the stock solut ions was 

determined spectrophotometrically at 232 mµ 

(s = 1.69 x 10 4 at pH 7. 0 (Boyer, 1954)). Concentrat­

ion of the other mercurials was calculated on the 

assumption that they were 95% pure. 

Methods 

Gel filtration of ribonucleotide reductase. The 

methods of Andrews (1964) and Determann (1966) were 

used to estimate the molecular weight of ribonucleotide 

reductasea Bead form sephadex was swollen in water 

for minimum periods of 24 or 48 hours for GlOO and 

G200 respectively, and the fines removed by decantation. 

The swollen sephadex was then equilibrated in the 

working buffer used in the individual experiments, 

0.05 M potassium phosphate pH 7.3 containing 1 mM 

EDTA T/2 = 0.13) or 0.1 M sodium dimethyl glutarate 

(DMG) pH 7.3 (T/2 = 0.27). Columns were prepared by 

adding the gel slurry to a reservoir above the buffer­

filled column. The reservoir contents were 
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mechanically stirred. Buffer flow was commenced when 

the settled bed occupied 10-20 percent of the total 

column volume and was continued until a constant 

bed volume was established (minimum of 24 hours). 

Column sizes, sample volumes and protein concentrations 

used in zonal studies are recorded with individual 

experiments. Collection of the first fraction was 

commenced immediately the sample was applied. Protein 

was eluted into weighed tubes at flow rates between 10 

-2 -1 -2 -1 to 23 ml, cm hour for GlOO, and 2 ml, cm hour 

for G200 and the volume of each fraction determined 

from its mass. Elution profiles were determined by 

measurement of absorbance at 280 mµ and by activity 

determinations on suitable volumes of effluent. In 

zonal studies, elution volumes were measured from the 

point of application of the sample to the maximum 

concentration of protein or enzyme activity. ~he 

following proteins were used as reference compounds 

for the molecular weights shown: horse heart cyto­

chrome c, mol. wt. 12,400 (Margoliash, 1962); ribo­

nuclease, mol. wt. 13,700 (Hirs et al., 1956); 

trypsin inhibitor, mol. wt. 21,500 (Wu and Scheraga, 

1962); ovalbumin, mol. wt. 45,000 (Warner, 1954); 

human serum albumin monomer, mol. wt. 69,000 (Oncley 

-



et al., 1947) and dimer, mol. wt~ 138,000; human 

y-globulin, mol. wt. 160,000 (Phelps and Putnam, 

1960). A linear relationship was obtained between 

elution volume on Sephadex GlOO and log molecular 

weight over the range 12,400-69,000. 

Other experiments were performed to include a 

plateau region in the elution profile (Winzor et ·al., 

1963). A column 30 cm x 0.6 cm was used with a 

sample size of 10 ml. Fractions of 0.4 ml (range 

0.37-0.42) were collected. Elution profiles were 

determined as described above, the elution volume being 

taken as the volume which corresponded to an enzyme 

activity (or absorbance at 280 mµ) of 50 percent of 

that in the plateau region. 

All gel filtration experiments were performed 

at 4° .. 

Ultracentrifugation 

All ultracentrifuge investigations and the 

associated data treatments were performed by Dre 

~.R. Dunstone, Department of Physical Biochemistry, 

John Curtin School of Medical Research. 

A Beckman Model E analytical ultracentrifuge was 

used with either 12 mm or 30 mm double-sector cells 

(aluminium-filled Epon centrepieces); one sector was 
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filled with solution and the other with equilibrium 

diffusate. Solutions were buffered with dimethyl­

glutarate (0.1 M 3,3'-dimethylglutaric acid adjusted 

74. 

to pH 7.3 with NaOH; T/2, 0.27). Temperatures were 

controlled with the RTIC unit. Individual experimental 

conditions are given in the text. 

Sed'im·entat'ion· v ·elocit~. Experiments were performed 

at 50,740 rpm. The weight-average sedimentation 

coefficients, s, were calculated from the rates of 

movement of the square roots of the second moments of 

the schlieren patterns (Goldberg, 1953). When 

comparisons between experiments at different temperatures 

were required, the s values were corrected to 20° in 

water giving the values s2 o,w· Concentrations were 

determined refractometrically using peak areas 

(obtained by trapezoidal integration) and assuming a 

specific refractive increment of 0.0018 dl g-1 . In the 

determination of the concentration dependence of the 

sedimentation coefficient mean plateau-region 

concentrations were used. 

As a test of homogeneity an analysis of the 

schlieren patterns was carried out (Baldwin, 1954). A 

sedimentation coefficient distribution (a plot of g* 

(s) · vs S) was obtained at different times during an 
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experiment. The terms g* (S ) , an apparent differential 

distri bution function, ands, a reduced coordinate with 

the same dimensions as the sedimentation coefficient, 

have been clearly defined (Nichol and Creeth, 1963 ; 

Baldwin, 1954; Signer and Gross, 1934). The curves of 

g* (s )· vs S were very nearly symmetrical. The range of 

S decreased progressively with time indicating the 

significant contribution of diffusion to the spreading 

of the boundary. These effects were eliminated by extra­

polating to infinite time (Baldwin, 1959). The quantity 

- 2 -[S - s] , wheres is the weighted mean of the 
- 2 

distributions of s, was plotted against 1/tesw tat 

fixed values of g* (S)/g*(S) max (w is the angular 

velocity). As the weighted means of the distributions 

of S did not vary significantly from the corresponding 

weight-average sedimentation coefficients the single 

symbols has been used throughout. While the method 

accounts for the diffusional spreading of the boundary 

it does not account for the concentration-dependence 

of the sedimentation coefficient. This should not 

markedly affect the analysis because of the relative 

closeness of the measured sedimentation coefficient, 

and that at infinite dilution (Baldwin, 1959). 
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A boundary analysis procedure (Creeth and Pain, 

1967) based on a simplified form (Van Holde, 1960 ) of 

an expression for the height and area of a gradient 

curve as a function of time (Fujita, 1959) accounts for 

small linear concentration-dependence effects and 

provides a further test of homogeneity and a method 

for determining apparent diffusion coefficients. This 

method has been applied to the schlieren patterns from 

the sedimentation velocity experiments. The apparent 

diffusion coefficients, D*, so obtained have been 

corrected to 20° in water giving the values D* 2o,w· 

Equilibrium sedimentation. Experiments were per­

formed at 14,210 rpm; Kel-F polymer oil was used as 

an inert base fluid; volumes of polymer oil, equilibrium 

diffusate and solution were taken so that the diffusate 

column just overlapped the solution column (1.5 mm) at 

both ends; most experiments were carried out in the 

DMG buffer, pH 7.3; the An-J equilibrium rotor and 

schlieren optics were used. Separate experiments with 

solutions of different initial concentrations were 

performed. Equilibrium was usually reached in 15 hours 

(33 hours in 7 M urea). Measurements (20-30 ) were 

made of the refractive index gradient at equal int e r ­

vals throughout the solution columns using a Gaertner 
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toolmakers' microscope, type M2001, As-P. 

The molecular weight at any point in the cell can 

be calculated from the slope, at that point, of a graph 

of ln c vs r 2/2 or of ln ! . ddc vs r 2/2 by multiplying 
r r ~ 

- 2 by the constant factor RT/(1-Vp)w ; the former method 

gives point weight-average molecular weights and the 

latter point z-average molecular weights. In practice 

these graphs were almost linear, so apparent weight­

average (M) and z-average (M) molecular weights were 
w z 

obtained from the slopes of the best straight lines 

through the data, the slopes being calculated by the 

method of least squares. Point concentrations were 

computed (Schachman, 1957) using initial concentrations 

obtained by measurements with a differential refracto­

meter (Cecil and Ogston, 1951). 

Partial specific volume. The partial specific 

volume of the protein required for the calculation of 

molecular weight was deduced from the amino acid 

composition using the method outlined by Schachman 

(1957). A value of 0. 73 was obtained. 

Amino acid analysis. Chromatographic analysis 

was performed by Mr. L.B. James. Samples for amino 

acid analysis were hydrolysed with 6 N HCl in evacuated 

tubes (Crestfield et al., 1963) at 110 ° for 22 hours. 
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Analyses were performed by the method of Spackman et al., 

(1958 ) on a Beckman Model 120B amino acid analyser 

(Spinco Division, Beckman Instruments Inc., Palo Alto, 

Californla). The height of the long column was 50 cm 

and that of the short column, 12 cm. Buffer flow rate 

was 40 ml per hour. Determinations of serine and threo­

nine in 22 and 70 hour hydrolysates did not vary by more 

than 2-3 percent with the increased hydrolysis time and 

no correction has been made for any loss of these amino 

acids during hydrolysis. No correction was made for 

possible incomplete cleavage of any peptide bonds. 

Each value for the number of amino acid residues shown 

in the text is the mean of three determinations for 

basic amino acids and eleven determinations in the case 

of neutra l and acidic amino acids. All figures were 

within the range of accuracy expected from this method 

(± 3 percent). 

The number of residues per mole has been calculated 

for a molecular weight of 76,000 and the number of 

residues of tryptophan has been assumed to equal the 

average of tyrosine and phenylalanine~ In the case of 

some analyses where sma 1 quantities of S-carboxymethyl­

cysteine were determined, the resistor card in the 

Honeywell recorder of the analyser was replaced with one 
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for the range 3.610-4.6385 V, resulting in a 10-fold 

increase in sensitivity for these peaks (Bell et al., 

1968). The conventional resistor was used for the 

determination of other amino acids in these investigat­

ions. 

Performic oxidation of ribonucleotide reductase 

The method of Hirs (1956) was used to performic 

acid oxidise the reductase. Performic acid was prepared 

by adding Oe5 ml of H2o2 (100 vols) to 9.5 ml of formic 

acid and the mixture was allowed to stand at room 

temperature for 2 hours before being chilled to 0 ° . 

Ribonucleotide reductase (2 mg ) was dissolved in 0.05 ml 

of formic acid (98 percent) and reacted with a twelve 

molar excess of the performic acid (about 0.1 ml) at 0 ° 

for two hours~ The protein solution was lyophilised 

and the residue dissolved in 1 ml of 98 percent formic 

acid. 5 ml of water was added to destroy any residual 

performic acid and peroxides present and then re­

lyophilised. This material was then hydrolysed for 

amino acid analysis or subjected to tryptic digestion 

for peptide mappinga 

Alkylation of exposed sulphydryl groups. The 

number of exposed sulphydryl groups in the reductase 

under various conditions was assayed by the amino acid 
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analysis of S-carboxymethylcysteine following exposure 

to iodoacetic acid or iodoacetamide for 30 min at 0 ° . 

Brownson and Blakley (1967, unpublished results ) have 

shown that iodoacetamide inactivation of the reduced 

reductase is complete after 10 minutes exposure at 0 ° . 

This modified procedure of Crestfield et al. (1963) --
was used, both in the presence and absence of 7 M urea. 

In these determinations, corrections were made for the 

presence of methionine sulphoxide in the S-carboxymethyl­

cysteine peak~ This was done by subtracting from this 

peak the number of residues by which the methionine 

peak was deficient . With this technique there was 

excellent agreement between the results obtained by 

amino acid analysis and the radioactivity determinations. 

Preparation of reduced ribonucleotide reductase. 

The reductase (0 . 5-10 mg in 0.5-1 ml) was exposed to 

30 mM reduced lipoate at 0 ° for 30 minutes. The 

mixture was then dialysed against 1000 volumes of 

potassium phosphate buffer (0.1 M pH 7.3 ) for 24 hours 

with changes of the buffer every 6-8 hours to remove 

excess lipoate. 

Determination of 14c-s-carboxymethylcysteine . 

Alkylation of the reductase was performed as described 

above with [1-14c ] iodoacetic acid S.A. 3.3 x 10 6 cpm/ 
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µmo le. After dialysis and hydrolysis, the proportion 

of the radioactivity associated with the s-carboxymethyl­

cysteine peak was measured on a portion of the sample 

by passage of the column effluent from the amino acid 

analysis through an anthracine-filled flow cell in a 

Nuclear Chicago 720 series liquid scintillation counter 

before colorimetric assay in the normal manner. The 

total radioactivity in the hydrolysate was measured in 

a Packard Tri-carb liquid scintillation spectrometer, 

and the counts in the hydrolysate and the original 

iodoacetic acid were measured in the same vials to 

control quenching. The total number of moles of protein 

present in the hydrolysate was calculated from its amino 

acid analysis. 

Tryptic digestion. This was performed by Dr. 

D.C. Shaw, as were the peptide maps, by the method of 

Bel l et al. (1968) .. 

Detection of ninhydrin-staining peptides. A 

solution of the reagent is prepared by dissolving 0.5 g 

of ninhydrin in 500 ml of acetone to which either 1 ml 

of pyridine or 1 ml of glacial acetic acid were added. 

The electrophorogram was sprayed with this reagent and 

the paper hung in the dark for 24 hours to allow the 

development of ninhydrin-positive spots . 
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Detection of ninhydrin-negative peptides. The 

electrophorogram was placed in a jar in which chlorine 

gas was produced by reacting KMno 4 with HCl, for an 

exposure time of 30 to 60 minutes . Excess chorine 

was then removed by overnight flushing in a stream of 

air. The paper was then sprayed with a 1 percent 

solution of soluble starch containing 1 percent Kl. 

Peptides stain blue-black. 

Measurement of rates of reaction of DTNB with 

ribonucleotide reductase. The reaction of DTNB with 

the enzyme was measured spectrophotometrically by 

recording the rate of production of the chomophore at 

412 mµ in a Cary 14 recording spectrophotometer 

(Ellman, 1959 ) . The reaction mixture (1 ml) was 

contained in a glass cuvette of 10 mm light path (4 mm 

wide) and comprised 0.95 ml of DMG or potassium phos­

phate buffer pH 7.3, with the concentration of 

activators as shown in the individual experiments, 

and 10 mM DTNB. The solutions were mixed by six 

successive inversions and placed in the spectrophoto­

meter at 0 ° or 35 ° and the balance adjusted to give 

a zero reading at 412 mµ against a reference cuvette 

of the same solution. The reaction was initiated by 

the addition of 0.05 ml of electrophoretically 
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FIG. III.l. Elution profiles of ribonucleotide reduct-

ase at concentrations of 1.2 mg/ml (A) and 0.09 mg/ml 

(B) • 

10 ml samples of the enzyme were chromatographed on a 

0.6 x 30 cm column of Sephadex GlOOo Absorbance at 

280 mµ, 0---0, ribonucleotide reduction 6~6 a$ measured 

at 595 mµ by the use of the diphenylamine colorimetric 

assay with 0902 ml and 0.2 ml of effluent in experiment 

A and B, respectively. 
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FIG. III.2. Schlieren patterns obtained during 

sedimentation velocity determinations on 

ribonucleotide reductase. 

The speed was 50,740 rpm. Sedimentation from 

left to right. 

a, b 

c, d 

concentration 0.2 g dl-1 

Schlieren phase plate angle 70° 

times after reach ing speed 20 min, 108 min 

temperature 4.1° 
-1 concentration 0.13 g dl 

Schlieren phase plate angle 65° 

times after reaching speed 19 min, 99 min 

temperature 5.0° 
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homogeneous ribonucleotide reductase (protein concentrat­

ion 20 mg/ml ) in 0.1 M DMG, pH 7.3. In the case of the 

reduced enzyme, an equal volume of equilibrium diffusate 

was added to the reference cuvette. Again mixing was 

by six successive inversions and recording was commenced 

within 20 seconds of the addition of the reductase and 

was continued for 100 minutes. The number of sulphydryl 

groups was determined from sm - 13,600 (Ellman, 1959). 

Results 

Homogeneity of ribonucleotide reductase. The 

behaviour of electrophoretically homogeneous reductase 

was investigated by gel filtration on Sephadex GlOO. 

rn zonal studies the elution patterns of protein and 

enzyme activity were both symmetrical and gave identical 

elution volumes. In plateau experiments, leading and 

trailing edges provided enantiographic patterns for both 

p rotein and activity as shown in Fig. III.le 

The homogeneity of the preparations was investigated 

further in the ultracentrifuge. As shown in Fig. III.2, 

sedimentation velocity experiments demonstrated single 

apparently symmetrical schlieren peaks, the area under 

which remained constant (after correction for radial 

dilution) for the duration of the experiment (3-4 
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The constancy of the diffusion 

coefficient with time. Boundary analysis of 

Creeth and Pain (1967). 

The apparent diffusion coefficient (D*) is 

plotted against time (t). Conditions were 

identical with those described for Fig. III.2a 

and b. 
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hours ) , a result indicating the absence of gross 

heterogeneity. An apparent content of 3 to 4 percent 

of slower sedimenting material was seen in some 

preparations, but as no corrections were made for the 

Johnston-Ogston effect (1946) the true proportion of 

these components is probably smaller . 

The sedimentation coefficient of the reductase 

varied linearly with concentration over the range 

-1 0.03-0.3 g dl , and from the least squares treatment 

of the experimental data the following expression 

for the concentration dependence of s20 ,w was derived. 

S - 5.2 (1-0 . 09 C) x lO-l3 
20,w (1) 

-1 where C is the concentration of protein in g dl . 

This relationship was used in the boundary analysis of 

Creeth and Pain (1967 ) where the apparent diffusion 

coefficient was calculated at various times and the 

results are shown in Fig. III.3. The criterion of 

homogeneity is the constancy of the apparent diffusion 

coefficient with time. 

The apparent diffusion coefficient varied linearly 

with concentration in the range 0.03-0.3 g dl-l and 

least squares treatment of the experimental data gives 

the following expression for the concentration depend-
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ence of D* 2 o,w· 

D* 20 = 6.4 (1 + 0.4 C) x 10-? ,w (2) 

where C equals concentration in g dl-1 . 

The results of the boundary analysis of Baldwin 

- 2 (1 954) are shown in Fig . III.4, where [S - s] is 
- 2 

plotted against 1 / tesw t for various values of 

g* (S)/g* (S ) max and the extrapolations to infinite 

time are shown by the dashed lines. The values of 

85~ 

- 2 [S - s] at infinite time are close to zero, indicating 

the absence of measurable heterogeneity in terms of 

sedimentation coefficiento 

The plots of g*(S) / g* (S) max vs S were symmetrical 

which gives a further indication of the homogeneity. 

Examination of the reductase by equilibrium 

sedimentation permitted the calculation of weight­

average and z-average molecular weights from the slopes 

2 1 de 2 
of the plots log c vs r /2 and log - . d-- v s r / 2, 

r r --

respectively (Fig. III.5 ) . The z-av e r age molecular 

weight, defined by the expression 

E 3 L 2 , N , M, / , N"M, 
l l l l l l 

molecular weight, defined by 

-M w 
L 2 L 
l
, N, M, / . N, M, 

l l l l l 

and the weight average 
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FIG. III.6. Relationship of elution volume of 

proteins fr0m Sephadex G-100 and the log of the 

molecular weight. 

The points indicate the experimentally 

determined elution volumes of the proteins shown, 

and the line was computed by the method of least 

squares. 



where N is the number of molecules of kind i present 
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in the mixture and M, is their molecular weight, are 
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equal if the material is homogeneous. If heterogeneous 

then invariably M > M (Tanford, 1961). The linearity z w 

of the analytical plots and the similarity of the 

slopes (Fig III.5 ) from which the M and M were w z 

calculated also indicate the homogeneity of the 

preparations. 

Molecular weight of ribonucleotide reductase. 

Comparison of the elution volume of the reductase 

(initial concentrations of 7, 0.7 and 0.07 mg/ ml) from 

Sephadex GlOO with those experimentally determined 

with proteins of known molecular weight (Andrews, 1964) 

suggests a molecular weight for the reductase of about 

70,000 (Fig ~ III 56). 

The relationships previously described were used 

to calculate the s20 ,w (equation 1 ) and the D* 2 o,w 

(equation 2) at infinite dilution. The partial 

specific volume (v calculated as described in 

Methods, was 0 . 73 . Substitution of these values into 

the Svedberg equation (Svedberg and Pedersen, 1940 ) 

M 
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where Mis the apparent molecular weight, R is the 

gas constant, Tis the absolute temperature and Po is 

the density of the solvent, gives an apparent molecular 

weight of 73,000. Molecular weights calculated from 

equilibrium sedimentation at four different initial 

-1 concentrations (0.03, 0.08, 0.13 and 0.20 g dl ) are 

shown in Table III.ls The weight-average and the z­

average molecular weights are identical within the 

expected experimental variation of the method. The 

average value of molecular weight of the reductase from 

all estimations by gel filtration, sedimentation 

diffusion and equilibrium sedimentation is 76,000. 

Amino acid composition and attempted determination 

of the chemical molecular weight of r i bonucleotide 

reductase. A table of the number of residues determined 

for each amino acid for a molecular weight of 76,000 

is given in Table III~2, column 1. The figures 

determined during this investigation may be compared 

with those of Goulian and Beck (1966) in column 2, 

which were estimated for an apparent molecular weight 

of 100,000. Column 3 of Table III.2 shows these figures 

proportionately reduced for molecular weight 76,000. 

During the peptide mapping of the reductase by the 

method outlined by Bell et al. (19 68 ) , insoluble material 
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TABLE III@l~ Molecular weights of ribonucleotide reduc t ase by equilibrium 

sedi ment ation 

-

Conditions Initial concn .. Concn . range Apparent mol~ wt. 

g dl-l g a1- 1 - -M M w z 

Dimethylglutarate 0.2 0 . 06-0.5 73f000 72,000 

Dimethylglutarate 0 ,.13 0.05-0.3 80,000 73,000 

Dimethylglutarate 0.08 0.02-0 ,.17 82,000 77 ,000 

Dimethylglutarate Oe03 OeOl-0.09 79,000 79 ,000 

Dimethylglutarate 0., 07 - - 7 8,000 

+ 

dGTP (1 mM ) 

Dimethylglutarate 0 .. 16 - - 76,0 00 

+ 

urea (7 M) 

--
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TABLE III.2. Amino acid analysis of ribonucleotide reductase 

Analyses were performed by the method described by Bell et al. 

(1~68). Basic amino acids and half-cystine residues (the latter 

determined as cysteic acid after performic acid oxidation) are 

shown as average values from separate triplicate determinations. 

Values for acidic and neutral amino acids are the average of 

eleven estimations. 

Column 1 Column 2* Column 

Lysine 37.9 98 74.5 

Histidine 1.. 9 26 19.8 

Arginine 29.8 15 11.4 

Aspartic acid 77.0 105 79.6 

Threonine 30.0 56 42.6 

Serine 45.5 156 118.5 

Glutamic acid 76.5 165 125.6 

Pro line 29.8 12 9.1 

Glycine 52.8 157 119.2 

Alanine 53.5 86 66.4 

Half-cystine 7.71 Not determined 
(as cysteic acid) 

Valine 40.2 25 19.0 

Methionine 7.7 12 9.1 

Isoleucine 36.8 32 24.3 

Leucine 55.2 62 47.2 

Tyrosine 23.8 None detected 

Phenylalanine 27.8 21 15.9 

Tryptophan Not deter- Not · determined 
mined 

Mal. wt. 76,000 100,000 76,000 

*Values published by Goulian and Beck (1966). 

**Values of column 2 proportionately reduced to fit a 

molecular weight of 76,000. 

3** 
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was precipitated at pH 4.0 on the addition of acetic 

acid. This precipitate was soluble at pH 8.9 and 

electrophoresis at this pH in 2% (NH 4 )
2
co

3 
buffer 

followed by ascending chromatography in pyridine­

isoamyl alcohol-water (35:35:30) revealed 38-40 

ninhydrin-staining peptides~ The basic amino acid 

content of the reductase (Table III.2, column 1) 

indicates a maximum of 65-70 cleavage points for com­

plete tryptic digestion of a single polypeptide or two 

or more different constituent polypeptides for a 

molecular weight of 76,000. Although this initial 

result would seem compatible with a structure of two 

identical polypeptide chains about molecular weight 

35,000, treatment of the peptide map with chlorine 

followed by staining with starch-potassium iodide 

indicated the presence of a large "core" peptide (s) 

which was estimated from the intensity and extent of 

the stain to constitute about 40% of the applied 

sample. The "core"-containing region of unstained 

maps was excised, macerated in 6 N HCl and hydrolysed 

after the removal of paper by filtration. Amino acid 

analysis of the hydrolysate indicated that insufficient 

material was eluted from the map by this technique to 

give a meaningful result. Gel filtration of a tryptic 
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digest of the reductase on Sephadex GlOO did not reveal 

any material with an elution volume corresponding to the 

molecular weight of the native enzyme, but the elution 

volume of the first fractions containing material 

absorbing at 280 mµ , suggested a molecular weight for 

these substances of 20,000. A sample of the "core" was 

prepared by precipitation from the tryptic digest of the 

reductase with acetic acid at pH 4.0. This precipitate 

was then dissolved in ammonium bicarbonate (5 g NH 4Hco 3/l) 

and re-precipitated to minimise co-precipitation of 

soluble peptides. Amino acid content of the core, 

calculated for a molecular weight of 20,000 is shown in 

Table III.3. It is of interest that the core contains 

all of the histidine present in the original molecule, 

but no cysteine or cystine. The proportion of acidic 

amino acids has been considerably increased from 22% 

to 35%. The lysine and arginine residues remaining, 

suggest that up to ten cleavage points in the original 

molecule are resistant to tryptic digestion. Because of 

this poor reaction, coupled with the uncertainty of the 

molecular weight and homogeneity of the acid-insoluble 

fragment, no estimate of the minimal chemical molecular 

weight of ribonucleotide reductase can be made from this 

technique ., 
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TA~LE m_!_!_.I " 3" Amino acid analysis of the "core" peptide 

produced during tryptic digestion 

Number of residues were calculated for molecular 

weight 20,000n 

Lysine 

Histidine 

Arginine 

Aspartic acid 

Threonine 

Serine 

Glutarnic acid 

Proline 

Glycine 

Alanine 

Half-cystine 

Valine 

Methionine 

Isoleucine 

Leucine 

Tyrosine 

Phenylalanine 

Tryptophan 

No a of residu es 

3 "6 7 (37.9) 

7.68 

4 ., 84 

20.3 

5.62 

39 "2 

7., 8 

Nil 

Not det.., 

Not det • 

( 7 9 9) 

(29.8) 

( 77 .. 0) 

(30.0) 

(45.5) 

(76. 5) 

(29.8) 

(52" 8) 

(53. 5) 

( 7 71) 

(4 0 .2) 

( 7. 7) 

(36. 8) 

(55.2) 

(23e8) 

(27.8) 

The number of residues in the original protein are shown 
in parenthesis. 
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The investigation of ribonucleotide reduc tase for 

aggregation or disaggregation under· various· conditions. 

Gel filtration of the reductase on Sephadex GlOO at 

initial concentrations of 7, 0.7 and 0.07 mg/ml gave 

identical elution volumes on zonal analysis~ As the 

protein was diluted approximately 10-fold during the 

experiment, this indicates that the active enzyme does 

not undergo any gross changes in size or shape when 

diluted to about 0 . 01 mg/ml. This finding was confirmed 

by "plateau" experiments at initial concentrations of 

leO and 0~09 mg/ml (Fig. III91 ) , where each concentration 

. gave identical elution volumes at both the leading and 

trailing profile. The leading and trailing edges 

of the profiles were enantiographic with respect to 

both activity and protein which indicates that the 

enzyme does not dissociate or associate over the range 

of concentrations investigatedo The frontal analysis 

has the advantage that the maximum concentration is 

def ined which in turn can directly influence the 

elution volume, whereas in the zonal study, the 

samples are subject to continuous dilution~ 

The weight-average sedimentation coefficient of 

the reductase determined by equilibrium sedimentation 

did not decrease on dilution and in fact, the 
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FIG. III.7. Equilibrium sedimentation analysis 

of ribonucleotide reductase (1.6 mg/ml) in 7 M 

urea and 10 mM mercaptoethanol. 

Th e z-average molecular weight (76,000) was 

determined from the slope of the least squares 

line drawn through the experimental data. 



' 

Ii 

I, 
I, 

I 

I 

I 

: 

It( 

91. 

concentration dependence was negative down to a 

concentration of 0.0 3 g dl-l and there was a small 

negative (or no) concentration dependence of molecular 

-1 weight down to 0.01 g dl . This indicates that there 

is no aggregation or disaggregation over the range of 

concentrations investigated $ 

Exposure of the enzyme to 7 M urea containing 

0.01 M mercaptoethanol produced no change in the apparent 

molecular weight of 76,000 as determined by equilibrium 

sedimentation and calculated from the slope of the 

1 de 2 
plot ln r. dr vs r /2 (Fig ~ III.7 and Table III.1). 

The density of 7 M urea was obtained from the data of 

Kawahara and Tanford (1966) and the par tia l specific 

volume was assumed to be the same as that calculated 

for the enzyme i n ordinary buffer (0. 73). The true 

partial specific volume of the protein in 7 M urea is 

unknown, but it is likely that the real value is slight­

ly higher than that used (see Schachman and Edelstein , 

1966 ) . If this is, in fact, the case, the use of a 

falsely low value would lead to a low apparent 

molecular weight . However, the observed mo l ecular 

weight agrees well with those determined in buffer 

solution . 
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Sulphydryl groups of ribonucleotide reductase. 

Vitals et al. (1967b ) have shown that the enzyme, 

isolated as described in Chapter II Methods can be 

reduced by the action of a dithiol to a molecule which 

contains at least one sulphydryl group, readily 

accessible to iodoacetate, iodoacetamide and DTNB. 

Although this reduced form of the enzyme is present 

during activity determinations, they have clearly 

demonstrated that this thiol on the reduced protein 

does not function as the ultimate reductant in the 

production of deoxynucleotides. As it is possible that 

thiols and disulphides may be involved in the mainten--
ance of quaternary structure of the enzyme, the react­

ivity of enzyme sulphydryl groups towards various 

reagents was investigated. 

The total number of cysteine plus half cystine 

residues (calculated as cysteic acid after performic 

acid oxidation of the enzyme ) was 8 per mole and 

the reactivity of the untreated enzyme with various 

reagents is shown in Table III.4. Iodoacetamide and 

iodoacetic acid react very poorly under condi tions 

normally used for the S-csrboxymethylation of prote i ns. 

However, on prolonged exposure of the enzyme to PMB or 

DTNB four SH groups react with these agents per mole 
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TABLE IIIc4. The reactivity of sulphydryl groups on 

unreduced rihonucl'eotide· reductas·e· with 

va3:ious reagent.s 

Results are expressed as the number of moles of 

-SH reacted per mole of enzymen 

Reagent 

Iodoacetamide 

Iodoacetic acid 
14

c 

p-Hydroxymercuribenzoate 

mercurial excess 

enzyme excess 

DTNB 

Reac tion time 

30 min 

30 min 

30 min 

24 hours 

6 hours 

48 hours 

Following exposure of enzyme 
to 7 M urea . . . 

W.AWU:C: . ~ 

Iodoacetamide 

p-Hydroxymercuribenzoate 

DTNB 

30 min 

3 min 

1~5 min 

No. of moles / 
SH/mole 

0.227 

0 .058* 

o.oo 

3 .. 57 

4.2 

3.8 

The reaction of the enzyme sulphydryl groups with iodo­

acetamide and iodoacetic acid was assayed by amino acid 

analysis of S-carboxymethylcysteinea 

*Calculation of s-carboxymethylcysteine formed was 

determined radiometrically after amino acid analysis 

of enzyme treated with l-14c-iodoacetic acid. 

Reactivity with PMB and DTNB were determined spectre~ 

photometrically at 250 mµ and 412 mµ, respectively • 

--= 
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FIG. III.Ba. Titration of sulphydryl groups of ribo­

nucleotide reductase after the method of Boyer (1954). 

Cuvettes (of 1.5 ml capacity) contained in 1 ml 

2.24 x 10-
5 

M PMB in 0.04 M potassium phosphate buffer 

(pH 7.0) and ribonucleotide reductase at concentrations 

-6 up to 12.5 x 10 M (0.950 mg/ml). The absorption at 

250 mµ was determined after 28 hours at 3°. The 

ordinate gives the absorbance at 250 mµ and the 

abscissa gives the molar ratio of reductase to PMB. 

The end point in the titration is indicated by the 

intersection of the two straight lines, which are the 

computed best fit for the data. 

Bb. Titration of sulphydryl groups of ribo­

nucleotide reductase after the method of Benesch and 

Benesch (1962). 

Cuvettes contained in 1 ml 0.04 M potassium phosphate 

buffer (pH 7.0) ribonucleotide reductase 13.4 x 10-6 M 

(1.0 mg/ml). The enzyme was omitted from the blank. 

PMB was added in small increments (10 mµmoles) to each 

cuvette and the difference in absorbance at 250 mµ 

measured in a Cary 14 recording spectrophotometer. 

The ordinate gives the absorbance change at 250 mµ 

on the addition of mercurial, and the abscissa gives 

the - molar ratio of mercur i al to enzyme. The end point 

of the titration is indicated by the intersection of 

the . two straight lin~s. 
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of enzyme . The mercaptide reaction proceeds in the case 

of both mercurial excess (Fig. III.Ba; Boyer, 1954 ) and 

enzyme excess (Fig. III.Sb; Benesch and Benesch, 1962). 

When these experiments are performed in 7 M urea no 

reaction can be demonstrated with idoacetamide, but the 

time for complete reaction with PMB and DTNB is reduced 

to only a few minutes. Total number of groups reacted 

was unchanged with DTNB, but a slight increase in the 

apparent number of reactive SH g roups was observed with 

PMB. The reactiorEwith PMB and DTNB have been used to 

study the quaternary structure of the reductase. 

The activity of mercurial-treated ribonucleotide 

reductase. Spectrophotometric investigation of 

mercaptide formation between PMB and the unreduced 

enzyme gave no indication of the nature of the reacted 

protein. Activity of the reductase was measured after 

exposure for one week to PMB (4-400 molal excess ) at 0 ° 

by the use of the standard assay procedure (Methods, 

Chapter II ) . As the reaction mixture contains excess 

thiol (reduced lipoate, 30 mM), no attempt was made to 

remove excess mercurial prior to assay. Reductase 

exposed to a 4 to 40 molal excess of mercurial retained 

92-94 percent of the activity of untreated controls, 

but with a 400-fold excess of mercurial, recovery was 
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FIG. III.9. Gel filtration of mercurial-treated 

ribonucleotide reductase. 

Electrophoretically homogeneous reductase 

(2.8 mg in 0.4 ml) was exposed for 16 hours to 

l mM PMB in 0.1 mM DMG, pH 7.3. The sample was 

applied to a 30 x l cm column of Sephadex G-200 

prepared as described in Methods and equilibrated 

with 0.1 M DMG, pH 7.3, which was also used to 

elute the protein. The elution profiles of the 

mercurial-greated reductase, shown for absorbance 

at 280 mµ (e---e) and units of reductase activity 

per ml (A~A) may be compared with those for 2 mg 

~ 
E-t 
H 
> 
H 
E-t 
u 
~ 

of the untreated enzyme, 0---0 and 6~6, respectively. 
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only 80 percent. It appears that after exposure to a 

high mercurial concentration, not all of the treated 

reductase is reconverted to an active form. 

Gel fi ·ltration of mercurial-treated ribonucleotide 

reductase. The effect of PMB on the reductase could 

result in the production of enzyme with modified 

physical properties . This reagent has been used under 

other circumstances (Gerhart et al., 1968) to demonstrate 

subunit structure and a possible effect was the product­

ion of active protein of lower molecular weight. The 

elution volumes of mercurial-treated and native enzymes 

trom a column of Sephadex G200 may be compared in Fig. 

III.9. The activity peak of the mercurial-treated 

sample is asymmetrical, and the elution volume is less 

than that of the native enzyme. The presence of 

inactive material with an elution volume less than the 

active enzyme suggests that the molecular weight of the 

latter is less than 200,000. The marked asymmetry of 

the mercurial-treated enzyme profile indicates the 

presence of at least two forms of potentially active 

enzyme. If the elution volume of the larger of these 

species is taken as 6.8 ml and that of the native 

enzyme (mol. wt. 76,000) as 8.3 ml, the substitution 

of these values into the equation 



Log M - 6.698 - 0.987 (Ve/Vo) 

gives a molecular weight for the mercurial-treated 

enzyme of about 160,000. The above relationship 

(Determann, 1966) is the standard curve for Sephadex 

G200, where the ratio of the elution volumes (Ve/Vo) 

is plotted against log molecular weight. 
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The effect of PMB and DTNB on the sedimentati·on 

velocity of ribonucleotide reductase. As the gel 

filtration of the mercurial-treated enzyme had not 

yielded definite information with regard to its molecular 

weight, similarly treated enzyme was examined in the 

ultracentrifuge in the presence of 2.5 mM PMB (60 molal 

excess) and the results are shown in Table III . 5. This 

treatment caused a change in the weight average sediment­

ation coefficient from 2.75 S to 2.84 S which is probably 

significant. Treatment of the reductase with 5 mM DTNB 

(120 molal excess) did not cause a significant change 

in the weight average sedimentation coefficient, but 

the areas under the schlieren peaks (corrected for 

radial dilution) of the samples treated with PMB of 

DTNB decreased during sedimentation. This progressive 

decrease in the ratio of the areas under the peaks of 

the treated samples to those of the corresponding 

reference material suggests the continuous rapid sedi-
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TABLE IIIo5~ Effect of various additions and treatments on the sedimentation 

velocity of ribonuc::leotide reductase 

The initial concentration was Oc28 g d l -l in all experiments. The 

temperature was controlled near 3 ° except where specified otherwise. 

Addition or s (Svedberg uni ts) 
treatment = I Treated r Untreated 

PMB (10 mM ) 2e84 

DTNB ( 10 mM) 2.74 

pH 8" 9. 16 hours,. 25 © 2.46 

dGTP (5 mM) 2065 

dGTP (5 mM ) b 5~52 

ATP ( 10 mM) 2 07 4 

aFor explanation see text~ 

bRun performed at 30°., . 

(2 .. 82 )c I 2 .. 75 

(2~73)c 2 o75 

2 "72 

2.68 

I 5'" 63 

(2~69)c I 2 07 5 

I 
Area a 

ratio 

I 0.68 

0 ,. 83 

0~ 71 

0 .. 99 

I l,, 00 

cValues in brackets are the measured values before correction for viscosity. 
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FIG. III.10. g*S/g*S max vs. S plots of 

ribonucleotide reductase in the presence of PMB 

and DTNB and after exposure to pH 8.9. 

Conditions were as stated in Table III.5. 
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mentation of high molecular weight material (Table III.5). 

This indicates the presence of other components, possibly 

high molecular weight aggregates, formed by these treat­

ments . 

Plots of g*(S)/g*(S ) max vs S (Fige III.10) clearly 

show the p resence of components other than the original 

protein after the above treatments. After treatment 

with PMB, at least two new species with a larger weight 

average sedimentation coefficient have been formed, 

while the shape of the distribution about the lower 

values of S indicates the presence of modified material 

with a lower weight average sedimentation coefficient. 

The production of components with lows values is even 

more marked after treatment with DTNB, but here there is 

very little evidence for the production of high 

molecular weight material, except for the loss of area 

under the curve. 

The effect of PMB and DTNB on the electrophoretic 

mobility of ribonucleotide reductase~ Gel filtration 

and ultracentrifugal analysis of the mercurial-treated 

enzyme indicate that the predominant effect on the re­

ductase is to produce an increase in the apparent 

molecular weight, with no evidence for the produc tion 

of subunits. The samples prepared for the ultracentri-

- < 
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FIG. III.11. Electrophoretic analysis of the 

reductase used for the sedimentation analysis 

shown in Table III.5 and Fig. III.10. The re­

ductase was exposed to the various treatments for 

16 hours : Gel 1, Control; gel 2, 2.5 mM PMB 

(60 molal excess); gel 3, 5 mM DTNB (120 molal 

excess); gel 4, 5 mM dGTP; gel 5, 10 mM ATP. 
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FIG. III.12. The effect of PMB on the electo-

phoretic mobility of ribonucleotide reductase. 

Electrophoretically homogeneous enzyme (80 µg) 

was exposed to PMB for 4 hours at 0° in the 

molal excess as shown above, and electrophoresed 

as previously described (Chapter II). Gel 1, 

untreated enzyme; gels 2-6, increasing 

concentration of PMB. 
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fuge experiments recorded in Table III.5 and Fig Q 

III.10 were electrophoresed on polyacrylamide in the 

standard TEA-TES buffer system (Chapter II) without 

further treatment (Fig. III el). The mercurial-treated 

enzyme contained six electrophoretically separable 

components. Treatment of the reductase with DTNB pro­

duced only two components. None of the components 

exhibited mobility greater than that of the native 

enzyme. Although simultaneous charge modifications 

may mask the demonstration of altered mobility in 

polyacrylamide due to change in size, the absence of 

altered protein of high mobility confirms the stability 

of the reductase to disaggregation by sulphydryl 

reagents. 

Partial conversion of electrophoretically 

homogeneous ribonucleotide reductase can be effected 

at low concentrations of mercur ial (1:1 ratio) and the 

transformation is almost complete at 40 molal excess 

of mercurial (Fig. III.12 ) . Exposure of the enzyme to 

mercurials present in a molar excess greater than 20 

produces some protein of even slower mobility as shown 

in gel 6 (Fig. III.12). The final concentration of 

mercurial used in this experiment was lower than that 

used for Fig. III.11, and the reaction time was much 
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FIG. III.13. The effect of various mercurials 

on the mobility of ribonucleotide reductase 

during polyacrylarnide gel electrophoresis. 

Electrophoretically homogeneous reductase (100 ug) 

was exposed to mercurials in the concentrations 

shown for 2~ hours at 0° prior to electrophoresis 

as described previously. 

1, control; 2, PMB, 5 rnM (40 molal excess); 

3, MMB, 0.5 mM (5 molal excess); 4, MMB, 3.3 rnM 

(30 molal excess); 5, MMI, 0.5 rnM (5 molal 

excess); 6, MMI, 3.3 mM (30 molal excess); 

7, PMA, 0.5 mM (5 molal excess); 8, PMA, 3.3 rnM 

(30 molal excess). 
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less, which may account for the absence of the species 

of very low mobility seen in Fig. III.11. Prolonged 

exposure of the reductase (1 week) to various concentrat­

ions of PMB up to a 40 molal excess, did not appear to 

affect the relative proportions of the various bands 

used, and at lower mercurial concentrations did not 

cause the production of the very low mobility. The 

various forms of the mercurial-enzyme complex and their 

proportions were unchanged subsequent to the removal of 

excess mercurial by prolonged dialysis when examined 

by polyacrylamide gel electrophoresis. 

As PMB is itself a charged molecule, the possibility 

of charge modification on the enzyme-mercaptide complex 

was considered. However, the similarity of the effects 

obtained by reaction of the enzyme with other mercurials 

(Fig. III.13) indicates that the resolution of the 

modified proteins is little affected by the charge on 

the mercurial. 

Despite the major changes in size and electrophoretic 

mobility of the mercurial-treated enzyme, the modified 

protein is activated after treatment with substrate thiol. 

Electrophoresis of the mercurial-treated reductase after 

exposure to a thiol demonstrates the reconversion of the 

protein to electrophoretic homogeneity with a mobility 
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FIG. III.14. The effect of thiols on native and 

mercurial-treated ribonucleotide reductase. 

100 µg samples of electrophoretically homogeneous 

enzyme were treated at 0° as follows, and electro­

phoresed as previously described: Gel 1, un­

treated enzyme; gel 2, the enzyme was exposed to 

30 mM dithiothreitol for 4 hours prior to 

electrophoresis; gel 3, enzyme was exposed to 

5 mM PMB for 4 hours prior to electrophoresis; 

gel 4, as for 3, but 30 mM dithiothreitol and 

30 mM thioglycollic acid added to the sample prior 

to application to the gel. Gel 5 shows the effect 

of dithiothreitol (30 mM) and thioglycollic acid 

(30 mM) on the native enzyme. 
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FIG. III.15. The mobility of ribonucleotide 

reductase after reaction with DTNB, and the effect 

of reduced lipoate on the mobility of treated and 

untreated enzyme. 

Electrophoretically homogeneous reductase (100 µg) 

was exposed to DTNB in concentrations shown below 

for 4 hours prior to electrophoresis as previously 

described. 1, untreated enzyme; 2-7 reacted with 

DTNB. 2, 0.2 mM; 3, 0.5 mM; 4, 1.0 mM; 5, 

2.0 mM; 6, 5.0 mM; 7, 5.0 mM, but reduced 

lipoate (30 mM) added prior to electrophoresis. 

8 shows the effect of reduced lipoate on the 

untreated enzyme. The maximum concentration of 

DTNB used (5 mM) represents a molal excess of 40. 



equal to that of the thiol-treated native enzyme 

(Fig ~ I I I • 14 ) • 
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Although DTNB reacts more slowly with the reductase 

than does PMB, prolonged exposure of the reductase to 

a 20-fold excess of DTNB produces material with elect~o­

phoretic properties very similar to the material first 

produced after mercaptide formation. Again the effect 

can be completely reversed by thiols (Fig. III.15). 

The formation of four mercaptide bonds on ribo­

nucleotide reductase is not associated with any 

significant reduction of molecular weight of the protein 

but species of higher molecular weight are formed. The 

effect is almost completely reversible in the presence 

ot thiols. A similar, but less marked effect can be 

demonstrated with DTNB. 

The effect of Tris-glycine buffer, pH 8.9 on the 

sedimentation velocity of ribonucleotide reductase. 

This system was investigated in the ultracentrifuge 

for comparison with the gel filtration (Sephadex G200 ) 

and electrophoresis results described in Chapter II 

Figs. II.15 and II.18 . After this treatment, the s 

was decreased from 2.72 S to 2.46 S (Table II I .5 ) 

despite the demonstration of material of very high 

molecular weight by gel filtration. The shape of the 
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g*(S)/g* (S) max vs S plot indicates the p resence of 

species of low sedimentation coefficient. In addition, 

the progressive decrease in the area under the curve 

compared with the untreated enzyme (Table III.5) again 

suggests the continuous rapid sedimentation of high 

molecular weight aggregates. 

The effect of substrate and activator on the 

physical properties of ribonucleotide reductase. Pre­

liminary investigations showed that dGTP is an activator 

for ATP reduction by the electrophoretically homogeneous 

reductase, a finding which indicates that the reductase 

purified by polyacrylamide gel electrophoresis has 

retained its modifier site. However, the addition of 

5 rnM dGTP to the reductase produced only very small 

changes in the sedimentation coefficient as compared with 

untreated enzyme sedimented simultaneously in a single 

ultracentrifuge experiment (Table III.1). As the error 

in determination of sedimentation coefficient is, to a 

first approximation, independent of the sedimentation 

coefficient and is probably in the order of 0.03-0.05 S 

(Creeth et al., 1967; Gerhart et ale, 1968) the observed 

differences are probably accountable in terms of experi­

mental error. Plots of g* (S)/g*( S) max vs S for the 

treated reductase were identical with the distribution 
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FIG. III.16. Electrophoretic mobility of ribo-

nucleotide reductase in the presence of increas­

ing concentrations of GTP. 

100 µg samples of electrophoretically homogeneous 

reductase were electrophoresed as described 

in Methods. Distance of migration was measured 

from the junction of the stacking and resolving 

ge l s to the centre of the protein band. 

Gels 1 & 5, untreated enzyme; gel 2, .05 mM GTP; 

gel 3, 0.2 mM GTP; gel 4, 5 mM GTP. 

A similar effect was observed with dGTP. 
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of the untreated enzyme. The molecular weight (~) 
z 

of 78,000 determined by equilibrium sedimentation of 

the enzyme in the presence of 1 rnM dGTP does not differ 

significantly from that of the untreated enzyme 

(Table III.l). Similar negative results were obtained 

during the investigation of effects of 10 mM ATP on 

the sedimentation of the reductase. The electrophoretic 

mobility and resolution of protein treated with 5 mM 

dGTP or 10 mM ATP were unchanged (Fig. III.10). 

The electrophoretic mobility of the reductase in 

the presence of GTP was investigated on polyacrylamide 

gels. From the behaviour of the ultracentrifuge, it was 

expected that no pronounced changes would be observed. 

The absolute mobility of the reductase was only very 

slightly increased by such treatment, and the single 

protein is not resolved into multiple bands (Fig. III.16). 

In the assessment of electrophoretic mobility by this 

technique, it is sometimes difficult to exc lude the 

possibility of two effects cance lling one another, such 

as a reduced molecular size occurring simultaneously 

with a d i minut i on in the charge of the miqrating species 

or in the effectiv e strength of the electric field 

operating on the particle . The charged nucleotide in 

the upper buffer and eventually in the gel, probably 

..... 
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makes a significant contribution to the conductivity 

of the ge lsf particularly at the higher concentrations 

used, with a consequent effect on the mobility of other 

migrating species~ In an attempt to overcome this 

difficulty, protein mobilities were related to that of 

the marker dye tbromphenol blue ) which diminished with 

increasing concentrations of nucleotide and the results 

are shown in Table III . 6. The eighteen percent increase 

observed in the relative mobility of the protein in the 

presence of GTP (or dGTP) is difficult to interpret 

because of the number of factors which may influence this 

determination. 

As the substrate and activator nucleotides could not 

be shown to have a measurable effect on the physical 

properties of the reductase, an attempt was made to 

investigate the effect of activators on the rate of 

reaction of the thiol groups on the molecule with 

various sulphydryl reagents. The addition of dGTP to 

the reaction mixture rendered accurate absorbance meas­

urements at 250 mµ difficult because of the high blank 

value. Alkali-metal ions are also activators of the 

reductase (Blakley, 1966a) and were used in concentrat­

ions up to 2 M during the reaction with PMB. However, 

reaction rates were so fast that comparison was 



TABLE I IIn6 a The relative electrophor etic mobility of 
™ 

ribonucleotide reductase on polyacryl-
- - -

ami de ge l in the p r esenc e of dGTP and GTP 
- ,._ ·= = mrc:z m--...._ c-:- = 

compared with that of bromphenol blue 

Nucleotide dGTP GTP 
.. - - .. 

Control 0050 0 .. 49 

0 " 05 mM 0"52 0 .. 51 

0 .. 2 mM 0 .55 0 .. 55 

l ~O mM 0,, 59 0 .. 59 

-- -
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FIG. III.17. The effect of alkali-metal ion concentrat-

ion, 0.005 M dGTP and 7 M urea on the reactivity of 

sulphydryl groups to DTNB on the unreduced ribonucleotide 

reductase. 

Cuvettes (1.5 ml capacity) contained in 1 ml 13.2 µM 

ribonucleotide reductase (1 mg), 10 mM DTNB. The 

following buffers were used: 

Experiment A. Sodium dimethylglutarate, pH 7.3 at the 

concentrations shown on the individual 

curves. 0.005 M dGTP, !~! in 0.005 M 

Na DMG, pH 7.3. Experiments were per­

formed at 0° except for •---8 which was 

at 35° . 

Experiment B. Potassium phosphate, pH 7.5 at the 

potassium concentrations shown on the 

curves. Experiments were performed at 

35°. 

Cuvettes were compared in a Cary 14 spectrophotometer 

with blanks, from which the enzyme had been omitted. 

Number of sulphydryl groups reacted was calculated from 

the extinction coefficient of 13.6 x 10 3 (Ellman, 1959). 
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FIG. III.18. Rate of reaction of reduced ribo-

nucleotide reductase. 

The reduced enzyme was prepared by dialysis 

following exposure to 30 mM reduced lipoate. 

Cuvettes (1.5 ml capacity) contained in 1 ml 

13.2 µM ribonucleotide reductase (1 mg) 0.1 M 

DMG (pH 7.3) and DTNB, 1 mM. Absorbance at 412 

mµ was measured in a Cary 14 recording spectro­

photometer against a blank in which the enzyme 

(0.05 ml) was replaced with equilibrium diffusate 

from the dialysis. The reaction rate of unreduced 

enzyme (lower curve) is included for comparison. 
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difficult, as much of the reaction was complete before 

recording could be commenced~ The addition of sodium or 

potassium did not alter the total number of thiol groups 

reacting o Because of this rapid reaction with PMB, the 

effect of sodiumf potassium and dGTP on the enzyme was 

assessed by the reaction rate of the reductase with DTNB, 

as shown in Fig~ III.17m It can be seen that the reaction 

rate increases with increasing concentrations of alkali­

metal ions. The effect of dGTP is difficult to interpret 

as the nucleotide (0.005 M) was added as the tetrasodium 

salt* 

Sulphydryl reactions with reduced ribonucleotide 

reductase. Reduced enzyme was prepared by exposure to 

30 mM reduced lipoate for 30 minutes, after which it was 

dialysed for 36 hours against 3 changes of 1000 volumes 

of buffer. The reactivity of sulphydryl groups on the 

reduced enzyme are shown in Table III.7. Iodoacetamide 

appears to be slightly more reactive than iodoacetic 

acid ~ The reaction of the reduced enzyme with DTNB is 

shown in Fig. III.18, and it may be compared with the 

rate of reaction of the unreduced reductase. After the 

rapid reaction with 2 moles of thiol per 76,000, the 

DTNB reaction with the reduced enzyme proceeds at the 

same rate as for the untreated reductase. This finding 
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TABLE III O 7" Reactivi ty of reduced ribonucleo·tide 
c:w . ::e::. .xc::::::::w rn w -~WWW-.:. • . m:: = t....t ac•M-* so: - Z!x:S w, 

reagents 

Reagent Time of reaction No,.. of groups 
reacted 

Iodoacetamide 3 0 min lr52 (0.227) 

Iodoacetic acid 30 min Q.62 (Nil) 
14c 

1 30 min 0 .. 61 (0.58)* 

DTNB 48 hours 6.17 ( 3. 8) 

Values shown in parenthesis represent the results 

with unreduced enzyme ~ 

Assay procedures were the same as for Table III.3~ 

*Calculation of S-carboxymethylcysteine formed was 

de termined r adiometrical l y after amino acid analysis 

of reductase treated with 14c
1 

iodoacetic acid. 
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is in agreement with the unpublished results of Morley 

and Blakley f that reduction of the enzyme does not 

alter the binding of the ligandse 

Discussion 

Homogeneity of ribonucleotide reductase. For all 

practical purpo ses , t h e electrophoretically homogeneous 

enzyme is pur e and contains molecul es indistinguishable 

with regard to size, shape and charge. Gel filtration 

by the method of Andrews (1964) and Winzer et al. (1963) 

confirm that there is no gross contamination nor any 

disaggregation of the molecule on dilution down to 

10 ug/ml. Similar results were obtained in the ultra­

centrifuge by both sedimentation velocity and equilibrium 

experiments. The detection of 3 to 4 percent of con­

taminating protein of lower sedimentation velocity is 

probab l y an overestimat e as no correction was made for 

the Johnston-Ogston effect. Boundary analyses by the 

methods of Creeth and Pain (1 967) and Baldwin (1954) 

confirm a high degree of purity . These results, toget­

her with the similarity of - the weight average and z­

average molecular weights, and the linear plots from 

which they were calculat ed, not only substantiate the 

electrophoretic homogeneity of the preparations but 

confirm that there is no major change in molecular 
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weight of the proteins under the conditions of the 

analyses. 

105. 

The "essential ly pure" preparation of Goulian and 

Beck (1966 ) gives rise to multiple bands when electro-

phoresed on polyacrylamide gel by the method of 

Ornstein (1964 ) , and t he non-linear i t y of the Yphantis 

(1964) plot also suggests heterogeneity of the sample. 

Although Goulian and Beck have concluded that these 

results may rep r esent an aggregation or cleavage of the 

pure protein, the findings could be due to impurities 

present in the sample or to inactivation-denaturation 

effects, for, as they have shown, exposure of the enzyme 

to the conditions used during electrophoresis causes 

irreversible inactivation. The temper ature and duration 

of the electrophoresis were not reported by Goulian and 

Beck, but as has been described in Chapter II, polyacryl­

amide gel electrophoresis of ribonucleotide reductase in 

Tris-glycine buffer, pH 9.5 (Ornstein, 1964) does give 

rise to a separable inactive form, the production of 

which is minimal when the reductase is electrophoresed 

at 0 ° . Depending on the actual temperature of the 

experiments, the result could have arisen from initially 

homogeneous material. However, the reported conditions 

used by Goulian and Beck for ultracentrifugal analysis 

... 
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should not have caused inactivation of the enzyme, 

and the Yphantis plot therefore offers the most faith­

ful representation of the purity of the preparation, 

and the non-linearity may indicate genuine hetero-

. geneity. I~yiew of -the above interpretation and the 

results of the present work, there is some reason to 

doubt the validity of their claim to purity and if, 

in fact, their preparation did contain extraneous 

material, the low specific activity reported would be 

explained. 

Molecular weight of ribonucleotide reductase. The 

average molecular weight of the electrophoretically 

homogeneous reductase determined by all methods is 76,000 

(range 70,000-82,000). Although the values obtained by 

sedimentation-diffusion and gel filtration are generally 

lower than those from equilibrium sedimentation, all 

estimates agreed within the limits of expected experi­

mental variation. However, all of the results reported 

here differ markedly from the molecular weight of 

110,000 reported by Goulian and Beck from the Yphantis 

analysis and supported by the sedimentation coefficient 

they report (when the latter is corrected for temperature 

and concentration according to the relationships described 

in the present work). Although it has been suggested 



11f' 

m 
h 

! 

Ii 

I, 

~: 

Im: 

107. 

previously that the discrepancy between earlier reports 

on the molecular weight of the reductase from this 

laboratory and that of Goulian and Beck reflected the 

subunit structure of the reductase (Larsson and Reichard, 

1967), the discrepancy between the present results and 

those of Goulian and Beck are such that they cannot be 

ascribed to aggregation-disaggregation of one form to 

produce the other. 

Attempts to determine the minimal chemical molecular 

weight by peptide mapping after tryptic digestion were 

unsuccessful due to incomplete hydrolysis of the 

molecule, resulting in a large, acid-insoluble core. 

Gel filtration analysis of this core peptide on Sephadex 

GlOO indicates a molecular weight of about 20,000. 

Amino acid analysis of the core shows the absence of ­

cysteine or cystine, which precludes the use of ethylene­

imine (Raftery and Cole, 1966) to increase the number of 

tryptic cleavage points on the molecule. 

No amino acid was present in the original molecule 

as a single residue per 76,000 molecular weight, which 

prevents the determination of a minimal chemical 

molecular weight from the amino acid analysis. 

Methionine, histidine and half-cystine, the residues 

present as the smallest percentage, are all present as 

-



r 

I: 
I, 

11 
I,,. 

1. 

Ii 

' I, 

Ii 
11 

I! 
I 

1, 

Ii 

~I 

108 .. 

eight residues per 76,000 molecular weight. Likewise, 

the "core" does not have any single residues per 20,000 

molecular weight. 

The high proportion of acidic residues present in the 

molecule explains the low isoelectric point of the 

reductase (below pH 4.0) and the behaviour on DEAE 

ion-exchangers. These analyses differ from those of 

Goulian and Beck, even when compared as estimates for the 

same molecular weight. The discrepancy. cannot be ex­

plained by contamination of the preparations unless the 

concentration of impurity is extremely high, but even 

gross heterogeneity would not explain the absence of 

tyrosine as reported by Goulian and Beck. 

The stability of the reductase to aggregation­

disaggregation. The reductase was particularly stable 

under all conditions investigated. The negative 

dependence of weight average sedimentation coefficient 

on concentration down to 0.03 g dl-l and the negative 

(or no) concentration dependence of the molecular weight 

to 0.01 g dl-l indicate the absence of dissociation 

down to these concentrations. The range of concentrat­

ions studied did include the physiological concentration 

of the enzyme in the cell. From the total activity 
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extractable from a given weight of cell paste and an 

assumed specific activity of 200 for the pure reductase, 

intracellular reductase at the point of harvest would be 

one to three mg per ml. In addition to the stability 

on dilution, the molecular weight remained constant 

(76,000) in 7 M urea containing 10 mM mercaptoethanol 

and there was no apparent change in the weight average 

sedimentation coefficient in the presence of PMB. 

Ultracentrifugal analysis of the reductase in the 

presence of substrate or modifier nucleotides did not 

reveal any increased tendency for dissociation or 

aggregation under these conditions. 

Ligand induced conformational changes~ Conformat­

ional changes, if they occurred under the conditions 

used, were not sufficiently great to be observed as a 

significant change in sedimentation coefficient. 

Constancy of the molecular weight in the presence of 

modifiers excluded aggregation-disaggregation. Even if 

the ligand-induced conformational changes in ribonucleo­

tide reductase had been of the same order as those 

demonstrated by Gerhart and Schachman (1968) on aspart­

ate transcarbamylase the larger experimental variation 

relative to the absolutes value would preclude their 

detection on the smaller reductase molecule. The change 

' 
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in relative mobility on polyacrylamide gel electrophoresis 

in the presence of ligand is suggestive of physical 

modification, but the necessity to . include variable 

amounts of a charged material into the electrolytic 

system renders interpretation difficult and minimises 

the significance of this result. 

Gerhart and Schachman (1968) have demonstrated an 

effect of ligands on the rate of reaction of the 

sulphydryl groups of aspartate transcarbamylase and have 

interpreted the results as a reflection of conformation­

al changes within the molecule. As in the case of the 

aspartate transcarbamylase regulatory subunit, the rate 

of reaction of electrophoretically homogeneous ribonuc­

leotide reductase with PMB is too fast to be accurately 

measured by conventional spectrophotometric techniques. 

The slower reaction of DTNB with the sulphydryl groups 

can be easily determined and has been used to monitor 

conformational change of the reductase in the presence 

of activators. The reaction rate is increased in the 

presence of 5 mM dGTP, but similar effects can be pro­

duced by the addition of alkali-metal ions, which are 

themselves activators of the reductase (Blakley, 1966a). 

As the dGTP used was added as the tetrasodium salt, the 

separate effect of the metal ions and the nucleotide 

.. 
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cannot be differentiated, but the combined effect of 

dGTP and sodium in increasing the rate of reaction of the 

reductase with DTNB is consistent with an induced con­

formational change. 

· The· ·o:X'i'dati ·on· ·state· of· the· eight ha1f·-cystine 

residues of ribonucleotide reductase. On the basis of 

the reaction of the reductase with PMB and DTNB, it 

appears that four cysteine groups are present per mole 

of reductase. The failure of the other four groups to 

react with merc~rial even in the presence of 7 M urea 

suggests that they exist in the oxidised state, probably 

as two cystine residues. Although Schachman (1963) 

considers this type of protein unlikely, he does not 

categorically exclude the presence of both oxidation 

states of cysteine in the same protein molecule. In 

this particular instance, the relative inaccessibility 

of the sulphydryl groups and the negatively charged 

protein may minimise random thiol-disulphide exchange 

which appears to be the chief factor in excluding this 

mixed oxidation state in catalytically functional 

molecules. 

The production of two extra groups which will 

react with DTNB after reduction of the enzyme with 

reduced lipoate, indicates that at least one disulphide 

.-
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bridge is cleaved during the reduction, and provides 

further evidence for the presence of both oxidation 

states of cysteine in the molecule. 

Different rates of reaction of enzyme sulphydryl 

groups with different reagents. The number of sulphydryl 

groups reacting with the reagents used, varied between 

0-4 per 76,000 molecular weight. As the rate of reaction 

of all the reagents used is very rapid with low 

molecular weight thiols, this difference in reaction 

rate appears to reflect varying degrees of accessibility 

of the thiol groups to the reagents used. The most rapid 

reaction rate was provided by PMB, a molecule with both 

a positive and a negative charge, separated by the 

relatively bulky benzoic acid ring. It is possible that 

the positive charge of the mercurial could be "directed" 

by the negative charges on the protein, while the 

negatively charged group on the mercurial is sufficiently 

distant so as not to affect the reaction. DTNB, as well 

as lacking the positive charge, is a more bulky molecule 

which probably explains its longer reaction time. The 

poor reaction of iodoacetamide and iodoacetic acid with 

the unreduced reductase is unexplained. The difference 

observed between the reaction of iodoacetamide ana 

iodoacetic acid with the reduced enzyme seems to 
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indicate that the charged group on the iodoacetic acid 

adversely affects the rate of reaction in some way. 

The inaccessibility of the thiol groups on the 

reductase may be related to possible involvement in 

aggregation of subunits as in aspartate transcarbamyl­

ase, participation in specific thiol-disulphide inter­

changes necessar y for active configuration or burial by 

the tertiary structure of the enzyme. 

The effect of PMB and DTNB on ribonucleotide 

reductase. Unlike aspartate transcarbamylase, ribo­

nucleotide reductase does not dissociate into subunits 

in the presence of excess PMB. In 2-6 hours, mercaptide 

formation is complete as measured spectrophotometrically, 

and a four molal excess of mercurial produces 5-10 

percent of material of lowered mobility when electro­

phoresed on polyacrylamide gel. As the excess of 

mercurial is raised, the proportion of the material of 

lowered mobility is increased at the expense of the 

protein having the same mobility as the untreated 

enzyme. The conversion of the enzyme to material with 

different electrophoretic properties is almost complete 

at 50-100 molal excess of PMB. No protein with a more 

rapid mobility was detected at any mercurial concentrat ~ 

ion. Gel filtration of the mercurial-reductase complex 

... 
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on Sephadex G200 indicates that the only effect of 

the mercurial is to produce species of increased 

m0lecular weight, which confirms the interpretation 

114. 

of the bands of lowered mobility seen on polyacrylamide 

gels. The reduction of the area under the schlieren 

peak during sedimentation velocity determinations 

confirms the presence of aggregated forms of mercurial~ 

enzyme complex. Because this increase in molecular size 

is so readily demonstrated by these three techniques, 

it is unlikely that it merely reflects a conformational 

rearrangement of the tertiary structure of the reductase. 

The effects are much more readily attributed to 

aggregation. This conclusion is also indicated by the 

estimated molecular weight of the aggregate (160,000) 

from the gel filtration studies. 

If mercaptide formation is alone responsible for 

aggregation, exposure to conditions permitting maximum 

mercaptide formation should cause all of the molecules 

to aggregate. Whereas only a four molal excess of 

mercurial is sufficient for all the mercaptide formation 

detected, a 100 molal excess is required to produce 

total conversion of the mercurial-enzvme complex to the 
' . 

aggregated form. This requirement for excess mercurial 

suggests that aggregation is probably a result of some 

... 
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other type of mercurial-protein interaction, such as 

that of a second mercurial with a sulphur atom already 

participating in a mercaptide linkage, with a sulphur 

atom of a disulphide bridge or with some 0ther group. 

There are sever al explanations which could account for 

the presence of both aggregated and non-aggregated forms 

of the reductase-mercurial complex. Although some of 

these may be mutually exclusive, several could play a 

part in the observed behaviour. 

1. Rate of formation of the mercurial-enzyme complex 

may be unfavourable * 

2. The equilibrium constant of this reaction may 

favour unbound enzyme. 

3. Aggregation of the mercurial-enzyme complex 

may be slow. 

4. At equilibrium, the equilibrium may favour the 

non-aggregated form. 

5. At low mercurial reductase ratio there may be 

insufficient mercurial added for the stoichio­

metric requirements of aggregate formation. 

The finding that exposure of the reductase to the 

mercuria l for one week does not appear to alter the 

proportion of aggregated species f rom thab present 

after only 30 minutes exposure, excludes the 
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possibility of slow mercurial complex formation or slow 

aggregation~ The stability of the reductase~mercurial 

aggregate when excess mercurial is removed by dialysis 

excludes the possibility that the equilibrium is un~ 

~ay0u~able for complex formation. The results from 

polyacrylamide gel electrophoresis indicate that the 

equilibrium is not unfavourable for aggregation 

(explanation 4) as there is no apparent disaggregation 

as the non~aggregated form is removed from the aggreg~ 

ated electrophoretically. Although the preliminary 

experiments with the mercurial-enzyme complex on 

Sephadex G200 do not clearly indicate ·two separate 

species, the shape of the peak is consistent with the 

presence of two forms, as seen on polyacrylamide gel 

electrophoresis. However, the gel filtration results 

do not exclude the possibility of a very slow equilibrium 

between the several forms. If, as seems possible, there 

are stringent stoichiometric requirements, it is assumed 

that a very large number of mercurial molecules must be 

present to convert all of the enzymes to the species 

which aggregates. 

The effect of mercurials (Perkins and Bertino, 

1964, 1965; Kaufmann, 1964) and DTNB (Reyes and 

Heunnekens, 1967) in the enhancement of activity of 
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certain dihydrofolat e reductases has been interpreted 

as resulting from an induced conformational chan~e in 

the enzyme~mercurial or enzyme-DTNB complex. In the 

case of the ribonucleotide reductase-mercurial complex, 

the activity of the various forms cannot be measured 

directly because the high concentration of thiol present 

in the assay mixture causes immediate disruption of the 

mercurial-reductase complex to give active enzyme 

indistinguishable from untreated enzyme. If all of the 

protein is assumed to be in the mercurial complex form, 

whether aggregated or not, there is little physical 

evidence for a conformational change in the . non-aggregated 

form, which appears to have the same electrophoretic 

mobility as the native enzyme. The slight increase in 

the s of the mercurial-treated enzyme is probably caused 

by the presence of the high molecular weight species. 

Although not demonstratable by the physical methods 

used, small changes in conformation which presumably 

occur as a result of substitution of thiol groups may 

expose regions of the molecule, hitherto buried, which 

can participate in intermolecular reactions and promote 

aggregation~ Even larger aggregates are producea when 

the reductase is exposed to more than a 40 molal excess 

of mercurial, despite the fact that at this concentrat-



I , 

I 

I 

' I 

I 

I 

li 
It 

Ii 

~u 

I 
I~ 
,, 

118. 

ion not all of the mercurial-reductase complex has 

completed the first aggregation step. Treatment of the 

complexes with excess thiol prior to electrophoresis, 

can convert all of the aggregates back to protein which 

has the same electrophoretic mobility as the untreated 

enzymeo Although excess thiol c an activate most of the 

mercurial complex, assay of the fractions eluted from 

Sephadex G200 during gel filtration of the mercurial~ 

reductase complexes indicates that the largest 

aggregates cannot be reactivated, but that of molecular 

weight 160,000 is readily reactivated by the assay pro­

cedure. This suggests that removal of mercurial from the 

larger aggregates is not necessarily accompanied by 

reversion to the native, active configuration. ~ 

similar conclusion is indicated from the stability 

studies where a 400 molal excess caused a 20 percent 

loss of activity which could not be reversed with excess 

thiol. Some of the intramolecular bonds formed as a 

result of the mercurial reaction may therefore be 

irreversible, even after the removal of the mercurial. 

The effect of DTNB on the physical properties of 

the reductase is less marked than that of mercurials. 

After prolonqed exposure, four enzyme thiol groups react 

as measured spectrophotometrically. This D~NB-reductase 
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gives rise to two protein species when electrophoresed 

on polyacrylam1de gel, the first corresponding in 

mobility to that of the native enzyme and the other to 

a species of higher molecular weight. It is possible 

that the large excess of DTNB required to cause 

aggregation simply reflects the difficulty in obtaining 

complete reaction of the four thiol groups. The 

occurrence of some other slow reaction that is necessary 

for aggregation and that only occurs when a large excess 

of reagent is present is also possible, however. 

The ult~acentrifugal analysis of the DTNB-reductase 

gave a main peak with an identical s to the untreated 

control. A small amount of material of lowered s was 

observed in the g*(S)/g*(S ) max vs S plots. The 

appearance of this material could result from the form­

ation of species of lower molecular weight or from 

substantial modification in the shape of the molecule, 

although the latter is less likely to produce a change 

ins of such magnitude. A more definite result is the 

demonstration of aggregates by the reduction in area 

under the peak. Again, as with the mercurial complex, 

reversal of these reactions with thiol indicates that 

substitution of the reductase with DTNB plays a large 

part in effecting the observed changes. 
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Although the g*(S J / g* (S } max~ S plots give a 

qualitative estimate of a small proportion of protein 

with lows, the possible explanation that this resulted 

from disaggregation of the 76,000 molecular weight unit~ 

was not substantiated by the more sensitive techniaue 

of po l y acrylamide gel electrophoresis. ~lthough it may 

be argued that in this technique the effect of charge 

on the migrating species can mask molecular size effects, 

change in charge in this instance, especially in regard 

to DTNB would be to increase the negative charge on the 

protein fragments, which would accentuate the increased 

mobility of such small fragments. The complete 

absence of material with a mobility greater than that of 

the untreated enzyme therefore clearly indicates the 

absence of any subunit produced by any of the treatments 

used. 

Effect of pH 8.9 on ribonucleotide reductase. ~s 

described in Chapter II, exposure of the reductase to 

pH 8.9 causes the production of an irreversibly in­

activated species of lower electrophoretic mobility on 

polyacrylamide gel electrophor esis. When examined in 

the ultracentrifuge, the weiqht average sedimentation 

coefficient is slightly reduced, indicating a slight 

decrease in the molecular weight or a conformational 
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change in this mo~e slowly sedimenting material. 

Again reduction in the area under the peak suggests 

in addition the presence of high molecular wei~ht 

forms& Formation of aggregates at the high pH may be 

attributed to thiol-disulphide interchange, · or to 

ionisation of those groups on the molecule with the 

highest dissociation constants with a consequent in~ 

crease in the repulsive forces on the enzyme leading to 

irreversible inactivation. Apart from the detection of 

material of low sedimentation coefficient, the ultra­

centrifugal analysis confirms the effects of pH 8.9 

observed on polyacrylamide gel electrophoresis. 

Consideration of ribonucleotide reductase as an 

allosteric enzyme in the light of current models. ':T'he 

small size of ribonucleotide reductase, whilst not 

excluding the presence of subunits, makes this type 

of structure less likely as the physical basis of the 

allosteric properties of the reductase. Because of 

the large number of substrates, modifiers and cofactors 

known to participate in the complete reactionJ explan­

ation of the data by the symmetrv theorv of J\!Tonod· ~ al. 

(1965) would demand an extremely complicated model (cf. 

Koshland and Neet, 1968). The sequential theory of 

Koshland et al. (1966) where each modifier is assumed 
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to induce a sli ghtly different conformational change, 

provides a simpler model to which the data might · be · 

fitted, but again this model r equires the presence of 

subunits which it has not so far been possible to 

demonstrate o Likewisef the inabili ty of the modifiers 

to pro<luce demons trable aggr egation or di saggregation 

exc ludes the poss ibility of polymer equilibrium (Winzor 

et al ,, , 1963) as an explanation for the allosteric 

properties of the enzymeo 

Re c ently an alternative to allosterism and co­

operativity was proposed fo r the interpretation of 

kinetic data (Sweeny and Fisher, 1968 ) . This treat-

ment only considers enzymes which give rise to sigmoidal 

plots of initial velocity against substrate concentrat­

ion and assumes such reactions take place by several 

types of well characterised reaction mechanisms simult­

aneously n However, the action of ribonucleotide reduct­

ase is not described by such plots. Also, as the 

hypothesi s does not consider the effect of allosteric 

modif i e rs, this me chanism is irrelevant to the discuss­

ion on this enzyme n 

The kinetics of the ribonuc leotide reductase of 

L ~ leichmannii indicate the combination of more than 

one molecule of ribonucleotide, with substrate activat­

ion after t he b inding of multiple sites~ These 
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phenomena . may be explained in terms of classical 

kinetics (cof0 Friedenf 1 964; Worcel et al., 1965; 

Morrisoni 1965; Sanwa l and Cook, 1966) on the basis of 

a s imple model comprising one catalytic site and one 

allosteric s ite to which substrate or modifier may bind. 

The fit of the da a to this model g ives no indication 

of the possible subunit structure of the reductase. 

However, the model described above p rovides the best 

fit to the available data with the least number of 

assumptions~ 

Summary 

The purity of e l ectrophoretically homogeneous 

ribonucleotide r eductase was investigated by gel 

filt r ation and ultracentrifugation t echniques, and was 

found to be mo r e than 95% pur ee Analytical ultra­

centrifugation and pol yacry l amide-gel electrophoresis 

wer e used to investigate the phys i cal properties of 

the reductase in the presence of substrate and 

allosteric a ctivators n Measurement of the weight 

average sedi ment ation coefficient p rovided identical 

v alues in the p r esence and absence of these ligands. 

This indicates that there i s no aggregation or dis­

aggregation in the presence of activ ators and 

substrates under the conditions used ~ 
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The rate and extent of reaction o f sulphydryl groups 

on the r eductase was invest1gated0 Increased rates of 

reaction were observed in the p resence of dGTP and 

a l kali-metal ions, indicating that these activators 

of the r eaction facilitate a conformational change in 

the reductase n The possibility of subunit structure 

was inves tigated by examination of t he molecular weight 

at low protein concentrations and in the presence of 

7 M urea or excess PMBQ In no case was material of 

lower mol ecular we i ght observed in significant amounts. 

However, PMB causes aggregation of the molecule to 

several species of h i gher mo lecular we i ght ~ The 

smallest aggregates may be reactiva t ed in the presence 

of th i ols while those of v ery high molecular weight 

remain inactive ,, 

The c hemical molecular we i ght of ribonucleotide 

reductase could not be de t ermined by tryptic digestion 

and pepti de mapping¥ due to incomple t e hydrolysis by 

trypsin resulting in a large insolub l e "core" peptide. 

On the b asi s of these r esults, ribonucleotide 

reductase appear s to be an allosteric protein where 

the mec hani sm does not depend on the participation of 

subunit structure ~ 

·--, 
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CHAPTER IV 

PURIFICATI ON AND PROPERT I ES OF THIOREDOXIN AND THIORED­

OXIN REDUCTASE OF LACTOBACILLUS LEICHMANNII 

Intr oduction 

The investigation o f Reichard and his colleagues 

on reduction of ribonucleot i des by cell-free extracts 

of Escherichia co l i Bled to the isolation and charact­

erisation of the hydrogen donor system for this 

reaction. The reductant for ribonucleotides was found 

to be a small, heat-stable p r otein which, when 

oxidised, contains a single d i sulphide bridge and was 

designated thioredoxin (Laurent et al., 1964 ) . This 

protein is reduced by NADPH in the presence of a 

specific flavoprotein, thioredoxin reductase (Moore et 

al., 1964) by the reaction shown in Fig. I.2. Thiored­

oxin is the specific hydrogen acceptor for the thiored­

oxin reductase, but together these proteins will 

catalyse the NADPH-dependent reduction of glutathione, 

lipoic acid, oxytocin and insulin (Moore et al., 1964). 

Several other superficially similar reducing 

systems have been described. Black et al. (1960) have 

isolated three proteins from yeast which couple the 

reduction of methionine sulphoxide to NADPH. Two of 

these three proteins can also reduce several disul-
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phides in the presence of NADPH, including hydroxy­

ethyl disulphide, L- or D-cystine, homocystine, DL­

lipoic acid, oxidised glutathione, oxytocin and the 

three disulphide bonds of insulin. Another three 

proteins constituting a similar system for the re­

duction of sulphate have also been isolated from 

126. 

yeast (Bandurshi et al., 1960). Two of these proteins 

are heat labile and the third is relatively heat 

stable. The reaction is accelerated by the addition 

of FAD. Asahi et al~ (1961) describe two enzymes, A 

and B, which catalyse the reaction. The first step 

involves the reduction of a small, heat stable di­

sulphide protein (Fraction C) by NADPH in the 

presence of enzyme A, this reaction being stimulated 

by FADe Fraction C is the specific hydrogen 

acceptor for enzyme A, but the two proteins, A and c, 

in the presence of NADPH, reduce 5,5'-dithiobisnitro­

benzoic acid (DTNB), lipoamide or, in the presence of 

enzyme B, 3'-phosphoadenosine-5'-phosphosulphate 

to sulphite. 

Four proteins have been implicated in the trans­

fer of electrons from glycine to NAD in Peptococcus 

glycinophilus (Baginski and Huennekens, 1966), one 

of which is a flavoprotein (Klein and Sagers, 1967). 

The reaction, involved in the oxidative decarboxyl-

. 
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ation of glycine, differs from those described above 

in pyridine nucleotide specificity. The flavoprotein 

can be reduced by NADH or by glycine, but reduction by 

the latter can only occur in the presence of the three 

other proteins of the system. 

Thioredoxin reductase of E.coli has been obtained 

in pure form and has a molecular weight of 66,000 

(Thelander, 1967, 1968) . There is a resemblance between 

the properties of this enzyme and those of two other 

flavoproteins, glutathione reductase and lipoyl 

dehydrogenase (c.f. Colman and Black, 1965; Massey 

and Williams, 1965; Massey et al., 1962), all of 

which contain 2 moles of FAD per mole of protein and 

give similar visible-light-absorption spectra. All 

catalyse the reversible oxide-reduction of a disul­

phide bridge by pyridine nucleotides. Each is specific 

for a particular disulphide substrate, but thioredoxin 

reductase differs from the other two enzymes in that 

the latter have low molecular weight substrates. All 

three of these proteins. together with thioredoxin 

have been purified simultaneously from E. coli 

(Williams et al., 1967). In their comparison of 

these enzymes, Zanetti and Williams (1967) and 

Thelander (1968) conclude that a reducible intra­

chain disulphide bridge provides an integral part of 
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the reaction mechanism, and although these enzymes 

catalyse apparently similar chemical reactions, the 

reaction mechanism of thioredoxin reductase may differ 

from that of glutathione reductase and lipoyl dehydro­

genase. 

The isolation and purification of the physiol­

ogical hydrogen donor in the ribonucleoside diphosphate 

reductase system led to specul ation that a similar 

system might be present in extracts of Lactobacillus 

leichmannii, especial l y as the reduced thioredoxin of 

E . coli can funct i on as the hydrogen donor for ribo­

nucleoside triphosphate reductase (Vitol s and Blakley, 

1965 ). Several preliminary reports (Blakley et al., 

1965; Vitols and Blak l ey, 1965; Beck et al., 1966) 

described experiments designed to demonstrate 

the presenc e of suc h a system, but the results of all 

these experiment s were negative . It was noted, how­

ever (Beck et al .f 1966), that cell-free extracts 

of L_. leichmannii contain an NADPH oxidase which was 

assumed to contribute to the difficulty of demonstrat­

ing the presence of an NADPH-dependent reducing system . 

Vitols and Blakley (1 96 5) unsuccessfully attempted to 

demonstrate t he reduction of nucleotides by crude 

extracts of L e l eichmannii after the addition of 
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Eo coli thioredoxin reductase and NADPH. As has been 

discussed previously, there are few similarities between 

the ribonucleotide reductases isolated from the two 

sources. It was of interest, therefore, to determine 

whether these diss i milarities extend to the function 

and structure of the hydrogen donor system . Cell-free 

extracts of L . leichmannii were therefore investigated 

for the presence of an NADPH-dependent reducing system. 

In this chapter, the isolation of the protein compon­

ents of this system in substantially pure form is 

described . 

Experimental Procedure 

Materials 

NADPH, NADP, NADH and nucleotides were purchased 

from P-L Biochemicals, Milwaukee . Streptomycin sul­

phate was purchased from Glaxo-Allenburys, Sydney, 

Australia ~ Catalase was purchased from Nutritional 

Biochemicals, Ohio . Glucose-6-phosphate dehydrogenase 

(G6PD) and glucose-6-phosphate (G6P) were purchased 

from Sigma, St ~ Louis . 

Thioredoxin and thioredoxin reductase of E.coli, 

purified by the methods of Laurent et al. (1964) and 

Moore et al. (1964) were supplied by Dr. E. Vitals. 

Ribonucleotide reductase was prepared by the method 

described in Chapter II, and was supplied by Dr. R.L. 

Blakley. 
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Methods 

Enzyme assay. Both enzyme (thioredoxin reductase) 

and substrate (thioredoxin) were assayed by the same 

procedure. Thioredoxin reductase activity was measured 

in the presence of excess thioredoxin, the latter 

being assayed in the presence of a fixed concentration 

of thioredoxin reductase isolated by Sephadex G-100 

gel filtration equivalent to 10 µg of pure reductase. 

In the assay of thioredoxin in extracts prior to the 

removal of thioredoxin reductase, a slight positive 

error may arise due to the presence of a small amount 

of reductase in the sample. The NADPH-dependent 

reduction of DTNB was measured at 412 on a Cary model 

14 or 15 recording spectrophotometer. The experimental 

cuvette contained 200 to 1500 µmoles of potassium 

phosphate buffer, pH 7.5, 10 µmoles of EDTA, 80 mµmoles 

of DTNB, 100 mµmoles of NADPH and thioredoxin and 

thioredoxin reductase in the amounts required for 

assay. Final volume was 1 ml. A unit of activity is 

defined as the amount of protein which will reduce one 

mµmole of DTNB per minute. Specific activity is 

defined as the number of units per milligram. In the 

calculation of these units, a molar extinction coef£ic­

ient of 13.6 x 10 3 was used for reduced DTNB 

(Ellman, 19 5 9) • 



The molarity of t h i oredoxin. preparations was 

determined -by the method of Laur ent et al- (1964). 

Protein determinati on . Protein concentrations 

were determined by the method of Gornall et al. 

(1949). Protein concentrations of fract i ons eluted 

from chromatogr aphy co l umns we r e es timated from the 

absorbance at 280 mµ. 

Bacterial cultures. Cells of L. leichmannii, 

a mutant of ACTC 7830 str ain, were grown on the 

defined medium described by Blakley (1965). This 

medium was autoclaved at 15 pounds pressure for 30 

minutese Cells were g r own in 60 litre batches in 

still cultµre at 37° from a 0.0014 to 0.07% inoculum 

in active growth phase . When cel l growth had pro­

duced an absorbance of 1.0 at 660 mµ , as measured on 

a Beckman DK2 spectrophotomet er, the medium was 

vigorously agitat ed. Under t hese conditions active 

growth proceeds in a non-logarithmic fashion to an 

absorbance at 660 mµ of 2.5-3.0. After chilling the 

medium, cells were harvested in a Sharples ultra­

centrifuge at 3 ° . Wet cell paste (150-200 g) was 

resuspended in ten volumes of cold 0.05 M Tris-HCl 

buffer, pH 8.0, and the cells were collected by 

centrifugation at 3° for 10 minutes at 20,000 x g. 

131. 
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After resuspension in 6 volumes of cold 0.05 M Tris­

HCl buffer~ pH 8~0r the cells were disrupted in a Ribi 

(Sorvall) ce 1 fractionator at 20,000 pounds per 

square inch ~ Particulate material was removed by 

centrifugation at 30,000 x g for 1 hour at 3°. 

Prep~~~t~v~chFomatography~ Sephadex G-100 and 

G-50 were prepared and columns poured as described in 

Chapter III~ These columns were supported from below 

by two layers of terylene gauze; flow rates of - 2.0 

2 and 2~5 ml per hour per cm were obtained for G-100 

and G-50t respectively. 

DEAE-Sephadex A-50 was prepared in the phosphate 

form after cycling with acid and alkali, as described 

by the manufacturers 1 Pharmacia, Uppsala. Initial 

flow rates of 10 ml per hour were obtained with in­

creasing flow as the eluting buffer became more 

concentrated , 

Polyacryamide-ge l electrophoresis~ Preparative 

and analytical electrophoresis was performed as 

described in Chapter II~ 

Concentration of protein solutions. This was 

effected with an Amicon Diaflow apparatus incorporat­

ing membranes which will specifically retard 

molecular weight species in excess of 10,000 and 

50 6 QOO molecular weight for the concentration of 



thioredoxin and thioredoxin reductase, respectively. 

Compressed helium was used in the ultrafiltration 

to minimise frothing on the release of pressure. 

Oxygen consumption 0 A small oxygen electrode 
»-.!L 211&,m cx .w• t:sx:u 
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(Titron Instrument Co Q, Sandringham, Australia) was 

used to measure oxygen consumpt ion by the method of 

Snoswe l l (1966 ) ~ Total volume of the reaction mixture 

Amino acid analyses ~ The procedures described 

in Chapter III were used~ 

Spectrophotofluorimetry. Fluorimetric emission 

of thioredoxin after excitation at wavelength 280 mµ 

was measured on an Aminco-Bowman Spectrophotofluori­

meter fitted with a Moseley X-Y recorder. Samples in 

1.5 ml were examined in 1 cm x 1 cm light path quartz 

cuvettes at 10 ° ~ 

Results 

Joint purification of thioredoxin and thioredoxin 

reductase 

Streptomycin sulphate precipitation of inactive 

protein. The cell-free extract was adjusted to pH 5.6 

by the dropwise addition of 1 N acetic acid. Strepto­

mycin sulphate solution (16 ml of a freshly prepared 

5% solution per 100 ml of extract) was added to the 

stirred extractc The precipitate was removed by 
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centrifugation at 20,000 x g at 3 ° for 10 minutes. 

The decanted supernatant solution was adjusted to pH 

7®3 by the dropwise addition of 1 N ammonium hydroxide. 

The purification of crude extract and the recovery of 

activity after streptomycin sulphate precipitation of 

nucleic acid and protein is shown in Table IV.l. The 

conditions used for preparation of E. coli thioredoxin 

and thioredoxin reductase are unsuitable for use with 

L"' leichmannii extracts. With the amount of strepto­

mycin sulphate used, no precipitation occurs at pH 8.0, 

but as the pH of the mixture is loweredr precipitation 

first occurs at pH 6~8~ Recovery is good ( >95%) at 

pH 5.6, but below pH 5.6 both recovery and increment 

in specific activity are diminished. Precipitation 

of protein by lowering the pH to 4.0 did not provide 

a method for separating thioredoxin and thioredoxin 

reductase as is the case with these proteins isolated 

from E. coli® Under all conditions used between pH 

5.6 and pH 4~0 each protein was present in both 

soluble and insoluble fractions. 

Anunonium sulphate precipitation of thioredoxin 

and thioredoxin reductase. The neutralised super­

natant from the streptomycin sulphate fractionation 

was made 10 mM with respect to EDTA~ Solid ammonium 

sulphate was then added mechanically at a continuous 
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TABLE IV.l. 

Control 

Streptomycin 
sulphate 

Streptomycin 
sulphate 

Streptomycin 
sulphate 

Removal of protein from the crude extract 

by streptomycin sulphate 

pH of precipit- Specific % Recovery 
ation activity 

- 12.7 100 

8 .. 0 12.7 100 

5 . 6 18.4 95 

5 . 0 13.2 63 

Streptomycin sulphate was added at the rate of 16 ml 

of 5% solution per 100 ml of extract at the pH 

indicated . 
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rate such t hat it was dissolved as rapidly as it was 

added. Sti rring was continued for 30 minutes after all 

the added ammonium sulphate had dissolved~ Precipit­

ated protein was collected by centrifugation at 

20,000 xi for 15 minutes at 3 °9 The supernatant 

solution was discarded , The precipitated protein was 

dissolved in 200 ml of potass i um phosphate buffer, 

pH 7.5, containing 1 mM EDTA e 

Heat treatment of thioredoxin and thioredoxin 

reductasea Since ammonium sulphate appeared to 

stabilise thioredoxin reductase when exposed to higher 

temperatures (c.f~ Williams et al 8 , 1967), the re­

dissolved ammonium sulphate precipitate was used with­

out dialysis ~ The stirred protein solution, in a 

stainless steel beaker, was heated in a water bath 

and maintained at the particular temperature for 5 

minutes, after which it was rapidly cooled in ice 

water~ Precipitated protein was centrifuged at 20,000 

x g for 15 minutes at 3°. The supernatant solution 

was decanted and stored at 0 ° ~ The precipitate was 

washed with two 50 ml portions of 0.05 M potassium 

phosphate buffer, pH 7e5, containing 1 mM EDTA. The 

washings were combined with the original heat-

treated supernatant solution and the residue was 

discarded. The effect of heat treatment on 

I rn _. 
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Effect of temperature on thioredoxin 

and thioredoxin reductase. 

Redissolved ammonium sulphate precipitate was 

heated to, and maintained at,the temperatures 

shown for a period of five minutes. Samples 

were then centrifuged and activity determined 

on aliquots of the supernatant as described 

in the Methods section. Results are expressed 

as a percentage of initial activity. 0--0, 

thioredoxin reductase; 6 ~ 6 thioredoxin. 



thioredoxin and thioredoxin reductase under these 

conditions is shown in Fig. IV.l. For routine 

preparative use, extr acts were heated to 65 ° for 5 

minutes to provide maximal recovery to both 

activities. 

Ammonium sulphate was added to the combined 

supernatant solutions as previously described, to 

give 0 ~9 saturation. Preci pitated protein was 

collected by centrifugation (20,000 x g for 15 

minutes at 3°) and the supernatant discarded~ The 

precipitate was transferred with the aid of a 

spatula to a thick walled ( 0 .5 mm in dry state ) 

dialys i s tube and rinsed in with a minimal volume 

of 0.05 M potassium phosphate buffer, pH 7.5, 

containing 1 mM EDTA. The sac .was tied under 

pressure to prevent excessive increase in volume 

during dialysis for 12-24 hours against three 5 

litre portions of 0 . 05 M potassium phosphate buffer 

containing 1 mM EDTA • . Losses of thioredoxin occur 

if this procedure is performed with thin walled 

dialys is sacs. 

Gel filtration of thioredoxin and thioredoxin 

reductase on Sephadex G-lOOe The dialysed protein 

solution from the heat treatment (containing 6-10 g 

136. 
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FIG. IV.2. Gel filtration of thioredoxin and 

thioredoxin r eductase on Sephadex G-100. 

The column (1 50 x 5 cm) was equilibrated with 

0.05 M potassium phosphate buffer (pH 7.5 con­

taining 1 mM EDTA), which was also used to 

e lute the fracti ons. 

e---e Absorban ce at 280 mµ; 

0---0 Thioredoxin reductase activity; 

6~6 Thioredoxin activity. 
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FIG. IV. 3. DEAE-Sephadex chromatography of 

thioredoxin reductase. 

The sample (0.2-2.0 gin 100-300 ml) was applied 

in 0.05 M potassium phosphate (pH 7.5, contain­

ing 1 rnM EDTA) to a 10 x 4 cm column and a 

maJor peak of inactive protein was eluted with 

a linear phosphate gradient from 0.05 M to 1 M, 

pH 7.5. Thioredoxin reductase activity (0--0) 

was eluted with a linear gradient from pH 7.5 

to 6.0, 1 M potassium phosphate. Peak activity 

was eluted at pH 6.8. e----e,absorbance 280 mµ; 

O~O, molarity of phosphate; X~X, pH of 

eluted fractions. 
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in 80-115 ml) was applied to a column of Sephadex 

G-100. The elution profiles of protein and activity 

are shown in Fig. IV.2. Thioredoxin of E8 coli or 

137. 

L. leichmannii may be used as substrate to detect 

thioredoxin reductase activity, but only thioredoxin 

reductase of L. leichmannii can utilise the thiored­

oxin of this organism as substrate. It will be noted 

that there are two peaks of thioredoxin reductase 

activity. 

Further purification of thioredoxin reductase. 

DEAE-Sephadex A-50 chromatography. The reductase 

cannot be eluted from this ion exchanger with phos­

phate buffer at pH 7.5 at concentrations up to 3M. 

If, however, the pH of the eluting buffer is lowered 

the protein is eluted at a concentration of 1 M 

phosphate at pH 6.5. Plots showing the elution of 

protein, activity, phosphate concentration and pH 

are shown in Fig. IV.3. 

Elution of thioredoxin reductase from DEAE­

Sephadex with acetate buffer, pH 4.5, was investi­

gated and produces reductase of a high specific 

activity. However, polyacrylamide-gel electrophoresis 

of extracts purified in this manner indicate the 

presence of multiple bands and two peaks of activity. 
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FIG. IV.4. Purification of thioredoxin 

reductase by preparative polyacrylamide-gel 

electrophoresis. 

I 

The buffer system described by Thelander (1967) 

was used. The sample applied consisted of 20 mg 

of protein purified by DEAE-Sephadex chromat­

ography. e--e, absorbance 280 mµ; 0---0, 

thioredoxin reductase activity. 
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F'IG. IV. 5. Polyacrylamide-gel electrophoresis 

of thioredoxin reductase. 

A. Before preparative electrophoresis. 

B. After preparative polyacrylamide-gel 

electrophoresis. 

The buffer system of Thelander was used, 
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As the two peaks of activity may result from aggreg­

ation-disaggregation effects at the lower pH, this 

method of ion exchange chromatography has been 

discontinued. 

138. 

Preparative polyacrylamide-gel electrophoresis of 

thioredoxin reductasee Thioredoxin reductase purified 

by DEAE-Sephadex chromatography was electrophoresed 

in the buffer system of Thelander (1967) with the 

results shown in Fig. IVe4. A single peak of activity 

was observed in fractions eluted from the preparative 

apparatus which corresponded to the largest protein 

peak~ Although this peak of activity did not appear 

to be completely separated from inactiv~ material, the 

fraction exhibiting maximum activity was almost pure 

as shown by polyacrylamide-gel electrophoresis. Fig. 

IV.5 shows protein before and after preparative 

electrophoresis. The small amount of low mobility 

material present after electrophoresis appears to 

constitute less than 5% of the applied protein 

samplee No faster migrating species was observed~ 

This pure preparation exhibited a specific activity 

of 1,700. Eighty percent of the protein and 69% of 

the activity applied was recovered. The purification 

of thioredoxin reductase is summarised in Table IV~2. 
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TABLE IV .. 2., Purification of thioredoxin reductase 

Procedure I Vol. I Total I Specific Yield I Purification 
Units Activity % 

Cell-free I 1240 I 121,000 I 4 .. 9 100 
extract 

Streptomycin 1360 91,000 4.2 75 
sulphate 

Heat treated 118 72,000 I 6 .. 7 I 60 I 1.4 

Gel filtration 

Peak I 14,000 12 12 2.5 
Peak II 69,000 65 57 13 

DEAE-Sephadex 132 49f000 1,200 40 250 

Electrophoresis 10 7,000 1,700 22* 350 

*Recovery in tube of peak activity only; overall recovery for this 

step 69% .. 

--
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FIG. IV. 6. DEAE-Sephadex A-50 chromatography 

of thioredoxin. 

The sample (6-200 mg in 50-300 ml) was applied 

in 0.05 M potassium phosphate (pH 7.5 containing 

-l mM EDTA) to a 10 x 4 cm column. Protein was 

eluted with a linear phosphate gradient from 

0.05 M to 2.0 M, pH 7.5. e--e, absorbance 

280 mµ; 6~6, thioredoxin activity. 
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FIG. IV.7. Gel filtration of thioredoxin on 

Sephadex G-50. 

The 15 0 x 2 cm column was equilibrated with 

0.05 M po tassium phosphate buffer (pH 7.5 con­

taining 1 mM EDTA) which was also used to elute 

the fractions 

e--e Absorbance at 280 mµ; 

6~6 Thioredoxin activity. 
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Further pur ification of thioredoxin 

DEAE-Sephadex A-50 c h r omatography ~ The combined 

active fractions from gel filtration on Sephadex G- 100 

were fu rther purified on DEAE-Sephadex as shown in 

Fig e IV 6~ Two peaks of activity were always observed, 

the firs t (Peak I ) being e luted a t a phosphate 

concentration of 0 .2 -0 .4 M phosphate, and the second, 

larger peak (Peak II) of ac ivity was eluted above a 

concentration of 0 . 6 M phosphate e As Peak II constit­

utes up to 80% of the activity appliedf it has been 

used for all of the investigations to fo llowG Follow­

ing dialysis in thick-walled sac s agains t 0 005 M 

potassium phosphate buffer, pH 7Q5, containing 1 mM 

EDTA, Peak II thioredoxin was concentrated in a Diaflow 

pressure cell. 

Ge l fi ltration of thioredoxin on Sephadex G-50e 

After c oncentrat i on, the combined active fractions from 

DEAE-Sephadex chromatograp hy (about 10-30 mg protein 

in ml were dialysed against 0 . 05 M potassium phos­

phate buffer f pH 7.5, containing 1 mM EDTA~ Elution 

profile s of abso r bance at 280 mµ and thioredoxin 

activity a r e shown in F i g. IV.7 Active fractions 

were combined and c oncentrated on the Diaflow 

appar atus ~ 
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FIG. IV. 8. Polyacrylamide-gel electrophoresis 

of thioredoxin. 

TEA-TES buffer was used. Sample consisted of 

80 µg of thioredoxin from the Sephadex G-50 

filtration and concentrated by ultrafiltration. 
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140. 

Polyacrylami de-ge l electrophoresiss Electro­

phoresis of the concentrated fractions indicate a high 

degree of purity as shown in Fig. IV~8~ The purificat­

ion of hioredoxin is summarised in Table IV.3. 

Molecular weight of thioredoxin and t h ioredoxin 

reductase m Comparison of t he elution volumes of these 

proteins with those of proteins of known molecular 

we i ght (c~fQ F ig~ IIIs6), indicated a molecular weight 

of 12 ,000- l4p000 for thioredoxin and 70, 000-80,000 and 

35 ,000-40,000 for t he first and second species of 

hioredoxin reductase eluted, respectively ~ 

The species of thioredoxin eluted first from DEAE­

Sephadex .has an identical elution volume on Sephadex 

G-50 to the major thioredoxin species (Peak II) e It 

is unlikely, therefore, that the two species represent 

aggr ega e and monomer forms of the same enzyme. Void 

volume and elution volume in this experiment were 

34 ml and 54 ml, respectively~ Insertion of these 

values into the relationship g iven by Determann (1966) 

Log M 

p rovides a value for the molecular we i ght of about 

12, 00 0 



TABLE IV.,3 .. Purification of thioredoxin 

Procedure Vol. Total Specific Yield Overall 
Units Activity % Purification 

U/mg 

Cell-free extract 1100 136,000 5.8 

Streptomycin 1270 152,500 6.8 112 1.2 
sulphate 

Heat treated 101.5 102,500 10.8 75 1.9 

Gel filtration 400 35,000 190 26 33* 

DEAE-Sephadex 
chromatography 

Peak I 155 6,750 87.6 5 15 
Peak II 485 25,400 569 18 98 

Gel filtrat i on 20 28,600 7,000 20 1,200 

Concentration 1.41 27,400 5,900 20 1,020 
Diaflow 

*In this particular preparation, recovery of activity at this step was unusually 

low. Normally, recovery over this step is in the range 80-90%. 
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FIG. IV.9. Fluorescence emission spectra of the 
oxidised (----) and reduced ( ) forms of 
thioredoxin. 
Excitation was at 2 80 mµ . Thioredoxin (2.25 
mµ moles) in 0.05 M p otassium phosphate buffer, 
pH 7.5, containing 1 rnM EDTA. After obtaining 
t he oxidised spectr um, the thioredoxin was re­
duced by the additi on of dithiothreitol (0.01 ml, 
0.5 M). L. leichmannii thioredoxin (A) exhibits 
only a slight change compared to the two-fold 
increase in E. coli thioredoxin fluorescence (B) 
(cf 2.5-fo ld~ Stryer et al., 1967). Emission 

maximum was not alterea.~The curves, A and B, 
have not been corrected for variation with wave­
length in the s ensitivity of the recording 
system, nor has the monochromator been calibrated 
for exact waveleng ths of emission. 
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1 2 1 , 

The r ate of the ribonucleotide reductase reaction 
was as sayed at 37° by measuring NADPH oxidation 
at 34 0 mµ on a Cary Model 14 recording spectro­
photometer. The experimental cuvette contained 
10 0 µm oles of potassium phosphate buffer, pH 7.5, 
2 µmoles of EDTA, 1 µmole GTP, 100 mµmoles NADPH, 
15 µg o f L. leichmannii ribonucleoside triphos­
phate reductase, 5 or 10 µg of thioredoxin reduct­
a se, 0.16 -18.8 µM thioredoxin and 2 mµmoles 5'­
deoxyadenos y lcobalarnin in a total volume of 0.5 
ml. The reaction was started by the addition of 
the cobarni de coenzyme after a 3 min preincubation. 
The content of the reference cuvette was identical 
except for the omission of GTP. 0--0, thioredoxin 
system of L. leichmannii; 6 ~ 6 , thioredoxin system 
of E. coli. 



C 

' 

'I 

I: 

I 

11 

Ii 

I, 

ll 

. [ 

,, 

141 

Amino-acid analys is of t h ioredoxi n., The amino­

acid ana l ysis i s shown i n Table IV.4f t oge t her with 

that of E 4 oli thioredoxin~ Tryptophan was not 

determined. A molecular we i ght of 12,000 was used t o 

calculate the number of r esidues per mo le~ No correct­

i ons were made for poss i b l e los ses during t he 

estimationo 

Fluorescence of thioredoxin. The emi ssion 

spectrum of L Q leichrnannii thioredoxin was determined 

on both the oxidised and reduced forms of the protein 

with excitation a t 280 mµ (Stryer et al.,, 1 96 7). The 

increase in emission of f luo r escence when the thiored­

oxin was reduced with dithiothrei tol i s shown in 

Fig. IV . 9 ., Fig. IV . 9A shows the emi ss i on spectra of 

oxidi sed and r educed thioredox in of Le leichma~n~, and 

Fige IV~9B that of E . coli ~ Although the differe nce 

between the reduced and oxidised spectra of the 

latter pro ein is no t so large as that reported by 

Stryer et al (1 967 ), it is still c ons i de r ab l y g reater 

than that observ ed wi th the LQ l eichmannii enzymeQ 

The effect of increasing thiol concentration on 

the rate of ribonucleotide r educ tion . F i g ~ IV.10 

shows the r ates of GTP r eduction by ribonucleos ide 

triphosphate reductase by the c oup led sys tem indicated 
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TABLE IV"4"' Amino-acid anal ysis of thioredoxin 

The values expressed were calculated on the assumption 

that there was one residue of histidine per 12,000 rn.w. 

Amino Acid L. leichrnannii E. coli* 

Lysine 7.30 (7) 9.55 (10) 

Histidine leO (1) 0.92 (1) 

Arginine 2" 94 (3) 1.00 (1) 

Aspartic Acid 16 070 (17) 15.00 ( 15) 

Threonine 9 0 95 (10) 5.50 ( 6) 

Serine 2,. .50 (3) 2.58 (3) 

Glutarnic Acid 15()50 (16) 8.00 ( 8 ) 

Praline 5" 30 (5) 5.10 ( 5) 

Glycine 6 "25 (6) 8.50 (9) 

Alanine 3., 50 (3 ) 11 .. 60 ( 12) 

Half Cystine l,. 47 (2) 1.65 ( 2) 

Valine 6.8 (7) 4.95 (5) 

Methionine 3071 (4) 0.93 (1) 

Isoleucine 5 057 (6) 7.90 (8-9) 

Leucine 8.6 ( 9 ) 12.60 (13) 

Tyrosine 1. 5 .5 ( 2) 1.86 (2) 

Phenylalanine 1~62 (2) 3.82 (4) 

Tryptophan 2 ( 2) 

TOTAL 10'3 107-108 
......... """" ~---- a:m, 

*Figures publ i shed by Holmgren and Reichard (1967). 

Values in parentheses ar e the nearest integers, 
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by the following equations : 

NADPH + Th . d , -s Thioredoxin) iore ox1n 2 Rd ·t . e uc ase NADPH + 

Th ioredoxin-SH 2 
Ri bonucleotide 

reductase Thioredoxin (SH ) 2 + GTP ~C~~~~~B~~~) Thioredoxin-s
2 

+ oenzyme 12 
dGTP 

Various non-satur ating concentrati ons of 

thioredoxin from e ither L . l eichmanni i or E. c o li were 

used . _ Each thioredoxin was tested in the presence of 

excess thioredoxin reductase f rom the same organism~ 

Under these conditions the reduction of thioredoxin 

by NADPH (1) is much faster than reduction of GTP by 

ribonucleotide reductase (2), so that practically a ll 

of the thioredoxi n was in the reduc ed form. It is 

therefore possib l e to de termine the apparent K for 
m 

reduced thior edoxi n in the reduction o f ribonucleotides. 

As shown in Fig . IV.lOB, t he sys tem exhibited simple 

Michaelis-Menten (1 913 ) kinetics with thioredoxin from 

either sour ce . The K ( ) for L. l e ichmannii 
m app -

thioredoxin was 3 x 10- 6 Mand for E ~ coli thioredoxin 

-6 4 x 1 0 M. The s ligh t difference in the apparent 

V obtained under the experimental cond i t ions max 

employed i s probab l y not s i gnificant9 

(1) 

(2) 
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FIG. IV.11. The effect of alkali metal cations 

on the reduction of DTNB by thioredoxin and 

thioredoxin reductase. 

Standard assay was used with the buffer concen­

trations shown. Cuvettes contained 5 µg of 

thioredoxin reductase and 100 mµmoles of NADPH. 

Thioredoxin (0.2 mµmoles) was omitted from the 

reference cuvette. DTNB reduction in presence 

of the complete system,~,; DTNB reduction in 

the absence of thioredoxin 0--0. 
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DTNB reduction by the thioredoxin systems of 

E. coli and L . leichmannii. The activities of the 

thioredoxin system of each organism are compared in 

Table IV.5. The results shown in experiment 3 

demonstrate that the thioredoxin reductase of L~ 

leichmannii can reduce thioredoxin of E. coli. 

143. 

Quantitati ve comparison of the actual rates is not 

valid as the levels of thioredoxin used may not have 

been saturating. On the other hand, the thioredoxin 

reductase of E. coli, while showing high activity with 

its natural substrate (experiment 1), reduces L. 

leichmannii thioredoxin only to a negligible extent. 

Thus the two thioredoxin reductases exhibit a marked 

difference in substrate specificity. The significance 

of the difference in rates of the two complete systems 

(experiments 1 and 2) cannot be determined from this 

experiment, as the reductases were of unknown molarity 

and substrate concentrations may have been non­

saturating .. 

Effect of pot assium phosphate on reduction of 

DTNB by the thioredoxin system of L. leichmannii .. In-

creasing potassium phosphate concentrations up to 1.5 M 

enhance the reduction of DTNB in the system (Fig. IV. 11) . 

In addition, the blank rate observed in the absence of 
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TABLE IV.5. 

E. coli 

DTNB reduction by the thioredoxin systems of 

E. coli and L. leichmannii 

L. leichmannii 

Thioredoxin Thioredoxin Thioredoxin Thioredoxin DTNB 
reductase reductase reduction 

(mµmoles) ( jJ g) (mµmoles) ( jJ g) (mµmoles/ 
min) 

0.4 5 

0.4 5 

0.4 5 

5 0.4 

The reduction of DTNB was measured at 412 mµ on a Cary Model 15 

recording spectrophotometer. The experimental cuvette contained 

200 µmoles of potassium phosphate buffer, pH 7.5, 10 µmoles of 

EDTA, 80 mµmoles of DTNB, 100 mµmoles of NADPH, thioredoxin and 

thioredoxin reductase as indicated in a total volume of 1.0 ml. 

The reference cuvette contained an identical mixture, except for 

the omission of either thioredoxin or thioredoxin reductase. 

87 

131 

58 

2 
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Consumption of NADPH and oxygen in 

t he presence of thioredoxin and thioredoxin 

r eductase. 

Absorbance was measured at 340 mw on a Cary 14 

recording spectrophotometer and oxygen consumption 

measured on an identical solution with the oxygen 

electrode. Both experiments were performed at 

25°. Reaction mixtures contained phosphate 

buffe r in the concentrations shown, together with 

50 ~g thioredoxin reductase and 100 mwmoles of 

NADPH per ml. 
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thioredoxin, increases four-fold between OaOS Mand 

1~5 M potassium phosphatea Similar stimulatory 

effects were observed at high concentrations of 

sodium acetate and ammonium sulphate (maxg 1~5 M) 8 

NADPH oxidase activity of thioredoxin reductase. 

Consumption of NADPH by thioredoxin reductase in the 

absence of thioredoxin was significant even in the 

purest preparations of the reductase, up to 0®36 µmoles 

of NADPH being consumed per min per mg of protein. 

Attempts to separate this activity from thioredoxin 

reductase preparations by chromatography on hydroxy­

apatite or by preparative electrophoresis were un­

successful~ These preliminary investigations suggest 

that consumption of NADPH in the presence and in the 

absence of thioredoxin is catalysed by the same protein~ 

This rapid disappearance of NADPH in the presence 

of the reductaseff especially at high concentrations 

of potassium phosphate (Fig. IV912), suggested that 

dissolved oxygen functions as a hydrogen acceptor for 

NADPHc This was substantiated by the finding that 

oxygen was consumed from the reaction mixture during 

NADPH disappearance, this oxygen consumption being 

dependent on the addition of NADPH (see Table IV~6) ~ 

At both 

and l~O 

phosphate buffer concentrations used (0.05 M 

M) total oxygen consumption was lower than 
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TABLE IVo6o Oxygen consumption by thioredoxin 

reductase 

The reaction chamber contained 125 µg of thioredoxin 

reductase (specific activity 1,200), 125 or 2,500 

µmoles of potassium phosphate buffer, pH 7.5, and the 

additions as indicated in a total volume of 2.3-2.5 ml .. 

Experiment 1 : _ 0.05 M potassium phosphate 

Additions 

a None 

b NADPH (250 mJJmoles) 

C NADPH + Catalase* 

d NADPH + G6P + 
G6PDt 

Initial velocity 

mumoles oxygen consumed/minute 

5 

3 

5 

Experiment.2-, : 

Additions 

lcO M potassium phosphate 

Initial velocity 

mµmoles oxygen consumed/minute 

a None 

b NADPH (250 mµmoles) 

C NADPH + Catalase* 

16 

11 

2.5 d G6P G6PD + NADPt 

~100 µg catalase used. 

tGlucose-6-phosphate 250 mµmoles and Glucose-
6-phosphate dehydrogenase 50 µg • 
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expec ed for the usual equation for NADPH oxidase 

H+ + NADPH -) (3 ) 

As shown in Fig IVsl2, the NADPH consumption was 

approximately twice the number of equivalents of 

oxygen consumed~ This apparent discrepancy may be 

explained if heavy metal ions present in the phos­

phate buffer catalyse the rapid decomposition of 

Fe 2+ cu2+) 
( 4) 

Under these conditions, the total oxygen consumption 

would be half that predicted by the oxidase equation 

(3). Addition of catalase to the reaction mixture 

after the reaction had proceeded for 20 minutes 

liberated oxygen equivalent to between 25 and 40% of 

the oxygen consumed in the presence of Oe05 M 

potassium phosphate, but negligible amounts (<5%) 

in the presence of 1 . 0 M phosphatee 

At low phosphate concentration, both NADPH and 

oxygen consumption cease af ter about 1 0 to 15 minutes 

145 .. 

(Fig9 IV 1 2 ) , despite t he presence of NADPH and 

oxygen e The reaction continues for a longer period at 

high phosphate concentrations o r in the presence of 

catalase ~ These observations suggest t hat inactivat-
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ion of the enzymes, perhaps by peroxide; causes 

cessation of the r eaction. 

Discussion 

The ability of thioredoxin and thioredoxin re­

ductase, i solated as described i n the previous 

section; to replace the corresponding two p r o t e ins 

from E coli in ribonucleoside triphosphate reduct­

ion wi th a slightl y lower K ( ) provides strong m app 

146. 

evidence that these two proteins, together with NADPH, 

constitute the phys iological hydrogen donor system 

for this reaction The activity of E.coli thioredox­

in wi th L . l eichmannii thioredoxin reductase also 

indicates some s i mi l arity between the two substrates. 

However, it is not surpri sing t hat ,thioredoxin of 

L. leichmannii does not serve as a substrate for E~ 

coli thioredoxin reductase. The different c h romat e-

graphic behaviour of thioredoxin from the two sources 

on ion-exchange columns. and the difference in the 

ratio of acidic to basic amino .acid ,residues indicate 

that L. l e ichmannii thioredoxin is by far the mor e 

negatively charged o Furthermore, t he fluorescence 

data indicates that the amino-acid sequences at the 

reactive d isulphide are d i fferent in t he two proteins. 

The kinetic doub l e reciprocal plots of velocity 

of ribonucleotide reduction as a function of r educed 
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thioredoxin concentration are clearly linear for the 

thioredoxin isolated from either organismQ This 

result differs from the findings of Beck et al. 

(1966) who reported non-linear kinetics for this 

reaction with E~ coli thioredoxin as substratee In 

view of the fit of the data to the computed lines, 

we conclude that the kinetics of this reaction are 

unireactant under the experimental conditions used. 

147. 

The increased rate of reduction of DTNB by the 

thioredoxin system in the presence of high phosphate 

concentrations possibly reflects a change in the 

conformation of the reduced protein which facilitates 

exposure of the sulphydryl groups. A similar effect 

was observed with ribonucleotide reductase (cGf. 

Chapter III ) m As will be discussed later, the 

presence of heavy-metal ion contamination in the phos­

phate will catalyse H2o2 destruction, a factor which 

may play a part in the enhanced reaction at high phos­

phate concentrationse 

The elucidation of methods for purification of 

these proteins to electrophoretic purity of greater 

than 90% will permit further studies on chemical 

structure The material of low mobility observed on 

the analytical polyacrylamide-gel electrophoresis of 

purified thioredoxin reductase is produced during the 



~ ! 

j 

Ji 

Ii 

analytical electrophoresis0 The absence of proteins 

of intermediate mobility which were present in the 

sample subjected to preparative electrophoresis 

indicates that the material of _low mobility was not 

present in the fractions eluted from the preparative 

gel~ The formation of this type of aggregate in the 

Tris-glycine buffer system has been discussed in 

Chapter II0 

Thioredoxin reductase~ Detection of activity 

148. 

in crude extracts was- hampered by the presence of the 

oxidase activity. A major difference in the isolation 

of thioredoxin reductase from the two organisms is the 

inability of the L. leichmannii reductase to separate 

from thioredoxin during acid precipitation Q This 

difficulty possibly arises from the lower isoelectric 

point of L. leichmannii thioredoxin reductase indicated 

by - the observed behaviour on DEAE-SephadexQ 

The elution of two peaks of thioredoxin reductase 

activity from Sephadex G-100 with different elution 

volumes indicates the presence of species of differ­

ing molecular weight0 The molecular sizes correspond­

ing with these elution volumes are compatible with the 

view that the first and second peaks represent dimer 

and monomer, respectively e Thelander (1968 ) has shown 

that thioredoxin reductase of E0 coli consists of two 
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identical subunits which are bound by non-covalent 

linkage, and which each possess a catalytic site 

149. 

that includes one molecule of FAD and one oxidisible 

disulphide bridge. Denaturing conditions (urea, 

guanidine) are required to disaggregate the dimer and 

cause dissociation from FADQ If the two species of 

the reductase from L. leichmannii extracts also rep­

resent dimer and monomer forms, it would seem that 

inter-protomer bonding is much weaker than in the 

corresponding protein from E. coli. Despite the 

apparent ease of disaggregation, addition of FAD or 

FMN to either of the forms did not increase their 

activity, an observation indicating that dissociation 

of the flavin is absent or slight. 

If the monomer reductase isolated from Sephadex 

G-100 chromatography is subjected to ion-exchange 

chromatography at pH 7.5, a single, homogeneous species 

can be purified by preparative .polyacrylamide-gel 

electrophoresis. However, when the monomer is 

chromatographed on DEAE-Sephadex at pH 4.5, material 

of high specific activity is obtained, but preparative 

polyacrylamide-gel electrophoresis of this material 

separates two peaks of activity, the elution patterns 

of which are compatible with monomer and dimer forms. 
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This may mean that exposur e to acid conditions 

promotes aggregation. 

150. 

The preliminary investigation of purified thio­

redoxin reductase indicates that this enzyme can 

catalyse the oxidation of NADPH in the absence of 

thioredoxin albeit at a lower rate. In the reaction 

occuring under these conditions, oxygen is consumed 

and hydrogen peroxide is formed, as indicated by the 

evolution of oxygen i n the presence of catalase. 

Especial l y at low potass.ium phosphate concentrations, 

the enzyme appears to be subject to inactivation by 

peroxide. Th i s inactivation is less marked in the 

presence of high potassium phosphate concentrations, 

perhaps because of heavy~met al ion contaminants of 

the phosphate that catalyse the rapid destruction of 

enzymic&lly-for med peroxide . 

Thioredoxin . , The molecular weight of this pro­

tein (12,000) corresponds closely to that of the 

protein isolated from E. coli. The small size of this 

protein was emphasised by the losses sustained during 

dialysis in th i n-walled sacs~ 

Amino-acid analysis of thioredoxin- indicates that 

for molecular we i ght 12,00Q, _the molecule contains 

only two half cystine residues. As would be expected 

from the behaviour on DEAE-Sephadex chromatography, 



' 

' 

l 

I 

I 

. ; 

ll 

II 

1 , 
10 

I 

I 

151. 

the L. leichmannii thioredoxin contains more acidic 

and fewer basic amino acids than its E. coli counter-

part. The sequence of the catalytic site of E.coli 

thioredoxin is 

31 
Trp 

32 
Cys 

33 
Gly 

34 
Pro 

35 
Cys 

36 
Lys 

37 
Homoserine 

(Holmgren and Reichard, 1967). The proximity of tryp­

tophan to the active disulphide bridge is manifest in 

a marked (2 to 2.5-fold) change in intensity of 

fluorescence emission on conversion of the oxidised 

protein to its redu~ed form (Stryer et al., 1967). 

In the case of L. leichrnannii. thioredoxin, there is - -

only a small increase (0.15-0.2 fold) in fluorescence 

on reduction. This probably indicates that in this 

protein . a tryptophan residue is not adjacent to either 

residue of the disulphide bridge. These preliminary 

indications of differences between the thioredoxins 

isolated from two bacteria . are in contrast to the 

similarity of the primary amino-acid sequence of many 

proteins _(e.g. cytochrome C) isolated from widely 

different sources. 

Summary 

Thioredoxin and thioredoxin reductase, the two 

proteins coupling NADPH to ribonucleotide reduction 
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in L. leichmanni i , hav e been isolated and purified. 

Limited cross reactions occur between thioredoxin and 

thioredoxih reductase isolated from L. leichmannii and 

from E. coli, but the specificity of E.coli thiored­

oxin reductase for its native substrate indicates 

the dissimilari ty of the two protein substrates. 

This has been substantiated by the comparison of the 

amino acid content of the two proteins and by their 

respective changes in fluorescence intensity on reduc­

tion .. 

Thioredoxin reductase from L. leichmanni is able 

to oxidise .NADPH in the absence of added hydrogen 

acceptor, .during which time oxygen is consumed from 

the reaction mixture .. This oxidase .activity is 

present even in the purest preparations, and both 

activities appear to be present on the same protein. 

Reduced thioredoxin, the natural substrate for 

ribonucleoside triphosphate reductase, exhibits 

unireactant kinetics for this .reaction under the 

conditions investigated. 
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