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1.

GENERAL INTRODUCTION

The importance of a-oxoglutarate dehyxiro gênas e as a key enzyme in intermediary 
metabolism

This thesis is primarily concerned with the enzyme a-oxoglutarate 
dehydrogenase (a-OGDH) from the bacterium Acinetobacter Iwoffi. The 
reaction catalysed by this enzyme, namely:
a-oxoglutarate + NAD^ + CoA ---->  succinyl-CoA + COg + NADH + H* . o o (1)
is one of the reactions involved in the tricarboxylic acid cycle (Fig* 1).
This cycle, first postulated by Krebs (1937), is fundamentally important in 
two ways* It provides a mechanism for breakdown of acetyl-CoA to COg with 
the concomitant reduction of coenzymes (NAD^, NADP^ and FAD), whose re
oxidation yields most of the energy used by organisms growing in the presence 
of oxygen* Secondly, it provides intermediates which act as precursors for 
the synthesis of many compounds. a-Oxoglutarate is situated at a branch
point in this cycle, since it can be converted either by a-oxoglutarate 
dehydrogenase to succinyl-CoA (and thence to other tricarboxylic acid cycle 
intermediates) or by glutamate dehydrogenase to glutamate and thence to 
other amino acids (arginine, glutamine and proline)* The regulation of 
a-OGDH must therefore play an important role in determining the metabolic 
fate of a-oxoglutarate *.

Investigations carried out by Weitzman and his associates have revealed 
a novel form of control of the tricarboxylic acid cycle enzymes from A* Iwoffi. 
In vitro studies suggest that several of these enzymes might be regulated by 
the adenylate system, i.e* by the levels, or relative levels, of AMP, ADP 
and ATP* This adenylate sensitivity has been demonstrated for pyruvate 
dehydrogenase (Jaskowska-Hodges, 1975; Jaskowska-Hodges & Weitzman, 1977), 
citrate synthase (Weitzman & Jones, 1968), isocitrate dehydrogenase (Parker 
& Weitzman, 1970; Self, Parker & Weitzman, 1973), a-oxoglutarate dehydrogenase
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3.

(Weitzman, 1972; Parker & Weitzman, 1973) and succinate thiokinase (Weitzman 
& Jaskowska-Hodges, 1977 )o The regulation of a-OGDH in A. Iwoffi thus 
constitutes one element of a multipoint control system and renders this 
particular a-OGDH complex worthy of further detailed study.

Previous work (Weitzman, 1972; Parker & Weitzman, 1972, 1973; Parker, 
1973) has shown that the a-OGDH complex from A. Iwoffi is stimulated by AMP 
(by a reduction in the K for a-oxoglutarate with little effect on 7 )

H I H13jC

and inhibited by NADH (both the K and 7 being affected)* This latter
H I H l& jC

control can be looked upon as being a type of feedback inhibition since 
NADH can be regarded as an end-product of the tricarboxylic acid cycle. On 
the other hand, high levels of AMP in the cell signify a low ATP level and 
hence under these conditions it would be advantageous to catalyse the 
oxidative processes of the tricarboxylic acid cycle at a higher rate.
The importance of a-OGDH as a multi enzyme complex

Apart from its important regulatory properties, the a-OGDH complex of 
A. Iwoffi is interesting for another reason - it is a multienzyme complex. 
The existence of such a complex presents a number of advantageous features :

(1) The enzyme components are concentrated rather than being dispersed 
throughout the cell.

(2) It is probable that an intermediate produced by one enzyme can meet 
the next enzyme more rapidly if the two enzymes are physically associated 
with each other than if they are structurally independent.

(3) An enzyme complex may be especially efficient if the metabolic 
intermediates are strongly bound to it and cannot readily escape before the 
series of reactions is completed*

Thus the short sequence of reactions catalysed by the a-OGDH complex 
would be expected to be more efficient than if three independent enzymes had 
been involved.
Reaction mechanism and structure of a-oxo-acid dehydrogenases
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a-OGDH complexes have been successfully isolated and purified from a 
number of sources including E* coli (Koike et al*, I96O), A* Iwoffi (Parker 
& Weitzman, 1973), Saccharomyces cerevisiae (Hirabayashi & Harada, 1971), 
cauliflower ( Pouls en & Wedding, 1970), pigeon breast muscle (Severin & 
Gomazkova, 1972), pig heart muscle (Hirashima et al., 1967) and bovine 
kidney (Ishikawa et al., 1966). In all cases the enzyme has been shown to 
consist of three types of enzyme subunits as follows :

El - a-oxoglutarate dehydrogenase (EG l'2'b»2)
E2 - dihydrolipoamide transsuccinylase (EC 2*3*1*12)
E3 - dihydrolipoamide dehydrogenase (EC 1 “6*U*3)
The overall reaction catalysed by a-OGDH (equation 1) is achieved by a 

co-ordinated sequence of steps as shown in Pig* 2* It can be seen that the 
El component catalyses two distinct reactions - oxidative decarboxylation of 
a-oxoglutarate and reductive transfer of the succinyl moiety from thiamine 
pyrophosphate (TPP) to lipoanrLde. E2 then catalyses the transfer of the 
acyl group to coenzyme A and finally the oxidation of the reduced lipoamide 
at the expense of NAD"*" is effected by the E3 subunit.

The multienzyme complex pyruvate dehydrogenase (PDH) resembles a-OGDH 
in many respects. Although it is not actually part of the tricarboxylic 
acid cycle, it catalyses the reaction by which acetyl-CoA is formed from 
pyruvate. Thus, being located at the major entry point to the cycle, it 
plays an important role in intermediary metabolism. Both the overall 
reaction and the individual steps catalysed by the component enzymes of the 
PDH coir̂ lex are very similar to those catalysed by a-OGDH. The E3 components 
of the two coir̂ lexes from E* coli have, by several criteria, been shown to 
be indistinguishable and are, in fact, functionally interchangeable (Pettit 
& Reed, 1967; Brown & Perham, 1972). This has been confirmed genetically by 
the demonstration that E. coli possesses a single dihydrolipoamide 
dehydrogenase gene (Ipd) Diiich specifies the E3 component of both a-OGDH and
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PDH complexes (Guest & Creaghan, 1972, 1973j Guest, 197b). Finally, it has 
been reported that the amino acid sequences of a peptide containing the 
disulphide bridge associated with the active site of the PDH dihydro- 
lipoamide dehydrogenase component of both E. coli and pig heart exhibit a 
high degree of homology (Brown & Perham, 197b). It would therefore seem 
that the bacterial and mammalian dihydrolipoamide dehydrogenase components 
are derived by divergent evolution from a common ancestral protein.

Three cofactors are involved in the reaction mechanism of the a-OGDH 
complex, namely TPP, FAD and lipoic acid. TPP is known to be bound fairly 
strongly to the El component although some depletion can occur during 
enzyme purification (Bisswanger, 197b; Hayakawa et alo, 1966j Moe & Hammes, 
197b) and consequently TPP is generally added when assaying purified enzyme 
preparations for whole complex and El activities.

FAD, on the other hand, is attached to the E3 component, giving it its 
characteristic yellow colour. This cofactor plays an important role in the 
re-oxidation of enzyme-bound lipoamide during the catalytic sequence by 
alternate oxidation and reduction of a disulphide bridge at the E3 active 
site (Massey & Veegner, 1961; Massey et al., I960; Brown & Perham, 197b) 
which is thought to proceed by a coupled di-radical (Massey, 1963; 8earls 
et al., 1961; Î ahler & Cordes, 1971):

E2 -S
FAD

S-g E2- % - S H  HS”  

+  X  FAD

FADH2
s- X —S. HS-j^

X  FÂDHzy-7-7-7— :::

/



Finally, lipoic acid is attached covalently to the E2 subunit which, in 
the case of Eo coli PDH, involves a peptide bond between its carboxyl group 
and the -amino group of a lysine residue of the enzyme protein. lipoic 
acid undergoes a cycle of transformations including reductive acylation, 
acyl transfer and finally electron transfer. Since lipoic acid must inter
act with acyl-TPP-El, E2-CoA and E3-FAD, the spatial arrangement of the 
three enzyme components is very important. It has been suggested that the 
linkage of the lipoic acid to the -€-amino group of a lysine residue may

oprovide a flexible arm of about I4A in length enabling the lipoic acid to 
rotate between the catalytic sites of the three enzyme components (Nawa et 
al., i960). The results of a recent kinetic analysis of the mammalian PDH 
complex are consistent with this proposed mechanism (Tsai et al., 197b).
Such a mechanism would predict that the active sites of the three components

omust lie within a circle of about 2oA in diameter. However, it has been 
shown by a technique involving fluorescence energy transfer between the TPP 
and FAD binding sites that this distance is b5 ± l^A, casting some doubt as 
to whether a IbA flexible arm would be long enough (Moe et al., 197b). A 
possible explanation suggested by Koike et al. (1963) is that thiol- 
disulphide interchange and acyl transfer may take place between several 
lipo-lysyl moieties :

R _R
R

S— s r T I I ,  S- S-R'
I    S S- ___ ___ s S-R ___ _
+  " S S-R' ^---  S S-  ------  +

■S S-R' S— S



Table 1 summarizes the subunit stoichiometry of Eo coli and mammalian 
a-OGDH and PDH complexes. In general the E2 components from E. coli form 
cubic cores (117-300& in diameter) to which El and E3 dimers are non
ce valently attached to the edges (two-fold positions) and faces (four-fold* 
positions) respectively. Currently there exists some controversy as to the 
molecular weight and precise subunit stoichiometry of the E. coli PDH 
complex (Reed, 197b; Moe & Hammes, 197b; Speckhard & Frey, 1975; Vogel et 
al., 1972a,b; Perham & Danson, personal communication). This may possibly 
be due in part to the use of different E. coli strains (e.g. Crookes and 
K12)o

It is e*7ident from Table 1 that PDH complexes from mammalian sources 
(Hayakawa et alo, 1969; Linn et al., 1972) are considerably more complex 
in structure than the E. coli enzyme. The mammalian complex is composed of 
a pentagonal dodecahedral based on icosahedral (5^3,2) symmetry with E3 
dimers at the edges and El tetramers on the faces. The El polypeptide 
chains consist of two types (designated a and |3) which form ^ 2̂ 2 tetramers 
(Roche & Reed, 1972; Barrera et al., 1972). It seems likely that a subunits 
catalyse the decarboxylation of pyruvate to produce a-hydroxyethyl-TPP, 
whereas the (3 subunits catalyse the reductive acylation of the E2-bound 
lipoyl moieties by a-hydroxyethyl-TPP. In addition to the three main 
subunit types (El, E2 and E3) mammalian PDH complexes also contain two 
regulatory enzymes, PDH kinase and PDH phosphatase (about five molecules of 
each), which are joined to the E2 core. PDH kinase phosphorylates the El a 
sub-units thereby causing inhibition of whole complex activity (Barrera et 
al., 1972; see also Fig. 3)o This is reversed by PDH phosphatase to 
regenerate active enzyme. It should be emphasised that this form of 
regulation is not found in either bacterial PDH complexes or in mammalian 
and bacterial a-OGDH complexes.
Genetic analysis of a-0x0-acid dehydrogenase loci
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H2Û

Phosph a tase

PDH 
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P D H -P  
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K in as e

Mg*ATP M g’ ADP

Fig. 3. The interconversion of active 
(unphosphorylated) and inactive 
(phosphorylated) forms of mammalian PDH 
compleXo
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Some preliminary res-ults indicating how the synthesis of the individual 
components may be controlled has been obtained by genetic analysis. The 
structural genes for the a-OGDH and PDH complexes of E. coli K12 have been 
successfully mapped. It has been shown that there are two pairs of closely 
linked genes, ace E and ace F (coding for the El and E2 components of PDH) 
and sue A and sue B (coding for the El and E2 conç)onents of a-OGDH) (Henning 
& Hertz, I96I1.; Herbert & Guest, I968). In both cases the El gene is 
transcribed before the E2 gene (Henning et alo, 1966; Greaghan & Guest, 
1972). As mentioned earlier the E3 components of both complexes are 
specified by a single gene, Ipd, which is located adjacent to the distal 
gene (ace F) of the ace region. Thus the expression of the Ipd gene may be 
governed by a secondary transcription promoter in the ace F - Ipd region in 
order to produce E3 components for the a-OGDH complex (Guest, 197U)* 
Regulation of a-0x0-acid dehydrogenase complexes

As mentioned earlier the central positions of a-OGDH and PDH in 
metabolism make them important regulatory enzymes. In some systems these 
multienzyme complexes have been shown to be subject to product inhibition by 
succinyl-CoA and NADH in the case of a-OGDH (Garland, I96L; Erfle & Sauer, 
1969) and by acetyl-GoA and NADH for PDH (Reed, 1969; Tsai et al., 197U)o 
In both cases these inhibitions are competitive with respect to GoA and 
NAD^o From these observations it would seem that the sites of action of 
acyl-GoA and NADH are the E2 and E3 subunits respectively. In contrast, 
however, succinyl-GoA inhibition of the a-OGDH conçlex of A. Iwoffi is only 
observed at very high concentrations and it is therefore doubtful whether 
this effect is of physiological significance (Parker, 1973). On the other 
hand, this complex exhibits both NADH inhibition and AMP stimulation. It 
has been shown directly that the regulatory effects of AMP and NADH are 
exerted on the El and E3 subunits respectively. However, for technical 
reasons it was not possible to demonstrate directly whether NADH also
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affects El activity although indirect kinetic evidence suggested that this 
is the case (Parker & Weitzman, 1973).
Aims of present work

lihen the present work was begun, a preliminary characterization of the 
a-OGDH complex of A. Iwoffi had already been carried out. The present 
study was undertaken to obtain a more detailed understanding of the enzyme*s 
structural, catalytic and regulatory properties with particular emphasis on 
the latter. Attempts have been made to establish more conclusively which 
subunits are involved in adenylate control and whether this regulation is 
allosteric in natureo As an alternative approach, dissociation of the 
complex into its component subunits has been investigated, in an attempt to 
further clarify the sites of regulation. Finally, the molecular weights of 
the whole complex and the individual subunits of the a-OGDH of A. Iwoffi 
have been determined and compared with those from other systems to ascertain 
whether the additional regulatory properties of the A. Iwoffi enzyme are 
associated with a more intricate enzyme structure.
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CHAPTER I

ENZîME ASSAYS

I.l INTRODUCTION
In order to carry out a detailed study of the catalytic, regulatory 

and chemical nature of the a-OGDH multienzyme complex from Acinetobacter 
Iwoffi it is essential to have suitable assay procedures for the individual 
subunit activities as well as for the whole complex,
1.1*1 a-OGDH complex activity

At the onset of this work a suitable, sensitive assay was already 
available for the whole complex activity (Parker & Weitzman, 1973)© All 
necessary substrates (a-oxoglutarate, thiamine pyrophosphate, CoA and NAD^) 
were provided and the production of NADH was followed by monitoring the 
increase in absorbance at 3U0nm.
1.1*2 Dihydrolipoamide dehydrogenase (E3) activity

Two assay methods had already been described for dihydrolipoamide 
dehydrogenase (Parker & Weitzman, 1973). The first involves measuring the 
reaction in the backward direction, by following the decrease in absorbance 
at 3liOnm as oxidized lipoamide is reduced at the expense of NADH. In the 
second method the reaction is measured in the forward direction by following 
the formation of oxidized lipoamide polarographically. The former assay was 
routinely used in this work; it was chosen for its simplicity and the 
commercial availability of substrates.
1.1*3 a-Oxoglutarate dehydrogenase (El) activity

The oxidative decarboxylation reaction catalysed by the El components 
of both PDH and a-OGDH may be used to reduce an artificial electron acceptor 
resulting in a spectral change. Both dichlorophenol-indophenol (DGPIP) 
(Dietrich & Henning, 1970; Parker & Weitzman, 1973) and ferricyanide (Massey,



Hi.

I96O; Das et aL, 1961; Reed & Mukherjee, 1969) have been used in this way, 
the stoichiometry of the reactions being;

R*CO*COOH + DGPIP + HgO — >  R'GOOH + GOg + DGPIP 

R*GO«GOOH + 2Fe(GN)^~ + H^O — > R*GOOH + GÔ  + 2Fe(GN)^" + 2H'̂  •

Das et al> (I96I) postulated a mechanism for the latter reaction (Fig. ii), 
The sensitivities of the ferricyanide and DGPIP assays vary according to 
the source of the a-OGDH. Thus, for example, the complex from A. Iwoffi 
gives a relatively fast rate with DGPIP, but a slow rate with ferricyanide; 
however the latter is a good electron acceptor for the E. coli enzyme.

Although the DGPIP assay has been routinely eirç)loyed throughout this 
work there are instances when this method is unsuitable, for the following 
reasons :

(1) Since DGPIP is non-enzymically reduced by a number of compounds, 
such as NADH, it is obviously impossible to study directly any effect of 
these substances on the El subunit. In particular it would be advantageous 
to have an alternative assay that could yield direct evidence as to whether 
this component is a site of NADH inhibition.

(2) An apparent rate is obtained with the DGPIP assay in the absence 
of El, but in the presence of large amounts of protein, e.g. bovine serum 
albumin, casein or insulin. This effect is discussed more fully later 
(section I.3°2). However it should be emphasized that the interference is 
negligible at the protein concentrations normally used to determine El 
activity.

(3) The DGPIP El assay is between SO and 100 times less sensitive than 
that of either the whole complex or the E3 component. Obviously this can be 
a disadvantage when studying dissociation and chemical modification of the 
complex on a small scale.

In view of the above disadvantages several possible alternative assays 
for the El component were investigated.
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(i) DTNB (^,5*-dlthiobis[2-nitrobenzoic acid]) assay
Incubation of the a-OGDH complex with a-oxoglutarate, thiamine 

2 +pyrophosphate and Mg should result in decarboxylation of a-oxoglutarate 
followed by reductive acylation of the E2 bound lipoic acid moiety.

CHgCOOH Qjj +E2-NHC0(CH2)g-[^
CHg _Mg— ^  E1-TPP-CH(CH, )„COOH-------^ Ea-fflCOÇCHg )g—
COCOOH ^EL-TPP HOOC(CHg)2COS SH
+ El-TPP

Assuming that exogenously added lipoamide can be acylated in a similar 
manner to enzyme bound lipoamide (see section 1.3*2), it should be possible 
to monitor the extent of the El reaction, represented by the amount of 
acylated lipoamide formed, using DTNB. This reagent should react with the 
free sulphydryl group formed by acylation of lipoamide and result in 
concomitant release of the strongly absorbing ^-thio,2-nitrobenzoate ion 
(TNB ) which can be measured at Ll2nm. Since DTNB inactivates the El 
component (section 17.3*1) these assays must be done in a discontinuous 
manner.
(ii) Hydroxylamine assay

In principle this is very similar to the DTNB assay described above.
Acylated lipoamide produced by the El reaction (in the presence of

2+a-oxoglutarate, TPP, lipoamide and Mg ) was determined as stable thioester 
by the hydroxylamine assay of Lipmann & Tuttle (19U^).
(iii) Radiochemical assay

Both the El component and the whole conç)lex activities of A. Iwoffi 
have been successfully measured using a modification of the radiochemical 
assay previously described for the PDH conqplexes of E. coli (Schwartz &
Reed, 1970) and bovine kidney (Roche & Reed, 1972).

This assay is based on the measurement of [^cJCO^production from 
[l-^C]a-oxoglutarate, CoA and TPP as shown by reactions (a-d) in Fig. S.
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COOHICH^
CH. + 
I ^COm COOH

El-TPP

lU
COOH ICO. CH.

ITPP-El
NADH

S— S+NAD

El-TPP

KS SH CoA

COOH
CH, E2
CH, HOOC(CH,CO
S—CoA

FiRo 5o The reaction sequence of the a-OGDH 
complex showinR the release of [^cjco^ from 
[l-^^C]a-oxoglutarate»
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NfQÎ* >To assay the El component, however,^CoA is omitted and consequently only
reaction (a) in Fig. S is measured. In both cases the reaction is stopped
at suitable time intervals by the addition of sulphuric acid and the
released [^cjcOgabsorbed by potassium hydroxide. Aliquots of the alkali
are then assayed for radioactivity.
Iol*U Dihydrolipoamide transsuccinylase (S2) activity

At the onset of this work the need for a new transsuccinylase assay
was apparent since the assay used by other workers has many disadvantages.
The basis of this method, which follows the back reaction, is the
transsuccinylation of succinyl-CoA (produced by the action of succinic
thiokinase on succinate, ATP and CoA) to dihydrolipoamide (Knight & Gunsalus,
1962). Succinyl dihydrolipoamide is then cleaved by hydroxylamine and
reacted with ferric chloride to produce a strongly absorbing iron complex
which may be measured spectrophotometrically at ^OOnm (Lipmann & Tuttle,
19L5). An analogous procedure may be employed for the dihydrolipoamide
transacetylase component of the PDH complex. In this case, however, acetyl-
CoA is generated from acetyl phosphate, CoA and phosphotransacetylase.

acôt̂ L
Before estimation of acetyl dihydrolipoamide, residual phosphate is destroyed 
by heating at low pH. Alternatively, the formation of acetyl dihydrolipoamide 
from acetyl phosphate may be followed continuously at 2l;0nm (Knight &
Gunsalus ,1962), but unfortunately this method is not suitable for the 
transsuccinylase component. Consequently only a discontinuous assay was 
available for the latter enzyme, requiring the preparation of both 
dihydrolipoamide and succinic thiokinase. A continuous assay for dihydro
lipoamide transsuccinylase which does not require the preparation of these 
two components has been successfully developed* In addition, this method 
also enables the activity of dihydrolipoamide transacetylase to be assayed. 
Principle of the dih^;dro3i£oamde ^ans^acylas^e^as^sa^

This method is based on following the transfer of acyl groups from
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CoA to dihydrolioamide by coupling to an equilibrium system of the dihydro
lipoamide dehydrogenase reaction, and may be represented as follows :

dihydrolipoamide
dehydrogenase ^

lipoamide + NADH ^  —  dihydrolipoamide + NAD
dihydrolipoamide Z  acyl-CoA
transacylase /C 
(E2) / ^ C o A
S-acyldihydrolipoamide 

An excess of exogenous dihydrolipoamide dehydrogenase is allowed to 
act on oxidized lipoamide and NADH and thereby produce an equilibrium 
mixture of lipoamide, dihydrolipoamide, NADH and NAD^* After introducing 
E2 enzyme and the appropriate acyl-CoA, dihydrolipoamide is removed by 
acylation. The rapid establishment of an equilibrium by the dihydrolipoamide 
dehydrogenase allows this removal to be monitored continuously by following 
the oxidation of NADH at 3i;0nmo
lol*^ E2-E3 interaction test and lipoic acid test

An alternative way of detecting the presence of E2 component is by 
means of its lipoic acid content, rather than its enzymatic activity. A 
suitable method has been devised based on that of Erfle & Sauer (1968) and 
Perham (personal communication). The assay utilizes the back reaction of 
dihydrolipoamide dehydrogenase to reduce the oxidized lipoic acid moiety 
of the E2 component at the expense of NADH. One of the resulting sulphydryl 
groups may now react with DTNB with the concomitant release of the yellow 
5-thio,2-nitrobenzoate ion (TNB )* Oxidized lipoic acid is subsequently 
regenerated by intramolecular attack and loss of the TNB~ (Fig. 6). A 
cyclic series of reactions is thereby established which may be monitored 
by following the production of TNB at Ul2nm.

If the E3 component of the a-OGDH complex is utilized to reduce the 
E2-bound lipoic acid, then one might reasonably expect that a maximal rate 
of lipoic acid reduction will only occur if there is good spatial inter-
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Figo 6. Mechanism of the E2-E3 interaction test.
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action between these two enzyme components. Consequently conditions which 
interfere with this spatial interaction (e«>g, dissociation and separation 
of E3 from the whole complex) may be expected to reduce the reaction rate. 
Upon addition of a large excess of dihydrolipoamide dehydrogenase to such • 
an E3-depleted assay a marked increase in rate is observed, presumably 
because the reduction of E2-bound lipoic acid by the E3 component is no 
longer rate limiting, Consequently the system may now be used as a means 
of detecting lipoic acid and hence the E2 component.
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1.2 MATERIALS AND METHODS
1.2«l Materials

[l-^^c]a-oxoglutarate (sodium salt) was purchased from New England 
Nuclear, Mass., USA (0»28mg ml 5l“U3mCi mmol ^). Lipoamide (Sigma 
Chemical Co. Ltd., Surrey, UK) was prepared as a lOmM solution in absolute 
ethanol, acetyl-CoA and succinyl-CoA were prepared by acylation of CoA 
(Boehringer Mannheim) (with acetic and succinic anhydride respectively) 
(Simon & Shemin, 1953; Stadtman, 1957). All other chemicals were of 
analytical grade or the finest grade available and were obtained from 
Sigma Chemical Co. Ltd., Surrey, UK or BDH Chemicals Ltd, Poole, Dorset,
UK.
Methods

All spectrophotometric assays were preformed in a Unicam SP 1800 
spectrophotometer fitted with a thermostatically controlled cuvette holder, 
maintained at 25°C and linked to a Unicam AR25 external chart recorder.
1.2*2 Measurement of a-OGDH complex activity

Assay mixtures containing 0«1M Tris-KCl, pH 8*0, lOmM MgClg, EDTA,
+ O-lrnHCoA5mM a-oxoglutarate, 0“5mM NAD, 0®lmM TPP^and 2»5mM cysteine hydrochloride 

were preincubated for 10 min at 2S°C in the spectrophotometer. The reaction 
was started by the addition of enzyme solution to give a total volume of 
l»Oml and followed by measuring the formation of NADH at 3U0nm. Enzyme 
activities are expressed as units of pnoles of NADH formed min"^ ml”̂ .
1.2*3 Measurement of PDH activity

PDH complex activity was measured in an identical manner to a-OGDH 
described above, except that 5mM pyruvate was included in the assay in the 
place of the a-oxoglutarate.
1.2*U Measurement of E3 activity

This component was assayed in the backward direction by measuring the 
decrease in absorbance at 3U0nm as oxidized lipoamide is reduced at the
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expense of NADH. Assay mixtures contained 0*5mM oxidized lipoamide, 0.2mM
NADH, lOmM MgClg, ImM EDTA, 0*1M Tris-HCl, pH 8*0 and the reaction was
started by the addition of enzyme solution to give a total volume of l*Oml.

-1 -1Enzyme activities are expressed as units of pnoles of NADH used min ml .• 
1.2*5 Measurement of El activity
(i) DGFEP assay

The absorbances of reaction mixtures containing 5mM a-oxoglutarate, 
0»lmM TPP, 0*9nig phenazine methosulphate (stored in the dark), 0»05mM DGPIP, 
0"$mM MgGlg in 0*1M phosphate buffer, pH 8*0, were monitored at 578nm to 
obtain the small endogenous rate present in the absence of enzyme. The 
reaction was then started by the addition of a small volume of enzyme 
solution to give a total volume of l*Oml and the reduction of DGPIP was 
followed at 578nm, The rate due to the enzyme-catalyzed reaction was 
obtained by subtraction of the endogenous rate. Enzyme activities are 
expressed as the change in absorbance units min \  «1*^.
(ii) £TNB__a£say__

A solution of 0*2mM AMP, ImM lipoamide, 5mM a-oxoglutarate, 0*lmî4 TPP, 
lOmM MgGlg, ImM EDTA, 0*1M Tris-HGl, pH 8*0, was preincubated at 37°G for 
lOmin. The reaction was then started by the addition of 0*^mg of a-OGDH 
complex from A. Iwoffi. Aliquots (0*lml) were removed at intervals for up 
to 3Qmin and transferred to cuvettes containing 0*9ml of 0»22mM DTNB, lOmM 
MgGlg, ImM EDTA, 0*1M Tris-HGl, pH 8*0, and the absorbance at Ul2nm was
determined • owt cNvc>.*\̂ »n. eO>so.\oOi-r\C'tt ooiVi rnin*'
(iii) Hydroxylamine as£ay

Solution A : lOmM a-oxoglutarate,^IQmM TPP, 0*1M phosphate buffer, pH 
7*5. Solution B ; 2M hydroxylamine solution (prepared according to the 
method of Lipmann & Tuttle, 19U5). Solution G: 1*67# (w/v) ferric chloride, 
U# (w/v) trichloroacetic acid in IM HGl.

To U*Oml of solution A (preincubated at 37°G for lOmin), 0*lmg of
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a-OGDH complex from Ao Iwoffi was added and incubation at 37^0 continued. 
Aliquots (l*Oml) were removed after 30sec, lOmin, 2Qmin and 30min, added to 
1ml of solution B, mixed well and left at room temperature for IQmin. 2*ljml 
of solution C were then added and the absorbance at 500nm determined after ' 
a lOmin incubation at 29^0 in the spectrophotometer. Control samples were 
processed as above but contained no enzyme. <=%cnviT\«s e«e
(iv) Radiochemical assay

The reaction vessel consisted of a small glass bottle (approximately 
25mm in diameter and 30mm tall) containing a small glass tube attached to 
one side (Fig. 7). The neck of the main vessel was sealed by a tightly 
fitting Suba-seal through which additions could be made by means of a long 
needled syringe.
El component assay

The reaction mixture contained ImM [l-^C]a-oxoglutarate (2 x 10^counts 
min ^ pmol ^), 0*2mM TPP, lOmM MgClg, lmI4 EDTA, 50mM Tris-HCl, pH 8*0, in a 
final volume (after addition of 0*3^1 of enzyme) of I'Oml. 
a-OGDH complex assay

In this case the reaction mixture contained ImM [l-^c]a-oxoglutarate 
(2 X  i c f counts min ^ pnol”̂ ), 0»2mM TPP, 0*5iriM NAD^, Q*liriM CoA, lOmM MgClg^ 
ImM EDTA, 50mM Tris-HCl, pH 8*0, in a final volume (after enzyme addition) 
of l»Oml.
Assay procedure

All assays were performed in a 30°C constant temperature roomo Buffers 
and other stable solutions were pre-equilibrated at this temperature for 
3 -k h , The reaction vessel, containing one of the above reaction mixtures 
(without enzyme) in its main chamber and 0*5inl of 10# (w/w) aqueous KOH in 
the side-tube, was closed with a Suba-seal and gently stirred with a bar 
magnet for 5inin to ensure complete equilibration at the ambient temperature 
(30°C). The reaction was started by addition of 0«3ml of enzyme solution
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(stored on ice but briefly incubated at 30°C before addition) using an 
accurately calibrated glass syringe» After a suitable time, typically ^min, 
the reaction was stopped by the addition of I'Oml of 0»5M HgSO^ (with a 
glass syringe) and gently stirred for 30min to ensure complete absorption of 
carbon dioxide by the KOH solution. Duplicate 0-lml aliquots of the KOH 
solution were added, together with 0»9nû. of water, to 10ml of aqueous 
scintillation fluid (5<>5g of PPO and 0«lg of dimethyl POPOP dissolved in 
667ml of toluene and 333ml of Pisons emulsifier mix no. 1) and counted for 
20min in a Packard 338S scintillation spectrometer» The optimum gain 
setting for in this scintillant was found to be 1Q% at discriminator 
(window) settings of 3^-1000. No significant quenching by KOH was observed 
(over the range O-SOO^ of 10^ KOH per 10ml of scintillation fluid). The 
efficiency of counting, obtained using a standard [^c]toluene solution (The 
Radiochemical Centre, Amersham, UK), was found to be 8?»^^,
Controls
(a) The specific radioactivity of the [l-^^C]a-oxoglutarate was checked (for 
non-enzymatic loss of [^CJCO^) during each series of assays, by counting 
0»lml of the [l-^^C]a-oxoglutarate (of known concentration), 0»lml of 10^ 
KOH solution and 0*8ml of water in 10ml of aqueous scintillation fluid. In 
no case was degradation of the [l-^c]a-oxoglutarate found to occur.
(b) Assays were also carried out in the absence of enzyme to check for non- 
enzymatic [^cjCOg production under the assay conditions. This was found to 
vary from 1-10# of the COg produced enzymic ally depending on the reaction 
followed, and was corrected for accordingly.
(c) The time required for complete COg absorption by the KOH solution was 

checked and 30min was found to be adequate.
1.2*6 Measurement of E2 activity

Approximately Sunits of commercial dihydrolipoamide dehydrogenase was 
added to a cuvette containing 0*2pmol of NADH and 0"2̂ umol of lipoamide in
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lOmM MgClg, ImM EDTA, 0»1M Tris-HCl, pH 8*0, to give a total volume of 
0 *96ml. The approach to equilibrium of this reaction was followed at 3U0nm 
and took approximately lOmin. It was found, however, that commercial 
dihydrolipoamide dehydrogenase contains a low level of NADH oxidase activity 
which results in a slow, linear decrease in absorbance at 3U0nm even when 
the dihydrolipoamide dehydrogenase reaction has reached equilibrium. This 
rate was corrected for by adding 2Cjpl of a-OGDH or PDH complex and recording 
the endogenous rate of NADH oxidation. 20pl of 7 =SmM succinyl- or acetyl- 
CoA were then added and the rate recorded. Subtraction of the endogenous 
rate from this final rate gave a measure of the activity of the E2 component. 

Checks were made to ensure that the dihydrolipoamide dehydrogenase was 
not rate -limiting in this coupled system by increasing the amount of this 
enzyme used. No change in rate was observed, indicating that the measured 
rate was in fact due to E2 activity. âtivitvcs iagi.

O n iT i , »»> vr\*‘1.2*7 E2-E3 interaction test and lipoic acid test
The reaction mixture for the interaction test contained O*$yjmol of DTNB 

and 0*2piiol of NADH in lOmM MgClg, ImM EDTA, 20mM Tris-HCl, pH 8*0 (MET-8 
buffer). The reaction was started by the addition of enzyme solution to 
give a total volume of l*Oml, and the formation of TNB was followed 
spectrophotometrically at Ip.2nm.

The lipoic acid moiety, bound to the E2 component, may be detected by 
adding 30^g of commercial dihydrolipoamide dehydrogenase to the above assay 
mixture and following the increase in absorbance at i;12nmo
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1.3 RESULTS AND DISCUSSION
1.3*1 Measurement of a-OGDH complex and E3 component activities

The assays for both the whole complex and E3 activities were found to 
be simple and sensitive. In each case the rate was proportional to enzyme 
concentration as expected. The whole complex assay has been used to 
demonstrate stimulation of the con^lex by AMP and inhibition by NADH 
(Figo 8 )o The for a-oxoglutarate was found to be 2*5mM in the absence 
and 0“2^mM in the presence of 0*2mM AMP. On the other hand, AMP has only 
a slight effect on the maximum velocity of the enzyme.
Io3*2 Measurement of El component activity
(i) DCPIP assay

In most cases the DCPIP assay was routinely used for measuring the El 
component activity. However, on a few occasions this was not possible for 
the reasons outlined in section 1.1*3# One of the disadvantages described 
was that high concentrations of proteins (bovine serum albumin, casein and 
insulin) gave rise to an endogenous rate with this assay. Fig. 9 
illustrates the effect of adding increasing amounts of bovine serum albumin 
to the DCPIP assay. Although there were occasions when assays in the presence 
of high protein concentrations were desirable (section III.2), normally 
only about 2^pg of protein were used in this assay. Clearly in the latter 
case the endogenous rate due to protein (about 0*0001 absorbance units min ^ 
is negligible, since the rate due to the El component would be about 0*03 
absorbance units min
(ii) DTNB assay

A possible alternative way of assaying the El component may be to react 
the free -SH group of acylated dihydrolipoamide, produced from the lipoamide 
of the E2 component, with DTNB. Unfortunately the expected absorbance 
change at ljl2nm due to the production of TNB would only be in the order of 
0*008 absorbance units for 0*9mg of enzyme complex (assuming that the
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Figo 8, Dependence of a-OGDH complex activity on a-oxo
glutarate concentration»
Whole complex activity was measured on the native enzyme 
(A— A), or in the presence of 0*2mM AMP (#— #) or 
0*2mM NADH (O— 0)« The assay procedure is described in 
section 1.2*2. Each assay contained 20jig of a-OGDH.
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Figo 9o Non-enzyinic réduction of DCPIP by bovine 
serum albumin in the El assayo
The assay procedure is described in section 1.2®^,
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complex has a molecular weight of 2 x 10^ and each molecule of the complex 
contains about 2^ lipoamide residues)» However, the sensitivity of the 
reaction would be considerably increased if the El component could utilize 
exogenous lipoamide and this is illustrated in Fig. 10. It can be seen that 
the absorbance increase due to TNB production, after a 30min reaction 
period, is only 0°07S absorbance units (cf. 0*008 in the absence of 
exogenous lipoamide) whereas the increase in lipoamide concentration is 
l60-fold. Consequently, it is obvious that the El component enzyme cannot 
utilize free lipoamide very efficiently. This would tend to support the 
view that the enzyme is essentially unable to acylate free lipoamide (Reed 
et al^ 19^8; Sanadi et al., 19S8; Sanadi et al., 19^9j Reed, I960), despite 
evidence by other workers to the contrary (Gunsalus, 19^L; Smith & Gunsalus,
1927).

In conclusion the DTNB assay, even in the presence of added lipoamide, 
appears to be considerably less sensitive than the DCPIP assay and was 
therefore not used»
(iii) Hydroxylamine assay

As with the DTNB assay described above, this assay did not prove to be 
a successful means of measuring El activity, probably due to the inability 
of the enzyme to acylate free lipoamide.
(iv) Radiochemical assay

The radiochemical assays for the whole complex and the El component 
activities have proved to be very useful, particularly for studies of the 
effect of NADH on these enzymes (since NADH interferes with the more 
routinely used DCPIP assay for the El component; see section 1.1*3).
The reaction rates f£rjwhole_j:om£lex_and_El conyonent actiyitie^s.

Fig. 11 illustrates the time course of [^cJcOg production from [l-^^c] 
a-oxoglutarate by the a-OGDH complex and El component activities. In both 
cases the reaction was linear over the time period studied. Furthermore, a
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The dependence of the extent of reaction (represented 
by absorbance at Ul2nm) on the assay incubation time 
is shown. Experimental details are given in section 
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very similar rate was obtained for the whole complex activity with this 
radiochemical assay to that obtained with the spectrophotometric assay (Fig. 
11). However, the reaction rate for the El component was only 18^ that of 
the whole complex. A possible explanation for this is that acylation of 
free TPP is considerably slower than enzyme bound TPP. Since acylated TPP 
is presumably the end-product of this El-catalysed reaction, once acylation 
of enzyme-bound TPP has taken place free TPP must be utilized for the 
reaction to continue. It is not unreasonable to suppose that this latter 
process may be rate-limiting. Furthermore, if this is indeed the case, 
addition of phenazine methosulphate and DCPIP may be expected to regenerate 
enzyme-bound TPP (as shown in Fig. h ) with a concomitant increase in reaction 
rate. Fig. 12 shows that this does occur but only to a limited extent. 
However, this is not really surprising since DCPIP appears to provide a 
rather inefficient regenerating system for TPP as suggested by the slow rate 
obtained in the DCPIP El assay, compared with the whole complex assay. 
Determination of the K for a-oxoglutarate.

The values for a-oxoglutarate for both the whole complex activity 
and the El component have been determined using the radiochemical assay 
(Fig. 13). It can be seen that the values are essentially the same for 
the tTTO enzyme activities (whole complex: 2'OmM [l determination]; El: 2*^- 
2*8mM [3 determinations]). Furthermore, the value obtained for the whole 
complex activity using this method compares favourably with that obtained 
by the spectrophotometric method (2*^mM; Fig. 8).
1.3*3 Measurement of E2 component activity

The linear dependence of enzymic rate on enzyme concentration measured 
by the E2 assay has been demonstrated for the transacylase component of both 
a-OGDH and PDH complexes of A. Iwoffi and also for the PDH complex of 
E. coli (Fig. li|)« Moreover, unlike the hydroxylamine assay (section 1.1*1;), 
this method also permits an examination of the dependence of transacylase
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Figo 11. Measurement of EL and whole complex activities 
using radiochemical assayso
The kinetics for both whole complex (A— A) and El (O— O) 
activities are shown. The experimental procedure is given 
in section I.2"S, using 3)ig of A. Iwoffi a-OGDH complex per 
assay and ImM [l-^G]a-oxoglutarate (200^000cpm ;iinol
(-----) compares whole complex activity obtained using the
spectrophotometric assay (section 1.2*2).
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111. Dependence of the observed rate on the conc
entration of dihydrolipoamide transacylase (E2).
Ao The transsuccinylase activity of purified a-OGDH from 

Ao Iwoffi (protein content: 9®5nig ml ^).
B. The transacetylase activity of PDH from A. Iwoffi

(O O ; protein content: 12*^mg ml and Eo coli
(#-protein content: 7^mg ml ^).

The purification of these enzymes is described in section
II.2 and assay procedures are given in section 1.2*6.
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activity on acyl-CoA concentration (Fig. 1^). The apparent for succinyl- 
CoA of the dihydrolipoamide transsuccinylase component from A. Iwoffi was 
found to be 6C ^  (from the double reciprocal transformation of Fig. l5.

The sensitivity of this assay is not as great as that of the whole 
complex or E3 assays, but is comparable with that of the DCPIP assay for the 
El component of A. Iwoffi. For the E. coli enzyme, however, the sensitivity 
is much lower. A further disadvantage arises from the equilibrium nature of 
this method, in that the removal of one molecule of dihydrolipo amide by the 
transacylase reaction does not result in the oxidation of exactly one
molecule of NADH by the dihydrolipoamide dehydrogenase reaction. However,
these disadvantages are offset to some extent by the following advantages 
this method possesses over the hydroxylamine assay:
(i) It is a continuous assay.
(ii) No preparation of dihydrolipoamide and succinic thiokinase is required;
the coupling enzyme (dihydrolipoamide dehydrogenase) is readily available 
commerciallyo
(iii) The assay permits examination of the dependence of E2 activity on 
acyl-CoA concentration.

It was mentioned earlier (section 1.2*6) that commercial dihydrolipoamide 
dehydrogenase was found to contain a low level of NADH oxidase activity.
This resulted in a slow decrease in absorbance at 3U0nm even when the 
dihydrolipoamide dehydrogenase reaction had reached equilibrium. Attempts 
were made to remove this NADH oxidase by gel filtration on Sephadex G200. 
Unfortunately this proved to be unsuccessful; the NADH oxidase and dihydro
lipoamide dehydrogenase co-eluted. Consequently correction for removal of 
NADH by NADH oxidase had to be made to the transacylase assays as described 
in section 1.2*6.

Very recently, a new assay has been described for the dihydrolipoamide 
transacetylase activity of bovine kidney (Butterworth etaX, 1975)* This
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Assays were performed as described in section 1.2®6 
using IZCÿig of purified Ao Iwoffi a-OGDH complex.
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method also measures the reaction in the backward direction* Radioactively 
labelled S-acetyl dihydrolipoamide is produced by the transfer of the acetyl 
group of [ l ]acetyl-GoA to dihydrolipoamide and extracted into benzene* 
Unreacted [l-^C]acetyl-CoA remains in the aqueous phase. This assay has ' 
the disadvantage of being discontinuous but has the advantage over the 
hydroxylamine assay of being simpler and more sensitive*
I.3°U E2-E3 interaction test and lipoic acid test

The reaction rate of the E2-E3 interaction test was found to be 
proportional to the enzyme concentration as shown in Fig. 16. Both this test 
and the lipoic acid test (section I.l»5) proved to be extremely useful in 
the dissociation and chemical modification studies (chapters III and IV 
respectively)*
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Experimental details are described in section 1.2*7,
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CHAPTER II

ENZYME PURIFICATION AM) MOLECULAR PROPERTIES

II.1 INTRODUCTION
In order to carry out a detailed kinetic study of an enzyme it is 

necessary to obtain at least a partial purification so that interfering 
reactions are eliminated. On the other hand, determination of the structural 
properties (e.g. number of subunits, number of polypeptide chains, etc.) 
requires a much more extensive purification, preferably to homogeneity.

The a-OGDH complex from A. Iwoffi has already been purified (Parker & 
Weitzman, 1973) to a specific activity of 21units mg ^ protein. This 
purification procedure has been adopted with several minor modifications in 
the present work and yields essentially pure enzyme as indicated by 
electrophoresis on polyacrylamide gels in the presence of sodium dodecyl 
sulphate and analytical ultracentrifugation. Procedures are also described 
for the partial purification of the a-OGDH complex from E. coli and the PDH 
complexes from both A. Iwoffi and E. coli for use in E2 assays (section 1.2*6) 
and dissociation studies (section 111.2).

In order to understand fully how a particular enzyme functions it is 
helpful to have a knowledge of its physical properties. In the case of the 
a-OGDH complex from A. Iwoffi information about its molecular size and the 
size and number of the component polypeptide chains, for example, would 
enable comparison with the complexes from E. coli and mammalian cells which 
lack AMP regulation, to be made.

This section also describes the determination of the polypeptide chain 
molecular weights of the three different enzyme components which constitute 
the a-OGDH complex of A. Iwoffi. These data were obtained by polyacrylamide 
gel electrophoresis in the presence of sodium dodecyl sulphate using the
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method of Weber & Osborn (1969). Finally, the molecular weight of the whole 
complex was obtained using a novel theory derived by Rowe (1975) involving 
the determination of the sedimentation coefficient of the complex by 
analytical ultracentrifugation but without requiring the diffusion coefficient 
or any other properties of the enzyme to be measured.
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H . 2 MATERIALS AND METHODS
11.2*1 Materials

Protamine sulphate was obtained from Koch-Light Laboratories Ltd., 
Colnbrook, Bucks., U.K.; DEAE-cellulose (Whatman DE-11) from H. Reeve Angel' 
and Co. Ltd., London ECh, U.K. and Sepharose UB from Pharmacia (G.B.) Ltd., 
London W5, U.K. All other chemicals were obtained from either Sigma (London) 
Chemical Co. Ltd., Kingston, Surrey, U.K. or BDH Chemicals Ltd., Poole, 
Dorset, U.K.
II.2°2 Determination of protein concentration

Protein concentration was routinely determined by the method of Lowry 
et alo (1951) using bovine serum albumin (Cohn fraction V; Sigma) as a 
standard. However, when a large number of column fractions had to be 
assayed for protein, this was more conveniently determined from the ratio 
of absorbances at 280 and 260nm (Layne, 1957). These two methods gave very 
similar values with purified a-OGDH from A. Iwoffi.
11.2*3 Growth of bacteria
(i) A. Iwoffi UB

Cultures of A. Iwoffi were maintained on nutrient agar slopes. A 
"starter culture" was prepared when required by inoculating a 500ml 
Erlenmeyer flask containing 200ml of 2*5# (w/v) nutrient broth (Oxoid) with 
cells from an agar slope. They were grown for approximately 8h at 37°C with 
vigorous shaking. This culture was then used to inoculate 20-30 two-litre 
Erlenmeyer flasks, each containing 1 litre of 2*5# (w/v) nutrient broth and 
grown at 37°C overnight on a rotary shaker (300rev. irdn ^).
(ii) E. coli (Crookes strain)

Cultures of E. coli were maintained and grown as described above, except 
that 1*3# (w/v) nutrient broth was used and the growth temperature was 30°C.
(iii) E. coli K12 (strain CA2lil;)

Glycerol-grown cells of E. coli KL2 were obtained as a frozen paste from



the Microbiological Research Establishment, Porton Down, lÆlts., U.K.
II.2«U Purification of A. Iwoffi a-OGDH complex

The purification procedure was essentially that described by Parker & 
Weitzman (1973) with some modifications as follows:
(a) Preparation of cell-free extract

mim mmm mmm mm mm mm mm mm mam mm mm

A late log-phase culture of A. Iwoffi (20-30 litres) was harvested 
using a Sharpies continuous flow centrifuge and the cells washed with MET-8 
buffer at ii°C; then stored at -5°C until required. a-OGDH complex activity 
remained stable for several weeks in frozen cells.

The frozen pellet of cells was slowly thawed in cold MET-8 buffer and 
the cell density adjusted to give an absorbance at 680nm of about 100. This 
slurry was passed twice through a pre-cooled French pressure cell at 12000 
lb in  ̂and then centrifuged (20000x£, 2h, U^C) to remove unbroken cells and 
cell debris.

All subsequent steps were performed at U°C,
(b) Removal of nucleic acid

The crude extract was adjusted to a protein concentration of 20mg ml ^ 
with MET-8 buffer and stirred continuously while a 2% (w/v) aqueous solution 
of protamine sulphate was added dropwise, to a final ratio of 0*9mg protamine 
sulphate per lOmg protein. The mixture was allowed to stand on ice for 20 
min before centrifugation (2500Qx£, 30min, U°C) and the pellet, consisting 
mainly of protamine-bound nucleic acid, was discarded.
(c) Isoelectric precipitation

The pH of the supernatant from the protamine sulphate step was adjusted 
to 5*3 by the dropwise addition of 7% aqueous acetic acid with continuous 
stirring. The suspension was centrifuged immediately (2^00Qx£, 20min, U°C) 
and the pellet discarded. The pH of the supernatant, which contained all of 
the a-OGDH complex activity, was then adjusted to U*8 with acetic acid. The 
precipitated a-OGDH complex was collected by centrifugation (2500Qx£, 30min,
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U°C) and resuspended in MET-8 buffer in 20# (v/v) glycerol.
(d) lon-exchæi^e^c^omatogragh^

DEAE-cellulose (Whatman DE-ll) was precycled according to the Whatman 
Technical Bulletin IE2. This was then used to pack a L5cm x 2»5cm column 
(Pharmacia) and washed with 5-6 column volumes (1-1*2 litres) of MET-8 
buffer in 20# (v/v) glycerol. The sample (from (c)) was applied to the top 
of the column, allowed to run in and washed with approximately 2 column 
volumes of MET-8 buffer in 20# (v/v) glycerol. A 600ml linear salt gradient 
(0*l5-0*U0M KCl) was then applied; 100 x 5ml fractions were collected and 
assayed for protein and complex activity. The a-OGDH complex eluted at a 
KCl concentration of about 0*23M. Fractions containing high complex activity 
(^5 units mg ^ protein) were combined.
(e) Ap^nium sulphate fractionation

Finely ground ammonium sulphate was slowly added, with continuous 
stirring, to the combined enzyme fractions to 50# saturation (31“3g of 
ammonium sulphate per 100ml of solution). After standing for 30min the 
precipitated protein, containing all of the a-OGDH complex, was collected by 
centrifugation (2^000x^, 3Qmin, L°C) and resuspended in a small volume 
(typically 2ml) of MET-8 buffer in 20# (v/v) glycerol.
(f ) Gel filtration__

A U5cm X  2 *5cm column containing Sepharose 1;B (checked for even packing 
with Dextran Blue) was equilibrated with 6 column volumes of MET-8 buffer.
The concentrated enzyme solution was loaded onto the top of the column and 
eluted at a flow rate of l5ml h Fractions (2 *Oml) were collected and 
assayed for enzyme activity and protein and those containing a high enzyme 
specific activity (M.0 units mg ^ protein) were combined.
(g) Ammonium sulphate fractionation

The enzyme was concentrated by precipitation with ammonium sulphate 
(31*3g per 100ml Of enzyme solution) as described in section (e). The
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resulting protein pellet was resuspended in l*0-l*5ml of MET-8 buffer in 
20# (w/v) glycerol and dialysed overnight against 2 litres of the same 
buffer. The purified a-OGDH complex was stored at and showed a gradual 
loss of activity over a number of weeks.
11.2*^ Purification of E. coli a-OGDH complex

A late log phase culture of E. coli (20 litres) (section 11.2*3) was 
harvested with a Sharpies continuous flow centrifuge and the pellet washed 
with 20mM phosphate buffer, pH 7*0. The cells were then resuspended in 0*1M 
phosphate buffer, pH 7*0, and sonicated (MSE 100 watt ultrasonic disinte
grator) at 0°C at an amplitude of 7pm for 2 x 1*5 min periods with a 1 min 
interval for cooling. Unbroken cells and cell debris were removed by 
centrifugation (2^,000xg, 30 min, ii°C)o

Purification of the a-OGDH complex was then carried out as described

by Reed & Mukherjee (1969)o
11.2*6 Purification of A. Iwoffi PDH complex

Attempts to purify the PDH complex from A. Iwoffi have been reported 
to be unsuccessful (Jaskowska-Hodges, 1975), mainly due to the instability 
of this enzyme. However, I have succeeded in preparing a partially purified 
enzyme which was considerably more concentrated than a crude cell extract.

All stages in the purification were performed at U°C.
(a) Pre^pgration of__a_cell-frlee extract

A late log-phase culture of A. Iwoffi (10 litres), grown as described
in section 11.2*3, was harvested using a Sharpies continuous flow centrifuge,
washed and resuspended in MET-8 buffer. The cells were broken by passage

_2through a pre-cooled French pressure cell at 120001b in • This procedure 
was found to produce a 5-fold greater yield of PDH activity than sonication. 
Cell debris and unbroken cells were removed by centrifugation (2^000xg, 30 
min, L°C).
(b) Removal of nucleic acid
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Since the enzyme was found to be precipitated by protamine sulphate, 
nucleic acids were removed by treatment with streptomycin sulphate, as 
follows* The protein concentration of the extract was adjusted to 20-2^mg 
ml ^ by addition of MET-8 buffer. A 2^# (w/v) aqueous solution of 
streptomycin sulphate was added dropwise, with continuous stirring, to a 
final concentration of 0»035mg of streptomycin sulphate per mg of protein. 
After allowing the mixture to stand on ice for 15 min, the nucleic acid 
precipitate was removed by centrifugation (2^000xg, 30 min, U°C).
(c) Isoelectric precipitation

mmm mm mm mmm mm mma mm m̂m mm mm mm

The pH of the supernatant (from (b)) was lowered to 5*8 by the drop- 
wise addition of 7% acetic acid, and the resulting precipitate removed 
by centrifugation (2500Qx£, 20 min, U'̂ C). The supernatant (containing the 
PDH activity) was adjusted to pH 5*2 with acetic acid and the precipitate 
collected by centrifugation (2^000xg, 30 min, U°C). The pellet, which 
contained most of the PDH activity, was resuspended in about 5ml of MET-8 
buffer.
(d) Hl£h_speed_centrifugation

The resuspended enzyme was centrifuged at ?2000x£ for 30 min (at U^C) 
in a MSE 50 ultracentrifuge, and the pellet was resuspended in 2ml of MET-8 
buffer.
(e) Gel filtration

The concentrated enzyme solution was loaded onto a UO x 2 *^cm column 
containing Sepharose UB (pre-equilibrated with MET-8 buffer) and eluted 
with the same buffer. Fractions (2ml) were collected and assayed for 
enzyme activity and protein concentration. Fractions containing high PDH 
specific activities (^0*2 units mg ^ protein) were combined,
(f) Ammonium sulphate fractionation

mm mmm mm m̂m mm ^m mm mm mmm mmm mm mm mm mm mm

Finely-ground ammonium sulphate was added slowly with continuous 
stirring, to the combined fractions to 75# saturation (5l'6g per 100ml of
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enzyme solution). After standing for 20min on ice the pellet, containing 
all of the PDH activity, was obtained by centrifugation (2500Qx:£, 3Qmin, U°C) 
and resuspended in 5ml of MET-8 buffer.
(g) Ki£h__S£eed___centrifugation

The PDH complex was collected by centrifugation at 50000rev. min ^ 
(200000xg) for 2h at L°G in an MSE 50 ultracentrifuge and the pellet 
resuspended in a small volume (about 0*2ml) of MET-8 buffer.
11.2*7 Purification of E. coli PDH complex

A partially purified, concentrated preparation of PDH complex from 
E. coli was prepared as follows :
(a) 12g of a frozen paste of E. coli K12 (strain Gk2hh) cells were slowly
thawed in about 2vol. of MET-8 buffer. The suspension was passed through

_2a pre-cooled French pressure cell at 120001b in and then centrifuged 
(2500Qx£, 30min, it°C) to remove cell debris.
(b) Nucleic acid was removed from the cell-free extract by precipitation 
with protamine sulphate, followed by isoelectric precipitation (as described 
in section II.2»U). PDH from Eo coli was precipitated between pH 5*2 and 
U*8.

(c) The isoelectric precipitate was resuspended in 2ml of MET-8 buffer and 
subjected to high speed centrifugation (200000xg, 2h, U°C). Finally, the 
pellet was resuspended in a small volume of MET-8 buffer to give a total 
volume of 0*2ml.
11.2*8 Polyacrylamide gel electrophoresis

I
Gel electrophoresis at pH 8*9 was performed by the method of Davis 

(I96U) with 7% acrylamide / 0*18# (w/w) bis-aerylamide gels. The gels 
were prepared in 10 x 0*$cm glass tubes and pre-run at 2mA per gel for 
l-2ho Up to 20pl of sample (containing approximately lOCjug of protein 
and 0*2^g of the marker dye, bromophenol blue) in buffer containing 10#
(w/v) sucrose, were layered onto the tops of the gels and electophore&As
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performed at 0«5mA per gel (20-UO volts) until the dye entered the gel.
The current was then increased to 2mA per gel (about 150 volts) and 
maintained until the marker dye approached the bottom of the tube. After 
electrophoresis the gels were either treated with a protein stain, or 
sliced and assayed for E3 activity or lipoic acid content.
(a) Protein ŝ tain

Gels were stained with Coomassie Brilliant Blue according to the method 
of Chrambach et al. (1967), as follows. Gels were first fixed for 30min in 
12*5# (w/v) trichloroacetic acid. They were then stained for 60min in 1% 

(w/v) Coomassie Brilliant Blue in 12*5# (w/v) trichloroacetic acid. Finally 
the gels were destained and kept in 10# (w/v) trichloroacetic acid.
(b) ^cali£ation_of E3 activity or_lipoic acid

The gels were cut into l-2mm slices with a razor blade and the position 
of each slice in the gel recorded. Each slice was transferred to a separate 
test-tube, covered with 0»2ml of buffer containing lOmM MgClg, ImM EDTA,
0®1M Tris-HCl, pH 8*0, and left at U^C overnight. The buffer and slice 
were then assayed for E3 activity or lipoic acid content as described in 
sections I.2*L and 1.2*7o In the case of the E3 assay, absorbance readings 
at 3U0nm were taken at 15 or 30 sec intervals and the solution was mixed 
in between.
11.2*9 Polyacrylamide gel electrophoresis in the presence of sodium dodecyl 
sulphate

By incorporating sodium dodecyl sulphate into the buffers used for 
polyacrylamide gel electrophoresis protein complexes are dissociated and 
denatured (Shapiro et al. (1967)). As a result it has been observed that 
the mobilities of these denatured proteins are usually proportional to the 
log of their molecular weights. 10# polyacrylamide gels containing 0*1# 
sodium dodecyl sulphate were used throughout, prepared according to the 
method of Weber & Osbom (1969). Bovine serum albumin (Sigma; Cohn fraction
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V, molecular weight 68000), catalase (EC 1*11*1*6; MW 62^00), pyruvate 
kinase (EC 2®7*l*UO; MW 57000), fumarase (EC L°2°l«2; MW I4.9OOO), aldolase 
(EC L°l*2°13; MW iiOOOO) and glyceraldehyde-3-phosphate dehydrogenase (EC 
1*2*1*12; MW 36000) were used as standards. Electrophoresis was carried 
out at 0*5mA per gel until the bromophenol blue marker dye entered the gels

and the current then increased to 2mA per gel#. The gels were stained for 
2h in a 0*2# (w/v) solution of Coomassie Brilliant Blue in 50# methanol /
7# acetic acid. Destaining was performed by transverse electrophoresis 
(1 amp, 100 volts) for U5niino The destaining solution was composed of 
acetic acid / methanol / water (7:6:88 parts by volume). Gels were stored 
in 7# acetic acid.

The mobility of a protein (R^ value) was calculated as:

R^= distance of protein migration ^ length of gel before staining 
distance of marker dye migration length of gel after destaining

11.2*10 Analytical ultracentrifugation
The sedimentation coefficient of the a-OGDH complex from Ao Iwoffi 

was determined by sedimentation velocity in an MSE Centriscan 75 ultra
centrifuge. Purified a-OGDH was extensively dialysed against 0*114 Tris-HCl, 
pH 8*0, in 8# (v/v) glycerol and then diluted to give a range of concentrations 
from 0*5 to lOmg ml Samples were centrifuged at UOOOOrev. min ^ at 5°C, 
the position of the boundary being observed at suitable intervals by 
Schlieren optics. Sedimentation coefficients were computed on a Hewlett- 

Packard 9IOOB calculator by linear regression analysis of In x against 

time from the relationship
s = dx/dt = d In X

2 2^^ xw w dt

(where s = sedimentation coefficient; x = distance of boundary from centre 

of rotor and w = angular velocity (rad, sec )̂),

These values were corrected to SgQ ^ values (i.e. water at 20°C as the
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solvent) from the relationship;

W ° snlv— . iz^20,w_ (Bowen,1970a)
20,w 5,solv l-r5,solv

(where s^ golv ~ sedimentation coefficient in 0«1M Tris-HCl in 8# (v/v) 
glycerol at 5°C; viscosity; partial specific volume and density 
of solvent.)

^ 5  solv ?20 w determined using a capillary viscometer (Bowen,
1970b). solv /^20 w determined by accurately weighing 5cm^ of
buffer and water at 5°C and 20°C. A value of 0*73 was used for

The protein concentration of each sample, determined both by the method 
of Lowry et al. (1951) and from the ratio of absorbances at 280 and 260nm 
(Layne, 1957), was corrected for 10# dimerization (calculated from the 
observed Schlieren peaks) and for radial dilution (Bowen, 1970c).
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II.3 RESULTS AND DISCUSSION
11.3*1 Purification of g-OGDH from A. Iwoffi

Table 2 illustrates a typical purification table for the a-OGDH complex 
from A. Iwoffi. The specific activity of the purified enzyme (20 units mg ^ 
protein) was comparable to that reported by Parker & Weitzman (1973); 
although the preparation was on a slightly larger scale and produced a 
somewhat higher percentage yield. Nevertheless, the enzyme preparation 
was on a comparatively small scale and frequent repetition was required. 
Since the enzyme was found to be stable for only a few weeks [possibly 
because of progressive proteolytic degradation during storage as has been 
found for the PDH complex from E. coli (Perham & Thomas, 1971)],larger 
yields would have been wasted since they could not be successfully stored. 
However, for certain types of work, e.g. dissociation studies, much larger

amounts of complex would be desirable and possible ways of achieving this 
were investigated as follows.

As the laboratory was not equipped with fermentors for the growth of 
large amounts of bacteria, frozen slurries of acetate-grown A. Iwoffi cells 
were obtained from the Microbiological Research Establishment, Porton Down, 
Wilts, U.K. However, although these cells have proved to be of use for the 
isolation of other tricarboxylic acid cycle enzymes they were not suitable 
for the preparation of a-OGDH. This was mainly due to the extreme 
sensitivity shown by the complex to treatment with protamine sulphate, 
making the removal of nucleic acid by this means impossi^e and the 
subsequent isoelectric precipitation both difficult and inefficient. As 
an alternative UO and 60 litre batches of A. Iwoffi cells were grown up as 
described in section 11.2*3 and the a-OGDH complex purified in the usual 
manner. To overcome overloading problems during chromatography multiple 
columns were used but unfortunately enzyme purified in this way was neither 
as pure nor as stable as that prepared in the usual small scale manner.



51i.

X5
Vi.

CO

tocd
03

ÜgI
«Ho
<D

?
Ü

<P
03f
txO

H

03-Pcd r—1
<Ho
03
0
!h

-P
•HrH
0  CO

1
Tj
0)I
03§
Î
ÜI
«

CO

gs
g
03

A•H
•X)

IÜ
03<U'XJ

Ü
id•H
g

p>
g

•H
0

-PI
y

g

o

•H

&-p
03

O  GO O 0\ 
H

l A VO
- d ’ - d -

osCO a O s

CO
O s

GO
OsVO
Os

•ps
u1
0I

o

do
t
p

Ü0k
Ü

•d
p
o0

o
03

M

OfA OSCO

GO
r4

d
0

£
■3CuO
0
031
CO

OCJ

lA -d-
5P O o O P "LA os C-H lA o vO "LA P PO lA pCO

03 OP vO -d- CO O O o IS-P P c- -d- O "LA PH P P oo VA "LA (A <A
' "

H o o o O "LA O cr-o TA fA vO "LACO P

03
PI
o



55.

II.3*2 Purification of a-OGDH from E. coli
A purification table for the a-OGDH complex from E. coli is shown in

Table 3. It can be seen that the same degree of purification was not
obtained in this case (specific activity; 8*3 units mg compared to the 
A. Iwoffi enzyme (20 units mg ^). Nevertheless, the degree of purity was 
acceptable for the work for which this enzyme was intended (see section
III.2).
11.3*3 Purification of PDH from A.Iwoffi and E. coli

Typical purifications of PDH from A. Iwoffi and E. coli are illustrated 
in Tables U and 5 respectively. In both cases the final specific activity 
was somewhat low but nevertheless was considerably greater than in a crude
cell extract and was adequate for the proposed work.
II.3*U Polyacrylamide gel electrophoresis

The purified a-OGDH complex from A. Iwoffi was examined by electro
phoresis at pH 8*9 on 7% polyacrylamide gels (section 11.2*8) as a test for 
homogeneity. A typical gel, stained with Coomassie Brilliant Blue to show

protein bands, is depicted in Fig. 17o The minor bands are unlikely to be 
impurities or products arising from proteolytic breakdown since there is 
no evidence for these in gels run in the presence of sodium dodecyl sulphate 
(see section 11.3*5) or from the analytical ultracentrifugation data 
(section 11.3*6). Consequently it seems likely that these bands represent 
dissociation of the complex into subunits. In an attempt to overcome 
dissociation of the complex during electrophoresis, several of the 
electrophoretic parameters were varied, e.g. L#, 5# and 7% polyacrylamide 
gels at pH 8*9 and 7*0 (Costen & Looms, 1969) run at U°C or room temperature, 
but without success.

It should be pointed out that this distribution of protein bands is 
different to that obtained by Parker & Weitzman (1973). They reported a 
major band (R^ = 0*07 relative to bromophenol blue ) and two faster-moving
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Fig. 17o Diagrammatic representation of a 7# 
polyacrylamide gel after electrophoresis of 
purified A. Iwoffi a-OGDH complex.
The gel was stained for protein with Coomassie 
Brilliant Blue. All experimental details are 
described in section II.2*8.
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minor bands (R̂  = 0*6 and 0*7), but the reason for the discrepancy between 
these results is not known.

With a view to understanding the precise identity of the various 
protein bands shown in Fig. 17, parallel unstained gels were sliced 
immediately after electrophoresis, eluted with buffer overnight and assayed 
for whole complex activity, E3 activity and lipoic acid content. Low levels 
of whole complex activity were detected in the top few slices of the gel up 
to an R^ value of 0*08, corresponding to band I in Fig. 17. E3 activity was 
also observed in the first few slices (R^ = 0 to 0*1) as well as in a slice 
of R^ = 0°L5 coincident with band V. Finally, lipoic acid could be detected 
in the first few slices at the top of the gel and again at high R^ values 
(0*65 to 0*80).

In conclusion it would appear that band I in Fig. 17 represents whole 
enzyme complex and the other bands are dissociated subunits. In particular 
band V contains the E3 component, either solely or in combination with 
another subunit.
11.3*5 Polyacrylamide gel electrophoresis in the presence of sodium dodecyl 
sulphate

Electrophoresis of purified a-OGDH complex from A. Iwoffi on polyacryl
amide gels in the presence of sodium dodecyl sulphate resulted in only three 
major bands (Fig. 18), This is consistent with the complex being composed 
of multiple copies of three individual polypeptide chains as shown by other 
workers using a-OGDH from other organisms (Perham & Thomas, 1971; Reed, 19714.; 
Koike et al., 197U; see also "General Introduction").

It has been observed that proteins which have been dissociated and 
denatured by sodium dodecyl sulphate have mobilities which are proportional 
to the logarithm of their molecular weights when subjected to electrophoresis 
on polyacrylamide gels in the presence of this detergent (Weber & Osborn, 
1969)0 Consequently six different protein standards of known polypeptide
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BAND I I I  

BAND I I  
BAND I

Fig. 18. Polyacrylamide gel electrophoresis 
of A. Iwoffi a-OGDH complex in the presence 
of sodium dodecyl sulphate.
The gel was stained for protein with Coomassie 
Brilliant Blue. All experimental details are 
described in section II.2*9.
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chain molecular weight were pretreated as described by Weber & Osborn (I969) 
and run on different gels in the presence of sodium dodecyl sulphate. A 
plot of their relative mobilities against the logarithm of their molecular 
weights was found to be linear (Fig. 19) as expected. Molecular weights 
could then be assigned to the three protein bands of the a-OGDH complex of 
A. Iwoffi run on parallel gels to the standard proteins. The results of 
three separate determinations are shown in Table 6. Comparison of these 
chain molecular weights with those reported for the same enzyme from other 
sources (Table 7) does not yield conclusive evidence as to the identity of 
the three bands. It is interesting to note that the polypeptide chain 
molecular weights for the a-OGDH complexes from E. coli and pig heart, two 
widely different sources, are very similar yet those from A. Iwoffi appear 
to be somewhat different. However, perhaps it is not so surprising when one 
considers that the latter complex exhibits quite a different kind of 
regulatory sensitivity to the other two enzymes and this may be reflected in 
structural differences» Furthermore, this control is exerted on the El 
component, whose polypeptide chain molecular weight seems to differ the 
most.
IIo3”6 Determination of the molecular weight of the a-OGDH complex of A.
Iwoffi
(a) Determination of sedimentation coefficient

Analytical ultracentrifugation of purified a-OGDH complex from A* Iwoffi, 
using schlieren optics to detect the protein boundary, resulted in a single, 
virtually symmetrical peak (Fig. 20) indicating that the complex was 
essentially pure» A small shoulder was observed at the base of the leading 
edge of the peak, believed to be due to dimérisation of the complex and 
comprising of the total peak area. A small amount of dimérisation has 
also been observed during analytical ultracentrifugation of the FDH complex 
from E» coli (Danson k Rowe, personal communication).
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. DEHYDROGENASE

0*6 -
ALDOLASE

i  0-5
oz

FUMARASE

-OGDH I

LU>
Î5 0-4

a-OGDH IT

LUcr

0 3

3 U

MOLECULAR WT. (xIO'^)

Figo 19. Dependence of log molec-ular weight on the 
relative mobility after polyacrylamide gel electro
phoresis in the presence of sodlnm dodecyl sulphateo 
SDS gel electrophoresis was•performed using standard 
proteins of known molecular weight and A. Iwoffi 
a-OGDH complex, as described in section 11.2*9.
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Table 6. Chain molecular weights of the Ao Iwoffi a-OGDH
complex subunitso 

The polypeptide chain molecular weights of A. Iwoffi a-OGDH 
complex were determined by gel electrophoresis in the 
presence of sodium dodecyl sulphate. The results of three 
independent determinations are given. Experimental details 
are described in section II.2®9* Band numbers correspond 
to those given in Figo 18.

Molecular weights of protein bands
Band 1 Band 2 Band 3

Determination 1 32,000 60,000 82,000
Determination 2 3U,ooo 60,000 80,000
Determination 3 36,000 60,230 80,080

Mean mol. wt. 33,000 60,080 80,900
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iĤ o

u
CQ

r4
cd

P ro
0 C—

Os
0 rH

PcJ•HO bO
w d

•H

-d- 0DC
Os
1—1 oë

tH
"O 0
0 bO
0 O
Pi >

O
8
4

r~\W

Ad o3
O g
P

A3C4
0O CL,

Ad(0
U

d 0 p0 > p0 0
Ad :s

o
0 DC d> w
cd

A3 P H
dCQ 0 •H

r4 e iH
H 0 O0 0 ÜÜ uàû

cd W
•H Td 0
U o Ad0 O p
P bO
Ü fncd d O
Ad •H «H
Td 0 od 0 ocd cd o

d w Oscd p lA
•H Ad

bfl «H
•H O
0

0
d

«
S’

>
•H O St
V. 0 0
d r4 Ad
H bû

d a
•H d

•H t>>cd pw A3 p
0 Ü Ad
Ü bOTd •H
3 d rHO cd raw ra cd
m P
0 o Tdo 0 0

•H A pSt m fHcd 0 O
> Sh A

0
b fH

o dSt 0«H >0
m d A3P •H
d Pcd Ĉ
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Sedimentation values for a-OGDH were determined at a number of different 
protein concentrations and corrected for solvent and temperature (to give 
s«^ values) as described in section II«2«10. The s__ values were thencU,W cU,W
extrapolated to zero protein concentration (Fig. 21) giving a s°q ^ of 
29'86S.

At very low protein concentrations the sedimentation values deviated 
from normal, such that a decrease in s^g ^ value was observed with decrease 
in protein concentration within this range. Parker & Weitzman (1973) have 
reported a similar observation using the same enzyme, but failed to observe 
the more typical concentration dependence at high protein concentration 
(Schachman, 1939) since their data were restricted to low enzyme 
concentrations (Fig. 21). It is probable that at very low concentrations 
dissociation of the complex occurs resulting in a reduction in the apparent 
^20 w 8̂ observed by Danson & Rowe (personal communication) using
the PDH complex of E. coli.
(b) Molecular weight determinationmÊm mmm m̂m mmm mum mmm

The molecular weight of the a-OGDH complex was calculated using an 
equation derived by Dr. A.J. Rowe (personal communication):

M - N / 6 ^  \ V 2 ( ^ \ 1 A   ̂  ̂  ̂  ̂ (1)
\ l-'y) I \l6jt/

where M = molecular weight; 9 = partial specific volume = 0«73 (assumed); 
/£= density of water at 20°C = 0»998203g cm"^; 2 ).̂  coefficient of viscosity 
of water at 20 G = 0«01003g cm ^ s N = Avogadro*s number = 6*023 x 10^^; 
and where:

Kg Kg ”* V  O . . . 0 0 0 0 . . . 0 . ( 2 )

-20 w — s constant) were derived from the relationship:
s = s°  ̂ (Bowen, 1970d) and found to be 29*86 x lO’̂ ^s and 17*70cm^ g”̂

1+K cs
respectively. By substituting these values in equation (1) the molecular
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Fig. 21. Dependence of S^g on protein concentration* 
Sedimentation coefficients were computed from the 
sedimentation data given in Pig* 20 and corrected to 
SgQ ̂  values as described in section II.2«10; (O— o). 
(A-""A); SgQ ^ values for the same enzyme obtained by- 
Parker Sc. Weitzman (1973 )o
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weight of the complex was calculated to be 1*82 x 10^, Table 8 shows a 
comparison of the molecular weight and sedimentation coefficient with those 
from other sources. It would appear that the a-OGDH complex from A. Iwoffi 
is slightly smaller than the complexes from other organisms » This difference 
is consistent with measurements of the diameters of complexes made by electron 
microscopy. The A. Iwoffi enzyme has been shown to be a polyhedron of 200 to 
220A diameter (Parker & Weitzman, 1973) compared with 260A for the pig heart 
complex (Tanaka et al., 1972).
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CHAPTER III 

DISSOCIATION STUDIES

III.l INTRODUCTION
It was described in the General Introduction how a-OGDH and PDH 

complexes from various sources are composed of three types of subunits (El, 
E2 and E3) each with its own catalytic function, the E2 subunit forming a 
core to which El and E3 subunits are non-covalently attached. The El 
subunit of the a-OGDH complex of A. Iwoffi is of particular interest since 
regulation of this component by AMP and possibly NADH has been demonstrated 
(Parker & Weitzman, 1972, 1973). Clearly a detailed study of the regulatory 
properties of the complex would be facilitated if the individual subunits 
could be isolated in enzymic ally active forms. Thus one of my main aims 
was to resolve the complex into its three different components, enabling 
the following questions to be investigated:

(a) Are the regulatory sites for AMP and NADH really located on El and 
does this subunit modulate its activity in response to these effectors when 
it is separated from the other components of the complex?

(b) Can the El subunit from the A. Iwoffi complex be reassociated with 
E2"E3 from another organism (in particular one that does not show nucleotide 
control e.g. E. coli or Pseudomonas sp.) and thereby reconstitute a 
nucleotide-regulated a-OGDH complex? Such hybridization would suggest a 
close similarity between the subunit structures of the a-OGDH complexes 
from different organisms.

(c) How does the El component of A. Iwoffi differ from those of E. coli 
or Pseudomonas sp.? Is its sensitivity to effectors associated with a 
relatively more complex structure?

Both a-OGDH and PDH complexes from E. coli and mammalian cells have
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been successfully resolved into their component subunits and Table 9 
summarizes the methods that have been employed. a-OGDH and PDH complexes 
from E. coli are readily dissociated to E1»E2 and E3 in the presence of urea 
and into El and E2*E3 at high pH values. E3 may be dissociated from the 
mammalian complexes by urea, but the use of high pH values results in a loss 
of El activity (Glemzha et al., 1966; Hayakawa & Koike, 1967). Alternative 
procedures for the resolution of El from E2 were therefore employed including 
the use of potassium iodide and guanidine hydro chloride (see Table 9)#

A novel procedure has recently been described for the dissociation of 
pig heart a-OGDH (Imai & Tomika, 197U; Tomika et al., 197U)o It was shown 
by sucrose density gradient analysis that the addition of basic polypeptides, 
such as poly-L-lysine, to the complex caused dissociation into its component 
subunits. Unfortunately, however, the authors did not actually separate the 
dissociated subunits.

It was clear, therefore, at the onset of my work that a number of 
successful procedures were already available by which a-OGDH and PDH 
complexes from other sources could be resolved. Consequently, these 
procedures were applied to the a-OGDH complex of A. Iwoffi in the hope that 
one would be suitable for this complex. As a control a-OGDH from Eo coli 
was also studied.
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III.2 MATERIALS AND METHODS
III.2*1 Preparation of calcium phosphate suspended on cellulose

Calcium phosphate suspended on cellulose was prepared by the method of 
Reed & WLllms (1966) as follows;

(1) To 31g of cellulose powder (VJhatman CFll) suspended in 200ml of 
distilled water were added 50ml of a solution containing 2M CaClg ̂ 1"3^M 
KH^PO^ and 0*66M HCl.

(2) The suspension was stirred rapidly for 2min, 50ml of 8M NH^OH 
added, and stirring continued as the mixture thickened.

(3) After allowing to stand overnight at the supernatant fluid was 
decanted off. The calcium phosphate-cellulose was washed by décantation 
with several 3 litre volumes of distilled water until the supernatant fluid 
gave a negative result with Nessler's Reagent. "Fines'* were removed during 
the washing procedure.

(U) Finally, the calcium phosphate-cellulose was collected by centri
fugation (500Qx£) and resuspended in 2QmM phosphate buffer, pH 6*0. The 
suspension was stored at 5°G for at least a week before use.
III.2«2 Separation of E. coli a-OGDH complex subunits by the method of 
Mukher.jee et al. (1965)

(1) A column (1*5 x l°Ocm) of calcium phosphate suspended on cellulose 
was equilibrated with 50mM ethanolamine-phosphate buffer, pH 10*0, (50mM 
ethanolamine solution brought to pH 10*0 with KHgPOî ) containing IM NaCl.

(2) Purified E. coli a-OGDH complex (0*2ml, 22mg ml ^) was applied to 
the column and left to bind for 3Qmino

(3) The column was washed with 10ml of 90mM ethanolamine-phosphate 
buffer, pH 10*0, containing IM NaCl and 6 x 0*5ml fractions were collected. 
The El component should be eluted at this stage.

(U) The column was then eluted with 0*1M potassium phosphate buffer, 
pH 7°5, containing 1% (NH^)2S0^ and 0*5ml fractions' (which should contain
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E2 activity) were collected,
(5) To remove final traces of E2 activity the column was eluted with 

0'K4 potassium phosphate buffer, pH 7*5, containing I4M urea and \% (NH^)2S0^ 
and 6 x 0«5ml fractions were collected.

(6) Finally the column was eluted with 0“1M potassium phosphate buffer, 
pH 7*5, containing 2»5M urea and 6 x 0®5ml fractions were again collected 
(which should contain E3 activity).

ALl fractions were assayed for El, E2, E3 and whole complex activities. 
III.2«3 Separation of E. coli a-OGDH complex subunits by gel filtration in 
the presence of bM urea

(1) Purified a-OGDH complex (36<*8mg) in 2«0ml of buffer containing UM 
urea and 5^ (NH^)2S0^ was left on ice for 90min to dissociate.

(2) The mixture was then applied to a column (23*6 x l*6cm) of Sepharose 
UB, pre-equilibrated with 0»H4 phosphate buffer containing LM urea and

(3) The column was eluted with the same buffer and 60 x l«Oml fractions 
were collected. Fractions were assayed for protein, lipoic acid content 
and E3 activity.
III.2°U Separation of E. coli a-OGDH complex subunits by gel filtration at 
pH 9*0 in the presence of lit NaCl

(1) E. coli a-OGDH complex (I'Oml; 18»Lmg ml ^) was brought to pH 9*0 
by the addition of 0®lml of IM glycine buffer, pH 9*5, (or 0»1M 2-amino,
2-methyl, 1,3-propanediol buffer, pH 9*5) and NaCl was added to a final 
concentration of IM.

(2) After standing on ice for 3Qmin the mixture was applied to a column 
(23*5 X l°6cm) of Sepharose LB pre-equilibrated with 0*1M glycine buffer,
pH 9*0, (or 0»1M 2-amino, 2-methyl, 1,3-propanediol buffer, pH 9*0) containing 
IM NaCl.

(3) The column was eluted with the same buffer and 60 x l*Oml fractions
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were collected. These were assayed for protein, E2-E3 interaction (with and 
without commercial dihydrolipoamide dehydrogenase) and El, E3 and whole 
complex activities.
III.2°5 Separation of A. Iwoffi a-OGDH complex subunits by gel filtration in 
the presence of 6M urea

(1) Purified A. Iwoffi a-OGDH complex (2*2mg) in 0»2ml of buffer 
containing 6M urea and 5^ (NH^)2S0^ was left on ice for Ih to dissociate.

(2) The mixture was then applied to a column (23*5 x l*6cm) of Sepharose 
Lb pre-equilibrated with 0«1M phosphate buffer, pH 7*5, containing 6m urea 
and 5̂  (NH|^)2S0^o

(3) The column was eluted with the same buffer and 70 x l»Qml fractions 
were collected and assayed for protein, E2-E3 interaction (with and without 
commercial dihydrolipo amide dehydrogenase) and E3 activity.
III.2°6 Separation of A. Iwoffi a-OGDH complex subunits by gel filtration 
at pH 9*0 in the presence of IM NaCl

(1) A. Iwoffi a-OGDH complex (0®2ml; 10»8mg ml ^) was brought to pH 
9*0 by the addition of IM glycine buffer, pH 9*5, and NaCl was added to a 
final concentration of IM. It was left on ice for Ih to dissociate.

(2) The enzyme was then applied to a column (23*5 x l*6cm) of Sepharose 
Lb , pre-equilibrated with 0*1M glycine buffer, pH 9*0, containing 114 NaCl.

(3) The column was eluted with this buffer and 60 x l*0ml fractions 
collected and assayed for protein, E2-E3 interaction (with and without 
commercial dihydrolipoamide dehydrogenase), E3 activity and whole complex 
activity.
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III.3 RESULTS AND DISCUSSION
Before attempting to dissociate the a-OGDH complex of A. Iwoffi into 

its component subunits using the methods described for other systems (see 
section III.l), it was necessary to investigate the effects of the various 
dissociating conditions on the component activities, since it was already 
known that the A. Iwoffi complex is unstable under some of the conditions 
employed, e.g. high pH values (greater than 9*0) and high salt concentrations. 
Ill.3*1 Effects of dissociating conditions on enzyme activities

(a) Urea^ Fig. 22 summarizes the effects of urea on both the whole 
enzyme complex and the individual component activities. The El subunit was 
found to be extremely sensitive to urea; even at the lowest concentration 
of urea investigated (2M) apparently complete loss of activity was observed. 
The E2 component was also inactivated by urea but to a lesser extent. 
Progressively more inactivation was seen as the urea concentration was 
increased from 2 to 5M. Finally, the E3 subunit was stable when incubated 
with 2-314 urea and only at higher concentrations (U-5M) was inactivation 
observed.

The inactivation of whole complex activity by urea was found to be 
irreversible by both dilution and removal of urea by gel filtration. Under 
the standard assay conditions described for the whole complex (section 1.2*2) 
the enzyme is diluted up to 100-fold in the assay cuvette. Consequently, on 
assaying complex that has been incubated with urea, the urea concentration 
may be reduced 100-fold by omitting further urea from the assay mixture.
Under these conditions no rate was observed, even after 30min. It would 
therefore seem likely that the effect of urea is irreversible. Secondly, 
complex that had been incubated for 3h in the presence of Ll4 urea was passed 
through a column (12 x l*5cm) of Sephadex G25 which had been pre-equilibrated 
ivith MET-8 buffer. Fractions (l*Oml) were collected and assayed for whole 
complex activity, but none could be detected. In a control experiment using
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(a lû), I4M urea; (a a), 5M urea®



80.

enzyme that had not been treated with urea a peak containing all of the 
original activity was obtained.

The extreme sensitivity of El to urea w"as unfortunate since this subunit 
is of particular interest due to its regulatory properties. Protection 
against loss of El activity was investigated using a variety of substrates 
and effectors, but could not be achieved. However, marginal protection was 
obtained in the presence of 0*2mM AMP at a urea concentration of 2M, 2^% of 
the El activity remaining after 2h of incubation. Ajs the urea concentration 
was increased this protection was no longer observed.

(b) Potassium i o d i d e £ o ^ m  bromde^ guanidine hydr£cU.oride and high 
pH__vÿ.ue£. The effects of 0»3M KI, 0»3M NaBr, 0»6M guanidine hydrochloride 
and high pH values on A® Iwoffi a-OGDH complex are summarized in Table 10. 
Since KI was found to interfere with the El assay its effect on this 
component enzyme could not be studied. Under al1 the conditions investigated, 
inactivation of the El component was observed with partial protection in the 
presence of 0»2mM AI'IP. The E2 subunit was partially inactivated in the 
presence of NaBr, KI or at pH whilst loss of E3 activity was seen on
incubation with guanidine hydrochloride®
111.3*2 Preliminary attempts at dissociation and separation of enzyme subunits
(a) a-OGDH complex from A. Iwoffi

Attempts were made to dissociate and separate the subunits of the A® 
Iwoffi a-OGDH complex by incubation with 2«5M urea followed by Sepharose gel 
filtration® Successful dissociation of the whole complex into E1*E2 and E3 
should result in elution of the larger molecular weight species first, i.e. 
E1"E2 followed by E3# However, it can be seen from Fig® 23A that the E3 
activity eluted with the main protein peak. Unfortunately, El and E2 
activities could not be detected, presumably due to inactivation and/or 
dilution during gel filtration. Fractions containing E3 activity were re-run 
on a second column together with lactate dehydrogenase (M.W. U 4OOOO)
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Fig. 23. Gel filtration of A. Iwoffi a-OGDH complex in the presence 
of 2o^M ureao
l»2^mg of purified a-OGDH complex in MET-8 buffer containing 2*^M 
urea was applied to a Sepharose UB column (30x2 «^cm) and eluted with 
the same buffer (Figo 23A), Fractions (0»^ml) were assayed for E3 
activity (O O) and protein (#-- •)«
Fractions containing high levels of E3 activity were pooled, mixed 
with catalase and lactate dehydrogenase, and re-chromatographed on a 
Sephadex G200 column (32x2 «5cm) equilibrated with MET-8 buffer. 
Fractions (2ml) were assayed for the three enzyme activities (Fig. 23B)
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and catalase (M.W. 2U8000) using a Sephadex G200 column. From Fig. 23B it 
can be seen that the E3 activity was eluted first, in the void volume, 
suggesting that it was in the form of a large molecular weight species, 
presumably undissociated but inactivated complex.

Further attempts were performed in the presence of higher urea concent
rations (ranging from 2 to I4M) and using either Sepharose gel filtration or 
calcium phosphate-cellulose chromatography for the separation of the component 
enzymes. It has been found that the E3 components of Eo coli and mammalian 
complexes are more strongly bound to calcium phosphate-cellulose than the 
other two component enzymes (l4assey, I960; Koike et al., 1963) such that 
after dissociation with urea, E1*E2 can be eluted with ^OmM phosphate buffer, 
pH 7*S, containing (NH^^gSO^ and E3 then washed off with 0»1M phosphate 
buffer containing \x% (HH^)2S0|̂. This method was therefore applied to the 
a-OGDH complex of A. Iwoffi in the presence of 0»2mM AMP (to protect El 
against inactivation) using either 0»3M NaBr or 2-I4M urea for dissociation. 
Unfortunately, these experiments were not very successful since El and E2 
activities often proved to be difficult to detect after chromatography. 
Furthermore, in many cases complete dissociation did not occur so that whole 
complex activity was eluted at high salt concentration. Nevertheless, a 
limited degree of success was obtained as shown by the presence of El and E2 
activities in fractions eluted at low salt concentrations, in the absence of 
E3 activity.

Experiments involving Sepharose gel filtration in conjunction with ÎM 
urea resulted in a similar pattern to that obtained with 2»^M urea in Fig. 23A<
(b) a-OGDH complex from E. coli (Crookes)

Due to the very limited success achieved with the a-OGDH complex from 
A. Iwoffi, control experiments were done using the complex from E. coli. 
Preliminary studies were performed to investigate the effect of urea and 
1% (NH|̂ )2S0^ on the three component enzyme activities. The E3 component was
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found to be relatively stable (as with the A. Iwoffi complex), whereas large 
loss of El activity occurred (greater than ^0% in U^min). The rates obtained
for the E2 assay in the E. coli system were very poor and hence this
component could not be followed during these studies.

Perhaps it was the sensitivity of the E, coli a-OGDH El component to
urea that led other workers (Mukherjee et al., 196^; Pettit et al.,1973) to 
use high pH values to dissociate the El component, followed by urea to 
dissociate the remaining E2*E3 subcomplex. In addition, Severin ic Gomazkova 
(1972) reported that the degree of inactivation of pigeon breast muscle 
a-OGDH complex by urea depends not only on the time of contact between the 
enzyme and urea, but also oh the protein concentration. Since the present 
experiments were performed at a relatively low protein concentration 
compared with those used in other systems, exogenous protein was added to 
the enzyme complex to see if this would protect it against urea inactivation. 
Bovine serum albumin was added to a-OGDH solutions to give a final concent
ration of $Omg ml ^ prior to incubation with urea or at pH 9°S# 
Unfortunately, bovine serum albumin was found to interfere with the DCPIP 
El assay such that an apparent rate was obtained in the absence of a-OGDH 
(see section 1.3*2). Therefore, El assays performed in the presence of 
bovine serum albumin had to be corrected for this non-enzymic rate. Table 
11 shows the effect of exogenously added bovine serum albumin on the 
inactivation of a-OGDH complex by urea and high pH values. Bovine serum 
albumin partially protected both the A. Iwoffi and the E. coli complexes 
against loss of El activity. In conclusion, therefore, inactivation of 
a-OGDH by urea and high pH values is probably increased at low protein 
concentrations.

The a-OGDH complex from E. coli was subjected to gel filtration on a 
Sepharose UB column (12*0 x l«Ocm) in the presence of urea and 
(NH^^gSO^. On the basis of other published work E3 would be expected to be
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All samples were incubated at for 2h prior to being assayed.

Experimental conditions Activity (absorbance units min
Whole complex El E2

ml"^)
E3

A. Iwoffi a-OGDH
0»17mg of a-OGDH in 0»5inl of MET-8 
buffer.

336 8 "I 12*3 138

0"17mg of a-OGDH in 0*5ml of MET-8 
buffer containing urea.

0 1«0 0 120

0»17mg of a-OGDH in 0“5ml of MET-8 
containing Lti'I urea and 2^mg BSA.

0 3*0 0 129

0»17mg of a-OGDH in 0»5ml of 50mM 
2-methyl, 2-amino 1,3-propanediol 
buffer, pH

0 0 6»6 H 4I

0*17mg of a-OGDH in 0<»̂ ml of buffer, 
pH 9*5^ containing 2^mg of BSA.

60 2»0 6*0 lliO

E. coli a-OGDH
0*3hmg of a-OGDH in 0*5ml of 20mM 
phosphate buffer, pH 7*0.

610 8'7 - 22*8

0«3ümg of a-OGDH in 0»^ml of buffer, 
pH 7*0, containing i|M urea.

98 0 — 6*0

0"3Wg of a-OGDH in 0»^ml of buffer, 
pH 7*0, containing î M urea and 2^mg 
of BSA.

75 8 “0 12*0

0*3Wg of a-OGDH in 0»^ml of buffer, 
pH 9*5.

120 2*3 — 10*2

0*3Wg of a-OGDH in 0»^ml of buffer, 
pH 9*5^ containing 2^mg of BSA.

162 u*u lS'6
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dissociated from EL*E2 in the presence of urea, the latter species being 
eluted first due to its larger molecular weight. It can be seen from Fig. 2U 

that two protein peaks were obtained, E3 activity being coincident with both 
of them. On the other hand El activity was detected solely in Peak 1. 
Presumably, incomplete dissociation had occurred with the E1®E2 subcomplex 
eluting with the undissociated coirç>lex due to the relatively small difference 
in their molecular weights (2*1 and 2*8 x 10^ respectively). Thus Peak 2 
should consist solely of E3 component.

This experiment was repeated after a prolonged preincubation of the 
complex with urea to obtain a more coirplete dissociation and resulted in the 
disappearance of E3 activity from the first peak, but the E3 activity 
remained in Peak 2.

Finally, dissociation and separation of E. coli a-OGDH complex activities 
by calcium phosphate-cellulose chromatography was found to be partially 
successful. Table 12 shows the results obtained using the dissociation 
procedure of Mukherjee et al. (196^). Although no El activity could be 
detected, the presence of E2 and E3 activities in the appropriate' fractions 
indicates that at least partial resolution had occurred.
111.3*3 Further attempts to dissociate and separate a-OGDH subunits

With the availability of the E2-E3 interaction and lipoic acid tests, 
further information could be obtained from dissociation studies. The 
position of the E2 component could be detected by its lipoic acid content 
and comparison of the rate for the E2-E3 interaction assay in the presence 
and absence of added dihydrolipoamide dehydrogenase could confirm whether 
the E3 component was present in fractions containing lipoic acid (i.e. the 
E2 component).
(a) a-OGDH complex from E. coli

Dissociation and separation of the E. coli a-OGDH complex subunits was 
investigated by Sepharose gel filtration in the presence of UM urea and S%



87,

0*6
0*8

0*5

E3  ACTIVITY

0-3

0*2
0*2

PROTEIN

0 3 6 9 12

E
Ü)
'c
>■
\ -

o
COLU

FRACTION NUMBER

Fig. 2Uo Resolution of the E. coli a-OGDH complex by gel filtration 
in the presence of I4M urea and aimnonium sulphate.
0»2ml of purified complex (30mg ml was made with respect to
urea and applied to a Sepharose UB column (12 x 1cm) equilibrated 
with 0»1M phosphate buffer, pH 7"^, containing urea and 
ammonium sulphateo Fractions (1ml) were collected and assayed for 
protein (o o) and E3 activity (A"*-A)o
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(NH^)2S0^ (to dissociate the E3 component from the complex) or at pH 9*0 in 
the presence of IM NaCl (to dissociate El from the complex).
(i) Dissociation byJjM ]irea__and_̂ ^

The separation obtained on a column (23*5 x l»6cm) of Sepharose UB 
after dissociation with UM urea and 5^ (NH^^gSO^ is shown in Fig. 25. It
can be seen that almost complete resolution of E3 from E2 (detected by its
lipoic acid content) occurred, with the E3 peak being eluted in virtually 
the same position as Torula yeast dihydrolipoamide dehydrogenase. El 
activity was not detectable but should still be associated with the E2 peak. 
An anomalous protein peak was observed in Fraction lU. This was believed 
to be due to a slight precipitate that had formed in the enzyme solution 
on storage.
(ii) Di£Sociati£n_at hi£h_j)H vaj^s_in the £r£sence__of lM__NaCl

Secondly, a column (23*5 x l®6cm) of Sepharose UB was run at pH 9*0 in
the presence of IM NaCl and the results are shown in Fig. 26. It would seem
that partial dissociation of E3 from the complex occurred resulting in the 
appearance of E3 activity in Peak 2 (eluting in the same position as Torula 
dihydrolipoamide dehydrogenase). The remaining E3 activity co-eluted with 
E2 (detected by its lipoic acid content), presumably as an E2*E3 subcomplexo 
This is consistent with the observed stimulation of the E2-E3 interaction 
test by added dihydrolipoamide dehydrogenase in Peak 1 but not in Peak 2, 
suggesting that the ratio of E3 to E2 is greater in Peak 2 than in Peak 1. 
Since whole complex activity was detected in Peak 2 but not in Peak 1, this 
would suggest that the El component is eluted in Peak 2» This was confirmed 
directly by the El assay in subsequent experiments o The relatively low 
level of whole complex activity is presumably due to the presence of only 
small amounts of E2 in Peak 2 and possibly also inactivation of El due to 
the high pH.

In conclusion, therefore, it would appear that El has been successfully
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Fig. 2$, Separation of the Eo coli a-OGDH complex subunits 
by gel filtration in the presence of hM urea and 
ammonium sulphate.
All experimental details are given in section IIIo2»3o
(o o), protein; (•---•), E2-E3 interaction test; (a □),
E3 activityo
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dissociated and separated from this complex and, in addition, E3 has been 
partially dissociated.
(b) g~OGDH complex from A. Iwoffi
(i) 2i£Sociation_in the £resence_of 6M__nrea and

Fig. 27 shows the separation of A. Iwoffi a-OGDH subunits obtained by 
Sepharose UB gel filtration after dissociation in the presence of 6M urea 
and The E3 subunit was successfully dissociated, its activity
peak coinciding with that of Torula dihydrolipoamide dehydrogenase.
However the E2 component (as detected by its lipoic acid content) was 
eluted considerably later than with the E. coli system (see Pigo 2^), its 
apparent molecular weight being only slightly larger than that of the E3 
component which is known to exist as dimers of molecular weight 112000 
(Pettit et al., 1973). Consequently, it would appear that the E1»E2 
subcomplex of A. Iwoffi a-OGDH has undergone a greater degree of dissociation 
under these conditions than its E. coli counterpart.
(ii) Di^sociation^at hi£h__pH yaluos_in the_ £r£sen£e__of M__NaCl 

Dissociation of the A. Iwoffi a-OGDH complex at high pH values in the
presence of 114 NaCl followed by gel filtration on Sepharose UB produced a 
very similar result (Fig© 28) to that obtained with the E. coli complex 
(Fig. 26). However, in this case no whole complex activity was detected in 
the second (lower molecular weight) peak, possibly due to the absence of 
the E2 component which did not trail into the second peak as before. It 
was therefore not possible to infer whether dissociation of the El subunit' 
occurred.
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Figo 27. Separation of A. Iwoffi a-OGDH complex subunits by 
gel filtration in the presence of 6m  urea and 5^ (NH^)qSO^> 
Experimental details are given in section HI.2»^.
(o o), protein; .. *̂ ), E3 activity; (a a ), E2-E3
interaction test (without added dihydrolipoamide dehydrogenase); 
(•— •), lipoic acid test (with added dihydrolipoamide 
dehydrogenase). A. A. Iwoffi a-OGDH complex. B. Torula yeast 
dihydrolipoamide dehydrogenase.
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Fig. 28. Separation of A. Iwoffi a-OGDH complex sub-units 
by gel filtration at pH 9 in the presence of IM NaCl. 
Experimental details are given in section III.2*6.
(e •), protein; (&-- a ), whole complex activity; (O— o),
E3 activity; lipoic acid and E2-E3 interaction
tests (with and without added dihydrolipoamide dehydrogenase),
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CHAPTER IV 

CHEMICAL MODIFICATION STUDIES

17.1 INTRODUCTION
A knowledge of the chemical structure of an enzyme, particularly the 

functional groups involved at the catalytic and regulatory sites is 
essential for a complete understanding of the mechanism of catalysis and its 
regulation. Chemical modification of proteins is a well established 
biochemical method that has been widely used to gain information about the 
chemical nature of amino acid residues involved in enzyme function. It 
should, however, be emphasised that care must be taken in interpreting such 
results since changes in enzyme activity need not necessarily be due 
directly to modification of the active site, but may also result indirectly 
from a change in enzyme conformation induced by modification elsewhere.

In addition, in the case of a multienzyme complex, e.g. a-OGDH, it may 
be possible to modify chemically, and thereby inactivate, a single component 
activity. Complexes from different sources with different inactivated 
subunits could then be mixed, subjected to dissociating and reassociating 
conditions and finally assayed for whole complex activity (produced by 
hybridisation of active subunits from the different sources to form an 
active complex - see Fig. 29). It can be seen that there are four different 
possible combinations in which reassociation can occur. Consequently the 
maximum expected whole complex activity will only be 2^% of the original if 
complete dissociation and reassociation occurs.

Experiments along these lines provide an alternative approach to the 
subunit separation studies described in Chapter III. Furthermore, this 
method should be more sensitive, requiring only relatively small amounts of 
enzyme.
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Fig. 29o A schematic representation of the use of specific chemical 
modification in dissociation and reassociation studies of the a-OGDH 
complex.
For further details see text (section IV*l)o
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With a view to applying these methods to the a-OGDH complex the 
following chemical modification reagents and techniques were investigated: 
î_) 0dithiobis-(2-nitrobenzoic_acid)_(DT^2

DTNB specifically reacts with free sulphydryl groups of proteins :

N 0 2 " \ y s - s - y  y N Ü 2  p ro te in -S -S -4  0 N O 2

COO" COO' pH>6-8 ^ _j_ COO
+  -

p ro te in -  SH
NO9 H" H ^

COO'

A mixed disulphide is formed and one molecule of free thionitrobenzoate 
anion (THE ) is released for each sulphydryl group that reacts in the 
protein. TUB*" has a strong yellow colour with a maximum absorbance at 1(12nm 
(A|^2nm ' ^ “̂ 6 x I0S 4 ^ cm"^ at pH 8«0). The reaction of DTNB with 
sulphydryl groups can be readily reversed by adding an excess of thiol 
groups which competitively displace the TNB" group (Means & Feeney, 1971b)o 
_(ii )__Nitrothio£y^oben^oic_a£id _̂ NTCB )

This reagent reacts with proteins in an analogous way to DTNB, with 
the S-cyano derivative being formed instead of the mixed disulphide 
derivative (Degani & Patchomik, 197U):

prote in-SH  NO2"0 y"SCN  p ro te in -S C N  +  S-< h-N02 I TNG- -|- H ^

COO" COO

NTCB should be preferable to DTNB since the cyano group is smaller and 
does not carry a negative charge@ Consequently it is less likely to impose 
steric hindrance within the protein.
(iii) lodoacetamide
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lodoacetamide can react with sulphydryl, imidazole, thioe^er and 
amino groups depending on the pH of the reaction (Means & Feeney, 1971c).
Of these the sulphydryl group is the most reactive and reactivity increases 
with increase in pH values since the reactive species is the ionic form of ' 
this group:

protein-S” + ICHgCONHg ^ protein-S-GH^CONEg + I~
However, to avoid unnecessary reaction viith amino groups pH values 

should not be too high; the optimum for modification of sulphydryl groups 
is usually around pH 7-8.
_( i V

MEM has been widely used as a sulphydryl-specific reagent both in the 
determination of the number of sulphydryl groups in a protein and also in 
establishing the effect of modification on enzyme activity.

p ro te in -S H  -H

.0 H 0
- (  pH>5-------h H---- (
NCtHc ------^ NC2H5

0 p ro te in -S

It also reacts with amino groups though at a slower rate than the 
sulphydryl reaction.
(v) Photooxidation

Photooxidation has been used as a method for the selective modification 
of amino acid side chains, both of free amino acids (Weil et al., 1951; Weil, 
1965) and also those of polypeptides and proteins (Weil & Buchert, 1951; 
Martinez-Carrion et al., 1967). It has been shown that only five of the 
amino acids are photooxidised in the presence of a sensitizing dye (Weil et 
al., I95I; Weil, 1965), namely tyrosine, histidine, tryptophan, methionine 
and cysteine.

A wide range of dyes has been utilized as photosensitizers and these 
vary greatly in their efficiency. The two most widely used dyes for proteins 
are rose bengal and methylene blue, their structures being shown in Fig. 30.
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Figg 30. Structures of rose bengal & methylene blueo
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Although the latter has been the more popular of the two, it has recently 
been suggested that rose bengal may be somewhat more selective for histidine 
(Westhead, 196^; Beilin & Yankus, 1968). This could be due to the anionic 
properties of this particular dye which favours the formation of short
lived dye-imidazole complexeso

Some of the breakdown products following photooxidation are not well 
characterised, although it is clear that polypeptide bonds are not broken*

ipEPC)
DEPC is both an ester and an anhydride, but because of resonance 

involving the ester group it is less reactive than many anhydrides* It is 
slowly hydrolysed by water [half life at 2$°C, pH 7*0 = 2^min (Melchior & 
Fahrney, 1970)] to give two equivalents of ethanol and carbon dioxide *

At low pH values (around pH U“0) DEPC reacts principally with the 
accessible amino and imidazole groups of proteins and is consequently a 
useful reagent for the chemical modification of histidine and lysine 
residues :
0

C-O-CH^CH. protein-HH-C-O-CHpGH^
0 ^  \  protein-NHj ^

.C-O-CHgCH^ + GH-GHpOH + GOp
0

H 0G-O-GHpGH^ ^ protein^ H
0 ^  \  p r o t e i n ^
^C-O-CHjCH^ + CHjCHgOH + GOg

However, under certain conditions, DEPG may lose its specificity e.g. near 
neutral pH values (Rosen & Fedorcsak, 1966; Melchior & Fahmey, 1970)*

The reaction of DEPG with the imidazole groups of proteins is 
accompanied by an increase in absorbance at 230 to 2l|.0nm, which provides a 
convenient means of measuring the extent of reaction (Melchior & Fahmey,
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1970; Mühlrad et al., 1969).
Finally^ the modification of histidine residues can be readily reversed 

at neutral pH values by hydroxylamine :

N:
p r o t e in - /

NH2OH pH 7-0 N =
. ^ C oCH2CH3------- >  protein-^

'"O
NH

HO, OCHpCHo

However, reversal of modified lysine and arginine groups cannot be obtained 
in this way (Melchior & Fahrney, 1970).
^vii2 2_-hy^oxy-£-^trob£n£yl bromid£ (MBBr_)

At neutral or acid pH values HNBBr reacts very rapidly with tryptophan 
residues and also to a lesser extent (at about one-fifth the rate) with 
cysteine (Koshland et al., 196ii)o At alkaline pH values tyrosine is also 
modified by HNBBr (Horton & Koshland, 196^).

NO2
CH^Br -f- protein

NH
OH

pH 7-

protein  

•5

^  HBr
H

The rapid reaction of HNBBr is probably due to resonance stabilization 
of the carbonium ion. In aqueous solution it has a half-life of less than 
one minute. Only tryptophan (and cysteine to a lesser extent) can compete 
with water for the highly reactive carbonium ion*
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17.2 MATERIALS AND METHODS
17.2*1 Materials

Rose bengal, DTNB and HNBBr were purchased from Sigma (London) Chemical 
Co. Ltd., Kingston, Surrey, U.K. Methylene blue and DEPG were obtained 
from BDH Chemicals Ltd., Poole, Dorset, U.K. NTCB was prepared according 
to the method of Degani & Patchornik (1971).
17.2"2 Chemical modification by DTNB

Time__co'urse £f__enz^e ^nactivation by DTNB_
A solution of A. Iwoffi a-OGDH complex (0*l-0"^mg ml ^) in lOmM MgClg, 

ImM EDTA, 0»1M Tris-HCl, pH 8»0, was made 0®2-l*QrriM with respect to DTNB
and incubated at 20°C. At suitable time intervals samples were removed and 
assayed for whole enzyme complex, El, E2 and E3 enzyme activities. In the 
case of the E2 subunit the samples were made 2«5mM with respect to cysteine 
hydrochloride before being assayed for activity, in order to remove any 
remaining DTNB which would otherwise react with the ̂ ipoamide in the E2 
assay.
_(ii)_D£terminaW.on_of £X£0£ed £n£yme_s^£hydryl £r£U£S_using__D^'JB

A cuvette containing 2mg of a-OGDH complex in a buffer composed of 
lOmM MgClgf ImM EDTA, 0»1M Tris-HCl, pH 8*0, in a final total volume of 
l*Oml (after addition of DTNB) was zeroed against an identical cuvette, but 
lacking enzyme, in a double-beam spectrophotometer set at a wavelength of 
hl2nm. DTNB was added to both the assay and reference cuvette to give a 
final concentration of 2mM, and the increase in absorbance at iil2nm was 
monitored continuously.
17.2*3 Chemical modification by NTCB

A solution containing 0*Smg ml ^ of a-OGDH complex in MET-8 buffer was 
incubated at 20°C with ImM NTCB. Samples were removed at suitable time 
intervals and assayed for whole complex activity.
17.2*U Chemical modification by iodoacetamide
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Twenty microlitres of lOmM iodoacetamide in MET-8 buffer was added to 
20plj of purified A. Iwoffi a-OGDH complex in 200pl of the same buffer and 
incubated at 20^0. At suitable intervals 10^ samples were withdrawn, added 
to cuvettes containing 2«^mM cysteine hydrochloride in l*Oml of lOmM MgClgf 
ImM EDTA, 0*114 Tris-HCl, pH 8*0, and assayed for whole complex activity by 
the addition of the appropriate substrates.

Reactions were also carried out in the presence of either 2«^mM 
a- 0 X 0 glutarate plus 0*^mM TPP or ImM NADH (added prior to the iodoacetamide).
IV.2*^ Chemical modification by N^ethylmaleimide (NEI4) 
j(i_) Time_course of_enzyme inactivation_b2

Forty microlitres of ImM aqueous NEM solution were added to l|Ĉ g of 
purified A. Iwoffi a-OGDH complex in UOOpl of MET-8 buffer. The mixture 
was incubated at 20°C and samples were removed at suitable time intervals 
for assay of whole complex activity.

Reactions were also carried out in the presence of either of lOmM
NADH or 2^pl of IQmM AMP plus lOpl of lOmM TPP and 20pl of 0®^M a-oxo- 
glutarate (added prior to addition of NEt-i).
_^ii)_Eff£ct of N^i^on aubunit activiti£s_under_different_incubation 
conditions

Four tubes were set up, each containing ^OOjig of purified a-OGDH complex 
in of MET-8 buffer together with the following additions ;

Tube 1 : 100^ of MET-8 buffer
Tube 2 : ^Opl of I4ET-8 buffer
Tube 3 : SOjlL Of lOmM NADH
Tube h : 20|lL of 0*^M a-oxoglutarate, 2Cgpl of lOmM TPP and lOpl of 

MET-8 buffer
After incubation at 20°C for 2min, 50pl of NEM solution (ImM) were 

added to tubes 2,3 and it, and incubation continued. At suitable time 
intervals lOpl aliquots were removed and assayed for whole complex activity.
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lOOpl for El activity, 100^ for E2 activity, 50pl for E3 activity and lOpl 
for the E2-E3 interaction test (both in the presence and absence of Torula 
yeast dihydrolipoamide dehydrogenase).
IV.2 *6 Photooxidation 
_£i_) pH_dep£ndenc£

Purified a-OGDH complex from A. Iwoffi (lOOpl of a solution diluted to 
give a suitable assay rate) in lOmM phosphate buffer, pH 7*0, was added to 
a tube on ice containing lOOpl of 30jjM aqueous rose bengal or methylene blue 
and 800pl of 50mM buffer (either Tris-HCl, phosphate or 2-methyl, 2-amino-
1,3 propanediol) at various pH values ranging from 7*0 to 9“̂ o After 
shaking, a sample (lOOjul) was immediately removed ("zero time sample") and 
added to a tube containing UOOpl of lOOmM Tris-HCl, pH 7'9, at 0°C. It was 
protected from light with aluminium foil and kept on ice until its activity 
was assayed. The rest of the enzyme-dye mixture was immediately immersed in 
a 20^C waterbath and illuminated by an Erro iSOwatt spotlight (Fig. 31). 
Further lOOpl samples were withdrawn at suitable intervals during the 
illumination period and added to UOC^ of Tris-HCl buffer, on ice, as above. 
After all of the samples had been collected they were assayed for whole 
complex activity.

Control samples were incubated in the dark to ensure that neither the 
pH of the reaction mixture nor the presence of the photosensitizing dye 
were inactivating the enzyme. Any inactivation rates obtained in these 
"dark controls* (which never exceeded 10% of the corresponding light reaction 
rate) were subtracted to obtain the true inactivation rate due to photo
oxidation.
_̂ ii)__Eff£ct of_jDhotooxyation on_enzyme aubunit actiyities__

a-OGDH complex from A. Iwoffi (200pg) was added to a tube, on ice, 
containing 3pM rose bengal or methylene blue solution in a total volume of 
^OOpl of 50mM 2-methyl, 2-amino 1,3-propanediol buffer, pH 9*0. After
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,-STIRRING BAR

MAGNETIC STIRRER

Fig, 31» Apparatus used for photooxidation. 
Experimental details are described in section IVo2‘>6,
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shaking, samples were removed (20pl for whole complex and E3 assays, 50pl 
for El and E2 assays) and added to four different cuvettes containing the 
appropriate assay buffers for the three subunit and whole complex assays. 
These cuvettes were protected from light with aluminium foil and stored on 
ice until assayed. The remaining enzyme-dye mixture was immediately 
immersed in a 20°G waterbath and illuminated by a l^Owatt spotlight for 
2min. Further samples were then taken and added to cuvettes containing the 
same assay buffers as beforeo They were finally assayed for the appropriate 
subunit or whole complex activity, the reactions being started by the 
addition of substrateso 
IV.2*7 Chemical modification by DEPC

The concentration of DEPC was determined from the increase in absorbance 
at 2iiOnm in the presence of excess imidazole (0*3mM), due to the formation 
of N-ethoxyformylimidazole = 3"2 x lo\ mol"^ cm”̂  (Ovadi et al.,
1967)].
_̂i_) Time_course of_enz^e inactivation by DEPC_

Twenty microlitres of lOOpM DEPC solution in absolute ethanol was added 
to 0«2mg of purified Ao Iwoffi a-OGDH complex in l*Oml of 0»1M phosphate 
buffer, pH 6*0. The mixture was incubated at 20°C and samples were withdrawn 
at suitable intervals and assayed for whole complex activity*

Controls were carried out using 2Dpi of pure ethanol instead of 
ethanolic DEPC solution, but were found to result in no loss of enzyme 
activity*
_(̂ii )_R£a£tivation of^enẑ rne by^hydro^lamne_

,a-OGDH complex was incubated for 5 or U^min in the presence of DEPC as 
described above* Samples (200pl) were withdrawn, added to tubes containing 
50pl of 0»5m imidazole (at pH 7"0) and adjusted to pH 7*0* Twenty micro- 
litres of 3®3M aqueous hydroxylamine solution, pH 7*0, were then added and 
incubated at 20°C. At suitable intervals aliquots were removed and assayed
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for whole complex activity,
IV.2*8 Chemical modification by HNBBr

^fect__of MBBr oi:^_whole_compl£x^acti^
A lOOmM solution of HNBBr in water-free acetone (dried with anhydrous 

sodium sulphate) was prepared directly before use. Twenty microlitres of 
this solution were quickly added to 0*2mg of purified A. Iwoffi a-OGDH 
complex in 200pl of citrate-phosphate buffer (UOmM citric acid, 120mM 
NagHPO^, pH ^°7)j the pH after addition of the HNBBr was found to be ^°6* 
After incubation at 20°C for Imin and Smin, lOpl aliquots were assayed for 
whole complex activity*

Control incubations were carried out using 20pl of water-free acetone 
instead of HNBBr solution.
^ii)_Eff£ct of__HNBBr_on aubunit activaties_

Tifo hundred microlitres of lOQmM HNBBr in water-free acetone were 
added to l»Oml of citrate-phosphate buffer, pH S*7, containing 0*li.Snig of 
a-OGDH complex. After Lmin incubation at 20°C the solution was assayed 
for whole complex, El, E2 and E3 subunit activities*
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IVo3 RESULTS AITD DISCUSSION
IV.3'1 Chemical modification by DTNB
j(i_) Time__coiirse of_ina£t^ation by_DTOB

In order to establish whether enzyme modification by DTNB affects the 
catalytic properties of the complex, time courses of loss of enzyme activity 
were followed during incubation with DTNB. Under the conditions used, 
namely a ^00-fold excess of DTNB to enzyme, pseudo-first order kinetics 
should be observed (Freedman & Radda, 1968)* It can be seen from Fig. 32 
that a biphasic time course was obtained, composed of two pseudo-first order 
reactions. The first phase of inactivation is about TX times faster than the 
latter phase. A similar pattern is seen with an even larger excess of DTNB 
(i.e. 2000-fold excess over protein).

From this result it would appear likely that DTNB reacts with two 
different classes of sulphydryl groups, one giving rise to a much faster 
inactivation of the enzyme than the other. This is indeed found to be the 
case in Section I7.3»l(iii).
^ii)_Reactivation of enzyme by_dithiot^eitol _(_DTTj_

The reaction of DTNB with sulphydryl groups can be readily reversed as 
the TNB group is competitively displaced by an excess of thiol groups (Means 
& Feeney, 1971b)* Fig* 33 shows that incubation of DTNB-inactivated a-OGDH 
complex with a 250-fold excess of DTT resulted in complete reactivation* In 
fact the enzyme activity after reactivation by DTT was usually slightly 
higher than the original activity before inactivation* This apparent 
activation is not observed when native enzyme is treated with DTT, however, 
and hence its significance is not yet clear*
_(̂iii_) ^£e£t_of DTM_on in^vidual_subgiit__a£ti^tie£

As outlined in the introduction to this chapter, one of the main aims 
of the chemical modification studies was to find a reagent which could 
specifically inactivate one of the enzyme components. In the case of DTNB,
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FiR. 32. Kinetics of the DTNB inactivation of A. Iwoffi 
g-OGDH complex.
The experimental procedure is described in section IV.2 *2 
The semi-log plot for determination of the fast rate 
constant was obtained after subtraction of the slow rate.
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Fig. 33» Reactivation of A. Iwoffi a-OGDH complex by DTT 
after DTNB inactivation.
0®lmg of a-OGDH complex in lOmM MgGlgf linM EDTA, 0*IM 
Tris-HCl, pH 8*0, was incubated with 0*2mM DTNB at 20°C 
for Ih. The mixture was then made ^OmM with respect to 
DTT and the incubation continued. Aliquots were removed 
at intervals and assayed for whole complex activity© 
Initial activity before DTNB inactivation = 2*0units ml
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however, both the El and E2 components showed marked inactivation on 
incubation with this reagent although the E3 component lost no activity and 
in fact showed a slight activation (Table 13). Furthermore, it can be seen 
from Figo 3h that the El component is inactivated at a much faster rate thah 
is E2. This result is consistent with the biphasic inactivation kinetics 
observed for the whole enzyme complex (Figo 32)© It should be pointed out 
that only about 70% of the original El activity is lost. This could mean 
that only 70% of the El component subunits present in the whole complex are 
susceptible to DTNB attack; or else all the El components are inhibited by 
70%,

Inactivation of El does not seem to be due to a reduction in the 
affinity of a-oxoglutarate for its binding site, the of the whole complex 
for this substrate being virtually the same before (K^ = 2*^mM) and after 
(K^ = 2*0mM) DTNB inactivation.

The activation of E3 by DTNB appears to be real and is not simply due 
to an increase in absorbance at 3U0nm as a result of TNB formation (which 
was found to be less than 1% of that due to NAD^ %£ioi^i^n by E3). To see 
if this activation is a general property of dihydrolipo amide dehydrogenases, 
the effect of DTNB on Torula yeast enzyme was studied© It can be seen from 
Fig. 35a that this dihydrolipoamide dehydrogenase was not activated by DTNB 
but instead exhibited a very slow loss of activity. The possibility 
therefore existed that activation of the E3 component of the A. Iwoffi 
enzyme is a consequence of its being part of a multi enzyme complex and is 
not characteristic of the free enzyme. This was investigated by dissociating 
the E3 component from the a-OGDH complex of A. Iwoffi with urea (see section 
IIIo3*3) prior to treatment with DTNB© This resulted in a virtually 
identical activation to that observed with undissociated complex (Fig. 36) 
and hence it would appear that this activation is a property of the E3 
component of the A© Iwoffi complex.
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Figo 3Uo Time dependence of the effect of DTNB on the 
subunit activities of A® Iwoffi a-OGDH®
Experimental details are given in section 17.2-2
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Figo The effect of NADH on DTNB inactivation of Torula yeast
dihydrolipoamide dehydrogenase & E3 component of A. Iwoffi g-OGDH. 
A* 0«2^mg of Torula dihydrolipoamide dehydrogenase in 0»^ml MET-8 
buffer was incubated with 0*2mM DTNB in the presence and absence 
of 0«IimM NADHo At intervals samples were assayed for activity.
B. 0*lmg of A. Iwoffi a-OGDH complex in 1ml of MET-8 buffer plus 
0*lgnM NADH was incubated at 20°C with 0»2mM DTÎIB. At intervals 
samples were removed and assayed for E3 activity.
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Fig. 36. The effect of DTNB on the E3 component after 
dissociation from the A. Iwoffi a-OGDH comolexo
Dissociation and separation of E3 from the complex was 
carried out in the presence of 6m  urea as described in 
section III,2 *5* 0«02ml of lOmM DTNB was added to 0«lmg 
of enzyme in 1ml of MET-8 buffer and the mixture was 
incubated at 20°C. At intervals samples were removed 
and assayed for E3 activityo
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It has been shown that a disulphide bridge is located at the active 
site of E3 and is involved in the reaction mechanism (liassey et al., I960; 
Massey & Veeger, 1961; Brown & Perham, 197U)<> This disulphide bridge is 
alternately reduced and oxidised during the reaction. Incubation of the 
enzyme with NADH would be expected to result in the reduction of this 
disulphide bond to produce sulphydryl groups susceptible to attack by DTNB. 
Consequently, it would be reasonable to expect a greater inactivation of E3 
by DTNB in the presence of NADH than in its absence. Figo 35 shows that this 
is indeed the case for both the E3 component of Ao Iwoffi a-OGDH and for the 
Torula yeast enzyme, although initial activation by DTNB is again seen in 
the former caseo
_(_iv)_Effect of jiTodification by_DTNB on_the_reg3̂ ation of_the__com£lex_

Chemical modification may be used to study the regulatory properties of 
an enzyme as well as the catalytic propertieso Consequently, an investigation 
was carried out to see if incubation of A. Iwoffi a-OGDH complex with DTNB 
resulted in any change in its regulatory properties. The kinetics of DTNB 
inactivation of whole enzyme activity were followed (as described in section 
17.2 «2) and after a suitable incubation period (typically ^dn) the 
regulatory effects of ÂICP and NADH were studied. It can be seen from Table 
II4. that there was no loss in either the AMP stimulation or the NADH 
inhibition characteristic of the untreated complex. In conclusion, therefore, 
although the catalytic activity of the complex is affected by DTNB, the 
regulatory properties would appear to be unaffected.

^otection^afforded by_sub£trate£ and effector£
If a substrate is able to protect an enzyme against loss of activity by 

a chemical modifier, it is likely that the modification occurs at or near 
the substrate binding site. Consequently, some information about the 
functional groups involved in substrate binding may be obtained. Modification 
of Ao Iwoffi a-OGDH complex by DTNB in the presence of either ^mM a-0x0-
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glutarate or 0»2mM TPP had no appreciable effect on the DTNB inactivation.
It should perhaps be mentioned that incubation of complex with a-oxoglutarate 
would result in the E2-bound lipoic acid being acylated by the El reaction 
and thus exposing a free sulphydryl group to DTNB attack. However, during • 
the subsequent assay for activity the lipoic acid bound acyl group would be 
transferred to CoA and then intramolecular displacement could occur to 
release the TNB group and consequently regenerate the lipoic acid©

On the other hand, modification of whole complex by DTNB in the 
presence of 0»6 or l®OmM NAD*̂  resulted in a significant decrease in the 
loss of enzyme activity as shown in Fig© 37o Very similar results, however, 
were obtained for DTNB inactivation in the presence of either 0*WnM AMP or 
0»2mM NADH (which are not substrates). It would therefore seem likely that 
NAD exerts some indirect effect on the active site, rather than directly 
protecting the substrate binding site. This is further supported by the 
observation that the kinetics of inactivation in the presence of NAD"*”, NADH 
or AMP were still biphasic, but only the initial fast loss of activity, 
which has been associated with El inactivation, was affected© Since NAD^ 
is not a substrate for the El component it seems probable that these 
'^protective agents” (NAD^, NADH and AMP), which are all nucleotides, have a 
common indirect effect on El activity; possibly by interaction with the 
nucleotide regulatory sites which are thought to be located on this 
component.

It may at first seem surprising that the rate of whole complex 
inactivation by DTNB was not slightly faster in the presence of NADH than in 
the presence of either NAD^ or AMP, since in the former case inactivation of 
E3 should occur by reduction and subsequent modification of the disulphide 
bond present at the active site© However, this was not observed since E3 
inactivation in the presence of NADH occurred at a rather slow rate and even 
after 30min the activity of E3, which is stimulated by DTNB, had not dropped



119.

+1-0mM NAD

0-5

 ̂2-0 > , _ 4-OmM AMP
I—

8  0-5

2-0 0*2mM NADH

0-5

TIME (min)

Fig* 37. The effects of NAD , AMP and NADH on the DTNB 
inactivation of A. Iwoffi a-OGDH complexo 
0*lmg of purified a-OGDH complex in 1ml of MET-8 buffer 
containing the appropriate nucleotide (l*QmM. NAD^, Ip# 
AMP or 0»2mM NADH) was made 0*2mM with respect to DTNB 
and the mixture incubated at 20°Go Samples were taken 
at suitable intervals and assayed for whole complex 
activity. The broken lines indicate DTNB inactivation 
observed in the absence of nucleotides (see Fig. 32).
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below that of untreated enzyme.
Similarly, DTNB inactivation in the presence of NADH should result in 

reduction and subsequent modification of the lipoyl disulphide bond of the 
E2 component. However, this does not give rise to any significant loss of ' 
activity since intramolecular displacement of the lipoate-bound TNB group 
during the enzyme assay should result in regeneration of active enzyme.
(vi) Determination of the number of exposed sulphydryl groups using DTNB 

By reacting a known amount of enzyme protein with a large excess of 
DTNB (more than l;0-fold for first-order kinetics) the number of exposed 
thiol groups can be determined from the increase in absorbance at l(12nm 
(Ellman, 19^9; Freedman & Radda, 1968). Furthermore, by monitoring the 
increase in absorbance as a function of time the rate of modification can 
be calculated.

Analysis of Ao Iwoffi a-OGDH complex in this manner revealed that 
remarkably few sulphydryl groups are susceptible to modification even after 
a reaction time of 90min, and some variation between results of different 
determinations was observed. A total of 13 ± 3 sulphydryl groups (four 
determinations) were found to be modified assuming an enzyme molecular 
weight of 2 X 10*̂ . The kinetics of modification were found to be biphasic 
(c.f. kinetics of whole complex inactivation) with 10 ± 2 residues reacting 
rapidly (k ̂  0»8min ^) and 3 ± 1 residues reacting more slowly {k=£i= 0*03min ^). 
Variations in results may reflect slight differences in enzyme conformation, 
which may be particularly important when comparing results from different 
enzyme preparations.
IV.3'2 Chemical modification by NTCB

It can be seen from Fig. 38 that modification of A. Iwoffi a-OGDH 
complex by NTCB resulted in a rapid loss of about 90^ of the original 
activity over a period of about 9min. No further inactivation was seen.
The subunit specificity of NTCB revealed a similar pattern to that obtained
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Fig. 380 Inactivation of A. Iwoffi a-OGDH complex by 
NTCB.
Experimental details are given in section IV.2*3.
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for DTNB. Table 1^ shows that the loss of whole complex activity is due to 
partial inactivation of the El and E2 subunits ; the E3 subunit being 
unaffected. In this case no stimulation of the E3 subunit was observed 
(c.fo the effect of DTNB on E3; section IV.3“l)o It is possible that the 
cyano group, which becomes bound to the enzyme upon reaction with NTCB, is 
much less bulky and uncharged compared with the TNB** group formed upon 
reaction with DTNB and is hence less likely to cause any s^^i)^%!ndraiT^e'.

NTCB inactivation of the E3 subunit was studied in the presence of 
NADH in the same way as with DTNB. In this case, however, no detectable 
inactivation (due to modification of the sulphydryl groups in the E3 active 
site) was found, even after 2h of treatment (Fig. 39&). This is perhaps not 
too surprising since it has been noted that modification by NTCB is slower 
than by DTNB (Degani & Patchornik, 197U). However, when this experiment was 
performed on Torula yeast dihydrolipoamide dehydrogenase, the rate of 
inactivation by NTCB was increased in the presence of NADH (Figo 39B)o 
IV.3"3 Modification of the lipoyl sulphydryl groups

In section 17.3=1 the effect of DTNB on the lipoyl sulphydryl groups 
of the E2 subunit was described. However, several problems were encountered 
when using this reagent. In particular, in the presence of either a-oxo
glutarate or NADH, DTNB was unable to produce permanent modification of the 
lipoyl sulphydryl groups due to intramolecular displacement of the lipoyl- 
bound Tira group to regenerate unmodified lipoic acid. It is clear, 
therefore, that DTNB is not an efficient reagent for modifying the sulphydryl 
groups of the E2-bound lipoic acid. Consequently two other sulphydryl- 
specific reagents were examined:
0l2 I^odoacetgnide

Although iodoacetamide caused inactivation of whole complex activity, 
no increase was seen in the presence of either I'OmM NADH or a-oxo
glutarate + 0*^mM TPP + I'OmM AMP.
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Table 1^. The subunit specificity of inactivation by NTCB. 
200jig of A. Iwoffi a-OGDH complex in O'Wnl of MET-8 buffer 
were incubated with I'OmM NTCB for 20min at 20°C. After 
incubation the enzyme was assayed for whole complex and 
subunit activities, and the results compared with those 
for untreated complex.

Activity (absorbance units min ^ ml
Before NTCB 
treatment

After NTCB 
treatment

IVhole complex 
El subunit 
E2 subunit 
E3 subunit

398
3-U7
6-2

33h

17 
2 "27 
2=0 

336
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Fig. 39o The effect of NADH on NTCB inactivation of Torula yeast 
dihydrolipoamide dehydrogenase & E3 component of A. Iwoffi a-OGDH,
A. 0*2^mg of Torula dihydrolipoamide dehydrogenase in O'^ml IffiT-8 
buffer was incubated at 20°C with 0*2mM NTCB in the presence or 
absence of O'WM NADH, and samples were assayed for activity.
B. 0»lmg of Ao Iwoffi a-OGDH complex in O'^ml I-ÏET-8 buffer was 
incubated with NTCB in the presence or absence of 0*[{mM
NADH. At intervals samples were assayed for E3 activity.
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In the presence of l»OmM NADH or 20mM a-oxoglutarate + 0®UmM TPP +
0»UmM AMP, both of which cause reduction of the disulphide bond of the E2- 
bound lipoic acid, a faster and more marked inhibition of whole complex 
activity was achieved on incubation with NEI4 (Fig. UO). This suggests that 
irreversible modification of the lipoyl sulphydryl groups has been achieved.

The effect of NEM modification on the individual subunit activities of 
the a-OGDH complex, both in the presence and absence of effectors and 
substrates was subsequently investigated (Table l6)o It can be seen that 
NEM has its most pronounced effect on the El component, with a 1^% 

inactivation after 3min. No increase in inactivation of either the El or 
the E3 subunit was observed in the presence of a-oxoglutarate, TPP and AMP. 
Similar results were obtained in the presence of NADH (although this could 
not be applied to the El component since NADH interferes with the assay).
In contrast a complete loss of rate was observed for the lipoic acid and 
the E2-E3 interaction tests in the presence of either NADH or a-oxoglutarate 
+ TPP + AMP; although only about a loss of rate was observed in the 
presence of I'lEI'l alone. This suggests that in the presence of these 
substrates and effectors the E2-bound lipoic acid can be reduced and 
subsequently modified by NEMo No loss of E2 activity was seen under these 
conditions since a large excess of exogenous lipoamide was provided in the 
assay.
IV.3°U Photooxidation

By studying the effect of pH on the photooxidation of a protein, some 
indication of which amino acids have been oxidised may be obtained (Westhead, 
196 ;̂ Martinez-Carrion et al., 1967; Weil, 1965; Sluyterman, 1962; Weil et 
al., 1951), although the pattern becomes rather complex when more than one 
type of amino acid is affected. This approach was applied to the a-OGDH 
complex of A. Iwoffi using rose bengal and methylene blue as the photo-
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Fig» hOo Inactivation of A. Iwoffi a-OGDH 
complex by D̂IEMo
Experimental details are given in section 
IV.2-5o
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sensitizing dyes and some typical results are shown in Figo ill. In both 
cases photooxidation was markedly enhanced above pH values of around 8<»0, 
suggesting the oxidation of cysteine residues and consequently further 
supporting the evidence obtained from the DTNB studies (section IVo3®l) 
that cysteine residues are important in the catalytic mechanism of the 
enzyme •

^ubunit £pecificity of photooxidation 
It can be seen from Table 17 that photooxidation (using rose bengal or 

methylene blue as the photosensitizing dye) of a-OGDH results in a marked 
loss of El and E2 subunit activities, with little or no effect on the E3 
component. This is in reasonable agreement with the results obtained by 
chemical modification using DTNB and NTCB.
^ii)_Effe^ct of_j)ho to oxidation on_the_kin£tic£ and re£ulatory_j)r^o£ertie£ of_ 
a-OGDH_

Photooxidation had no effect on the of a-OGDH for a-oxoglutarate 
although the was greatly reduced (from 0*1^ to 0«026 units ml ^ min ̂ )o
The regulatory properties of the complex were essentially the same after 
photooxidationo

Photooxidation with methylene blue was carried out in the presence of 
a number of substrates and effectors (ioe© AMP, NADH, cysteine, CoA, NAD^, 
a-oxoglutarate, TPP and lipoamide) to examine any protection afforded. 
Although NADH and lipoamide showed some protection (Table 18), little useful 
information may be gained since lipoamide is thought to rotate through the 
catalytic sites of all three subunits and NADH may well act on more than one 
subunit (Parker & Weitzman, 1973)o Furthermore, NADH can itself be photo- 
oxidised and may therefore give an apparent protection.
IV.3'^ Chemical modification by DEPC

The effect of chemical modification by DEPC, a histidine-specific 
reagent, on the a-OGDH complex of A. Iwoffi was studied. Unfortunately
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Fi^. Ul. Photooxidation of Ao Iwoffi a-OGDH complex at different 
pH values.
Purified a-OGDH complex was photooxidised in the presence of rose 
bengal (A) or methylene blue (B) in 2-methyl, 2-amino-1,3propane- 
diol buffer, as described in section IVo2»6, The loss of complex 
activity as a function of photooxidation time at various pH values 
is shown on the left from which the dependence of rate constant on 
pH may be derived (graphs on the right)*
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Table 18. Photooxidation of A. Iwoffi a-OGDH complex in the 

presence of substrates and effectors. 

Experimental details were described in section IV.2 =6. The 

photosensitizing dye was rose bengal and photooxidation was 

carried out at pH 9°5 in 50mM 2-methyl, 2-amino 1,3-propane

diol buffer.

Additions Rate constant of inactivation 
by photooxidation (min )

Hone 2=0

C°2ml-I AI-IP 2=0

0-2mi«: CoA 1-9

5*0rrll a-oxoglutarate 2=0

2 cysteine 1=96

0°2mil IIADH 1-1

0»5mI'I NAD"*" L=l

0«2mI-I TPP 2=0

O^^mM lipoamide i=U
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there was some variation in results obtained from different enzyme 
preparations possibly due to minor differences in protein conformation. 
Obviously this presents some difficulties in interpreting the effects of 
DEPC on the complex. In the forthcoming sections the results most frequently 
obtained will be presented, although the deviations from these will also be 
mentioned.

In the presence of a 2000-fold excess of DEPC to enzyme (i.e. under 
conditions of pseudo-first-order kinetics) the inactivation of the complex 
was essentially instantaneous at 20°Go However, if either the temperature 
was decreased (to 0°G) or the DEPG excess was decreased (to 20-fold) the 
kinetics of inactivation were normally found to be biphasic (Fig* U2), the 
initial rate (k = 0=37 min ^) being iS times greater than the final rate 
(k = 0=025 min ^). Occasionally, however, some preparations did not show 
this typical biphasic pattern, but instead exhibited a linear mode of 
inactivation (k = 0=025 min similar to the slower inactivation rate for 
the biphasic response)*

Subunit specificity of_chemcal modification_by DE^
Table 19 shows the typical effect of DEPG modification on the activities 

of the individual subunits of the a-OGDH complex* Inactivation can be seen 
to be specific to the E2 component which showed a loss of 85^ of its activity 
during a W^min incubation with DEPG* E3 on the other hand showed only a 
very small loss of activity over this period (about 10^) and El activity was 
slightly stimulated (shown not to be due to an indirect effect of DEPG on 
the El assay). Occasionally with some preparations, however, a partial loss 
of El activity (of up to 30^) was observed* This could not be protected 
against to any appreciable extent by inclusion of AMP, TPP or a-oxoglutarate.

When the kinetics of E2 inactivation were followed a biphasic response 
was observed (Fig* U3) similar to that obtained for the whole complex (Fig*
i|2).
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Figo 1|.2. Inactivation of Ao Iwoffi a-OGDH complex by DEPG. 
Experimental details are given in section IV.2«7.
Ao Time dependence of inactivation (o o); acetone" control (#
Bo Semilog plot for the determination of the slow rate constant. 
0. Semilog plot for the determination of the fast rate constant 

(after subtraction of the slow rate).
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----- . ---__-— jT.rr---%— zji.— -----:---— —----------- -̂----
0*5mg of A* Iwoffi a-OGDH complex in 0®5ml of 0“1M phosphate 
buffer, pH 6*0, was made 10y}I with respect to DEPC and then 
incubated at 20^0, At intervals samples were removed and 
assayed for whole complex and individual subunit activities.

Incubation Activity (absorbance
time (min) -1 -Inunits min ml )

Whole complex 0 ii20
11 310
22 230
1|2 192

El subunit 0 5«5
lU 6 “3
29 6 ®0
hi 7-0

E2 subunit 0 7®8
3-h

27 2»7
hh 1®2

E3 subunit 0 2U0
9-5 230
25 210
Ui 215
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Fig. I|.3o Inactivation of the E2 component of a-OGDH by DEPC. 
A. Iwoffi a-OGDH complex (Img in 1ml of 0*1M phosphate 
buffer, pH 6*0) was made lOpM with respect to DEPC and then 
incubated at 20°C. At suitable intervals aliquots were 
removed and assayed for E2 activityo
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_^ii)_Termnation_of DEPC__inacti^ation by__imida£ole_
Addition of a large excess of imidazole (1000 times that of the DEPC 

concentration) was found to prevent completely the DEPC inactivation of 
a-OGDH, by reacting with the DEPC and thereby removing it. In the absence 
of DEPC imidazole normally had no effect on the whole complex activity. 
Addition of imidazole may therefore be conveniently used to stop DEPC 
inactivation of the complex when studying time courses, and thereby prevent 
further inactivation during the subsequent enzyme assays@ In this way the 
biphasic nature of inactivation of whole complex and E2 activities by DEPC 
was confirmed.

Reactivation__of DErc-inactivated__com£lex__by hyÿ'oxylamne 
A. Iwoffi a-OGDH complex was inactivated by DEPC for 5 or U5min and 

then tested for reversibility by hydroxylamine. It can be seen from Fig.
that only the second slow phase of inactivation of the complex was 

reversed by hydroxylamineo Furthermore, reactivation of this slow phase 
would appear to be complete since the reactivated L5min sample achieved the 
same activity as the 5min sample. The slight inactivation of the 5inin 
sample and the reactivated I|.5min sample observed in Figo )|)|H is due to the 
action of hydroxylamine on whole complex activity*

From these results it can be concluded that the second slow phase of 
complex inactivation by DEPC is due to modification of one or more histidine 
residues, whereas the initial faster rate of inactivation is likely to 
reflect modification of some other residues, possibly arginine or lysine. 
^iv)_Effect of_J)Ê PC moÿ.fication_on the kinetic and re^ulatory_j)ro£ertie£ 
of__a-OGDH

_[a )_Effect on the for__a-oxoglutarate^^ An investigation into the
effect of DEPC modification of a-OGDH on the for a-oxoglutarate was 
carried out to see if the modification interfered with a-oxoglutarate 
binding. Fig. shows that DEPC inactivation caused a decrease in the
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FlRo hh» Reactivation of DEFC-inactivated g-OGDH by hydroxylamine, 
0®2inl aliquots were removed after incubating a-OGDH complex with 
DEPC for ^min and U^mino Further inactivation was prevented by 
the addition of excess imidazole and the effect of incubation in 
the presence of hydroxylamine was then determinedo Experimental 
details are given in section IV.2*7*
A. Kinetics of DEPC inactivation»
Bo Effect of incubating the 5min and LSmin DEPC-inactivated 

samples with hydroxylamine o
(#---•), ^min sampleo (o o), U^min sample.
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Fig. L5. Effect of DEPC modification on the for a~oxoglutarate,
The for a-oxoglutarate was determined before (o o) and after
(#-- #) DEPC modification of Ao Iwoffi a-OGDH complex.
Modification was carried out as described in section 17.2*7 and 
the kinetics determined after h^min incubation with DEPCo
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of the enzyme as might be expected, but surprisingly the for a-oxo- 
glutarate was also decreased by this treatment (from 2*0 to l*0^mM)o This 
suggests that modification of the enzyme may have increased its affinity 
for the substrate, possibly by a conformational change at the active site 
imposed by ethoxyformylation of the complex.

(b) Protection against DEPC inactivation. Various substrates and 
effectors (AMP, NADH, succinyl-CoA, lipoamide and CoA) were included in the 
enzyme-DEPC reaction mix in the hope that some protection against inactivation 
would be obtained; however, none was observed.

_£c)__Effect on the regip.atory properties^ Stimulation of complex 
activity by AMP was investigated before and during DEPC modification. It is 
apparent from Fig. U6A that although loss of complex activity occurred, the 
stimulatory effect of AMP was unchanged. Similarly the inhibitory effect 
of NADH was unaffected by treatment of the complex with DEPC (Fig. 1|6b ).

In conclusion, it would appear that DEPC specifically modifies the 
catalytic site of the E2 component, with little or no effect on either the 
El and E3 active sites or the AMP and NADH regulatory sites.
IV.3°6 Chemical modification by HNBBr

Fig. h i shows the inactivation of a-OGDH complex by HNBBr. However, 
this inactivation was not specific to one enzyme component; instead loss of 
all subunit activities was observed (Table 20)o 
IVo3°7 Inactivation by CoA

Although CoA is not generally thought of as a chemical modification 
agent it has been observed that this compound exhibits a time-dependent 
inactivating effect on very dilute solutions of A. Iwoffi a-OGDH (lOOpg ml ^ 
protein), and has consequently been included in this section* Further 
investigation revealed that this CoA-directed inactivation was inversely 
dependent on enzyme concentration (Fig. U8), i*e* as the concentration of 
a-OGDH increased less inhibition by CoA was observed, and no inactivation
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Fig. U6o The effect of DEPC modification on the regulatory 
properties of a-OGDH.
A. Iwoffi a-OGDH complex (0®2mg in 1ml of 0®1M phosphate 
buffer, pH 5*8) was incubated at 20°C with 20pH of lOOmM 
DEPC. At intervals samples were removed and added to 
cuvettes containing ^OmM imidazole in MET-8 buffer. They 
were then assayed for whole complex activity.
Ao Samples assayed in the presence (#— —#) and absence

(O o) of 0*2mM AMP at 0«^mM a-oxoglutarate.
Bo Samples assayed in the presence (#-- #) and absence

(o o) of 0«2mM NADH at ^mM a-oxoglutarate.
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Figo U7o Inactivation of Ao Iwoffi a-OGDH complex by 
HI-IBBr.
Experimental details are given in section IV.2"8.
( # — , inactivation kinetics of a-OGDH by lOmM 
HNBBr; (O— 0)> control without HNBBr «



Table 20o The subunit specificity of inactivation by HNBBr» 
The effect of HNBBr modification on the subunit activities 
of the A. livoffi a-OGDH complex was investigated as described 
in section IV.2*8.

1U2.

Activity (absorbance units min”̂  ml”̂ )
Before HI'IBBr 
treatment

After HNBBr 
treatment

Whole complex 
El subunit 
E2 subunit 
E3 subunit

375
3-8
1-5

210

10
1*6
0
38
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Figo U8o Inactivation of Ao Iwoffi a-OGDH complex by CoAo 
O'lml of 5niM CoA was added to either 0»lmg (□— □), 0*2mg 
(A— A) or O'^mg (O— O) of a-OGDH complex in 1ml of MET-8 
buffer and incubated at 20°Co At intervals aliquots were 
removed and assayed for complex activity.



could be demonstrated with enzyme concentrations greater than l“Omg ml @ 
Similarly, dilute solutions of purified So coli a-OGDH (200pg ml ^ of 

protein) showed time-dependent CoA inactivation (RLgo U9) but no loss of 
activity was observed with crude enzyme solutions «

CoA on_A^ ]^ffi_a20GDH 
Figo 50 illustrates the pH dependence of A. Iwoffi a-OGDH inactivation 

by CoAo The optimum rate of inactivation was observed at a pH value of 
around 8*0.

Since the inactivation of a-OGDH by CoA can be slowly reversed by 
incubation with UmM DTT (Fig. ^1), the sulphydryl group of CoA would seem 
to be important for its effect® This is further supported by the observation 
that oxidised CoA (i.e. CoA-S-S-CoA) and acetyl-CoA showed no inactivating 
effect® Other sulphydryl compounds (e.g. cysteine or DTT) did not produce 
the same inactivating effect as did CoA.

Several difficulties were encountered when trying to determine the 
subunit specificity of CoA inactivationo First, this compound interferes 
with the El assay® Secondly, relatively large enzyme concentrations (at 
least 0=Smg ml ^) are needed to obtain a reasonable measurement of E2 
activity, concentrations at which the inhibitory effect of CoA was very much 
reduced® Consequently, although little or no inactivation of the E2 subunit 
by CoA was observed, this result is by no means conclusive® Finally, using 
dilute solutions of a-OGDH (lOOpg ml ^ of enzyme) it was possible to show 
that CoA had no effect on the E3 component activity.

No protection against inactivation-of whole complex activity by CoA was 
seen in the presence of lOml-I AMP, 0®^mM NADH or 5mM a-oxoglutarate but a 
slight protection was achieved by the addition of 0«SmI4 NAD^o

It should perhaps be mentioned that inclusion of CoA did not appreciably 
alter the rate of photooxidation or DEPC inactivation of a-OGDH complex 
(sections IV®3*b and IV.3*5)« However, these studies were performed with



100

-  CoA

)-
>
h-o<

+ CoA

0 10 20
TIME (min)

Fig. U9« Inactivation of Eo coli a-OGDH complex by CoAo 
SOfi . of ^mM CoA were added to 200pg of Eo coli a-OGDH complex 
in 1ml of MET-8 buffer and incubated at 0°Co At intervals 
samples were removed and assayed for complex activity.
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Fig. $0o The pH dependence of CoA inactivation of the A. Iwoffi 
a-OGDH com.plexo
0*lmg of a-OGDH complex in 1ml of 2QmM phosphate buffer at 
various pH values, was incubated with 0»^mM CoA at 20°Co At 
intervals aliquots were removed and assayed for complex activity.
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Fig. 5lo The reversibility of CoA inactivation of A. Iwoffi 
a-OGDH by DTT.
0*lmg of a-OGDH complex in 1ml of 20mM Tris-HCl, pH 8*0, was 
incubated at 20°C with'^mM CoA. After UOmin incubation, lonM 
DTT was added and incubation at 20°G continued. At intervals 
samples were removed and assayed for whole complex activity.
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reasonably high enzyme concentrations (0*5mg ml and at pH values of
6»0 and 9°^, conditions under which the inactivating effect of CoA was much 
reduced.
j(ii)_Eff£ct of_CoA_on E.__colA a-OGDH_

It was mentioned earlier in this section that CoA exerted a similar 
time-dependent inactivating effect on the Eo coli a-OGDH as on the A. Iwoffi 
enzymeo Similarly, it was shown that other sulphydryl compounds, e.go DTT, 
did not have an inactivating action, nor was protection against CoA 

inactivation seen in the presence of a-oxoglutarate. However, in contrast 
to the Ao Iwoffi enzyme, complete protection was observed in the presence 
of NAD**” and partial protection with 0-^mM NADH (Fig. 92). This

suggests that in this case CoA exerts its effect on the E3 component. This 
was subsequently confirmed directly by studying the effect of CoA on the E3 
subunit activity (Fig. 93), where it can again be seen that complete 
protection was obtained in the presence of NAD^. î/hat is perhaps more 
surprising is the observed stimulatory effect of NAD^ on the S3 subunit; 
the activity of this component being U times greater in the presence of 
NAD^ than in its absence.

Tracy & Kohlhaw (1979) have recently described a similar time-dependent 
inactivation of the biosynthetic condensing enzymes a-isopropylmalate synthase 

and homocitrate synthase by CoA. They suggested that CoA inactivation may 
provide a mechanism by which acetyl-CoA is channeled into the tricarboxylic 
acid cycle rather than into biosynthetic pathways. However, in view of the 
results obtained with the a-OGDH complexes, it is possible that inactivation 
by CoA may be a more general phenomenon than envisaged by these authors and 

consequently a more general explanation must be sought to explain these 

effects. From the results obtained with the a-OGDH complex of A. Iwoffi it 
is clear that enzyme concentration is an important factor in this inactivation 

by CoA. This aspect does not seem to have been investigated by Tracy &
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Fig. S2o Protection against GoA inactivation of Eo coli 
a-OGDH by NADH and NAP'*'.
200^g of purified E. coli a-OGDH in 1ml of MET-8 buffer
were incubated at 0°G with 0*lmM CoA (CJ □), 0*lmM CoA
+ 5inM a-oxoglutarate (•---•), 0*lmM CoA + 0»^mM NADH
(x x), or O'lmM CoA + 0*^mM NAD^ (■-- «)o At intervals
samples were removed and assayed for complex activity.

(o o), control (no additions).



ISO,

425

400 + NAD 
+ CoA

375

CONTROL

+ CoA

0 5 10
TIME (min)

Figo S3o The effect of CoA on Eo coli E3 component activity. 
200p.g of purified enzyme were incubated at 0°C in the presence 
of O'lmM CoA (ZV-A), or 0*SmM NAD"̂  + 0-ljnM CoA (O— 0)«> At 
intervals samples were removed and assayed for E3 activity. 
Activities are expressed as % activity of enzyme which has 
been diluted for 30sec (without CoA or NAD^)o
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Kohlhaw (1975)*
In view of the enzyme concentration dependence of CoA inactivation it 

is difficult to assess the in vivo significance of this phenomenon»
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CHAPTER V

ALLOSTERIC REGULATION OF THE a-OGDH COMPLEX 

7.1 INTRODUCTION
Metabolism, of food substances and biosynthesis of new compounds are 

regulated in the cell to satisfy the needs of cell maintenance and growth» 
Furthermore the cell must adapt its metabolic pattern to different growth 
conditions since the environment is rarely constant. Both of these are 
achieved by the control of certain ”key’̂ enzymes involved in metabolism, 
there being several ways in which regulation may operate;

(1) At the simplest level regulation occurs as a result of the 
catalytic properties of the enzyme protein, i.e. an enzyme-catalysed 
reaction may be regulated to some extent by the concentration of substrates, 
coenzymes and cofactors.

(2) Many key enzymes in progaryotes are inducible (i.e. regulation is 
achieved by the control of enzyme synthesis at the genetic level in response 
to the presence of inducers or derepressors). On the other hand, other 
enzymes are constitutive (i.e. their concentration is essentially constant, 
independent of growth conditions)» In both cases the net enzyme concentrat
ion is a function of its synthesis and degradation. Control at the genetic 
level, although enabling the cell to adapt to a wide range of conditions, is 
nevertheless relatively slow and insensitive when compared with direct 
control of the catalytic properties of an enzyme »

(3) A much finer control of metabolism is achieved by the so called 
'•regulatory enzymes'*» These enzymes usually catalyse an irreversible 
reaction at the beginning of a pathway or at a branch-point and are subject 
to regulation (which may be either stimulatory or inhibitory) by the 
interaction of various compounds with the enzyme, thereby altering its



153.

catalytic properties» For example, the end-product of a metabolic sequence 
often causes inhibition of the first enzyme of that pathway (^feedback 
inhibition**) and consequently prevents its over production. Furthermore, 
some regulatory enzymes may respond to ’'inhibitors*• or ’’activators ** from 
more than one metabolic sequence and thereby intejrgrate the control of 
different pathways.

(U) The final mechanism of regulation is restricted to higher 
euAaryotic organisms and involves control by hormones »

Regulation of a-OGDH activity in bacteria serves two purposes. First, 
being situated in the tricarboxylic acid cycle, it is able to control 
energy production. Second, it may influence the fate of a-oxoglutarate 
Tvhich is situated at a branch-point and can either be converted to glutamate 
by glutamate dehydrogenase (L-glutamate:NAD oxidoreductase) or aspartate 
transaminase (L-aspartate;2-oxoglutarate aminotransferase) or to succinyl- 
CoA by a-OGDH. It has been noted that the a-OGDH complex of gram negative 
bacteria exhibits feedback control by NADH (Weitzman,1972; Parker & Weitzman, 
1972, 1973; Parker, 1973). However a second level of control is observed 
in some strict aerobes, including A. Iwoffi, where a high AMP concentration 
(reflecting a low ATP level in vivo) overcomes the NADH inhibition and in 
fact causes stimulation of enzyme activity (Weitzman, 1972). This dual 
control is likely to provide a more sensitive means of enzyme regulation.

It was mentioned earlier that it is usually the first enzyme in a 
pathway that is irreversible and shows the regulatory properties. This is 
indeed found to be the case for the sequence of reactions catalysed by the 
a-OGDH complex where it is the first component enzyme (El) which is irrever
sible and is thought to be the site of AMP and NADH control.

Some information about the regulatory properties of the a-OGDH complex 
of A. Iwoffi has been published by Parker & Weitzman (1973). These authors 
presented direct evidence that AMP activates the El component of the complex.
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reducing its for a-oxoglutarate 10-fold, However, the sites of NADH 
inhibition were more difficult to determine since, although it could be 
shown directly that NADH acts on the E3 subunit, its action on El could 
not be established (due to interference in the DCPIP assay by this 
nucleotide). However it was deduced from indirect kinetic evidence that 
inhibition of both the El and E3 components occurs. This evidence can be 
summarized as follows: First, the rate dependence of the complex on 
a-oxoglutarate concentration was determined at different NADH concentrations 
in the presence of saturating and non-saturating amounts of NAD^, At 
non-saturating NAD^ concentrations, although the extent of NADH inhibition 
decreased with increasing amounts of a-oxoglutarate, on extrapolation to 
infinite a-oxoglutarate concentration the NADH inhibition was not completely 
overcome. Complete loss of inhibition was achieved, however, in the 
presence of saturating levels of NAD • Secondly, a similar effect was
seen when the rate dependence of the complex on NAD^ concentration was
determined at different NADH concentrations in the presence of saturating 
and non-saturating amounts of a-oxoglutarate. It was only at the higher 
a-oxoglutarate concentrations that strict competition with NAD^ was 
observed. These results suggested that NADH inhibits the El component 
competitively with respect to a-oxoglutarate and the E3 component
competitively i-riLth respect to NAD^.

The present study sought to explore further the nature of this 
regulation and to examine, more directly, the effect of NADH on the El subunit, 
Since both AMP and NADH are structurally dissimilar to a-oxoglutarate it 
is not unreasonable to expect that they may interact with distinct sites on 
the El component, i.e. that the regulation would be allosteric rather than 
isosteric. The allosteric nature of many regulatory enzymes is becoming 
increasingly apparent. A classical example is aspartate transearbamylase 
which shows the sigmoidal kinetics (of reaction velocity against substrate
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concentration) frequently, but not always, associated with allosteric 
enzymes. This enzyme has been sho\m to be composed of discrete regulatory 
and catalytic subunits which may be dissociated from each other in the 
presence of mercurials, resulting in an enzyme which no longer shows feed
back inhibition and consequently possesses normal hyperbolic kinetics.

In view of the appearance of only three types of polypeptide chains 
after SDS gel electrophoresis of the a-OGDH complex of A. Iwoffi (see 
section 11.3*5) it seems unlikely that the El component is composed of 
separate regulatory and catalytic subunits© Nevertheless the regulatory 
and catalytic sites may be located in different regions of the polypeptide 
chain. This possibility was investigated using the techniques of enzyme 
desensitization towards effectors and multiple-inhibition analysis. In 
the former case the aim is to eliminate selectively the regulatory 
properties of the enzyme by treatment with a suitable reagent, without 
significantly affecting the catalytic properties, thereby indicating that 
substrate and effector bind at different sites. The method of multiple- 
inhibition analysis (Yonetani & Theorell, 1961;) involves examination of the 
multiple inhibition of the enzyme by two inhibitors, each competitive with 
the same substrate. From graphical analysis of the results it is possible 
to deduce whether the two inhibitors act at the same or different sites on 
the enzyme© It has recently been shown that this method can distinguish 
between isosteric and allosteric nucleotide inhibition of diverse citrate 
synthases (Harford & Weitzman, 1975)©
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7.2 HETHODS
7.2"1 Reversibility of the effect of urea on the AMP regulation of a-OGDH 

A. Iwoffi a-OGDH complex (0»2mg ml ^ in lOmM MgClg, ImM EDTA, 0«1M 
Tris-HCl, pH 8*0) was assayed for whole complex activity in the presence 
and absence of 0*2mM AMP and at an a-oxoglutarate concentration of 0*5mM, 
under the following conditions i

(a) the enzyme solution and assay buffer contained no urea.
(b) the enzyme solution contained no urea but 1*5M urea was included 

in the assay cuvette.
(c) the enzyme solution was made 1*5M with respect to urea and

immediately assayed in a cuvette containing 1»5M urea.
(d) the enzyme solution was made 1*5M with respect to urea and assayed

immediately in a cuvette lacking urea.
Due to the time-dependent inactivation of the complex by urea, assays 

in the absence and presence of AMP were carried out simultaneously in the 
case of (c) and (d).
7o2*2 Reversibility of the effect of urea on the for a-oxoglutarate

It was necessary to carry out all assays on the dependence of a-OGDH 
complex activity on a-oxoglutarate concentration simultaneously, due to the 
loss of activity in the presence of urea. This was achieved using a Unicam 
SP 800 spectrophotometer equipped with an automatic four place sample 
changer© Consequently this restricted the number of assays for each 
determination to four.
(i) ]K̂ for__a2pxoglutarate in_the_absen£e__of mrea^

Purified a-OGDH was diluted with MET-8 buffer to a concentration of 
lOCjjig ml ^ and assayed for whole complex activity at four different 
a-oxoglutarate concentrations.
(ii) I^^fbr_a-oxoglut^ate in.__thejpre£ence of__urea

a-OGDH complex was diluted to a concentration of lOC^ ml ^ with MET-8
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buffer containing IM urea and assayed immediately at four different 
a-oxoglutarate concentrations in assay cuvettes containing IM urea,
(iii) K^for_a-oxo^lutarate after the removal of__urea by_dilution

After dilution to lOOpg ml ^ in buffer containing IM urea, the complex 
was assayed immediately at four different a-oxoglutarate concentrations in 
assay cuvettes lacking urea. In this way the urea concentration was reduced 
100-fold in the assay cuvette.
V.2'3 The effect of non-ionic detergents on the AMP regulation of a-OGDH
(i) Desensitization of complex to AÎ P

2p.g of purified a-OGDH complex were preincubated for 2min at 25°C in 
a cuvette containing assay buffer plus the appropriate concentration of 
Nonidet PUO or Triton XlOO (usually 12%). The substrates and cofactors for 
the whole complex assay, and AMP where appropriate, were then added and the 
reaction started by the addition of a-oxoglutarate to give a total final 
volume of I'Oml,
(ii) Reversibility of desensitization to AMPM  mtm —  w  Smm mm mm mm mm mm om. mm mm. mm mm mm mmm

The reversibility of desensitization to AMP by Triton XlOO was 
investigated using an identical method to that described for urea (see 
section 7.2*1) except that 12^ Triton XlOO was included in place of 1*5M 
urea©
(iii) ReversibyAty of__the__eff̂ ct of__Triton X100__on th£ K^for_aj;^xo£lutarat£ 

The reversibility of the effect of Triton XlOO on the for a-oxo-
glutarate was studied using the method described for urea (section 7.2*2),
12% Triton XlOO being used in place of IM urea.
7©2*U Multiple-inhibition studies on a-OGDH

Whole complex assays on the a-OGDH complex of A© Iwoffi were performed 
spectrophotometrically as described in section I©2 *2© In all assays in which 
NADH was included the concentration of NAD^ was raised to 2*0mM to overcome 
NADH inhibition of the E3 component enzyme (Parker & Weitzman, 1973). The
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concentration of a-oxoglutarate was varied in some cases (as indicated in 
the relevant figure legends), but was maintained at 5®0mM for all multiple- 
inhibition experiments. Reactions were started by the addition of 2^g of 
enzyme to give a total volume of I'Oml. Multiple-inhibition measurements 
were made in triplicate and the best fit to the data computed by linear 
regression analysis.



159.

7.3 RESULTS AND DISCUSSION .
For reasons outlined in the introduction to this chapter it seemed 

likely that AMP and NADH might act aliosterically on the El component.
Attempts were made to confirm this by desensitizing the complex to its 
regulatory effectors while retaining catalytic activity.
7o3"l Effect of urea on the regulation of the a-OGDH complex

Preliminary results obtained by Parker (197&) indicated that the a-OGDH 
complex of A. Iwoffi could be desensitized to AMP (but not NADH) regulation 
by urea© This effect has been studied more fully here. It can be seen from 

Fig. 54 that incubation of the complex with increasing amounts of urea 
resulted in a progressive loss of AI4P stimulation but complete desensitization 
was not achieved. However, due to the irreversible inactivation of complex 
activity by this dénaturant (see section III©3»1), the effect of high urea 
concentrations on AMP stimulation could not be determined, since virtually 
all complex activity was lost© Similar results were obtained with guanidine 
hydrochloride. Furthermore, incubation of the complex vjith urea prior to 
addition of AÎIP to the assay did not enhance the desensitization©

The values for a-oxoglutarate in the absence and presence of 0°2Wi 

Aî'IP were found to be 2»5mM and 0*2mM respectively© After addition of 1*0M 
urea values of 0*3-0*4mM in the absence of AMP and 0*12mM in the presence 
of Ai«IP were obtained© Urea would therefore seem to affect both the catalytic 
and the regulatory properties of the complex©

In order to show that the effect of urea on the AMP regulatory 
properties of the complex is not simply due to the irreversible enzyme 
inactivation observed in section III©3*1 attempts were made to determine 
whether the effects of urea on regulation were reversible. It is clear from 
Table 21 that removal of urea by dilution resulted in a restoration of AMP 
activation showing that this effect is indeed reversible. However, the 
decrease in the for a-oxoglutarate observed in the presence of 1*014 urea
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Figo 5L. Desensitization of Ao Iwoffi a-OGDH complex to AMP 
using ureao
^p.g o f purified a-OGDH were assayed for whole complex activity 
in the presence of varying concentrations of urea; in the 
presence and absence of 0*2mM AMP# The concentration of a-oxo- 
glutarate was G'^mM#
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was also shown to be reversible (K^ in the presence of 1*0M urea = 0®U ± 0»1 
ÏÏ1I4 [It determinations]; of untreated enzyme or after removal of urea by 
dilution = 2*3 ± 0®2mM [5 and 2 determinations respectively]; see section 
7"2 '2) .

In conclusion, urea causes a partial loss of M P  stimulation. However, 
attempts to remove specifically the regulatory properties of the complex 
without affecting the catalytic activity were not completely satisfactory 
and consequently it can not be concluded with any certainty whether or not 
the catalytic and regulatory sites are distinct.
V.3*2 Effect of non-ionic detergents on the regulation of a-OGDH complex

The non-ionic detergents Triton XLOO and Monidet P]|0 were investigated 
as potential agents for desensitizing the complex towards its regulatory 
effectors in a similar manner to urea. It can be seen from Fig. SS that a 
progressively increasing degree of desensitization towards AMP was observed 
as the concentration of Triton HOO was increased. Similar results were 
obtained x-jith Nonidet PliO. Hox-rever, this effect was confined to AMP 
regulation since complete NADH inhibition was retained throughout (Table 22); 
a situation analogous to that obtained with ôrea treatment. Unfortunately, 
due to the viscosity of Triton and Nonidet it wa.s impossible to use 
detergent concentrations greater than 12^ (v/v) without impairing efficient 
mixing, and hence complete desensitization could not be achieved. The time 
(up to 2h), temperature (from 2 ^ C  to U5°C) and pH (from 6»^ to 8»^) of 
enzyme preincubation in the presence of detergent was varied without any 
significant increase in desensitization of the complex to AM? stimulation. 
Inclusion of 1»0M urea in the preincubation mix was also without effect. 
Prolonged incubation of the enzyme with detergent resulted in partial loss 
of activity but this effect was not as pronounced as in the presence of 
urea.

Fig. ^6 shows the effect of Triton XLOO (12^) on the activation of the
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Fig» ^5. Desensitization of Ao Iwoffi a-OGDH complex to AMP 
using Triton H Q O o
2-p.g of purified a-OGDH were incubated for 2min at in
cuvettes containing assay buffer and various concentrations 
of Triton HOO. Substrates and cofactors needed for whole 
complex assays (with and without 0*2mM AMP) were then 
added, the reaction being started by the addition of 0*̂ inM 
a-oxo glutarate.
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Fig. ^6o The effect of Triton ]CLQO (12%) on the activation 
of A. Iwoffi g-OGDH complex at different .AMP concentrationso 
Experimental details are described in section 7.2*3* 
a-Oxoglutarate concentration was
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complex at different AI4P concentrations » In the absence of detergent a 
curve very similar to that observed by Weitzman (1972) was obtainedo In 
the presence of Triton XLOO partial desensitization to AMP activation was 
observed even at the lowest AMP concentration investigated (2jM)o

The mechanism of desensitization to AMP by non-ionic detergents appears , 
to be similar to that by urea in that there is a reduction in the for
a - 0X 0glutarate. In the presence of the detergent ( 1 2 ^  [v/v]) the was
decreased from 2*^mM to 0®5mMo Furthermore, the desensitization effect was 
found to be reversible when enzyme which had been preincubated in the 
presence of 12^ Triton XLOO (or Nonidet Pi|0) was diluted ^0-fold into a 
cuvette lacking detergent (Table 23)o Similarly, the decrease in the 
for a-oxoglutarate observed in the presence of the detergent was reversed 
on removal by dilution (K^ in the presence of detergent = 0»5mM [3 deter
minations]; of untreated enzyme or after removal of detergent by dilution 
= 2»0-2°^mM [5 and 2 determinations respectively]; see section Vo2*3)#

In conclusion, therefore, as in the urea studies, partial desensitization 
of the complex to AMP regulation with a concomitant decrease in the for 
a-oxoglutarate was observed in the presence of Triton XLOO or Nonidet Pl|Oo 
Removal of these detergents resulted in a return to the normal value and 
restoration of AI-IP sensitivityo

Although the effects of urea and non-ionic detergents on the regulatory 
properties.of a-OGDH are not conclusive they show many striking similarities 
suggesting that they act in similar ways. In view of the results obtained 
it is tempting to speculate that the native Ao Iwoffi complex may be in a 
constrained conformation in which its affinity for a-oxoglutarate is 
reducedo In the presence of AMP this structural constraint may be released 
>jith a SSsequent decrease in the for a-oxoglutarate. This is supported 
to some extent by the observation that the complex from E. coli (which does 
not exhibit AMP regulation) has a value similar to that of the A. lifoffi
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enzyme in the presence of AMP and consequently lower than that in the 
absence of AllPo If this is the case it is not unreasonable that incubation 
of the complex with protein denaturing agents such as urea or detergents 
could also result in a partial release from the proposed constraint, causing 
a reduction in the for a-oxoglutarate and an apparent loss of AÎIP 
sensitivity. ,
Vo3”3 Effects of other reagents on the regulation of the a-OGDH complex

A number of reagents including acetone, ethanol, ethanediol, dioxane, 
toluene and sodium dodecyl sulphate were investigated to see if either 
desensitization of the complex to NADH or a more complete loss of AMP 
stimulation could be achieved. However, no convincing evidence of 
desensitization to either of these effectors was obtained.
Vo3°U Multiple-inhibition studies

To determine whether NADH inhibition of A. Iwoffi a-OGDH is allosteric 
or isosteric in nature multiple-inhibition analysis of the complex was 
carried out, a-Oxoadipate, a structural analogue of a-oxoglutarate was 
first examined for its potential inhibitory effect on enzyme activityo Figo 
57 shows that a-oxoadipate is a strictly competitive inhibitor with respect 
to a-oxoglutarate and it is therefore reasonable to assume that these two 
a-oxo-acids compete for the same binding site on the enzyme. NADH also 
acts as a competitive inhibitor with respect to a-oxoglutarate (Fig. 58) 
when assayed in the presence of 2*0mî-l NAD^ (to overcome inhibition of the E3 
component enzyme; Parker & Weitzman, 1973). Multiple-inhibition studies 
were therefore carried out in the joint presence of these two inhibitors.
The inhibition of activity by varying concentrations of a-oxoadipate was 
examined at several fixed concentrations of NADH, and the results are 
illustrated in Fig. 59. Yonetani & Theorell (196b) have shown that parallel 
lines in such plots indicate that the inhibitors interact with the same site 
on the enzyme, whereas different sites are indicated by a pattern of inter-
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Figo 57» Competitive inhibition of A» Iwoffi a-OGDH complex 
by a-oxoadipate ♦
Measurements of activity were made as described in section 

at various concentrations of a-oxoglutarate in the 
absence (O— O) or presence of ImM (CD— □) or 2mM (A— A) 
a-oxoadipate*
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by NADH.
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Flg. ^9. Multiple inhibition of A. Iwoffi a-OGDH complex. 
Measurements of activity were made as described in section V.2*l| 
at varying concentrations of a-oxoadipate in the presence of 
several fixed concentrations of NADHo All measurements were made 
in triplicate and subjected to linear regression analysis *
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secting lines. From Fig. 59 it can be seen that a-oxoadipate and NADH 
clearly do not share a common interaction site on the enzyme© In view of 
the close structural similarity between a-oxoadipate and a-oxoglutarate 
it is reasonable to conclude that NADH does not bind at the a-oxoglutarate 
site; in other words inhibition by NADH is exerted allosterically.
V.3°5 Subunit specificity of AMP regulation

It has been shown directly that the El component is stimulated by AMP 
(Parker & Weitzman, 1973) whereas the E3 subunit is unaffected© The E2 
subunit, on the other hand, had not been investigated as a possible site 
of AI'IP regulation due to the lack of a convenient E2 assay. Consequently 
this was tested using the new assay described in section 1.2 ®6 but no
increase in rate was observed in the presence of AI4Po Thus the El component
appears to be the only site of At-lP sensitivity.
Vo3*6 Investigation of the regulatory properties of a-OGDH by the radio
chemical assay.

Direct evidence for the interaction of NADH with the El component 
could not be obtained using the DCPIP assay since NADH reduces DCPIP in 
the absence of enzyme; hence information had to be obtained by indirect 
methods (Parker & Weitzman, 1973? see section V.l)o The results of these 
studies suggested that NADH acts on both the ML and E3 components. However, 
:d_th the establishment of the radiochemical assay for the El component 
(section Iol*3) direct examination of the regulatory properties of this
component could be obtained© Initially, the regulatory effects of AMP and
NADH on the whole complex activity were examined by the radiochemical assay 
and it can be seen from Table 2U that both AMP stimulation and NADH inhibition 
were observed.

Fig. 60 shows the kinetics of COg production by the El component in the 
absence and presence of effectors© It is again clear that AI’IP stimulates 
this component. However, 0*2mM NADH did not inhibit the El assay but.
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FiR. 60. The effect of AMP and NADH on El activity examined 
with the radiochemical assay*
The assay procedure is described in section 1.2*^, using a 
[l-^c]a-oxoglutarate concentration of l*QmM (200,000 cpm̂ pinol 
Ao El activity in the absence and presence of O'^mM AMP*
Bo El activity in the absence and presence of 0*2inM NADH*
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contrary to expectation, it had a stimulatory effect„ This result was 
obtained consistently even at NADK concentrations as high as 2 •OmI4, This 
unexpected result appears to be in conflict with the indirect evidence 
obtained by Parker & Weitzman (1973) which suggested that NADH inhibited 
the El subunito Although at first the direct radiochemical approach may 
seem more convincing, it should be borne in mind that the El activity 
measured under these conditions is only 18% of that of the whole complexo 
It was suggested in section Io3“2 that this may be due to the utilization 
of free TPP being rate limiting. Consequently under these conditions any 
inhibitory effect of NADH could conceivably be masked, although of course 
this would not explain its observed stimulatory effect. It should be 
pointed out that this stimulation by NADK does not appear to be a non
specific nucleotide effect since NAD^ had only a marginal effect (Table 25)c

In view of the problem associated ifith the El assay, radiochemical 
assays were performed on the whole complex in the absence and presence of 
NADH with the inclusion of a large excess of NAD^ (2»0mM)o At this NAD"*" 
concentration product inhibition of the E3 component by NADH is effectively 
overcome (Parker & Weitzman, 1973)o It is evident from Table 26 that under 
these conditions NADH inhibition is not solely restricted to product 
inhibition of the E3 component in agreement with the results of Parker & 
Weitzman (1973)o

In conclusion, indirect evidence has suggested that the El subunit is 
subjected to NADH regulation in apparent contrast to the direct results 
obtained by the radiochemical analysis of El activity presented in this 
section. Both these approaches have their disadvantages, so clearly a 
better direct method needs to be devised to clarify the situation.
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CONCLUDING REMARKS

■ There were a number of justifiable reasons for studying the a-OGDH 
complex of A. Iwoffi - it catalyses a fundamentally important reaction in 
intermediary metabolism and it is a multi enzyme complex composed of three 
distinct subunit types. However, perhaps the most important reason lay in 
its interesting regulatory properties (NADH inhibition and AMP stimulation) 
which Ts only shared by a relatively small, group of bacteria.

Comparison of the properties of the a-OGDH complex from A. Iwoffi with 
those from E. coli and mammalian tissues has yielded both differences and 
similarities. Application of polyacrylamide gel electrophoresis in the 
presence of sodium dodecyl sulphate has confirmed that the a-OGDH complex 
from A. Iwoffi is indeed composed of three distinct subunit types, two of 
which differ in molecular weight from their counterparts in E. coli and 
mammalian tissues. Furthermore, the whole complex is somewhat smaller in 
both diameter and sedimentation coefficient and consequently molecular 
weight.

By chemically modifying the lipoic acid moiety its involvement in the 
reaction mechanism could be confirmed. In addition the success of the 
E2-E3 interaction test and the E2 assay were also consistent with the 
proposed mechanism of catalysis. It seems likely that the E3 subunit of 
A. Iwoffi is similar to that of the E. coli and mammalian enzymes in that it 
contains a disulphide bond at its active site, which is important in the 
reaction mechanism. Thus loss of E3 activity was observed when this S-S 
bond was reduced.

Studies into the allosteric nature of the regulation of the complex 
yielded some indication as to the mode, of action of the nucleotide effectors. 
Using the technique of multiple-inhibition described by Yonetani & Theorell 
(I96I4.), it was shown that NADH acts at a locus other than the a-oxo^utarate
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binding site. In the presence of protein denaturing agents a partial 
desensitization to AMP was observed. However, it could not be established 
with any degree of certainty whether it was the catalytic or regulatory site 
which was affected, since a reduction in the for a-oxoglutarate was 
observed. These results are consistent with the hypothesis that the native 
a-OGDH complex is subjected to a constrained conformation in which its 
affinity for a-oxoglutarate is reduced. In the presence of AMP this 
constraint may become released causing an apparent decrease in the for 
a-oxoglutarate. This is not inconceivable since the E. coli enzyme which 
does not exhibit AMP regulation has a low for a-oxoglutarate, very 
similar to that of the A. Iwoffi complex in the presence of AMP. It is not 
unreasonable to suppose that the presence of protein denaturing agents, such 
as urea or non-ionic detergents, also cause partial release from the proposed 
constraint and hence- a reduction in the for a-oxoglutarate and loss of 
AMP sensitivity.

Finally, there now exists some doubt as to whether the El subunit is 
involved in regulation by NADH. Previous indirect evidence had suggested 
that NADH acted on this subunit (Parker & Weitzman, 1973) but this could not 
be confirmed directly using the radiochemical assay. However, both of these 
methods have their disadvantages and are open to criticism and consequently 
a better method needs to be found to resolve this dilemma.
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ABBREVIATIONS

a-OGDH
PDH
EL
E2

E3
TPP
CoA
DCPIP
DTNB
TNB"
NTCB
NEM
DEPC
HNBBr
PPO
dimethyl POPOP 
MET-8 buffer

a-oxoglutarate dehydrogenase complex 
pyruvate dehydrogenase complex
a-oxoglutarate dehydrogenase subunit (EC l®2*i|*2) 
dihydrolipoamide transsuccinylase (EC 2*3*1*12) 
dihydrolipoamide dehydrogenase (EC 1*6*1;*3) 
thiamine pyrophosphate 
coenzyme A
dichlorophenol-indophenol 
5,5’“dithiobis-(2-nitrobenzoic acid) 
5-thio,2-nitrobenzoate anion 
nitrothiocyanobenzoic acid 
N-ethylmaleimide 
diethylpyrocarbonate 
2-hydroxy-5-nitrobenzyl bromide 
2,5-diphenyloxazole
p-bis-[2-(l;-methyl-5-phenyloxazoyl)] benzene 
lOmM MgClg, ImM EDTA, 2QmM Tris-HCl, pH 8*0
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' V '  »
'\ù\ C^^study has been made of the a-oxoglntarate dehydrogenase (a-OGDH) imilti- 

enzyme complex from the bacterium Acinetobacter Iwoffi, in order to obtain a more 
detailed understanding of its molecular, catalytic and, in particular, its 
regulatory properties. This complex, -which catalyses the oxidative decarboxylation 
of a-oxoglutarate to produce succinyl-CoA is composed of three subunit types (EL,
E2 and E3), each possessing a different enzyme acti-vityo Comparison with the 
analogous complexes from E. coli and mammalian tissues has yielded both differences 
and similaritieso

The native Ao Iwoffi a-OGDH complex was found to have a sedimentation 
coefficient of 29*98, corresponding to a molecular weight of 1*82 x 10^. Electro
phoresis under completely denaturing conditions revealed that the complex is 
composed of three discrete polypeptide chain types with molecular weigh-bs of 5^000, 
60080 and 80900.

Using specific chemical modification it seems likely that the E3 subunit of 
A. Iwoffi a-OGDH is similar to those of the E. coli and mammalian complexes in that 
they all contain a disulphide bond at the active site, which is important in the
reaction mechanismo Consequently, a loss of E3 acti-vLty was observed when this
8-8 bond was reduced. Furthermore, by chemically modifying the E2-bound lipoic
acid moiety its involvement in the reaction mechanism was also confirmed.  ̂ ---

Attempts to dissociate the complex with retention of the individual subunit 
activities met with only limited success.

8tudies into the aliosteric nature of regulation of the complex yielded some 
indication as to the mode of action of the nucleotide effectors (NADH and AMP). 
Using the technique of multiple -inhibition it was sho-wn that HADH acts at a locus 
other than -the a-oxoglutarate binding site© In the presence of protein denaturing 
agents a partial desensitization to AMP was observed. A possible explanation 
which is consistent with these results is discussed©

Finally, some doubt now exists as to idiether "the EL subunit is involved in
NADH regulation, since pre-yiously reported indirect kinetic evidence that NADH 
acts on this subunit could not be confirmed directly using a radiochemical assay 
for the measurement of EL activity.


